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Abstrac t

‘In the development of estimation and control systems,

the algorithms developed are, in general, very sensitive to

the wordlength of the onboard computer. The representation

of the desired design can be greatly affected by the quanti—

zation resulting from truncation or round off. The result

can be even more severe than numerical imprecision : numer-

ical instability can be generated that render algorithms to-

tally useless.

An important part of the algorithm development is the -

determin~ t~ón of the appropriate wordlength. The ~proper

wordlength can be determined by running the algorithm on a
‘1

simulated n-bit machine for several values of n. The re-

suits can then be evaluated against the performance speci-

fication to determine the wordlength and precision require—

merits.

The objective of this thesis was to process algorithms

written in FORTRAN on the~~ontrol Data Corporation (CDCY

6600/CYBER 74 computer systems such that the results ob-

tained were similar to those obtainable on an n-bit machine.\

The problem of n-bit simulation was addressed from two 1ev—

els: the assembly language level and the FORTRAN language 
~~

‘

level. ~ach level involved designing a preprocessor .which ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

would modify the algorithm ’s code so that the numerical ef—

fects of n—bit wordlength could be realized ...~ The assembly
S 
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language (COMPASS ) level approach failed , however, an n-bit

simulation tool was successfully developed and implemented

at the FORTRAN level. 
\
Several user options were incorporated

into the n—bit simulation tool to enable the user to simulate

the characteristics of various computer types.
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I. Introduction

In the development of estimation and control systems,

the algorithms developed are , in general, very sensitive to

the wordlength of the onboard computer . The representation

of the desired design can be greatly affected by the quanti-

zatlon resulting from truncation or round off . The result

can be even more severe than numerical imprecision : numer-

ical Instabilities can be generated that render algorithms

totally usel~
An important part of the algorithm development is the

determination of the appropriate wordlength . The proper

wordlength can be determined by running the algorithm on a

simulated n-bit machine for several values of n. The re-

sults can then be evaluated against the performance speci-

fication to determine the wordlength and precision require-

ments.

The objective of this thesis is to process algorithms

written in FORTRAN on the Control Data Corporation (CDC)

6600/CYBER 74 computer systems such that the results obtain-

ed are similar to those obtainable on an n—bit machine.

Then the results would reflect the degree of accuracy that

would have resulted from actually processing the algorithm

on a computer with that n-bit wordlength. For the purposes

of this report, n-bit simulation will refer to the effect

n-bit wordlength would have upon the numerical accuracy of an

algorithm being processed on an n-bit wordlength machine
.1
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This type of tool would be useful in the initial stages

of the selection process for an onboard computer that would

process the desired algorithms. It is essential to know the

full Impact of the wordlength of a computer upon the algo-

rithms before selecting the computer.

For a hypothetical example, suppose the Air Force just

purchased several mini-computer s having 16-bit wordlengths.

It was thereafter discovered that these computers did not

fuimish the degree of accuracy required by the algorithms.

Considerable time may be expended rewriting the algorithms

to process properly on the purchased computers , if that is

at all possible. In fact, it may be the case that the min-

imum wordlength which could meet the requirements would be

24-bits or that a 16-bit wordlength computer with double pre-

cision capabilities would be required . Application of the

n-bit simulation tool before purchase could have saved the

government significant time and money .

Similarly, at the other end of the scale, this software

tool could save government expenditures for computers with

much longer wordlengths than the algorithms could ever re-

quire. Computer costs go up rapidly with longer wordlengths.

Tailoring of the computer wordlength to the algorithm re-

quirements could therefore eliminate some unnecessary ex—

penditures.

Through the utilization of the n-bit simulation tool,

an algorithm can be processed with several different word-

lengths. The results can be compared to results generated

2
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by the full 60-bit wordlength (which is longer than any for-

seeable onboard computer wordlength) of the CDC 6600/CYBER 74

computer systems. The degree of accuracy lost due to each

n—bit wordlength can then be determined.

Example of Its Application

Figure 1 can be used to demonstrate a typical applica-

tion of the n—bit simulation tool. The Kalman Filter repre-

sents the algorithms which would be processed by the onboard

computer. However, this procedure did not correctly reflect

the degree of accuracy the onboard computer (having a shorter

wordlength) would achieve. The original algorithm (programed

in FORTRAN) would be modified by the n-bit simulation tool

60-bit accuracy n-bit accuracy H
4. 4.

Simulated real I — —
world inputs I Kalman F I
(accuracy to Input Filter output
full 60-bit I I
wordlength of
the CDC com— N—bit simulation

puter) tool is applied to
-_ ______________  this phase only

Sample Runs
N-bit Wordlength Accuracy of Results Enough Accuracy?

16 3.02 decimal digits No
20 3.94 decimal digits No
24 4.64 decimal digits Yes—best choice
30 6.05 decimal digits Yes
60 11.45 decimal digits Yes

FIgure 1 N-bIt Simulator Application3
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so that its results would show the exact amount of signifi-

cance that an n-bit wordlength computer would have produced .

It may be executed several more times with varying wordlengths

until sufficient information has been gained.

Requirements

The requirement for this thesis is to develop an n—bit

simulation tool which when applied to a FORTRAN programed

algorithm will produce the near exact arithmetic accuracy as

a computer of the specified n-bit wordlength. Five options

were considered necessary to provide the user with a versa-

tile n—bit simulator which could be used to simulate the

characteristics of various computer types:

i) Allow the user to specify n, the number of bits per

wordlength,

2) Permit specification of floating point word char-

acteristics:

a) The number of bits to be used for the exponent

and mantissa

b) Position of the implied decimal point with re-

spect to the mantissa, either to its left (mak-

ing the mantissa a fractional representation)

or to its right (making the mantissa a fixed

point representation),

3) GIve the user an option to have arithmetic opera-

tions performed with either truncation or rounding

effects,

4 
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4) Allow the user to specify whether arithmetic calcu-

lations are performed In single, double, or triple

wordlength precision with the results being stored

as single precision quantities. This option essen-

tially simulates the effects of a computer having a

single, double, or triple wordlength accumulator

but - only single precision storage variables, and

5) Allow the user to specify different portions of an

algorithm for different wordlengths.

Another characteristic of the n—bit simulation tool is

that when an overflow is detected for a given n-bit word-

length, the maximum value that can be represented with the

n-bit word should be substituted for the overflowed word and

an overflow message printed . Overflows are treated different-

ly depending upon the computer type, but it was felt maximum

number replacement for overflows would better demonstrate the

numerical effects  of shorter wordlength upon an algorithm

than simply truncating the most significant bits of the value

that overflowed . When a word ’s value exceeds the maximum

positive number the word could contain , the maximum positive

number would be substituted into the word . If the word ’s

value exceeds the maximum negative number, the maximum nega-

tive number would be substituted into the word.

Some general goals of this thesis were to provide the

user with a n—bit simulation tool that would be reliable, be

easy to us e, be maintainable, provide an option to commun i-

cate overflow error messages when they occur, and to employee

5 

— — _ _ - . — __~~—_



.5- _S.-.-— ~~~~~~~~~~~~~~~~~~~~~~~~~~ -5—. —-- _— - —__ —5- _~,- 5-5----.-

structured design techniques in programing so the resulting

design can attain certain desirable characteristics.

Assumptions

Some fundamental assumptions upon which this thesis was

based are listed below:

1) Applying n—bit simulation effects to all arithmetic

expressions is sufficient to simulate an entire pro-

gram effectively in n-bit precision . The major pur-

pose of this thesis is to provide a tool which can

be used to evaluate the effects that varying word-

lengths have upon arithmetic accuracy of an algo-

rithm.

2) The algorithms which are to be n-bit simulated , are

programable in American National Standards Institute

(ANSI) FORTRAN and are executable on the CDC 6600

or CDC CYBER 74 computer systems. Potential users

currently use the FORTRAN language and execute pro-

grams on these computer systems regularly.

3) The maximum fixed point wordlength desired to be

simulated is 48 bits. This is the largest fixed

point representation the CDC system can handle. In

addition, the largest exponent and mantissa that

would be required are 11 arid 48 respectively . These

are also maximums for CDC single precision floating

point representations. Within the forseeable fu-

ture , onboard computers would not exceed any of

these maximums.
6 



5-~~~_~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 5-~~~ 5_5-~~—

4) Additi6na]. core storage and execution time required

for n-bit simulation will not be a limiting factor

in the design of the n—bit simulation tool. This is

partially true because this n—bit simulation tool is

expected to be used only several times each year by

any projected user.

5) The quantities to be n—bit simulated are single pre-

cision numeric quantities (i.e. no logical, alphanu-

meric, or double precision variables and quantities

are used within the program being simulated). Again,

this is because this thesis is addressing the prob-

lem of numerical precision and the stability of

mathematical algorithms.

6) All floating point values to be n—bit  simulated will

have three characteristics in common with CDC float-

ing point representations:

a) Mantissa will be normalized (i.e. the most sig—

nificant bit of the mantissa is always a one ,

except in the case of zero).

b) Exponents will represent powers of two, which

would be multiplied with the mantissa to obtain

the floating point value of the word, for in-

stance, not by powers of 16 for hexadecimal ma-

chines.

c) Computers being simulated represent negative

numbers with l’ s complement representation ,

where a negative number is represented by a 1

7
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In the sign bit and the l’ s complement of Its

magnitud e in the other bit positions. Floating

point exponents for 2’s complement representa-

tion have a positive exponent range of one less

than the negative exponent (for instance, 2 128

to 2+127, whereas l ’s complement would range

from 2’ ’27 to 2+127 ) .

General ~~proach

This thesis study addressed the n—bit simulation problem

at two levels. Each level involved designing a preprocessor

which would modify the algorithm ’s code so that the numerical

effects of the n—bit wordlength could be realized . The first

approach attempted to accomplish n-bit simulation through

modification of the COMPASS assembly language representation

produced from a FORTRAN compilation of the algorithm. The

COMPASS code would be modified by an n-bit simulation pre-

processor so that every arithmetic operation would be replaced

by COMPASS code sequence which, when executed , would generate

the exact accuracy attainable on a computer of the n-bit

wordlength specified by the user. This approach, however ,

was unsuccessful in meeting the requirements.

The second level approach was able to perform n-bit

wordlength affects upon a FORTRAN algorithm by modification

of the FORTRAN code. This modification of the FORTRAN code

requires a preprocessor which analyses the arithmetic state—

men ts within a program and replaces them with subroutine

8 

-. —
--.-

-
-.-



calls. The subroutines perform the arithmetic operations

while simulating n-bit wordlength affects. This approach

proved successful in solving the n-bit simulation problem

and is discussed in detail in Chapter 3.

Chapter ~ynopsis

Chapter 2 of this thesis report contains a summary of

the analysis and design accomplished at the COMPASS level.

A successful prototype of the n—bit simulation tool could

not be achieved at the COMPASS level . The reasons for the

failure are elaborated in Chapter 2. A working prototype

of the n-bit simulator was achieved by way of the FORTRAN

level approach. This approach and the resulting system de-

sign are discussed in Chapter 3. Chapter 4 briefly summa-

rizes the effects that the Structured Design techniques had

upon the system design. The next chapter summarizes the

testing performed to test, debug , and validate the n—bit

simulation system. Finally, Chapter 6 draws some conclu-

sions and makes recommendations concern ing the n—bit  simu-

lation tool.

II

9
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II. COMPASS Analysis And Design

The first approach to solving the n-bit simulation prob-

lem was at the COMPASS assembly language level. This ap-

proach attempted to accomplish the numerical effects of n—bit

wordlength upon an algorithm through modification of COMPASS

code. The first section of this chapter explains why the

COMPASS level approach was undertaken prior to the FORTRAN

level approach. The following sections describe an analysis

of the COI~TASS code (produced by FORTRAN compilation) with

respect to the n—bit simulation problem. Finally, the ap-

proach taken to solve the n-bit simulation problem and the

major problems encountered which resulted in the failure of

the COMPASS level approach are described .

The COMPASS level approach was anticipated to be less

complicated than the FORTRAN level approach to the n-bit sim-

ulation problem for a number of reasons. In a single FORTRAN

language statement several types of arithmetic operations and

several data types may be mixed together in many different

ways. Each data type would have to be handled differently ,

and the precedence by which the arithmetic operations are

supposed to be performed would requ ire further analysis and

handling. Also, arithmetic expressions may occur in almost

any type of FORTRAN statement, which could seriously compli-

cate n-bit simulation performance.

On the other hand , at the COMPASS level , each arithmet-

ic operation could be accomplished by a single instruction

10



involving only equivalent data types. The arithmetic preced-

ence order of execution arid conversion of data types has al-

ready been accomplished by the FORTRAN compiler. Furthermore,

In contrast to many other assembly languages , COMPASS does

not include base addressing and relative addressing. This

greatly simplifies the insertion of additional COMPASS in-

structions into the original code , which would enable each

arithmetic instruction to be performed while simulating the

n—bit wordlength ef fec ts .

N—bit Simulation Accomplishment

N—bit simulation for an entire COMPASS coded algorithm

can be achieved by simulating the effects of n-bit wordlength

for each arithmetic instruction. A typical COMPASS fixed

point arithmetic instruction is 1X7 X3+X4 . This instruction

adds the contents of register X3 to the contents of register

X4 and stores their sum into register X7. To simulate the

effects of n—bit wordlength, the contents of registers X3

and X4 would be modified to contain the equivalent n-bit

wordlength values (assuming they hav e not already) . Then

the two registers would be added together and the resulting

contents of the X7 reg ister would be similarly converted to

the n-bit equivalent .

Fixed Point N—bit Simulation

N-bit simulation is accomplished differently for fixed

point and floating point number representations. The range

of fixed point values which could be represented is limited

11 
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by the number of bits in the computer word . An n-bit fixed

point word would retain only the right-most (least signifi-

cant) bits of the CDC 60—bit word. For example, the 16—bit

wordlength equivalent of the 60-bit value shown in (a) of

Figure 2 is shown by the shaded area in (a) and in (b).

N—bit wordlength representation is realized for fixed

point quantities by comparing the 60-bit value to the maxi-

mum positive and maximum negative values representable with

n—bits, shown respectively in (c) and (d) for 16—bit words.

For the purposes of this thesis, whenever a fixed point val-

ue exceeds one of these maximums, an overfow condition has

occurred and the overflow value is replaced with the maximum

value that was exceeded. In Figure 2, (e) contains a nega-

tive value with greater than 16 bits of significance. The

n-bit simulator would react by replacing it with the value

shown in ( d ) .

(a) 10 30 45 60

~D0OOO0OOOOOOOOOOOOOOOOOOOOOOOOOOOOOO0OOOO0OOOOO10l0OO1 111111 ]

(b)  10 16

~D0O1O1OOOl1 11111 1

(c) 10 30 45. 60

~OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO 0001 11111111111 1
~jl

(d )  10 30 45 60
I1l1l1ll1ll11l11l11111111111111l1 1ll11l11l111100 0000000 00000 0i

(e) 10 30 45 60
1111111111111111111111 1111111111111111111101010000011110111 l~~

Figure 2 Fixed Point N-bit Simulation
12
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Floating Point N—bit Simulation 
-

To n-bit simulate a floating point word type, the cor-

rect number of significant bits for the mantissa must be

maintained and the exponent should not be allowed to exceed

the equivalent exponent range representable in an n-bit

floating point word . CDC floating point data types have nor-

malized mantissa. Therefore, in order to maintain the spec-

ified number of significant mantissa bits, only the number of

bits specified for it would be retained immediately to the

right of the least significant exponent bit (bit #12). This

can be accomplished by right shifting (with sign extension)

the contents of the word followed by a circular left shift.

Right shifting with sign extension displaces the contents of

a word X positions to the right, where X is the number of

bits computed from subtracting the specified number of man-

tissa bits from 48. Forty—eight is the length of the CDC

60—bit floating point word mantissa. Those bits shifted off

the right—end are lost. All positions vacated on the left

by the right shift are replaced with the value of the sign

bit. Figure 3 (a) shows an example of a 60-bit floa~ting

point word value and (b) shows the resulting contents of (a)

after a right-shift of 40-bits (for an 8 bit mantissa). In

a circular left—shift , bits shifted off the left end of the

word replace those from the right end . In this manner, the

significant bits that had been shifted off the right end from

the original word are replaced with zeroes for positive num-

bers and ones for negative numbers. Therefore, for this

13
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Floating point data word format
1 2 12 13 60

is! exponent I mantissa

(a) Original word value

k~oi ii ‘ioiooc4~ioioi 1110101011 i ooooioioooooooo0000o0000ooo0000f
(b) After right shift

Jc4ooooooooooc~ooooooooooooooooooooooooooooooo i 11101000010101 iJ
8 bits of

original mantissa
(c) After circular left shift

[ctooi 11101 oocbi~~~~iioooooooooooooooooooooooooooooooooooooooo j
8 bit mantissa

Figure 3 Floating Point N-bit Simulation

example, the only significance for the mantissa is in the

left-most 8 bits of the CDC floating point mantissa. Fig-

ure 3 (c) shows the resulting contents of (b) after a circu-

lar left shift of 40 bits. Using this technique, the value

shown in (a) can be modified to contain the same number of

significant mantissa bits that an n-bit floating point word

with an 8 bit mantissa would contain, this equivalent repre-

sentation is shown in (c).

Some significance will almost always be lost for deci-

mal number representations, since decimal numbers can not

usually be exactly represented with binary storage. For ex-

ample, the 60-bit octal representation of 3.33 is shown In

Figure 4 (a). The equivalent representation for an n-bit

floating point word with a 15 bit mantissa is shown in (b).

The right most 33 bit.~ of significance have been lost and

14
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[(a) 1721652525237366553

(b) 1721652525000000000

Figure 4 N-bit Decimal Representation

the value left Is equal to 3.32971; a significance of .00029

has been lost in the 1 5—bit mantissa representation.

Overflow of the exponent could be detected by comparing

the maximum/minimum values possible for a floating point word

with the specified bit lengths for the exponent and mantis-

sa. Again overflow detection would result in the maximum !

minimum value being stored over the old value. In addition

to the case where the exponent gets too large, the case of

exponent underflow must also be addressed . This could occur

when a value Is computed which is so small that its most sig-

nificant digit is not within the range of the specified ex-

ponent (although it is within the CDC ’s large range). For

example, 5 bits may be specified for the n-bit floating point

exponent and 6 bits for the mantissa. This exponent could

represent an exponent range of ±16. Therefore, the maximum

values representable with that floating point word would be

±63 (the maximum mantissa value) times 2+16 if the implied

decimal point is to the right of the least significant man-

tissa bit.

If the implied decimal point is to the left of tne man-

tissa, the maximum would be .984375 times 2+16 (shown in Fig-

ure 5) . The minimum significance represen table would be ±32
times 2 16 and ±.5 times 2 16 respectively for the two

15
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different decimal point positions. Underfiow for the 12—bit

floating point word would occur if a 60-bit division resulted

in a quotient less than 2 24. This value would not be with-

In the range representable by a word with a 5 bit exponent.

Zero would replace the value that overflowed before the pro-

gram executed its next operator.

O11111,~1l11 1 1 = .984375 * 2+16

= 63 * 2+16

0O0OOO~lO0OOO = .5 * ~~~

°°°°°°100000A 32 * 2 16

Figure 5 N-bit Floating Point Value Range for n Equals 12

Now that the strategy has been defined for simulating

the effects of n-bit wordlength for arithmetic instructions

and the fixed or floating point word values involved , the

following section will describe the arithmetic instructions

which the n—bit simulation would be performed upon .

The Arithmetic Instructions

Many COMPASS code listings, resulting from the three

FORTRAN optimizing compilers, were examined to investigate

the handling of FORTRAN assignment statements and arithmetic

expressions. The arithmetic operations addition , subtrac-

tion , multiplication , and division were found to be handled

by the COMPASS Instructions in Table I, where Xi, Xj, and

Xk may be any combination of the eight X registers (Xl - X8) .

16 
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COMPASS Instruction

Operation type S Address Octal code for
mnemonic field operation type

fixed pt add IXi Xj + Xk 36
floating pt add FX1 Xj + Xk 30
fixed pt subtract lxi Xj - Xk 37

floating pt subtract FX1 Xj — Xk 31
fixed pt multiply ‘DXI Xj * Xk 42

floating pt multiply FXI Xj * Xk 40

fixed pt divide *pXi Xj / Xk 44

floating pt divide FXi Xj / Xk 44

*fixed point values in registers Xj and Xk are
converted to their floating point equivalents
before the division is performed. The quo-
tient Xi is then converted back to a fixed
point representation.

Table I Fixed And Floating Point Arithmetic Instructions

Each fixed and floating point single precision arithmetic

operation generated by the FORTRAN compiler was performed by

a unique instruction with the exception of division. As not-

ed in Table I, fixed point division is performed by a sequence

of instructions. The divisor and dividend are converted to

their floating point equivalents before a floating point di-

vide Is performed . The quotient then is converted back to its

fixed point equivalent representation. This sequence of in—

structions for the fixed point quotient X1=X2/X3 is shown be-

low: PX2 BO ,X2 Pack X2) ) Converting X2 and X3 toPX3 BO,X3 sack X33
NXO B0,X3 INormalize X3]) 

floating point

FX 1 X2/XO ~ ivide)UX 1 B7, X1 [Unpack quotien1~]
’
~LX1 B7,X1 (shift to inte~~er3 

Converting result back

position) to fixed point

17
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Since fixed point and floating point divisions share a

common Instruction (FXi Xj/Xk) and each type requires a dif-

ferent method to simulate the effects of n—bit wordlength, a

choice would have to be made not to allow one or the other of

the division types to occur at the FORTRAN program level.

Floating point was expected to be the more common usage for

algorithms, so fixed point divisions would be restricted from

n—bit simulated algorithms. If the fixed point division se-

quence always appeared as consecutive instructions, fixed

and floating point division could be differentiated ; but the

FORTRAN optimizing compilers order the COMPASS instructions

for the most efficient execution, and consequently the COM-

PASS code generated for a sequence of FORTRAN statements may

b~ completely intermixed .

One s other potential problem could occur for the fixed

point multiplicatfon instruction DXI Xj*Xk shown in Table I.

DXI Xj*Xk is actually the COMPASS double precision multiply

instruction. However, this conflict of usage would not oc-

cur since the algorithms for the n-bit simulator would not

require double precision FORTRAN variables (A ssum ption 5

states this in Chapter I).

Now that the COMPASS instructions, which perform the

arithmetic computations have been described , two methods of

incorporating modifications for each arithmetic instruction

will be described in the following section.

18 
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Two Approaches to Incorporating N-bit Simulation

Two fundamental approaches to implementation of the n-

bit simulation modifications were considered . The first ap—

proach would replace each arithmetic instruction with subrou-

tine calls. The second approach would substitute, in-line,

the necessary instructions to perform the n-bit simulation

effects.

The subroutine approach would require an argument list

to accompany each subroutine call indicating the registers

Involved with that instruction. This argument list would

key the handling subroutine to manipulate the designated reg-

isters. Uniquely identifying each Instruction/register com-

bination with a separate subroutine would require 512 dif-

ferent subroutines per arithmetic instruction type (three

registers are used for each arithmetic instruction and each

register may be any one of eight possible X registers, mak-

ing 8~ or 512 possible combinations). Clearly that would

have been too many routines. So an argument list would be

necessary indicating the registers involved , and a technique

would have to be devised in each subroutine to handle them

correctly.

In con trast, the in—line code approach would be simpler

and save subroutine linkage time, but would requ ire more core

space. If branching would be necessary within the substi-

tuted code sequence , some method would have to be devised to

provide unique labels within each substituted sequence. For

the init ial COMPASS level investigat ion , the in-line approach

was chosen. 19
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Methods for Isolating Arithmetic Instructions

In both cases previously stated , the first obstacle was

trying to isolate arithmetic operation instructions of Table

I from the rest of the COMPASS code. Three techniques were

considered .

The first technique involved examining the raw COMPASS

object code (machine language). This would be a complicated

procedure due to problems involved distinguishing data from

Instructions. Also labels, already assigned to fixed loca-

tions, are transparent from their associated object code.

Injecting additional COMPASS object code to perform n—bit

simulation would lead to misalignment of labels with respect

to their associated object code locations. When examining

the object code , a table containing all possible COMPASS in-

struction codes and the associated instruction length would

have to be maintained . In addition , one must account for

no—operation instructions (NOOPS). NOOl’S are used to fill

In remaining portions of 60-bit words which are not corn—

pletely filled by instructions due to labels or other con-

ditions. It would be a cumbersome task indeed . Consequent-

ly, this technique was quickly ruled out.

The second technique involved examining the COMPASS

source code generated from the FORTRAN compilation of the

algorithm. Distinguishing the arithmetic operation instruc-

t ions would requ ire a table 
~~~~~ 

of each COMPASS code mne-

monic. When mat ches occurred, a sequence of instructions

would be inserted to perform the n-bit wordlength effects

20
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for that instruction type. A significant advantage of this

method is that the COMPASS assembler would do the work of

realigning all COMPASS object code and label pointers. COM-

PASS source code would be accessed by using the E option on

the PTN control card. The sequence of control cards in Fig-

ure 6 could be used to access the COMPASS source code gener-

ated from a FORTRAN compilation. The execution of NBIT (in

Figure 6) would modify the original COMPASS source code (the

COMP file) for n-bit simulation producing the revised n-bit

simulated code in file COMP2. COMP2 would then be assembled

and executed.

FTN , E = COMP.
NBIT , COMP , , ,  COMP2.
REWIND , COMP2.
COMPASS, I = COMP2, S = FTN MAC , B = BIN.
LDSET (LIB = FORTRAN/SYSIO).
BIN.

Figure 6 N—bit Simulation Control Card Sequence

The third method for isolating and handling the arithmet-

ic Instructions would take advantage of some sophisticated

features of the COMPASS assembler called operation definitions

(OPDEFs) and IF conditionals (IFCs). Both are pseudo instruc-

tion types. The OPDEF consists of a sequence of COMPASS

source code that is saved and assembled when an instruction

type within a given routine matches the syntax specification.

It usually includes parameters to be substituted for formal

parameters, so that the object code generated can vary with

21
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each assembly of the definition and whatever combination of

registers that are involved in the instruction (REF 3: 5—27).

Using this feature, the assembler would do the work by re-

placing the arithmetic instructions with the n—bit simulation

sequence.

FIgure 7 shows a COMPASS routine in which an OPDEF was

Inserted, then assembled with the rest of the COMPASS code.

This particular OPDEF syntactically defines the general in-

struction type IXi Xj+Xk. P1 , P2, and P3 used within the

OPDEF would represent the registers Xi , Xj, and Xk respec-

tively. In the sequence of original COKEASS code, the

1X7 XO+X4 instruction would match this syntax and is re-

placed ‘by this sequence when it is assembled as shown in the

after assembly code sequence. After assembly, the object

code (shown on the left) is produced by the COMPASS assem-

bler upon detection of the 1X7 XO+X4 instruction . It can

be seen after the assembly that the OPDEF for the fixed

point add instruction replaced the original one.

Two additional pseudo instructions were also used in

this example: SET (REF 3: 4—36) and CPOP (REF 3: 6-7).

CPOP was used to disguise the fixed point addition instruc-

tion from its own OPDEF. Otherwise, ii’ an instruction were

used within its own OPDEF definition it would result in the

assembler getting caught in an infinite loop of replacing

an instruction with Itself, which triggers the process a—

gain, and so on.

22
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Loca- Code Generated Label Opera- Variable
tion tion

IDENT TEST(Before assembly) 
,‘~NBIT S SET 16

IXX+X OPDEF P1 ,P2,P3
LX.P2 59-NBITS

Inserted into LX.P3 59—NBITS
AX.P2 59—NBITS
AX.P3 59—NBITSCOMPASS code
XA ,P1 A.P1+A.I3

original 
XAA+A CPOI O ,360B ,1 32B

LX.P1 59-NBITS
AX .P1 59—NBITS
ENDM
SA5 AO
SX7 116100B

Original COM 1X2 X3-X4
PASS co de from c IX? XO+X4
FORTRAN cornpl- ( DX7 X4*X4

ENDlat ion

(Af ter  assembly) IDENT TEST
NBITS SET 16
IXX+X OPDEF P1 ,P2,P3

LX.P2 59-1-~BITS
LX.P3 59-NBITS
AX.P2 59-NBITS
AX.P3 59—NBITS

- XAA+A CPOP O ,360B,132B
XA.P1 A .P1+A.P3
LX .P1 59—NEITS
AX .P1 59—NBITS
EN DN

) 54500 SA5 AO
7170116100 SX7 116100B

36234 1X2 X3—X4
1X7 XO+X4

1 20053 LX.O 59-NEITS ~\

20453 LX.4 59—NBITS I Substituted

21453 AX.4 59—NBITS assembler
XAA+A CPOP O ,360B ,132B for

21053 AX .O 59-NBITS 

j 

by

2 36704 XA.7 A .O+A.4 1X7 X0+X4
20753 LX.7 59-NBITS

21753 AX.7 59—NEITS
42744 DX7 X4*X4

END

Figure 7 OlDEF Application

23
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The other pseudo instruction mentioned earlier, IFC ,

could be used to incorporate the user options, for example,

truncation or rounding effects. Each effect would require

somewhat different code. Both code sequences could be in-

corporated into the arithmetic instruction OPDEF, but only

the one whose option was on would be invoked as part of the

OPDEF , upon assembly.

This package of COMPASS pseudo instructions could great-

ly simplify the n-bit simulation set up. However, a mean s

would have to be devised to get the O}DEFs inserted within

each routine, since they are effective only for the routine

in which they were defined . If branching were required with-

in an OPDEF to perform n-bit simulation effects, a special

element called *L (REF 3: 2—9) and the SET pseudo could be

used within each OPDEF to offer each invocation of the OPDEF

a unique label. Figure 8 shows an example of it8 usage with-

in an OPDEF. The SET *L + 2 instruction would put the cor-

rect loc~ation into the symbol table for N (shown at location

15). When ZR X .P1 ,N referenced it, the value (a location)

currently in the symbol table would be put in the object code.

The SA.P1 P,i instruction (where the label is actually needed)

would be positioned a known number of locations down from the

Location Label Instruction
15 N SET * L+ 2

ZR X.P1 ,N (wants to jump to
SA.Pi P,l)

16 (other instructions)
17 SA.P1 P,l fneeds the label]

Figure 8 Example Of Labeling Within An OPDEF

24
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SET instruction. Since each QPDEF invocation would occur at

a different location, each reference would be unique, since

the value of N would change with the location of each Invo-

cation.

Problems Encountered With The COMPASS Level Approach

After further analysis of the COMPASS level approach,

three problems were uncovered . These problems will be dis-

cussed in the following subsections.

Multiples Of Two

Upon further analysis, it was discovered that when the

FORTRAN optimizing compiler 1 or 2 was used , fixed point mul-

tiplications and divisions by multiples of two were not con-

verted into arithmetic multiply or divide instructions, but

were accomplished by shifting the register contents left or

right the number of bits required to obtain the proper re-

sult. However, the zero level compiler did convert such oc-

currences into the expected arithmetic instructions. There-

fore, a user would either have to compile the algorithm using

the level 0 optimizer which would result in less efficient

execution or be restricted from using multiples of two in ar-

ithznetic equations, since those arithmetic operations could

not be n—bit simulated. The user could still use a multiple

of two in an equation for optimization level 1 , but not as

a constant within the equation. It could overcome the op-

timizers intelligence by assigning that multiple of two (con—

stant) to a variable just prior to the expression as shown

25 
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below. This procedure would force the compiler to generate

the COMPASS arithmetic instruction.

(desired equation: IRSLT = 11/8 * 12)

ITEMP = 8
IRSLT= I 1 / ITENP*12

The problem with multiples of two could be overcome by put--

ting an added restriction upon the user. However, the prob-

lems described in the following subsections are of a more

serious nature and could not-be resolved .

No Double Precision Arithmetic Accuracy

Another problem that became evident quickly was that no

FORTRAN arithmetic expression could be evaluated in double

or triple precision, then stored as a single precision value.

This is because at the COMPASS level the last arithmetic op-

eration of a compiled FORTRAN equation is indistinguishable

• from the first. There is no way at the COMPASS level to de-

tect the first operation generated from a FORTRAN arithmetic

statement. The COMPASS code generated from individual FOR-

TRAN statements i~ transparent at the COMPASS level and in

many cases the code from several FORTRAN statements are in-

termixed together so the computer can execute with greater

efficiency . Thus all operations would be limited to single

precision and that user option specified in the requirements

would not be available.

Requirements For Spare Registers

A much more serious problem evolved when it was determined

26
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that extra registers would be needed , in addition to the ones

involved in the arithmetic instruction, in order to perform

the required n—bit simulation effects. These extra registers

would be required for storing the maximu m and minimum values

of the n-bit fixed and floating point words. To determine

overflow conditions these values would have to be compared

to the contents of the registers involved in the arithmetic

instruction . In order to make the comparisons, the values

must be stored in a 60—bit register. However, due to the

nature of the COMPASS level approach, nothing can be presumed

to be known about any register before that instruction or

after. At the time the arithmetic instruction is executed ,

any or all of the 16 X and B registers may contain values

which were set up by the FORTRAN compiler to be used l-~ter.

Modification of a register’s contents could be disasterous.

Since the status of all registers outside the ones in-

volved in the arithmetic instruction is not known, all reg-

isters not involved in the ‘arithmetic operation instruction

must have their values restored to what they were just prior

to the operation . Either a register saving/restoring tech-

nique would have to be employed or else some register with

known or fixed values would have to be found which could be

used as an extra register then restored afterwards.

Several possibilities were investigated and some tech-

niques were devised , but none which were reliable 100% of

the time . The different avenues taken are described more

fully in Appendix A. Literature searches in CDC manuals

27

-5 -—5- - - -  -- 5-  -, . - - - 5 -



—- --
5-.’ - ‘~~~~~~~~~~~~~~ - - .- - . -- -----— .--.—. - — - - _ --

could not produc.~ any amount of detail about the register

handling conventions of the FORTRAN compilers. Nor could any

register saving/restoring convention be found. Apparently ,
— 

the compilers do not save all registers before jumping to ex-

ternal subroutines, as many computer systems do (e.g. IBM).

Instead it saves only those registers it knows through its

intelligence that it will need later.

Without extra registers, no rounding effects could be

performed and no overflows could be detected. It logically

follows that without overflow detection , no overflow mes-

sages could be printed nor would there be a way or means to

substitute maximum values for values that overflow. The on-

ly action that could be performed would be to limit fixed

point values and floating point mantissas to the specified

number of bits of precision (through left and right register

shifts, to accomplish the truncation).

Conclusions

The more the COMPASS level approach was explored , the

more limitations and shortcomings were uncovered . Single

assignment statements could not be detected , double and tri-

ple precision operations could not be performed as options,

and no completely reliable scheme could be devised to gener-

ate extra registers required for overflow detection and han-

dUng. Therefore, the COMPASS level approach was aborted .

The n-bit simulation problem was next addressed at the FOR-

TRAN level as discussed in the following chapter.

28
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III. FORTRAN Analysis And Design

After failing to establish sri operational n—bit simula-

tion at the COMPASS level, a FORTRAN level approach to the

n-bit simulation problem was endeavored. The FORTRAN level

approach attempted to accomplish n-bit simulation by modify-

ing the user ’s FORTRAN-programed algorithms. This chapter

will describe an analysis of the FORTRAN language with re-

spect to the n—bit simulation problem . Also it will describe

the features of the FORTRAN algorithm preprocessor arid n-bit

simulation subroutines that were designed to accomplish the

n-bit simulation.

FORTRAN Problem Analysis

A basic assumption for this thesis was that n-bit word-

length effects could essentially be simulated by modifying

only the arithmetic expressions within a program. This is

because the n-bit simulation tool was devised to enable a

user to evaluate the numerical stability and precision of

algorithms as a function of wordlength. In Standard ANSI

FORTRAN , arithmetic expressions may appear in almost all

statement typ es. N—bit simulation of arithmetic expressions

for all possible statement types would complicate the FOR-

TRAN level approach to a considerable extent. Therefore, it

was decided that the initial FORTRAN n-bit simulation tool

developed would limit n—bit wordlength effects to only those

expressions occurring with FORTRAN assignment statements.

29

_ _ _ _ _ _  --5 -~~~~~~~ - - 5 -  -~~~~~~~~~~ -- - ----5- - - -



5-—-
~~~~~~~~~~~

- -
~~~~

—- -
~~~~~~~

.- - 5-—.--—
~~~~~~~~~~

— — - - 5- - -  5 - -

This would be the minimum requirement to n-bit simulate an

entire algorithm and would still not unduly inhibit the user

from programing in his normal manner.

To simulate the effects of n-bit wordlength for an ar-

ithmetic statement, each arithmetic operation and its asso-

ciated operands would , first, have to be isolated from the

rest of the statement. Then each operand would have to be

modified so that it represents the n—bit wordlength equiva-

lent (if it has not already). Next, after performing the

operat ion , the result must be similarly modified . If the

operation would have resulted in an overflow condition for

the n-bit computer, an overflow message should be printed to

the user and the overflow value should be replaced with the

maximum value representable with an n-bit word (as specified

In the n—bit simulation requirements of Chapter I).

To correctly evaluate an arithmetic statement, the or-

der of precedence in which the FORTRAN arithmetic operations

are normally performed would have to be preserved . Also the

variable types (fixed and floating point) would have to be

determined then handled appropriately and labels accompany-

ing arithmetic statements would have to be handled so that

the execution sequences of the algorithm would not be af-

fected .

Figure 9 shows the Backus Normal Form (BNF) for all

possible syntactic representations of an arithmetic assign—

ment statement. Any arithmetic assignment statement may

consist of unaries, integer (fixed point) and real (floating

30
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~rithmetic statement ::= <identifier> = (expression)

ddentifier> : := <letter> <identifier~ detter>
cidentifier digit> <function,

(expression> ::= (sign> cterm) (expression> (sign ’)
(term>

(term> : := (factor) <term> mul—op> <factor>

<factor> : := <f 2> <factor> <exponentiation)

cf 2)

cf2> ::= (identifier> diteral)
( (expression> )

<function> ::= <identifier> ( arguments~. )

(arguments, ::= (expression) <arguments>
(expression)

<literal> ::= (12) <real #>

<real #> ::= (12) . <12> . (12) . (12)
::= (digit> cI2~- digit~

(letter) ::= A I B I C ID IE 1 F 1 G I H I I I J I }~~~L IM I N I O I P I

QIRI SIT IU IV IW IX IY IZ

<digit> ::= 011121314151617181 9

(sign> ::= (sign ’> <null)

<sign’~ ::=

Cmul—op ::=

(expon entiatiori) ::= **

Figure 9 Backus Normal Form For Arithmetic Statement
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point) variables, integer and real literals, arithmetic op-

erations, parentheses, array items, and function subroutine

calls. Some examples of various arithmetic assignment state-

ments are shown in Figure 10. Boolean IF statements may al-

so contain arithmetic assignment statements. The arithmetic

statement would be executed if the logical or relational ex-

pression in the IF statement predicate is true. The basic

form of a Boolean IF statement with an arithmetic statement

is:

IF (Logical or relational expression) <arithmetic stmt>

Label Col.
field 7

A = B*C*(LONG1_5.324/(_24))

1 B = FUNC(4*J,_X ,F2_LAST)+NUMB 1

C =

25 D = ARRAY1 (5,I)*5.014327
E = +(o.5**3**TWO)/DIVDER

4 IF(A.EQ.(10*R))F = 2000+45.+.3*REALNTJM

RESULT = FINAL

Figure 10 Examples Of Legal Arithmetic Statements

Evaluation Of An Arithmetic Statement Through Reverse Polish
Notation

The task of simulating the effects of an n-bit wordlength

machine requires that the result of a computation for an ax-

ithmetic statement be modified to reflect its n—bit wordlength

equivalent. This necessitates the isolation of each arith—

metic operation and the operands the operation is acting upon.
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Therefore, each FORTRAN arithmetic statement must be broken

down into a series of arithmetic statements, each performing

a single arithmetic operation. The final result from the se-

ries of single computation statements would be algebraically

equal to the result computed from the whole, complex arith-

metic statement from which they were derived .

An example of breaking a complex statement into a series

of single computation statements is shown in Figure 11 . E-

quation (a) of Figure 11 could be accomplished just as well

through the sequence of single operation arithmetic state-

ments shown in (b). However, the intermediate variables used

in (b) must agree with the dominant data type (mode) of each

computation. That is, when an expression contains both fixed

arid floating point quantities, the final result would have

to be of the floating point data type since floating point

is dominant over fixed point in FORTRAN.

(a) RESULT = A*B*(D(I)_F/4.5)+2.**EXPNT
• ~— ~~~~~~~~~~~~~~~~~I 5

Precedence
Order of

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Evaluation
b

(b) TEMP1 = A*B
TEMP2 = P/4.5
TEM}3 D(I)-TEMP2
TEMP4 TEMP 1*TEMP3
TEMP5 2.**EXPNT
RESULT = TEMI4+TEMP5

Figure 11 Equivalent Computation Of A Complex
Arithmetic Equation
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When a FORTRAN compiler analyzes FORTRAN arithmetic

statements, it determines the proper sequence in which the

computations should be performed and the necessary mode con-

versions needed for the differing variable data types. Then

the compiler generates the assembly language instructions

which will do the job; forming intermediate results between

computations until the final assignment is made.

An approach similar to one a FORTRAN compiler might use

for evaluating an arithmetic statement is the Early Operator

Reverse Polish Notation (REF 5: 55). Polish notation is a

mathematical notation that provides for the representation

of complex expressions in a non-ambiguous manner, without re-

lying on hierarchial delimiters such as parenthesis. The

basic difference between standard mathematical notation and

Polish notation is the relative position of the operator to

its operands.

Figure 12 shows an example of a FORTRAN arithmetic

statemen t and its equivalent Reverse Polish Notation repre-

sentation. To evaluate the Polish string, it is scanned

left to right until an operator is found . Then that opera-

tor is used on the preceding two operands-replacing the two

Standard mathematical notation for a typical arith. equation:
A = B+C_D*(E+F)

Reverse Polish Notation equivalent of’ equation above:
A B C + D E F+*_=

I ___  1 B+C
Order of I 2 E+FI l_ 3~5-_~JEvaluation I 4 3 D*(E+F)

— 4 (B+C)_ (D*(E+F))I 
5 A= ((B+C_ (D*(E+F)))

Figure 12 Example Of Reverse Polish Notation
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by the result and continuing the scan. Each arithmetic oper-

ator has a hierarchial precedence value. Table II shows the

precedence relationship among the arithmetic operations of

the FORTRAN language. Operations with higher precedence in

the hierarchy are performed first in the evaluation of an ar-

ithmetic equation. Operations of equal precedence are eval-

uated left to right. The BNF for FORTRAN arithmetic state-

ments in Figure 9 also reflects this precedence of the oper-

ators.

Arithmetic Precedence
operation rank

+ 1
— 1
* 2Higher

precedence / 2
- (unary) 3
+ (unary) 3

** 4

Table II Operator Precedence Order For Evaluating
Arithmetic Equations

Through the use of Polish Notation techniques, the proc-

ess of generating a sequence of single operator statements

from a single complex arithmetic statement is greatly simpli-

fied. Once an arithmetic statement is in its equivalent Pol-

ish Notation form, the Polish string can be scanned left to

right for operators. For each operator a function subroutine

call is generated with the operands involved passed along as

arguments. The subroutine called would perform the computa-

tion while simulating the effects of n-bit wordlength.
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Additional FORTRAN Language Considerations/Problems

In the analysis of the FORTRAN language with respect to

the n—bit simulation problem, several obstacles and potential

problems had to be dealt with to handle all cases of arith-

metic statements. Besides the variables and arithmetic op-

erations, an arithmetic statement may involve function sub-

program references, arrays, labels, and IF statements. An

additional consideration is to provide the user a means of

tracing down overflow occurrences. These cases will be dis-

cussed in the following subsections.

Function References. Function subprogram references

with a FORTRAN arithmetic statement present a potential prob-

lem since the functions they reference may not be coded in

FORTRAN . To be n-bit simulated completely , all code executed

must be written in the FORTRAN language. System functions

such as SIN, COS, and ATAN (external or FORTRAN library func-

tions (REF 4, 1—8)) are not coded in the FORTRAN source lan-

guage and therefore can not be altered by the FORTRAN level

approach to simulate n-bit we2dlength effects. A conversion

of all intrinsic and external functions into their FORTRAN

language equivalents would remedy this problem. However,

without a FORTRAN version, the most effective action that 3

can be done to approximate n-bit wordlength affects on an

Intrinsic function would be to n-bit simulate each argument

of the function and then n-bit simulate the function value

returned .
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Arrays. N-bit simulation for each argument (subscript)

of a FORTRAN array item would not really serve any purpose.

FORTRAN array arguments must always be fixed point values.

They are usually relatively small fixed point values and

should be well within the range of an n-bit wordlength com-

puter’s fixed point words, in presumably every case. Con-

sequently, it was considered unnecessary overhead to n-bit

simulate expressions and single arguments used for array

subscripts. Treating the entire array item the same as a

single variable was found sufficient.

Since arrays and function subprogram references may

have the same syntactical representation in an arithmetic

statement but would be n—bit simulated differently , they

must be differentiated from each other. To distinguish ar-

rays from functions, each program unit is examined to de-

termine the variables declared as arrays. Arrays may be

declared in either DIMENSION , INTEGER, REAL, or COMMON dec-

laration statements. So for each variable in question , all

array names declared within that program unit are compared

to that variable name. If the variable in question is not

an array, then the variable defaults to being treated as a

function subprogram reference, and n-bit simulated according-

ly.

Labels. Another potential problem area for FORTRAN is

where a label is attached to an arithmetic statement which

is the last statement to be executed In the DO loop. A la-

bel in FORTRAN can be used for two different purposes.
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These usages of a label will be described before defining

the problem in detail.

A statement label uniquely identifies a statement so it

can be referenced by another statement. Labels occur in col-

umns 1-5 of a FORTRAN statement. The actual statement ap-

pears in columns 7—72.

Statement Label Statement
number

1 C=X+2. 5
* 2 G0 T0 38

3 14 A = B

4 38 C=B*D/5
* Execution of statements 1 and 2 would be followed by
a branch statement 4 (through the use of label 38)

Figure 13 Normal Use Of A Statement Label

Generally, a label marks a statement so that the state-

ment can be branced ~~ for execution , as shown in Figure 13.

However, there is an exception in the case of DO loops. A

DC loop statement , such as the one shown in Figure 14, is

used to establish a sequence of statements to be executed re-

peatedly for a specified number of times. In the case of

Figure 14, a label is associated with the last state ~t of

a DO loop sequence. This label is called a DO loop termina-

tion statement label. Upon execution of its associated

statement, program execution returns to the first statement

of the DO loop sequence to execute the DO loop sequence a—

gain. This looping would continue until something causes

the program to branch out of the loop. The main difference
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between the DO loop termination label and a normal label is

that a termination label is used to indicate the last state-

ment of a sequence to be executed and a normal label is used

to indicate the first of’ a sequence.

Statement Label Statement
number

I DO 7 O L= 1 ,2O
2 A(L) = A(L)+5

* 3 70 C(L) = D(L)+A(L)
* Label 70 indicates last statement executed in the
DO loop. After execution of statement 3, L would
be incremented and the loop executed once again,
until L exceeds the value 20.

Figure 14 Example Of DO Loop Termination Label

The problem with respect to this effort arises when a

complex arithmetic statement is broken up into a sequence of

single operation arithmetic statements; especially if the

FORTRAN program is analyzed and translated on a statement by

.i~atement basis (i.e. each statement is analyzed without

knowledge of the context of Its use with regard to other

statements of the program). Each label type must be handled

differently. Figure 15 shows an example of wha~ would hap—

pen if a termination label were treated the same as s normal

label in the translation of a complex arithmetic statement

to its single operation series equivalent. In the example,

it is associated with an arithmetic statement. Normal label

handling would distort the real meaning of the DO loop. In

the translated code of Figure 15, part of the computation is

39 
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now positioned outside the DO loop sequence. Thus, the re-

sults would not be the same.

Before translation After translation

D O 5 I = 1 ,7 D0 5 1 = 1 ,7

5 SUM = A(I)+SUN*2 5 Ti = SUM*2
SUM = A (I)+T1 ~— outside

of loop
now

Figure 15 Incorrect Translation Of’ A DO Loop

To assure a consistent meaning of labels for n-bit sim-

ulation modifications, the user will always be required to

assign DO loop termination labels to CONTINUE statements. A

CONTINUE statement can always be used as the last statement

in a DO loop sequence without changing the loop ’s meaning .

A CONTINUE statement will never be modified for n-bit simu-

lation since only arithmetic statements are changed . Figure

16 shows how a DO loop termination label could be moved to a

CONTINUE statement without changing the performance of the

loop. Figure 16 also shows the single operation translation

of that loop. 
-

Before translation After translation

D O 5 I = 1 ,7 D0 5 1 = 1 ,7
SUM = A(I)+SUN*2 Ti = SUK*2

5 CONTINUE SUM = A(I)+T1

5 CONTiNUE

Figure 16 Use Of’ CONTINUE Statement In A DO Loop
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IF Statements. Another slight complication of the FOR-

TRAN approach is translating an arithmetic statement contained

as part of an IF statement. Figure 17 (a) shows such an IF

statement. A procedure had to be developed so that arithmet-

ic statements contained as part of IF statements could be

translated into a series of single operation statements with-

out distorting the original program ’s meaning . Figure 17

(b) restates (a) in such a manner that the arithmetic state-

ment is now separated from -~he IF statement and could be

translated into a sequence of single operation statements,

shown in (c), without affecting the original meaning. Two

new labels and two GO TO statements were added to the orig-

inal sequence in (a) to preserve the correct order of exe-

cution. The execution paths for (a), (b), and (c) are iden-

tical as shown in (d).

Overflow Tracing. Another FORTRAN consideration was

assisting the user in tracing down the instances where an

overflow of - the n-bit wordlength occurred during the n-bit

simulation of’ an algorithm. It would be helpful to the user

to indicate the name of the routine and the line number with-

in the routine in which the overflow condition was detected .

This would be in terms of the original FORTRAN coded algo-

rithm and not the n—bit simulation modified code. In addi-

tion, specifying the operation executed at the time of the

overflow might also be helpful.

To assemble the necessary data for these overflow mes—

sages , the beginning of each new routine must be detected .
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(a) A = F I R ST 

-

IF(A.EQ.C) RESULT = A/5*B
A = NEXT

(b) A = FIRST 
-

IF(A.EQ.C) GO TO 1500
GO TO 1501

1500 RESULT = A/5*B
1501 A = NEX T

(c) A = FIRST
IF(A.EQ.c) GO TO 1500
GO TO 1501

1500 TENP1 = A/5
RESULT = TENP1*B

1501 A = NEXT

(d) A = FIRST

IF(A.EQ.C)

-

‘ 

(true)

A = 

RESULT = A/5*E

Figure 17 Arithmetic IF Statement Handling
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New program units (routines) are initiated by one of the f’ol-

lowing FORTRAN keywords: PROGRAM, SUBR OUTINE , FUNCTION , REAL

FUNCTION, or INTEGER FUNCTION. All other routine initiation

keywords, such as LOGICAL FUNCTION or DOUBLE PRECISICN are

not allowed in n-bit simulation programs, by one of the the-

sis assumptions.

Once the beginning of a new routine is detected the rou-

tine name is extracted , the line counter for that routine is

initialized to one and incremented with each succeeding state-

ment. When an arithmetic statement is translated into a se-

ries of subroutine calls, the routine name and line number

containing the arithmetic statement are included as arguments.

Therefore, when an n-bit wordlength overflow is detected ,

this information along with the operation being performed at

the time would be printed. Then, the user could easily trace

down the statement which was the source of the overflow con-

dition .

The analysis of the FORTRAN language with respect to n-

bit simulation now has been described . The following section

describes the system developed which incorporated the results

of the FORTRAN analysis and enables a FORTRAN algorithm to

simulate n—bit wordlength effects.

N—bit Simulation Tool Design

The design of the n—bit simulation tool was divided in—

to two parts. Part one preprocesses the FORTRAN algorithms

before they are executed; translating each FORTRAN arithmetic
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statement into a series of’ subroutine calls, each of which

performs one of the statements’s computations. Part two of

the design develops the subroutines which would perform the

n-bit wordlength effects.

Preprocessor

The purpose of the preprocessor is to perform a lexical

scan and analysis of each statement in the FORTRAN algorithm,

then convert the arithmetic statements into a series of n—bit

simulation function subroutine calls.

The preprocessor essentially performs two major func-

tions:

1) It performs a syntactic analysis for arithmetic

statements and converts them into their Reverse

Polish Notation equivalent representation . (Fur-

ther detail concerning the syntax analysis is con-

tained in Appendix D.).

2) The preprocessor disassembles the Reverse Polish

Notation representation into function subroutine

calls, tailored according to the variable data

types, and arithmetic operations involved. Each

function reference replaces an arithmetic opera-

tion from the original statement. If’ temporary

variables are required to store intermediate re—

sults, a variable matching the dominant data type

involved is created . In addition , for each func—

tion reference , the preprocessor supplies the rou—

tine name and line number of the FORTRAN statement

from which the statement was derived. 

5- 
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The syntax description for an arithmetic statement was

shown by the BNF of Figure 9. Each statement fitting this

syntax description would be transformed into one or more func—

tion subroutine references. Each function reference would

replace a single arithmetic operation. Any statement which

did not fit the syntax description would not be affected.

Figure 18 contains an example of a preprocessed program.

In Figure 18, the temporary variables were created to

— hold the intermed iate computed values. Floating point var-

iables are stored in variables preceeded by RTTTT and fixed

point variables by ITTTT. The last letter is incremented

from A to B to C and so on for each succeeding intermediate

variable within each equation . These names will be restrict-

ed from the user, but are named so that they are not likely

to conflict with any variable name a user might create.

The function reference names indicate the type of op-

eration that is being performed from the original arithmet-

ic statement. For example, statement 8 of the preprocessed

program performs the multiplication of 15 and B from the

original program statement 8. The last three letters of

the function name indicate the type of operation (e.g. ADD

for addition , and MPY for multiply). The first two letters

indicate the data type of the operands being passed as ar-

guments. II indicates both operands are fixed point vari-

able data types. RE indicates both operands are floating

point. Ri and R2 indicate one of the operands being passed

Is fixed point and the other floating point. The number 1

- 45

- -— -——-—-.--—-‘- .--— — 
~~~ r- - ----———— -- 

- -



— -—-
=5- — 5 -— 

5- -5----- 

~~~~

—- -— -- —  —5--

Statement # Original FORTRAN Algorithm

1 PROGRAM SA~FLE (INPUT, OUTPUT)
2 DIMENSION A(10), K(30), KEY(7)

3 CALL SETNBIT (24,1 ,1 ,1 ,17,6,o,~ EY)

4 B = 25.3
5 READ *~ Li
6 L1 = L1

7 CALL SUB1 (A,25,B)
8 NEXT = A(1)+15*B -

9 K(L1) = NEXT/50*(A(2)+B)
10 STOP “END OF SAMPLE”
ii END

Original Preprocessed Algorithm Version
Statement #

1 PROGRAN SAM}LE (INi~uT,ouTPUT)
2 DIMENSION A(1O), ~:(3O), KEY(7)
3 CALL SETNBIT (24,1 ,1 ,1 ,17,6,O,KEY)
4 B = RASGN(25.3, 7HSANPLE ,6,1 ,KEY)
5 READ *, L1
6 - Li IASGN(Li , 7HSANPLE ,6,1 ,EEY)
7 CALL SUB1(A,25,B)
8 RTTTTAA = R1MPY(15,B, 7HSANPLE ,8,O,KEY)

NEXT - RRADD(A( 1) ,RTTTTAA ,7HSAI(E~LE ,8, 1 ,KEY )
9 ITTTTAA = IIDVD(NEXT ,50,7HSAMPLE ,9,O,KEY)

RTTTTAA = RRADD(A(2),B,7HSAMFLE ,9,O,KEY)
K(L1) = R1MPY(ITTTTAA ,RTTTTAA ,7HSANPLE ,9, 1 ,KEY

10 STOP “END OF SAMPLE ”
11 END

Figure 18 Example Of A N-bit Simulated Algorithm
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In Ri indicates the fixed point variable is the first argu-

ment of’ the function, 2 indicates it is the second. Table

III contains a list of all function subroutines. It also

indicates the arithmetic operation performed and the operand

data types involved .

Name of Function Operation Operand I Operand 2
Data Type Data Type

IIADD + I I
R1ADD + I R
R2ADD + R I
RR.ADD + R R
IIMNS — I I
R1MNS - I R
R2NNS - R I
RRMNS - R R
IIMPY * I I
R1MPY * I R
R2MPY * R I
RRNPY * R R
IIDVD / I I
R1DVD / I R
R2DVD / R I
RRDVD / R R
IIEXP ** I I
RIEXP ** I R
R2EXP ** R I
RREXP ** R H
IASGN — I -

RASGN - R -

I — Integer (Fixed Point)

H - Real (Floating Point)

Table III N—bit Simulation Function Subroutine Names
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There are two forms of n-bit simulation functions: sin-

gle operation replacements and simple assignment statement

replacements (e.g. IASGN and RASGN). The general format of’

these two function types are:

FUNCTION (OPERANDI ,OPERAND2,ROUTINE,STMT#,FINALFLG,KEY)
FUNCTION (OPERAND ,ROUTINE,STNT#,FINALFLG,KEY)

The OPERANDS are variables which will be n-bit simulated

by the function. The ROUTINE is the name of the routine con-

taining the statement and STMT# is the line number of the

routine in which the statement occurs.

FINALFLG is used to distinguish intermediate value as-

signments from final assignments of an arithmetic assignment

statement. Zero indicates the result is an intermediate as-

signment, one indicates a final assignment. Intermediate

assignment results will maintain the arithmetic precision

specified by the user; either single, double , or triple pre-

cision. - Final assignments indicate the final computation of

the arithmetic statement. The resulting value from a final

computation always has single precision accuracy.

The last argument of the function is KEY. KEY is a

seven item array containing values computed by the SETNBIT

subroutine and is used by the n-bit simulation subroutines

to simulate n—bit wordlength effects.

Each arithmetic statement in its original form appears

in a COMMENT statement (a non-executable statement type).

This COMMENT is printed just prior to the series of function
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calls derived from it (Figure 19). This procedure helps im—

prove readability of the preprocessed program code for the

user.

Stmt. # Original Algorithm Statements:

1 A = B+FUNC(A,5*K ,Ki) where FUNC is a FUNCTION
2 51 IF(A.EQ.C) LAST = FINAL/R*S*25.97

Preprocessed Algorithm Statements:

C A = B+FUNC (A ,5*K,K1) IC—

RTTTTAA = RASGN(A ,7HPROGRN 1 ,1 ,1 ,KEY.)

ITTTTAA IIMPY(5,K ,7HPROGRM1 ,1 ,i ,KEY)
1 ITTTTAB IASGN(K1 ,7HPROGRN 1 ,i ,1 ,KEY)

A = RRADD(B,FUNC(RTTTTA A ,ITTTTAA , ITTTTAB),
* 7HPROGRN1 ,i ,1 ,KEY )

C IF(A.EQ.C) LAST = FINAL/h*S*25.97 ~~~__.

51 CONTINUE
IF(A.EQ.C) GO TO 7901

2 G0 T0 7902
7901 RTTTTAA = RRDVD(FINAL,R,7HPROGRN1 ,2,0,KEY)

RTTTTAB = RRNPY ( RTTTTAA ,S, 7HPROGRN 1 , 2,O,XEY)
LAST = RRMPY(RTTTTAB,25.97,7HPROGRM1 ,2,1 ,KEY)

7902 CONTINUE

Figure 19 Preprocessor Output For Two Complex
Arithmetic Statements

A brief description of the preprocessor’s operation has

now been given. A detailed description of the preprocessor

is given in Appendix C. Chapter 5 contaIns a description of

the preprocessor design and summarizes the functions- of the

modules within the preprocessor. The following section de—

scribes the n-bit simulation subroutines which are called by

the n—bit simulated algorithm built by the preprocessor.
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N-bit Simulation Subroutines

The n—bit simulation function subroutines are designed

to perform the n-bit wordlength effects upon the operands in-

volved in a single arithmetic operation. A separate function

zubroutine was developed for each operation and data type

combination as shown in Table III. Each routine simulates

n—bit wordlength effects according to the options of the us-

er. The user states the options desired by a call to a SET—

NBIT routine to be subsequently discussed in detail. The

various user options are stated in Figure 20. Options 2, 3,

and 4 apply only to floating point computations . The fol-

lowing subsections will show how each option is carried out.

User specifications:
1) Total number of bits per word
2) Number of bits in exponent and number of bits for mantis-

sa, in addition to the position of the implied decimal
point with respect to the mantissa. The sum of the man—
tissa and exponent bits must be one less than the total
number of bits specified in 1). The extra bit is for the
sign.

3) Rounding or truncation effects for computations.
4) Single, double, or triple precision arithmetic accuracy.
5) Overflow messages print or suppression.

Figure 20 User Specifications (Options)

Option One. The first option indicates the total num-

ber of bits in the wordlength to be simulated . The SENBIT

routine computes the maximum value that a fixed point word

of n-bit wordlength could contain. The absolute value of
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each fixed point result is compared to this maximum e If the

maximum is exceeded , overflow has occurred . The value that

overflowed is then replaced by the maximum positive value

possible if the positive maximum was exceeded , or the maxi-

mum negative value possible if the negative maximum was ex-

ceeded .

Option Two. The second user option defines the data

format to be used for floating point values. The different

specifications include the number of mantissa and exponent

bits along with implied decimal point with respect the

mantissa (either to its left or to its right). They are used

by SETNBIT to compute the maximum and minimum positive float-

ing point values representable for the n-bit word . If the

absolute value of a floating point result exceeds these lim-

its, an overflow or underfiow condition has occurred. Un-

derfiow means the result represented was a smaller value

than could be stored in an n-bit word with the given number

of exponent bits. Upon detection of underfiow, the value

that underfiowed is replaced with zero. Overflow detection

Is treated similar to fixed point overflow, except the max-

imum floating point values are used .

Also, for floating point values, the proper number of

significant mantissa bits must be maintained . This is a—

chieved by a right-shift (sign extended) followed by a cir-

cular left-shift of the floating point variable. For exam-

ple , if 18 bits were specified for the mantissa, the right—

most 30 significant bits would be truncated , as shown in

Figure 21.
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(In Octal)

Original value ~~~~~~~~~~~~~~~~~~
exponent 48 bits of sig-

nificance

Right-shifted 30 00000000001746576037

exponent 18 bit mantissa

Circular left-shifted 30. 17465760370000000000

18 bit mantissa

I
Figure 21 N-bit Simulation Of Mantissa

Option Three. The third user option is rounding or

truncation effects. If truncation is specified no special

action has to be taken, because the CDC 6600/CYBER 74 com-

puters truncate by default. To round , however, a value e-

qual to one half of the least significant bit (LSB) is added

to the absolute value of the word . This is accomplished by

right—shifting the number of mantissa bits specified ; so

that the least significant bit is in the second bit position

from the right of the CDC 60—bit word (the 59th bit). Then

the value one is added (using fixed point addition) to the

quantity and the resulting quantity is right-shifted one bit.

If the LSB-1 is a one, then the result would be rounded up;

if it is not, it would have TiO effect. Figure 22 shows a

case of a 15—bit mantissa in which the result is rounded up.

After the one bit right-shift, the floating point value is

left—shifted back to its original position .

A special condition may result from this technique of

rounding . This condition occurs when the addition of one to
52
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Original value:
OO111110011O1O1111 110101110111000110101100011010001000000000

After right—shift of’ 32 bits:
0000000000000000000000000000000001 1111001101011111101011101 1

Plus
0 0 0 0 0 0 0 0 00 0 00 0 000 00 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1

Sum equals:
0000000000000000000000000000000001 111100110101111110101 1 1jQQ

After right-shift of’ 1 bit:
00000000000000000000000000000000001 1111001101011111101011110

Circular left—shift of’ 33 bits (with rounded result):
00111110011010111111010111 1000000000000000000000000000000000

~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-

. 

Figure 22 Example Of Rounding

the right—shifted floating point value results in an incre-

ment of the exponent. The n—bit mantissa contains its maxi-

mum representation in these cases. Figure 23 shows a round-

ed value for a floating point value with a 15 bit mantissa.

The rounded result, shown in (b) has no significant mantis-

sa bits and would be treated from there on by the computer

the same as a floating point zero. However, in a n-bit

Original value (a) 17257777750031152437

15 bit mantissa
Rounded value (incorrect) (b) 17260000000000000000

Correct rounded value (c) 17264000000000000000

Figure 23 Special Case Of Rounding
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computer the round up of the value in (a) would result in an

increment of the exponent and the mantissa would have a one

in its most significant position, as shown in (c).

Option Four. The fourth user option is to specify sin-

gle, double, or triple precision arithmetic accuracy. This

option is used to simulate the effects of a whole complex

equation being computed with multi—word precision, then stor—

ing the result as a single precision value. The preproces—

sor passes a flag which indicates if’ the n-bit subroutine

computation will result in an intermeidate value or a final

assignment. The SETNBIT routine computes the bit shifting

needed to be done for the intermediate values.

A floating point 15—bit word with nine mantissa bits

and the triple precision option would be handled as shown in

Figure 24. In a triple word accumulator of a 15-bit comput-

er, there would be 39 significant mantissa bits (i.e. 9 bIts

plus two additional 15—bit words used to extend the mantissa

significance). The final value assigned would be handled

just as any 15—bit single precision floating number, similar

to FIgure 21.

Original value 17465760371015777615
Right—shift 9 bits 00017465760371015777
Left—shift 9 bIts 17465760371015777000

39 bit mantissa

Figure 24 Multiple Precision Accuracy

Option Five. The fifth option can be used to print or

suppress overflow messages when the n-bit wordlength is
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exceeded. A test is made in the overflow handling routine.

If the message flag is off (set to zero), no message is

printed. If the message flag is on (set to one), a mes—

sage is printed indicating the line number and routine in

which the overflow resulted from and the operation being

performed at the time the condition was detected .

N—bit Simulation Sequence

The general sequence of events involved in simulating

n—bit wordlength effects for each n-bit simulation routine

is listed below:

1) Perform the arithmetic operation using the two in—

put operands and storing the result. Input oper-

ands are assumed to have n-bit wordlength signifi-

cance already.

2) If the rounding option (which applies only to

floating point computations) is used , rounding
- 

effects are performed on the result.

3) Check the result for overflow. If’ overflow con-

ditions exist, branch to overflow handler to sub-

stitute a value for the overflowed result and print

an overflow message (if’ the message print option is

on).

4) For floating point quantities, truncate the mantis—

sa of the result to the number of bits specified

F for the n—bit floating point mantissa . If this is

an intermediate result (indicated by the Final Flag-

input argument), the result’s mantissa is truncated

_ _ _ _ _ _ _ _ _ _ _ _  
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to the precision specified (single, double, or tri-

ple).

5) Return to the calling routine.

SETNBIT. The subroutine SETNBIT computes boundary val-

ues based on the user options selected (Figure 20). The

SETNBIT subroutine is required to be the first executable

statement in each program unit. The user specifies the op-

tions desired as arguments to the SETNBIT subroutine. Dif-

ferent routines may execute with different options. Each

routine ’s options are translated into seven key values which

are localized to each routine in an array called KEY. The

array KEY is used by n-bit simulation function subroutines

to carry out the n—bit wordlength effects specified by the

user. A description of each of the seven values of the KEY

array and how each is computed is as follows.

KEY(i) represents the maximum fixed point value repre— 
-

sentable with n-bits. The maximum value is computed by set-

ting the sign bit (left—most bit in a CDC 60—bit word), then

circular left—shifting n, the number of bits in the word-

length, and subtracting one, as shown in Figure 25 (where n

equals 15).

(In Octal)

1. Set sign bit: 400000000000000000000

2. Circular left-shift 15 bits: 0000000000000000 40000

3. And subtract one: 00000000000 05-000037777

Figure 25 Computation Of Maximum Fixed }oint Values
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KEY(2) represents the maximum floating point value pos-

sible for an n-bit floating point word with the specified

floating point word characteristics (exponent/mantissa bit
- 

lengths and the implied decimal point position). This maxi-

mum value is computed by determining the maximum range for

the n-bit word exponent. This exponent maximum is computed

exactly in the same manner as KEY(1). The exponent range

would be equal to one-half the maximum exponent represent-

able. For a five-bit exponent and a ten—bit mantissa, the

maximum representable would be (in binary) 11111 or 2+31 .

The minimum exponent would be 00000 or 2-31 (assuming a bi-

as of 10000). If the implied decimal point is to the left

of the mantissa (making the whole mantissa a fractional val-

ue), the maximum exponent is decreased by the number of man-

tissa bits (ten for this example) in the n—bit word. If the

implied decimal point is to the right, the maximum exponent

is not affected.

KEY(3) represents the least significant floating point

value representable with the specified mantissa, exponent,

and implied decimal point position. Figure 26 shows this

value for a iC-bit word with a five—bit exponent and ten-bit

mantissa with the implied decimal point to the right. To

compute this value, the fixed point representation of the

ipantissa, shown in Figure 26 is multiplied by two to the

0
~~~29~~~9~O22O0

exponent mantissa

Figure 26 Example Of Least Significant Floating Point Value
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maximum negative 31 exponent (-31 for a five-bit exponent).

~f the mantissa is a fractional representation for this ex-

ample, the number of mantissa bits (ten) is subtracted from

the maximum negative exponent (—31). So the least signifi-

cant value in this case would be the fixed point mantissa

value times 2~~31 
— 10) or 25 - 41 . This last value would be

equivalent to .5 times 2 31 . Any value computed in the n—

bit simulated algorithm with less significance would con-

stitute an underfiow for the n—bit word.

KEY(4) and KEY(5) simply contained the options indicated

for rounding/truncation and message printing/suppression,

respectively.

KEY(6) indicates the number of bits a mantissa must be

right-shifted then left-shifted to retain the proper amount

of’ mantissa significance, which would be 48 minus the num-

ber specified . Forty—eight is the number of bits in the

mantissa of CDC ’s 60-bit word .

KEY(7) indicates the number of bits a mantissa must be

shifted to retain single, double , or triple precision ac-

curacy. This is computed by adding the number of mantissa

bits to another full—wordlength (n-bits) , for double preci-

sion, or to two wordlengths for triple -precision. Then that

result is subtracted from 48. For a 16—bit word with a nine-

bit mantissa, the resulting quantity for single precision

would be 39 or (48 — 9). For double precision, it would be

23 or (48—(9+16)). For triple precision , it would be 7 or

(48— (9+16+16)).
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Besides precomputing the values for the KEY array, SET-

NBIT performs validation checks on the options to verify they

are consistent and can be simulated using the CDC 60—bit

wordlength. Failure of a validation check results in pro-

gram termination.

The Overall N-bit Simulation Tool

To use the n—bit simulation tool, a user must first

comply with the restrictions which are described in Appen-

dix B. Two major restrictions are to debug the FORTRAN al-

gorithm from all syntax errors prior to execution , and to

assign all external values of the program (such as, through

a read) to themselves. For the variable L5, the statement

L5 = L5 would reduce the value in L5 to its n-bit wordlength

significance. One additional restriction is that the first

executable statement of each program routine must be a call

to the SETNBIT subroutine containing the user’s options,

and the array variable KEY must be dimensioned for seven

items. The SETNBIT subroutine call allows the user to spec-

ify different n-bit wordlength characteristics for different

subprograms within the same set of programs.

The preprocessor will read the FORTRAN algorithm and

transform each arithmetic statement into a series of func-

tion subroutine calls. The preprocessed program would then

be compiled and loaded with the n—bit simulation function

subroutines and executed . During program execution , the n-

bit function subroutines would perform the arithmetic
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operations and assignments while simulating the effects of

n—bit wordlength and other user options.

Appendix B contains the User’s Guide to the n—bit simu-

lation tool and Appendix C contains a Detailed Description

of the preprocessor and the n-bit simulation subroutines.

The next chapter analyzes the design of the preprocessor in

further detail and describes the modules contained within it.
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IV. Structured Design Of The Preprocessor

This chapter describes the final design of the n—bit

simulation preprocessor which resulted from the application

of structured design techniques. It also discusses how ap-

plicable structured design techniques were found to be for

a small system design (i.e. the preprocessor) of approxi-

mately 1000 source statements.

Structured design is “the art of designing the compo—

nents of a system and the interrelationship between those

components in the best possible way” (REF 9: 7). Basically,

it is a form of top-down design. One structured design meth—

od is transform analysis. Transform analysis is a strategy

that derives initial structure designs which are usually

quite good and require only modest restructuring to arrive

at the final design. The quality of a design can be meas-

ured in terms of its reliability (the number of “bugs” en-

countered in the program), maintainability (the amount of’

effort required to fix “bugs” in the program), and modifi-

ability (the cost of changing or extending the program).
I

Data Flow Description

Using the transform analysis approach, a data flow dia-

gram of the preprocessor was developed, as shown in Figure

27. The preprocessor inputs a FORTRAN statement, then scans

the statement for a sequence of characters which could rep-

resent an object of an arithmetic statement. An object re—

fez-s to the variable to which the result of arithmetic
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equation is assigned; where an arithmetic statement is of

the general form “object = arithmetic expression” . Any

statement not having a legal object is regarded as a non-

expression and is output in its original form to the n—bit

simulated program file.

Upon detection of a legal object, the scan continues

to the right side of the ‘= ‘ in the arithmetic statement to

evaluate the expression and convert the statement into its

equivalent Polish Notation representation.

The right half’ of the data flow diagram describes the

process in which the Polish Notation string is scanned for

operators. Each operator found will result in the build-

ing of a function call. To accomplish this, the operands

which are being operated upon are found in the Polish

string, then merged with the function routine name and

other data required to build the function call (such as

routine name , line number, and the reference to the KEY

array).

The afferent and efferent data elements are defined

in the data flow design also. “Afferent data elements are

those high-level elements of the data which are furthest

removed from the physical input, yet still constitute in-

puts to the system. Efferent data elements are those fur—

thest removed from the physical outputs which may still be

regarded as outgoing .” (REF 9: 262). in the case of the

preprocessor, the }olish Notation string representation of

each arithmetic statement constitutes the afferent as well
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as the efferent data elements. All processes to the left

of the afferent data element are dedicated towards build-

ing the Polish string from the input FORTRAN statement.

All those to the right are intent upon converting the Pol-

ish string into a series of subroutine calls.

In developing a program structure from the data flow

diagram, transform analysis states that major afferent and

ef’ferent data elements should be handled by separate mod-

ules and that these modules should be immediately subordi-

nate to the main module of the preprocessor . The basic

module structure which should be developed from this data

flow diagram is shown in Figure 28. The fully factored

structure which resulted for the final design is shown in

Figure 29. The module definitions for the resulting pre-

processor design and the module interfaces are contained

in Appendix C. The following section explains the differ-

ences between the fully factored structure of Figure 29 and

the structure that would be expected to follow from Figure

28.

Departures

Ideally, with the transform analysis strategy, every

module of the afferent branch should have only afferent or

transform subordinates, where afferent characteristics im-

ply that data is floating inward (actually upward) with

respect to the system . Transform modules transform the in-

put data closer to its most abstract input representation

64
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for the system. Efferent (data flowing outward) modules are

expected to have only efferent and transform subordinates,

where in this case the transform modules transform data

closer to its output form. Anything contrary to a consist-

ent data flow (either inward or outward) is termed a depar-

ture. The departures of’ the resulting structure of Figure

29 are discussed in the following paragraphs.

Two of’ the departures are for two minor efferent mod-

ules which appear inside the afferent branch of’ the pre-

processor structure. These are the PRINT-STATEMENT and

PRELIMINARY—OUTPUT m odules. The PRINT-STATEMENT module is

called when any module within the afferent branch detects

a non—arithmetic statement. Only arithmetic statements

are converted into Polish Notation and subsequently trans-

formed into subroutine calls. All other statements are

passed along to the n-bit simulated program file unchanged.

The PRELIMINARY-OUTIUT module is performed once an

arithmetic statement has been converted into its Polish No-

tation equivalent representation. This routine sets up

prints to the output file for a comment containing the o-

riginal arithm etic statement and the preliminary output

that is required for labels and IF statements. Perhaps

this module should have been included under the efferent

branch module structure, but it requires the original in-

put statement. No module in the efferent bran~h requires

the original statement, while almost every af’ferent branch

module does. In order to prevent the original input of the
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I

system from being passed unnecessarily into the efferent

branch side, the PRELIMINARY-OUTPUT module was included as

the last step of the afferent branch.

The INITIAL—READ module which is directly subordinate

to the executive module represents another departure. This

module is used to read the first program card image. All

succeeding reads are performed by the GET—STATEMENT module,

which operates on a ‘look—ahead’ basis, in order to detect

statements that are continued on other cards. The INITIAL—

READ module does the initial read so the GET-STATEMENT mod-

ule does not have to repeatedly test for the initial read

on all cards in the program.

The other departures of the final structure in Figure

29 appear in the efferent branch. The module called FIND-

ING-THE-OPERATION in Figure 28 was such a short process that

it was merged into the SET—UP—CALLS module . Also , the GET—

PARTS module was merged with its subordinate (BUILD-SUB-

CALLS) because they were so strongly data coupled . Data

coupling measures the amount of data passed as arguments be-

tween modules as subroutine parameters. In this case, the

GET-PARTS module was very simple and the data coupling be-

t~een it and BUILD-SUB-CALLS was high enough that a separate

module was not justified .

Tkie Effects Of Structured Design

One of the goals of this thesis was to determine how

applicable structured design concepts were to small programs.
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The importance of structured design In large programs has

received considerable publicity, but the programs of’ less

than 5,000 source statements are more common place in the

programing world. The n-bit simulation preprocessor is an

example of a small program design.

Part of the evaluation of the resulting structured de-

sign is based on its comparison to a design developed for

the preprocessor before the structured design approach was

begun. The previous, or first, program design did not take

a formalized approach to structuring the design. It was

based upon a flowchart of the preprocessor concept. Many

of’ the modules resulted from blocking off portions of the

flowchart. The first design’s program modules were fairly

intricate and hard to understand . The structured design

approach emphasizes that the structure of the program should

resemble the structure of the problem , which the first de-

sign certainly did not.

The first design consisted of 16 modules that were in-

terdependent on each other. Modules were not designed to

be independent. Modules split up functional tasks. When

a module called another, certain assumptions were being

made. As a result, a program modification to one module

may have indirectly affected another. Program modifica-

tions could not be performed without analyzing many modules

-t~o evaluate the impact of the change. 
- The whole design was

essentially tailored to solving this problem , without much

consideration to how future changes could be incorporated .
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It is probable that as the program was modified it’s complex-

ity would go up and it’s maintainability down. Though the

first design was never carried out to completion , it was

clearly inferior to the final structured design.

The structured design consisted of 30 modules. It

seemed to be simpler, more straight-forward , and more gen-

eral approach to the problem . These modules were general-

ly much more functional in nature. In fact, ten of’ the 30

modules were so generally defined that each was used by

three to eight calling modules. A new maintenance program-

er could more readily understand the design since the struc-

tured design was more functionally broken down.

Another aspect of the structured design was that var-

iables were initia~ized at the lowest possible level. In

the first design, nearly all initializations were performed

by one module. Initialization in the first module where

the variable is needed is more desirable , because when that

module is modified it is possible an initialization may

have to change. Since the modules are so far removed , the

change might easily be overlooked .

Data coupling of modules was used for the preprocessor

interface in all but four cases. In three of the cases,

COMMON coupling was chosen over data coupling because in

each case only two modules needed to share the data and

these modules were separated by several module levels. COM—

MON coupling of the two modules was believed better than

passing the data along as arguments through many modules
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that had no need for the information. By COMMON coupling

the two modules, it prevented other modules from having

needless access to the data.

The other exception to data coupling involved the pass-

ing of a control flag as a subroutine argument. This flag

was passed down to the BUTLD-SUBROUTINE-CALLS module. It

indicated the subroutine call being built was the final as-

signment for the arithmetic statement, and no temporary var-

iable would need to be created for storing the result.

No other control flags were used specifically. Alter-

nate returns from subroutines were used in place of control

flags. These alternate returns were used for end—of-file

conditions and for signaling the detection of an illegal

arithmetic statement. The alternate returns for an ille-

gal arithmetic statement were used to avoid further syntax

analysis of the statement. Non—arithmetic statements do

not need to be converted to Polish Notation form. Myers

(REF 6: 51), however, does not regard this usage of alter-

nate returns as control flags since the return indicates

to the superordinate module that the function failed.

Myers regards this type of return code as data since it

does not tell the calling module what to do , but says ‘I’ve

failed ’ and the calling module can respond however it wants.

One other design improvement over the first design, re-

‘~~1’1ng from the structured design approach, was better

~cop~ of effect/scope of control. Scope of effect/scope of

- ~~~.- I essentially rationalizes that all modules effected
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by a decision should be subordinate to (beneath) the module

making the decision . A consequence of disregarding the scope

of effect/scope of control rule Is that decisions are repeat-

ed as control flags are passed back to the superordinate to

be retested .

The preprocessor design kept the scope of effect for a

decision within the scope of control of the module making the

decision . Under the first design of the preprocessor pro—

grams, the detection of an illegal arithmetic statement re—
suited in passing a control flag back to the superordinate

module which output the statement for that subordinate’s de—

cision and several other subordinate modules which detected

syntax errors. In the structured design, the statement was

output by the module detecting the illegal syntax.

Testing The Quality Of The Design

An important test for rating the quality of a design is

the ease with which modifications can be made to the exist-

ing program . For one proposed change to the program , the de-

sign was found quite adaptable. This change is described in

the following subsection. The change is explained, then the

modules and interfaces affected are listed . In addition ,

the impact of the change upon the quality of’ the present pro-

gram is evaluated.

One change was to replace all subroutine calls built by

the efferent branch with in-line code that would do the n-

bit simulation effects. The in—line code would be tailored
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to the user options in effect for that particular routine.

This would mean fewer decisions would be made (such as test-

ing if the rounding effects option is on). Also subroutine

linkage time would be saved since the n—bit simulation code

was no longer performed by a subroutine. This would result

in improved execution time for the n-bit simulation of an

algorithm. This proposed change is described completely in

Appendix D, as a future enhancement to the system.

Basically, this change would require modifications to

three of the current modules: BUILD-SUBROUTINE-CALLS, OUT-

PUT-SINGLE-ASSIGNMENT, and NON-EXPRESSION-HANDLER . Also two

new modules would need to be developed. The modifications

to BUILD-SUBROUTINE-CALLS and OUTPUT-SINGLE-ASS IGNMENT would

simply be the replacement ol’ one block of’ statements within

each one. This block of statements presently merges portions

of tbe function subroutine being built. The new code intro-

duced within these routines would merge these same parts al-

ready present in a different way and call a new module which

would insert these parts into standard positions to build

the appropriate series of in—line statements for n-bit simu-

lation.

Pour additional interfaces would be introduced into the

present code; three of them to join the new modules to their

superordlnate modules and the other would interface the two

new modules through the use of COMMON coupling . No present

interfaces would be changed and the strength of each module

modified would not be decreased. The changed module ,

73



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

NON-EXPRESSION-HANDLER ,presently detects key statements and

calls the appropriate handling routine. The CALL SETNBIT

subroutine reference could be detected using the same tech-

nique , then a new module to handle the statement could be

called. This new module would analyze the arguments of the

SETNBIT subroutine and compute the key values normally com-

puted by the SETNBIT subroutine of the present system , then

pass the keys as data through an interface to the other new

module created for this enhancement.

All changes for this program enhancement could be ac-

complished quickly, easily with firm confidence that the

system would be just as functional and easy to maintain as

before.

Conclusion

In conclusion, structured design techniques were found

to be valuable in the creation of a better design . The fi-

nal design had many significant advantages over the previ-

ous design which relied on no actual methodology. The

structured design resulted in a simpler system since its

structure resembled the problem structure and the modules

were functional in nature. Simplicity is an important de—

sign objective . A program that is simple and easier to

understand has a more positive effect on the future main-

tenance and modification costs of the program.

Even though the structured design analysis took con—

siderably more time , it was felt the time would be regained
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in the succeeding stages of the preprocessor system life—

cycle. The integration of the preprocessor modules and the

debugging went quickly and smoothly once the design was

coded. The testing and the results obtained are discussed

in the next chapter.

Based on the preprocessor program, the structured de—

sign techniques were found to be very applicable to this

small program design. Perhaps the cost of poor designing

is not as great for a small program as for a large program,

but small programs comprise a large percentage of the pro-

graming systems around the world. Therefore, the overall

impact of structured design could be even greater than ap-

plying it to only large systems. The next chapter will re-

view the result from tests performed upon the preprocessor

developed from the structured design and the other parts

of’ the n—bit simulation tool.

75



V. Testing And Results

This chapter reviews the tests performed on the two por-

tions of the n—bit simulation tool, the preprocessor and the

n—bit simulation subroutine. It then examines some of the

results obtained from two examples of FORTRAN algorithms to

demonstrate some of’ the effects obtainable through the n-bit

simulation tool.

preprocessor

The objective of the preprocessor is to translate a giv-

en FORTRAN algorithm into its equivalent n-bit simulation

form. This process converts all syntactically correct ar-

ithmetic statements into a sequence of one or more function

subroutine calls.

A test program including various forms of each FORTRAN

statement type was developed to verify that non-arithmetic

statements would pass through the preprocessor unaffected

and that virtually any form of an arithmetic statement would

be correctly translated into the intended sequence of func-

tion subroutine calls. This sample program is shown in Fig-

ure 30. The n-bit simulated version of this program pro-

duced by the preprocessor is shown in Figure 31.

All statement types were process ed correc tly by the

preprocessor. The sequence of function calls for each ar—

ithmetic statement reflected the proper precedence order of

evaluation for the operators and operands involved. (A com-

ment statement containing the original statement preceded
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the n—bit simulation function calls generated). For example,

the arithmetic statement in line 420 of Figure 30 translates

into the statements shown in lines 590 through 630 of Figure

31. In this example, statements that would not normally ap-

pear if n-bit simulation were not performed are designated

with a pointer in Figure- 30.

Certain extremes were introduced into the original pro-

gram to demonstrate the versatility and range of statements

that - could be handled by the preprocessor. A few of these

extreme cases shown in Figure 31 were continuation lines

(line 830), function references with greater than six argu-

ments (line 2270), long array argument lists (line 2560),

long integer and real numbers (line 2490), and multiple IF

statements within a given routine (lines 920—1490). The

latter case was used to verify that unique labels were be-

ing generated from a series of modified IF statements.

N—bi t Simulation Subroutines

The preprocessor produced an n—bit simulated algorithm

which referenced up to 22 different n—bit simulation func-

tion subroutines. Testing these n—bit simulation subroutines

consisted of two phases. The first phase validated the key

values which were computed by the SETNBIT subroutine. The

second phase involved testing the 22 n-bit simulation func—

~ion subroutines to verify the n-bit wordlength effects and

other user options were being properly performed .
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SETNBIT ~~~ Values Verification

A critical portion of testing the n—bit simulation tool

Involved verifying the correctness of the key values computed

by the SETNBIT subroutine. This is important because the

performance of all 22 n-bit simulation subroutines are bascd

upon the computed key values. The seven key values produced

by the SETNBIT subroutine, based on the user options, are

listed below:

1) Maximum positive fixed point value possible

2) Maximum positive floating point value possible

3) Least significant positive floating point value pos-

sible

4) Rounding or truncation effects flag

5) Overflow message printing or suppression flag

6) Number of least significant bits (LSB) to be trun-

cated from floating point values for final assign-

ments

7) Number of LSB to be truncated from floating point

values for intermediate assignments

Figure 32 shows key values computed for various user op-

tions . Figure 32(a) has specifications for a 24—bit float-

ing point word with 17 mantissa bits , six exponent bits , and

an implied decimal point to the left of the mantissa. In a

24—bit word , the maximum floating point value representable

would look like:

0 1 1 l 1 1 l 1 1 1 l 1 1 l 1 1 1 1 l 1 1 1 1 1  -

sign expo- ‘ mantissa
Implied decimal p~ Int
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(a)

N—BIT .PECIFICPTION : F. E:
NUMBEP OF PIT:~ h;GFt’ =~4

TRUNCATE ‘ü ~ OF’ F’CIJhE. ~~ =0

PPECI~~ION = 1

QVEPFLCIIi ME~~~~~E:: ‘1,:’ MC ME~ :~At~EO ‘ ri::’ =1

~ MRr4 Tr~~ A BITS =1~

~ E~ PCNENT BITS =‘-

DECIMAL PT LEFT ’ O) OP PIGI~T’1) = 0

KEY VALUE’ IN OCTAL
KEY :1 = ~~~~~~~~~~~~~~~~~~~~VEY(2~= 1r5t~7r~’7~~en~ n

~KE’~(:3) =
Ii~E’ (4=  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~IeE’r’ (5) = it ~~~ i t s ~ i~ t~ i i ’ ’ ,  ~i I ’ l l  ~Il~

~KEY (6) = i i ,j i~ , t i i i , i i i t i i i i i i tj ij

KEY (7)= ooooi:~ooooooo i)oo i:ioo :3 7

(IN DECIMAL) H
KEY ~1) = MAX I MUM It4TE~5EP = ~::3 :~~~i~ i:i7
KEY (2) = MAXIMUM FLOATING POINT VALUE PO~~~IELE = 2

• 14T467 264E~ 9
KEY (3) = LEA .T : IGNIFIC’ANT FLOATING PT PD~~~IPLE = ~ .. 3064:3653~ E— 10
KEY ’~4) POJ !~IMG ‘1.:’ .’ TPIJNCAT IOr4 ‘ 0 ’  EFFECT~.: =
KEY(5~ OV EPFLOU.I r•1E::i GE F’F’1t4T ~1> /: IjPPP~:ON ‘ ‘ : :~ = 1
KEY (6) a :: BIT:~ TF’Ij r4CFsT EB FFC~1 P IG~ T CF FLTG PT FOP

FINAL A~~~IGr4 r~Et4 T = :31
KE Y 7 =  n BITS TRUNCATED FROM RIGHT OF FLTG PT FOP

INTERMEDIATE A;.: IGMMENT = 31 
______

Figure 32 F:ey Values For Various User Options
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(b)
N—BIT ‘~PECIFICATION’:~ AFE:
NUMBER OF E X T : .. h~CFD ~4

TRUNCATE ~ . CF FCLr4 D “I::’ = 0

PRECISION = 1.

OVEPFLO~..
; N S: A15E: “1) ‘NC MESSAGES (0::’ =1

— MAF”TIS A !~IT~ =17

EXPONENT BITS =6

DECIMAL PT LEFT ’ 0) OP PIGHT’l) = 1

KEY VALU ES IN OCTAL
ç KEV(1)= 00 .)C000 t ~0000:?77777?7
~KEY (a~ = ,~ IjuIn7~~7 T t  It !  u u  ~~‘ iii)

‘~ EY (3 = 17014 11:! ri000I:I o ,:;OCo0000
= ~~~~~~~~~~ ii’  i t i i i i t , ~ t ,

‘ = ~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~
K E Y 6 =  006i :’~~cio c o 0 o O c i ct :.0 i:~O.37

~KEY (7’= 0o00U0000 i:’o00c i00~~0:37

(IN DECIMAL:’
KEYU)= t.1R::.~IMuM INTEGER = ~38S607
KEY (2) M ::IMUM FLOAT ING FOINT VALUE POSSIBLE = 2.81472$29ë27E+1~
KEY(3)= LEAST :IGrIIFICA t4T FLOATING PT POSSIBLE .0~~~03O51 7~ 7S125
KEY (4) = POUNDING ‘.1.’’ TRUNCATION (0:” EFFECTS. = 0
KEY (5 = OVEPFLOI.II MESSA GE PFIMT I’1).’SUFPFSSN~.’:”~ = 1
KEY (6)~ :~ BITS TRUNCATED FROM RIGHT CF FLTG PT FOR

FINAL P55IGF4r~ENT :3~KEY (7) — BITS TRUNCATED FROM RIGHT OF FLTJ~ PT FOR
L 

INTERMEDIATE ASSI~ MM ENT = :3j

Figure 32 (Continued)
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(c) .
14— BIT SPEC IFIrATICrI’:: APE:
NUMBER CF EITS’kLCF tI =~ 4

TRUNCATE “0 ’  OF POJ~tNi~ ~i: =1

PRECISION = 2

OVERFLOtI.~ ME . AGES ‘ 1) ‘NO MESSAGES ~o:” =1

t MANTISSA BITS =j 7

• :; EXPONENT BIT~ =6

DECIMAL PT LEFT ’O: OP PIGHT<1.) = 0

KEY VALUES IN OCTAL
KEY ~~ = 0 , t t , n I I h . . . ’ I  ~1 :r7’ 7r77
KEY (2) 1r~ E.77r777r77777760I:i
I’~E~’c3 ’  1.’:,t I t . 2 t i t I I I I I t  i i l ’~t~ f l I~t I~ I i I i ,  I t

YE’ (4 ~ = ~t i t t  t u t u  , I t~~,i t ,  I, I  i t t  I t  1
KE’? (5. = I) i i i ’ s  i i ;  i i ‘ s i t  i , , . 1 1 1 1 1 1 1 ~ I

’
~ l I l t

I”EY (6) i ) i s i l i t t $ ’ u ’~ i I , I I t , I ’ u u ; ~
,, ,

~ Il l s : ’~
KEY (7) 00000000000 c i0000€ ’007

(IN DECIMAL::’
KEY(1) = MAXIMUM INTEGER = •~~S8607
KEY (2) = MAX IMUM FLOATING POINT VALUE POSSIBLE = 2. 1474$3647999E+9
KEY (3j = LEAST SIGNIFICANT FLOATING PT POSSIBLE = 2.3283064~ 6~~ 9E—10
KEY (4)= POIJI4DING ~.t:~’ TRUNCAT ION ‘.0) EFFECTSS = 1
KEY (5) = OVEPFLC’~J MES;:’AGE PR INT ’ 1”/SUPPPSS~4 ’ 0 )  =

KEY (6) = :: BITS TRUNCATED FROM RIGHT CF FLTG PT FOP
FINAL ASSIGNMENT ‘31

KEY (7) ~ BITS TRUNCATED FROM FIGHT OF FLTG PT FØP
INTERMEDIATE A’: S. IGMMEMT = 7

- ~~~~~~~~~~~~~~~~~~ —• .~~~~n r — --

Figure 32 (Continued)
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The maximum exponent possible for six bits is ±31, as-

suming an exponent bias of 1000002. Therefore, the value

shown would be equal to the contents of the mantissa times

2+31. The mantissa above represents the fractional value of
(217 — 1)1217. When multiplied out, this fraction times 2+31

equals 2147467264., which is consistent with the value com-

puted by the SETNBIT routine for KEY(2).

The least significant floating point value possible

would look like

000000Q~ 0000000000000000

The mantissa in this case is equal to .5 and the expo-

nent is equal to —31 (with respect to the bias 1000002).

So the least significant number possible is .5 times 2—31

or 2.328306436539 * 10~~°. This is consistent with the val-

ue computed for KEY(3) by SETNBIT.

The verification of the fixed point maximum can be ac-

complished by looking at the octal representation of }~,EY(1)

in Figure 32(a). The least significant 23 bits are ones;

this translates to 8388607 for its equivalent decimal rep-

resentation. In a 24-bit fixed point word, the largest val-

ue would have l’ s in the least significant 13 bit positions.

Figure 32(b) has the same specifications as (a) with

the exception that the implied decimal point is to the right

of the mantissa. The maximum floating point number possible

for this representation is the maximum mantissa, which has

a fixed point value of 217 — i or 131071 , times 2+31 ,

8



yielding 2.81472829227 times i014. This value is also ex-

actly the same as the computed value for KEY(2) of Figure
32(b). The least significant floating point value also com-

putes to the exact value shown in KEY(3) of (b). The maxi-

mum fixed point value does not change with the moving of the

decimal point since only floating point values are affected.

In Figure 32(c) , double precision arithmetic accuracy
was specified. KEY(7) contains the number 7, which is the

number of bit positions that should be truncated off the

CDC’s 48—bit mantissa. This means 41 significant mantissa

bits are retained. The single precision mantissa of 17 bits

(shown in KEY(6)) plus extra wordlength of 24 bits equals 41.

Testing Of The N—bit Simulation Subroutines

A unique function subroutine was developed for each ar-

ithmetic operation and each possible combination of input

variable data types. Twenty of the 22 function subroutines

develope~I perform arithmetic operations and two perform sim—

pie assignments.

The 20 function subroutines can be divided into two

general classes: those which produce floating point values

ari d those which produce fixed point values. The subroutines

of a given class basically differ only in the first state-

ment they execute. That statement performs the arithmetic

operation being simulated. After which, they are constructed

the same. For instance, f or the operations A~~ and C+D the

first statement in each handling subroutine would perform

the required operation upon the operands and store the result
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in the variable RESULT. From there on, exactly the same n-

bit simulation effects are performed upon RESULT for both

subroutines. Therefore, verification of the results pro-

duced by each combination of user options for one subrou-

tine of each class should sufficiently prove the other sub-

routines of that class perform correctly also.

Figure 33 shows the results from two sets of fixed

point and floating point additions. For each case within

a set, the octal representation of the two values being

added are shown by INPUT1 and INPUT2. The NORMAL OUTPUT

represents the result of the computation using the full 60—

bit precision of the CDC computer. The N-BIT OUTPUT rep-

resents the value resulting from the n-bit simulation of

the two inputs being added together. If an overflow condi-

tion occurs, a message is printed (e.g. case ic), and the

maximum value possible replaces the old value. The key val-

ues precede each case. Case one is executed for the options:

16—bits , rounding, single precision accuracy , overflow mes-

sages , nine mantissa bits, and six exponent bits with the

implied decimal point to the left of the mantissa . Cases 1A

through IN were performed with fixed point addition. Cases

11 through 1P were performed with floating point addition.

Case 1C shows an example where underflow for the 16—bit word

was detected . Case iN shows that 9 bits of significance were

maintained in the mantissa and also shows a case of round up.

In ord er to verify correct detect ion of overflow , man y

borderline cases were examined (e.g. cases 1A through 1D).
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Also computations which result in values well within the

range of the 16-bit word are shown in Set 1.

Set 2 has the same options as Set 1 , with the exception

of triple precision arithmetic accuracy. Cases 2F and 2H

show examples where the resulting value was rounded up. Al-

so these cases show that 41 significant bits of the mantissa

are retained for the double precision arithmetic accuracy.

N—bit Simulation Tool Effects

After verifying the two major parts of the system (i.e.

preprocessor and n—bit simulation subroutines), the n-bit

simulation tool was tested as a whole. The sample FORTRAN

algorithm to be n—bit simulated is shown in Figure 34. It

performs very simple computations designed to demonstrate

losses of significance for shorter wordlengths. The n—bit

simulated version of the program (built by the preprocessor)

is shown in Figure 35.

The n-bit simulated program was then executed with var-

ious options. The results from these various executions are

shown in Figure 36 (b), (c), (d), and (e). The results from

the execution of the original FORTRAN algorithm without n-

bit simulation effects is shown in Figure 36(a).

Figure 36(b) used a 24 bit wordlength with 17 mantissa

bits (with the implied decimal point to its left) and 6 bits

for the exponent. It was performed with single precision

arithmetic accuracy and with rounding effects. The result—

ing outpu t for TCTAL was 376784. while the original program
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obtained a result of 376757. 1993995, a difference of approx-

imately +24. When truncation effects were applied (shown in

(c)) to the n—bit simulated program, the results were slight-

ly less accurate , TOTAL equalled 376688, a difference of —69.

Employing double precision arithmetic accuracy with single

precision storage (shown. in (d)) did not impact the accura-

cy. However, double precision 24—bit storage variables,

shown in (i), increased the accuracy of this algorithm’s com-

putation to almost the exact accuracy accomplished by the o—

riginal algorithm in (a).

Double precision storage can be simulated by keeping

the exponent the same length as in the single precision 24—

bit word , but increasing the mantissa and the overall n-bit

length by 24 (another full word of accuracy). The only cau-

tion a user must exercise in simulating double precision

variables in this manner, is that the fixed point maximum

values computed for detecting fixed point overflow will not

be correct. Therefore, fixed point values that would have

resulted in overflow in an n-bit machine may not be detected

by the n—bit simulation tool.

The results shown in (g) of Figure 36 are for the full

60—bits of the CDC word . The n—bit simulated 60—bit results

were exactly the same as those produced from the original al-

gorithm and the CDC ’s full 60-bit accuracy .

For another example of n—bit wordlength effects, the

small FONTRAN algorithm shown in Figure 37 was n-bit simu-

lated for various combinations of user options. The original
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I

algorithm resulted in a SUM of 219.693088999. Numerous oth-

er bit lengths were tried and their results are shown in Fig-

ure 38. Particularly interesting is the varying effect

rounding has upon the results of this algorithm at differ-

ent bit lengths. A 12-bit word with rounding resulted in a

SUM equal to 11 , while without rounding SUM equalled 128 as

shown in (a) and (d) respectively of Figure 38. Figure 38

(b) and (e) show a case where rounding increased the accuracy

of the SIR’! from 204.5 to 213.5 for a 16—bit wordlength.

Cases (f), (g), (h), and (i) show the results from various

wordlength and exponent, mantissa combinations.

Cases (j) and (k) show user options which were incorrect

and flagged as erroneous by the SETNBIT subroutine. Case

(j) had too many mantissa and exponent bits specified for a

16—bit wordlength and case (k) specified 64—bits, but 60—bits

is the maximum wordlength this n-bit simulation tool can sim-

ulate on the CDC machine.

Cases (1) and (m) contrast the results obtainable from

this algorithm with a single word storage 24-bit wordlength

machine and a 24-bit machine with double word storage capa-

bilities, both involving single precision arithmetic accura—

cy.

It would be up to the user to determine the best choice

of bit length and characteristics to provide sufficient accu—

racy for the algorithms being considered.
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Core And Execution Costs Of The N—bit Simulation Tool

Although not regarded originally as a limiting factor

In the design of the n—bit simulation tool, the additional

core and execution time requirements for n-bit simulating an

algorithm may inhibit some users from readily using the tool.

The resulting n-bit simulated version of a FORTRAN algorithm

requires substantially more execution time and core space

than the original algorithm.

For the algorithms shown in Figures 30, 34, and 37 the

core space required for the n—bit simulated version was four

to five times that used by the original algorithms. More-

over, the n-bit simulation subroutines added an extra 2000

words to the core size requirements. However, for the types

of algorithms for which this tool is intended, the original

algorithms usually do not require more than 5000 words. An

expansion of these kinds of algorithm -”, by a factor of four

or five would probably not impact the user very much. Those

algorithms that did exceed 5000 probably have much of their

core space reserved for dimensioned arrays. The n—bit simu—

lation tool would increase these algorithm ’s core space re-

quirements to a lesser degree because the core expansion fac-

tor is dependent upon the number of arithmetic computations

within an algorithm .

Execution time for an n-bit simulated algorithm may be

a. more significant problem. The programs in Figure 34 and

35 were modified so that the statements within the program

were executed 500 times. The original algorithm required
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.277 CPU seconds for execution while the n-bit simulated ver-

sion required 2.4 C}U seconds, an increase of almost a fac-

tor of ten. Other testsfound eases in which the CPU execu-

tion time was increased by more than 30 times.

This tremendous increase in execution time is due to the

fact that for each arithmetic computation within , a FORTRAN

arithmetic statement, six to ten FORTRAN instructions must 
-

be executed to perform the necessary n—bit wordlength effects.

In addition , there is the subroutine linkage time required

to call n-bit simulation subroutine. This introduction of

new subroutines into a FORTRAN algorithm causes the FORTRAN

compiler to save all register values somewhere in storage be-

fore jumping to a subroutine, then restore those values after

returning. An increase in execution time is not surprising

considering these factors.

This additional execution time may greatly impact a

user ’s readiness to take advantage of the n—bit simulation

tool if the user’s original algorithm required more than

120 seconds for execution. The n—bit simulation version

of that algorithm could require anywhere from 1200 to 3600

seconds. Now the user would be dealing in terms of hours

instead of minutes and that is only Cl-U time , no t total run

time, which would be even more. One method to lessen the

execution time explosion factor is discussed in the follow—

i~ng chapter.
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Conclusions

In conclusion, the n—bit simulation tool was found to

be an accurate and fairly versatile tool. Through the em-

ployment of various options, a user could simulate the ef-

fects of various wordlengths with rounding or truncation ef-

fects, double or triple precision arithmetic accuracy, var-

ious mantissa and exponent bit lengths, and simulate double

wordlength storage variables (for floating point values).

The tool does, however, cost the user additional core space

and execution time. Nevertheless, it is a very useful tool

for those applications where these limiting factors do not

come Into play to a substantial degree.
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VI. Conclusions And Recommendations

- This chapter provides the reader with conclusions alAd

recommendations for the n-bit simulation tool.

Conclusions -

The n—bit simulation tool provides the user with a means

to evaluate the effects of varying word.length upon the numer-

ical accuracy of an algorithm. The results can then be eval-

uated against the performance specification to determine the

wordlength and precision requirements.

The n—bit simulation tool requires that an algorithm be-

ing n—bit simulated is executed on the CDC 6600 or CYBER 74

computer systems and that the algorithm is expressed in a

slightly restricted version of FORTRAN IV , as described in

Appendix B.

Through the various user options available, the n-bit

simulation tool can simulate the numerical effects for corn—

putations performed on a fairly wide range of computer

types. By exercising various options , the user can speci-

fy a computer type which has various wordlengths, varying

exponent and mantissa lengths (where the mantissa repre— 
- ‘

sents either a fractional or fixed point value), rounding

or truncation effects for computations , single, double , or

triple wordlength accumulators, and doubleword storage for

wordlengths of up to 24—bits.

In addi4ior,, the user r~ay s p e c i f y  d i ff e r e n t  n-bit word—

length effects fcr ~ilfferent portions of an algorithm .

11 1
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This feature would be especially useful in simulating the

algorithms of an integrated system; where different portions

of the total integrated system (such as the Kalman Filter,

navigation, flight control, and weapon delivery systems) re-

quire differing amounts of precision.

Rec ommendations

Two areas for immediate/near future development are

recommended :

1 • Include an option for the n—bit simulation tool

which would provide the user the exact results ob-

tainable from an n-bit wordlength machine ; specif-

ically giving the values that overflow the exact

representation which would result from an overflow

of the n-bit wordlength machine.

2. Modify the n—bit simulation preprocessor to sub-

stitute in—lin e code , which would perform the n—

bit wordlength effects, instead of substitution of

subroutine calls. This change would improve the

execution time of the n-bit simulated program.

Case One. The result of an overflow varies for differ-

ent computer types. With the present n—bit simulation tool,

maximum values are substituted for values that overflow. In

the real world , it may be that the most significant bits are

simply truncated off for fixed point addition overflows while

multiplication overflows result In the correct mantissa and

the maximum exror.ent possible .

1 1 2
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An option to the n-bit simulator which would produce

the exact results from an overflow, would enable the user to

analyze the exact results obtainable from an algorithm that

is processed on an n-bit wordlength machine. This new op-

tion would require an analysis of the ways in which differ-

ent computer types overflow and incorporate simulation tech-

niques into the n—bit simulation tool accordingly.

Case Two. Presently, n-bit simulation effects are per-

formed by substitution of subroutine calls for each arith-

metic operation of an algorithm. Upon execution of the n-

bit simulation version of an algorithm, the subroutines ref-

erenced perform the n-bit wordlength effects. However, the

additional time required to simulate these effects for all

operations in an algorithm is a very high ratio (15 to 40

times) to the algorithms norma l execution time .

It is anticipated that the introduction of in—line code

to perform the n-bit wordlength effects would reduce the ad-

ditional execution time by at least one—third . This proposed

enhancement would allow the tailoring of the code, performed

for the n—bit simulation task, to the user options in effect

at the time . For example, the present system tests within

each subroutine for the rounding option . The subroutine ex-

ecutes differently depending upon the option . By tailoring

the in—line code to the user option , decision—making time

would be saved . In addition , subroutine linkage time (say—

m E  and restoring of CO~1ASS registers) would be saved with

the in—line code approach. The total amount of time saved

1 13
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could be substantial depending on the number of arithmetic

- operations performed within an algorithm.

Althoug h th is enhancement would improve execution time ,

it would cost the user twice the amount of core space re—

quired by the present n—bit simulation tool. However, this

additional core space may be more acceptable to the user

than the additional execution time of the present system.

The changes to the preprocessor required for this modifica-

tion are described in detail in Appendix D.

I 
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Appendix A

Approaches To Finding Extra COMPASS Registers

The solution to the problem of finding extra registers

would be to find some standard value that is always stored

in a known register or to devise some method of saving and

restoring registers. Several possibilities were investigated:

1) The AO register contents may be predictable. How-

ever , no consistencies were found and destroying

its contents caused irregular results. AO is used

as the relative starting address in a block copy

operation.

2) The CDC manuals stated it was a standard prac tice

of CDC to use the B 1/B7 registers to store the val-

ue 1. If this were the case, that register could

be used as a spare register at anytime as long as

it was restored to the value 1 when it was no long-

er needed . Powever, several cases of exception

were found to this standard practice-so it was of

no use .

3) The Exchange Jump instruction was known to save the

contents of all registers, but its use is restricted

to the operating system for switching between two

central programs, leav ing the first program in a

useable state for  later re— entry .

4) If CDC had a standard register saving/restoring con-

v e n t i on  s imi la r  to 1B~~’s , the extra register problem
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would be solved . However , CDC does not have one

per se; instead before jumping to any external sub-

routine the register values which will be required

later (within that program unit) are stored, then

restored when needed .

5) Another theory was that since the A and X registers

were associated one—for—one , the address in regis-

ter A~ (where n is 1—5) could be used to recover

the corresponding X register. This would enable

the current value of the X register to be written

over , since it could be restored later. Once one

spare 60—bit register was found, all other registers

could be saved using a series of register moves and

write-outs to a known save area. However , the val-

ue of X register does not always correspond to the

associated A register. A technique was devised

which saved the con ten t s  of an X whenever it was

changed. In that manner it could be restored later. -

However , there was still a need to have an associ-

ated pair of A6/X 6 or A7/X6 registers to make this

possible. All this would require a lot of analysis

of the COMPASS code which was felt to be beyond the

scope of this thesis.
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Appendix B

User ’s Manual ~~
‘

•~~~~~~ ~~~ N-bit Simulation Tool

The n—bit simulation tool enables the user a means to

evaluate the numerical effects that varying wordlengths have

upon a FORTRAN-programmed algorithm. When applied to a FOR-

TRAN-programxned algortihm, this tool will produce the near

exact arithmetic accuracy as a computer of the specified n-

bit wordlength. This n—bit simulation tool is useable on

either the CDC 6600/CYBER 74 computer systems and require s

that algorithms to be n—bit simulated be expressed in a some-

what restricted version of the FORTRAN IV (EXTENDED) pro-

gramming language.

This User’s Manual will describe the seven options a—

vailable to the user in specify ing different n-bit wordlengths,

the using programmer’s restrictions will be described , and

the required control cards will be shown.

User Options

Seven options were considered necessary to provide the

user with a versatile n-bit  simulation tool which could be

used to simulate the characteristics of various computer

types. Different options could be applied to every routine

within  a program . These options are expressed by a call to

the SETNBIT subroutine as the first executable statement of

each routine (i.e. following the DIi’:ENSION , COMMON , DATA

statements , and so on). The general form of this subroutine
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call , where each # represents a user option and KEY Is a var-

iable name which must be included as the eighth argument, Is

shown below:

CALL SETNBIT (# 1 ,#2 ,#3,#4,#5 , #6,#7,KEY)

The variable name KEY must be dimensioned to seven (e.g.

DIMENSION XEY(7)) within each program routine. The KEY ar-

ray is used to store values which are computed ‘by the SETNBIT

subroutine based upon the user options specified. These val-

ues are used to simulate the effects of n-bit wordlength for

each arithmetic operation of an arithmetic statement.

Option #1 specifies the number of bits per wordlength

(from 8 to 60 bits) .

Option #2 specifies whether arithmetic operations will

be performed with rounding or truncation effects. The val-

ue 1 would indicate rounding effects and 0 would indicate

truncation effects.

Option ~~ allows the user to specify whether arithmetic

calculations are performed in single, double , or triple n—

‘bit wordlength precision , with the results being stored as

single precision quantities. This option essentially sim-

ulates the effects of a computer having a single , double,

or triple wordlength accumulator but only single precision

storage variables. Single is indicated by the value 1 , dou-

ble by 2, arid triple precision by 3.

Opt ion  #~ gives the user the option to have overflow

messai~es printed when they are detected (i.e. overflows of

119
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the n—bit wordlength). The value I would indicate overflow

messages will be printed when overflows occur c*fld 0 would

indicate the messages would not be printed. An overflow mes-

sage would tell the user which routine and the line number

within that routine where the n-bit wordlength overflow was

detected . The line number would reference the line number

from the original FORTRAN program (before the n-bit simula-

tion modifications were made). In addition , the arithmetic

operation being performed at the time is indicated.

Option ~~ indicates the number of bits which are to be

used for the mantissa of floating point values.

- Option #6 indicates the number of bits which are to be

used for the exponent of floating point values. The total

number of bits specified for the mantissa and exponent must

be one less than the total number of bits specified in op-

tion #1 ( this other bit is used as the sign bit) .

Cpt ion #7 speci f ies  the posi t ion of the implied decimal

point with respect to the mantissa, either to its left (mak-

ing the mantissa a fractional representation) or to its

right (making the mantissa a fixed point representation).

The value 1 would position the decimal point on the right

- 

- and 0 would position the decimal point on the left end of

the mantissa.

An example of a typical SETNEIT subroutine call would

be

CALL SEINBIT ( 16,’i ,2,o,9,6,o,~ Ey) 
-
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The options shown as arguments of SETNBIT specify a 16—

bit word].ength with 9 bits in the mantissa and 6 bits in the

exponent . The implied decimal point wo uld be positioned to

the left of the mantissa (making it a fractional representa-

tion) . Rounding effects are specified for arithmetic calcu—

lations, double precision arithmetic accuracy is specified,

and overflow messages are supposed to be suppressed .

Double precision storage can be simulated by adding the

orig inal wordlength to the mantissa specification (Option #5)

and doubling the bit length specified in option #1. All oth-

er user options should be maintained as they were for the

single precision storage word. For instance, for a 16—bit

wordlength with 9 bits in the mantissa and 6 bits in the ex-

ponent, the double precision storage could be simulated by

specifying a 32—bit wordlength , a 25 bit mantissa, and a 6
• bit exponent.

Double precision arithmetic accuracy should be distiri—

guished from double precision storage. With double preci—

sion arithmetic accuracy (which can be specified under op—

tion #3) a FORTRAN expressed arithmetic statement will be

computed with double precision accuracy , but after the final

computation of the statement is performed the result stored

will contain only single precision accuracy. in contrast,

double precision storage would have double precision accura-

cy, in the computation as well as double precision storage

of the result. Since the n—bit simulation tool does not

presently have a separate option to designate double precision
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storage, the double precision can be accomplished by doubling

the original wordlength and increasing the mantissa by one

word].erigth (discussed previously).

User Programming Restrictions

The user programming restrictions which must be adhered

to for programs to be n—bit simulated are listed in this ap-

pendix. Restrictions are listed in the order in which they

are most likely to impact the user. Each restriction will

be briefly justified . Other things a user should be aware

of are listed in a section following the restrictions.

1. Every routine must have the variable KEY dimen-

sioned to seven (DIMENSION KEY (7)). Also, the first ex-

ecutable statement within each routine must be CALL SETNBIT

(seven options and KEY), where the user specifies the seven

options to be applied to that particular routine. These ad-

ditions are required so each routine can perform the n—bit

simulation effects.

2. Single assignment statements are required for all

values coming from a source of different bit length speci-

fications. Thus all values read in from cards or values

passed as parameters from a routine of different n—bit spec-

ifications must be set equal to themselves, in order for

them to take on their n—bit significance (since all n—bit

simulated subroutines assume the values being operated upon

have their n-bit significance already). Therefore , if the .

variable A was read into an n-bi t  rout ine then A should be
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set equal to itself (A = A) before it is used anywhere else

in the program .

3. The entire program must be free of syntax errors ,

before it is run through the n-bit simulation preprocessor.

Debugging errors would be easier with the original program

and the preprocessor has not been verified to be able to

handle all syntax errors.

4. TAPE1 must be an output unit for each n-bit simu-

lated program (overflow messages are printed to the unit

number) . -

5. CONTINUE statements must be used as the last state—

ment for DO Loops due to the way labels are handled by the

preprocessor for arithmetic statements.

6. Variable data types must use default data types

(Reals (A—H) and (O-Z), Integers (I—N)). Declaration of da—

ta types using IN TEGER and REAL statements are not allowed,

nor are I~-iLICIT 1I~1~GER statements allowed. The preproces-

sor selects handling routines based on default data types.

7. All arrays must be declared by D11.ENSION statements

(riot by COMMON , INTEGER , or REAL declarations). This is so

the preprocessor can detect functions from arrays (it finds

all arrays in the DIi~EN SICN s ta tement) .

8. Logical , double precision , and alphanumeric data

handling is not allowed . The n—bit simulated program ex-

pects all numeric values in assignment and arithmetib state-

ments. -
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9. These are certain reserved subroutine names ( shown’
in Figure B-i )  and reserved variable names which must not

be used by user ( except for KEY & SETNBIT). These names are

used by the preprocessor.

10. No statement functions are allowed.

11. User should not use shift operations to perform

multiplications or divisions (by powers of two). These op-

erations would not be detected as arithmetic operations and

would not be n—bit simulated properly.

12. Data statements should not be used for real val-

ues or values that might exceed an n-bit simulated word-

length. These Data statements are not analyzed by the pre-

processor.

13. Reserved labels are 79110 - 79199.

14. Only one statement per line maximum (i.e. no A=B=

c=o).

RFADD R1ADD j R2ADD IIADD IASGi\ IT’ TTAA P,TTTTA,A
PR ?.NS F i NNS R2MN S I IMN S RASGN ITTTTAB RTTTT AB
FRMPY P 1MPY R2MI Y IIMPY KEY
RRDVD F 1DVD R2DVD IIDVD SETNBIT
RREXP P1EXPJ R2EXP HEX? ITTTTAZ RTTTTAZ

Figure B—i IReserved Variable Names For
N-bit Simulated }rogram s

Other User Considerations:

1. Intrinsic functions (such as SIN ,COS ,ATAN), other

FCRTFA~ library routines , and all other routines not read

into the n—bit simulation preprocessor ar~ r’ot n—bit simu—
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lated completely since they are coded in COMPASS and the pre—

process.,r can only handle FORTRAN programs . However , the ar-

guments are n-bit simulated and the resulting value from the

function is n—bit simulated .

2. Array arguments are not n-bit simulated

3. Only assignment and arithmetic statements are affect-
( • ‘5

-ed ‘by the n—bit - simulation tool. Expressions occurring else-

where will not be affected (such as inside IF statements) .

Also data initialized within DATA statements will not be af—

fected .

4. For exporientiation, n—bit simulation affects are

only applied to the result of the exponentiation operation,

so the results do not reflect on an n—bit wordlength machine

exactly in some cases.

5. Equivalence statements are not recommended , but can

be used if the programmer ful ly understands the impact n-bit

simulation may have upon the equivalenced values.

6. Any user should be aware that any arithmetic error

which would result in abnormal termination in a CDC FORTRAN

program will terminate the n-bit simulated program also.

Even though no abnormal terminat ion resulted from execution

in a normal CDC execution , the effects - of n-bit wordlength
I~t may cause a value to be generated which could terminate it

(for instance, .000001 might be truncated to 0. for a 16—bit

word and would result in underflow termination when used as

a divisor) .
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The po inters shown on the left of Figure B-2 indicate

those statements which would not have appeared in the pro-

gram if the program was not to be n—bit simulated.

Control Card s

The following card sequence could be used to n-bit

simulate a FORTRAN programmed algorithm:

FTN ,L=DuNrY .
LGO, , ,NBIT.
REWIND, NBIT.
FTN ,L=DUNNY2,B=SUBS.
REWIND, SUBS.
EDITLIB.
LIBRARY(NSUBS).
FTN , I=NBIT , B=NBITGU , L=DUNf’Y3.
REWIND,NBITGC’.
NBITGO.
7/8/9 Card
~~~ Preprocessor source program ~~~~~~~~

7/8/9 Card
*** USER’S SCURCE PROGRAM ***

7/8/9 Card
*** N-bit Simulation Subroutines (Source) ~~~~~~~~

7/8/9 Card
LIBRA,RY(NSUBS ,NEW)
ADD(* ,S~1ES)
Fi~\iS~-’ENLFU~

’.
7/8/9 Card
6/7/8/9 End—of—Job Card

To n—bit simulate the USER’S Se!’RO.~ ~hLGRktY, the program-

ming restrictions previously described must be strictly fol-

lowed. Then, the USER’S SOURCE 1-ROGRAN is read by the n—bit

simulation preprocessor program , which transforms arithmetic

statements of the original program into subroutine calls,

which are designed to accomplish the n—bit simulation word—

length effects. The preprocessor outputs the n—bit simulated

version of the USEr’S SOUFCE PRCGFAM . Afterwhich the n—bit
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simulation subroutine s which perform the n-bit wordlength ef-

fects are compiled and libraried. Then, the n—bit simulated

user program is compiled and executed. If the program uses

additional input/output files, these files would be put in

their proper position along with the NBITGO card.

If the object forms of the preprocessor and n—bit sim-

ulation subroutines are used Instead of the source versions,

the control card sequence would be:

COPYBR , ,SUBS,1.
INPUT , , ,NBIT.
REWIND,SUBS.
EDITLIB.
LIBRARY(NSUBS).
FTN , I=NBIT , B=NBITGO , L=DUMWI3.
REWIND ,NBITG~0.NBITGC.
7/8/9 Card

*** N-bit Simulation Subroutines (Object) ***
7/8/9 Card

*** Preprocessor object deck ***
7/8/9 Card

*** USER’S SOURCE PROGR,M4 ~~~
7/8/9 Card
LIBRARY(NSUBS’,NEW)
ADD( *, SUBS)
FINISH.
ENDRUN .
7/8/9 Card
6/7/8/9 End -of—Job Card

If the user wishes to see the n—bit simulated version of

the USEF’S SOURCE PROG RAM , the L=DUMMY3 parameter on the last

FTN card should be removed. Normally this print would pro-

bably be of little Interest to the user.

The user should be aware that the n-bit simulation of

a program will probably increase the core requirements by

four to five times and the execution time may increase up to

4~O times the program ’s normal execution time (without n—bit

simulation effects).
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With the present n—bit simulation tool, values which

overflow are replaced by the maximum significant value that

the n-bit wordlength can represent. For example, if the

resulting value of a computation exceeded the maximum neg-

ative number representable by the n-bit word , the value wo uld

be replaced by that maximum negative number. In addition , an

overflow message would be printed if the user option was on.

Similarly, an overflow of the positive max imum would result

in the replacement of the value that overflowed with the

positive maximum number . Underflow results in the replacement

of zero for the value that underflowed. Sane results of the

n-bit simulation tool are shown in Chapter 5 of the main text.
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Appendix C

Maintenance Manual For The
N—bit Simulation Tool

The n—bit simulation tool consists of two parts: the

preprocessor program and the n-bit simulation subroutines.

This manual includes a description of the overall n-bit

simulation tool system, general descriptions of the pre-

processor and n-bit simulation subroutines, structure charts,

interface charts, and module definitions for the preprocessor.

In addition , program listings of the preprocessor and the

n-bit simulation subroutines are included.

Overall N—bit Simulation Tool

The preprocessor reads a FORTRAN program (to be n-bit

simulated) and converts each arithmetic statement into one or

more subroutine calls. 
, 
A subroutine call is generated for

each arithmetic operation of an arithmetic statement. The

subroutine calls,generated by the preprocessor,reference the

n-bit simulation subroutines~ When the n-bit simulated ver-

sion of the original algorithm is executed , the n-bit simu-

lation subroutines perform the n-bit wordlength effects upon

each arithmetic statement operation.

The n—bit wordlength effects are specified by the user

within each routine of the original FCRT RAN program. The

results from the execution of the n-bit simulated version

are nearly the exact result obtainable from a computer of

n—bi t wordlength .
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Preprocessor

The preprocessor basically reads and syntactically ana-

lyzes each statement of the user ’s program. Each arithmetic

statement is transformed into a Polish Notation string, then

decomposed one operation at a time. For each operation, a

subroutine call is generated . The subroutine referenced will

perform the arithmetic computation indicated by the subroutine

name . Each combination of variable data types is also handled

by a separate subroutine. The operands which the operation

is being performed upon may be either integer or real. A dif-

ferent subroutine reference is generated for each possible

comb ination of operand data types and arithmetic operation.

The module structure of the preprocessor is shown in

Figure C-i. The module definitions follow , along wi th a

chart describing the preprocessor’s module interfaces. The

program listing of the preprocessor follow Figure C—i.
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Module Definitions And Module Interfaces
For The ~reprocessor

PPEPROCESSOR—F~XEC is the main routine of the preproc-

essor program . It calls the afferent and efferent branches

(EVALtJATE-STATEMENT’and SET-UP-CALLS) which carry out the

translation of a FORTRAN algorithm to the n-bit simulation

equivalent algorithm in addition to the INITIAL-READ module.

INITIAL-FEAD does the initial read of the FORTRAN al-

gorithin . It reads the contents of the first program card

into a temporary array which is used by the GET-STATEMENT

module , which functions on a ‘look—ahead ’ basis.

EVALUATE-STATEMENT supervises the evaluation of (legal)

arithmetic statements into their Polish Notation equivalent

representation.

GET—OBJECT supervises the check of a statement for a

legal object , where an arithmetic staterr,ent structure con-

sists of object = arithmetic expression

GET-STATEMENT reads input program ’s card s, passing a

‘statement’ a time to its superordinates, GET—OBJECT . A

statement may stretch over sevexal cards through the use of

continuation cards, so a look-ahead read is performed.

FIND—OBJECT determines if a statement has a legal ob-

ject.

NON-EXPRESSION-HANDLER calls for the print of a non-

expression statement and determines if the non-expression

is a key s ta tement  type , for  d imens ion ing  arrays or the

beg inn inp~ of a new r ou t ine .
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NEW-ROUTINE-HANDLER extracts the program unit’s name

and initializes the line counter for that new unit to one.

(This information is used for each arithmetic function sub-

routine call built by the efferent branch). Also it clears

the list of variable names declared as arrays for the pre-

vious program unit.

DIMENSION-STATEMENT-HANDLER stores all variable names

which have been declared arrays .

PRINT-STATEMENT prints the statement which may span

several cards to the n-bit simulated program output file.

EVALUATE-EXPRESSION is a recursive module which deter-

mines (through a syntax analysis) if the expression is a

legal arithmetic expression , and converts the statement in-

to its Polish Notation equivalent representation. It is

recursive because parentheses may be used to enclose another

complete expression and parentheses may occur throughout an

expression .

ANALYZE-OIEFAND determines if the syntax of a string

of characteristics constitiutes a legal variable name (a

variable may also be an array or funct ion reference) .

ANALYZE-NUMBER determines if the syntax of a string

of characters constitutes a legal number.

ANALYZE-ICSSIELE-AFRAY determine s if a variable name

has been declared an array .
I CLASSIFY-CHARACTER types input character as a letter,

digit , operator, parenthesis , decimal point,or comma.
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STORE-CHAPACTER-IN-I-OLISH-STRING stores a variable nam e

or operator in Polish string according to Reverse Polish No-

tation and the operator precedence.

~~~~-VAFIABLE-NAN E stores a string of characters in the

NAM E array and passes back to superordinate a pointer to the

position of the string in the NAME array .

PRELIMINARY-OUTPUT outputs a COMMENT statement contain-

ing the input statement arid outputs preliminary output for

labels and IF statements .

SET—UP—CALLS scans Polish string left to right and calls

a handling routine for each operator found.

BUILD-SUB-CALLS assembles and merges parts of a subrou-

tine call . -

PRINT-SUB-CALL prints 80 character card images to the

n-bit simulated program output file.

BUILD-FUNC-ARGUMENTS merges function arguments together,,

generatir.c~ ~~ils for single arguments if necessary .

FINI :~ -~’UNCTION merges the function name with its argu-

ment list (Luilt by BUILD-FUNC-AFGUMENTS) and generates a

single assignment call for the function.

SET-UP-SINGLE-ASSIGNMENT sets up parts for a single as-

signment.
-‘ HANDLE-UNATY places a unary sign in front of the var-

iable name through a call to the PUT-VAFIAELE-~A~,~ module.

OUTPU’I—SI~GLE-ASSiGNYtNT merges parts required for a

single assignmen t function call. -
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GET-VARIABLE-NAME gets a string of characters from the
name array according to the pointer given and passes to the
caller the string, its data type , and its length .

MERGE merges strings of characters together .
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Module Interfaces

Interface # In Out
(Reference Fig.

29) 
______________________ __________________________

1 ,2 ,31 — —
3 STMT ,POS ITION —

4,5 - STMT,POSITION
6 - STMT
7, 11 ,20 ,30 - STMT
8 — STNT,PGSITION

9, 15, 22, 25, 28,
60 - CHARACTER

10,16,24,27,59 POSITION STMT
12 - STNT
13,14 POSITION STNT ,POSITION ,TYI-E

17 POSITION STf~T,POSIT10N ,TYPE
18 — STMT,POSITION
19 - STMT ,POSITION
21 ‘ POSITION ST~.T,}OSITION ,NAME ,

LENGTH , ~MPO INTER ,
1~!ODE

23, 26 ,29 ,37 ,42 ,
51 ,54 NAM EPO SIT I CN NAI~:E ,LEN GTH ,MODE

32 TEMi NANES PCLISH ,i-CLkOSITION ,
TEN’~ NA M ES ,FINALF LG,
TFLR , TFLRLEN

33 TEMI N ANES POLISH ,}OLIOSITION ,
TEMPNAAVLES ,PINALFLG ,
TPLR , TFLF LEN

34 - POLISH ,POLPOSIIICN ,
TENP N AMES ,TPLF.,
TFLFLEN

35 - POLISH ,ICLiOSITICN ,
TRLF ,TRLRLE N

36 — POLISH ,I’OL}OSITION

38,44 ,50,6 1 NAME ,MODE ,LENGTH NANEI OS ITION
39, 44 ,49,55,58 APRAY 1 ,LEN 1 ABRAY 1 ,LEN 1,NANE 2 ,

LEN 2
40,45,~ 8,53,56 CI- D~CSITIC-~: P~~LISH , k C L ~ CSITIc~c

— OUT , LENGTH
Lt6 ,47 ,52 — NAN E ,N Ar.- LEI-: ,~• LDE ,ObJCT ,

OBJ LEN , TRLP , TRL?,LEN
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N—bit Simulation Subroutines

Twenty— two n—bit simulation subroutines were built to

handle each combination of data types and arithmetic operations.

In addition , there were four other subroutines developed

(SETNBIT , ROUNDER , OVERFLW , and TJNDRFLW).

The SETNBIT subroutine was developed to compute seven

key values upon which the other n-bit subroutines base their

n-bit wordlength simulation effects. The OVERFLW and UNDRFLW

subroutines’ are used to print overflow messages. A subrou—

tine called ROUNDEP is used whenever a special case results

where a round up increments the exponent of the floating

point value (due to the fixed point add performed to round

floating point values).

The 22 n—bit simulation subroutines basically are the

same. They can be divided into two classes : those which

produce real values and those which produce integer values.

A f t e r  the o p e r a t i o n  is per formed  in each s u b r o u t i n e, the

rest of the routine is eventually the same as each of the

others within its own class .

The source listing of the n—bit simulation subroutines

f o l l o w5 :
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Appendix D

Proposed In—line ?:odification

A proposed change to the existing n-bit simulation tool

would replace all subroutine calls generated by the present

preprocessor program with in-line code which would perform the

n-bit wordlength effects. Although this modification would

result in large memory requirements for the resulting prepro-

cessed program , the execution time should be reduced by one—

third. The in—line code would be tailored to the user options

in effect for that particular program module. This would mean

fewer dedsions would be made than in the present simulation

tool , during execution of the n—bit simulated version of the

algorithm . Also , subroutine linkage time would be save since

the n-bit wordlength effects were no longer performed through

calls to subroutines.

This modification would require the detection of the

CALL S~TXEIT subroutine for each program unit. The XCN—

EXI’FESSICN—HANDLER module could be modified to detect CALL

SETNB IT , then call a handling routine which could be devel-

oped tc analyze the user options expressed as arguments in

SET~FIT. The same SE’TNBIT subroutine which is used presently

co-ild compute the key values and pas s them via CCN ON to the

s u b r o u tin es  of the preprocessor which output the n—bit

simulation code for the arithmetic expressions .
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The in-line code which could perform the n-bit simulation

effects for the various arithmetic operations and operand data

types Is shown in Figure D—1 . The underlined words in the

figure would be filled in by the handling routine with each

n—bit simulation situation.

For Real
Results: object = varbi operation varb2

object = SHIFT(SHIFT(SHIPT(object ,— (key7 —i))+I~ ~9und (_1**(SHIpT (objec~ .~~ D. MASK(i),i)),~p~ion —1 ’) ele on 1p_ _ _

IF(SHIFT(SHIFT(ob ject ,12),—12) .eq.O)
CALL RCUNDEi’t(object)

IF( ABS(object).GT.key2 .OF.(ABS(ob~ ect).LT.keyi.AND.ABS~~~ ject).Ni~.O)CALL OVRFLW}~(object ,operation ,routine,
line# ,key2 )

obj ect = SHIFT(SH IFT(obiect ,—key6/7) , key6/7)

For Integer 
— — — —

Results : obj ect = varbi operation varb2
IF(IABS(object).GT.keyl)

CALL CV?FLWI(obj ec t  , operation , rout ine,
line#, key l)

Figure D— 1 ~ossible In—line Coce or 
—

Real and Integer Arithme tic Operation Results

To output the code shown in Figure D—1 , the GETiRTS and

S~GLASG modules would have to be mod ified slightly . Speci-

f ically, the merge operations of each module would be replaced

by the actual arithmetic operation build followed by a sub—

routine call to a new module. This new module would have

standard outix~ts (shown by the non—underlined portions of Fig-

ure D-1). Eey values (computed by SET~~ I~i) would be placed

irs the standard positions. The calling module would have to

pass tc 1-his new module the object name, ob~ ect da ta ty pe, and

the final assignment flag. In addition , the new routine must
170
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be passed values computed by the SETNBIT subroutine. In Figure

D-1 , if the final flag was turned on, key6 would be the value

positioned in the last statement . If this was not the final

assIgnment key7 would be placed there, so a multi—precision

mantissa would be saved when the in—lIne code is executed.
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