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@ INTRODUCTICN - R

This report is divided into two parts: t_he first part consists of .

areas covered by this report. Each of the summaries lists the objectives
of the research effort, the rt;sults achieved to date, and‘proposed exten-
sions for future effort in the area. The second part of the report contains
detailed lnfoz;rnation on each of the research areas listed in the first part,

E These details may take the form of self-contained enclosures or brief
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a short summary of the work accomplished to date fn each of the problem’ ;
discussions with attached enclosures, 3
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RECOGNLITION OF PARALLEL PROCESSABLE STREANS IN COH?U&ER.PROGRAHS

OBJECTIVES
The cbjective of cffort in this area is an investigation

of the’many implications created by processing in parallel ’
{ndependent segments of individual programs. ‘'This effort
includes: 1) ‘the automatic detection of the parallel
processable segments; 1i) the determination of the suitability
of a program for parallel processing; 1ii) machine organiecation
to implement parallel processing techniques.

RESULTS . ]
Work has been completed on the final working form of

the FORTRAN Parallel Task Recognizer. Briefly, the recognizer
is a program wﬂich accepts as input source programs written in
FORTRAN. As output the recognizer generates a set of tables
which indicate the parallel processability of source program
tasks. A source program task {s considered to be a single
statement or a set of such statements.

« All of the limitations contained in the early version of
the recognizer have been eliminated. In {ts present form the
recognizer analyzes source program statements within a single

level in blocks of 200 statements, For programs whose number
of executable statemeuts exceeds 200, the result of tﬁe
recognizer analysis s sever:l sats of output tabies rather
than a sinzle set. In ordec to achieve maxinmum parallelism, .
all that is necessary ir that the various tables be analyzed
to permit individuai tasks to be shifted from one block of
partitions to another.

Progran analysis is broken down into thrce phases. In
the first phase, all éhat is determined is the permissible
transitions between source program tasks, In.the second phase

program loops are detected and labelled with a single task
number. In the third phase, input-output relationships between
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tasks are determined, and the matrix representation of the
resulting task dependency graph {s analyzed for the parallel
processability by the method of precederve partitions.
Prelimlnﬁry results of program analysis show that as -,
the number of source program executablé statements increases,
most of the analysis time occurs during the second phase. In
fact, for a source program with 100 executable statements,
phase I1 takes up approximately 90% of the total analysis time,
Recall that during the porcioﬂ of the analysis the go&l is the
. detection of source program loops. After these results were
.obtained, it was ﬁypotesized that the smaller the number of
source program loops the more 'buitable" a program would be
parallel processing. To test this hypothesis various loop-free
*° programs were analyzed, and it was determined thét phase II
‘analysis time is indeed reduced in direct proportion to, the

number cf source program statements. Overall analysis time is

reduced only up to a point, however, Altﬁough phase II anglysié
tine s reduced by eliminating loops, precedure partitions
analysis time increases tecause the number of individual tasks
is larger. Recall that all statements within a program loop
are consideved a single task, ?hus it can be safd that a
progrém's suitability 1is impro§éd as the number of program

" loops decreases so long as the number of executable statements

- does not exceed the break point figure.

EXTENSIONS ) ’ : i
Progtam.analysis is continuing in an attempt to develop
an algorithm which can determine a program's suitability for
parallel processing. To obtain this inférmation, tlmtng.studies
_ are being performed on test programs to verify the accuracy

of the algorithm as it develops.
In addition to this, effort has been initiated im an attempt

to determine a multiprocessor machine organization vhich can
implement parallél processing techniques. This includes the
development of algorithms for processor and central memory allocaticn.
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RESOURCE ALLOCATION AND
THE AVOIDANCE OF DEADLOCKS

OBJECTIVE . . a

The objective of this research cffort {s the development

of a gnified softwarc/hardware package, with the hardware part
coacposed of fast, possibly miecroprograrmable cellular array
modules easily adaptable to LSI implementation and dedicated

to perform functions related to the dynamic resource allocation

activitics in a multiprocessing system.

. RESULTS .
A model for dynamic resource allocation {m a multiprocessing

environment has been defined. Feasibility requirements and
basic assumptions to be considered, pertaining to the model
parameters have been set. Basic algorithmic disci lines and
system performance requirements for resource utilization, ,.
similar to the ones demanded by present day systems have been
adopted, In addition, the avoidance oé deadlocks Js being
considered as a criterion of primary importance and the model
design 18 centered around this criterion.
. An algorithm, to be associated with the model has been
developed. Ct '

» .

EXTENSIONS .

1. Develop a queueing model whick will complement the systen{
and determie the behavior of the job input buffer. Ia other
words adopt disciplinez~for the dynamic determination

) of external priority assignments. ' o

2., Apply some probabilistic considerations in the reassignment
of jobs to the priority levels within the system and at{xdy
their effects on ths model.

3. Inplement aad simulate the model by an ALGOL program'to
determine it':s behaviocr, efficiency and timing.

4. Design the required hardware Cellular Array modules to
perforn the operations called for by the algorithm,

-
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S. Develop the subroutines or.software mechanism, possibly in

the form of a nicroprogram, which with the assistance of

) the hardware modules will perform the resource allo-ation,
6. 'Bvaluate and compara the efficiency and performance of
tﬁ; algorithm to other existing algorithms performing

resource allocation.
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MEASUREMENTS AND MODELS
OBJECTIVES .
y Primary objective was to survey and to study the
techniques of computer system performance evaluation.
: An extensive surv:, is contained in "A Clagsification And

Survey Of Computer System Performance Evalu;tion Techniques.”
Later efforts were focused upon developing a hueristic
optimization algorithm for a specific problem affecting
the performance of memory hierarchy componenets such és
.« - ) .magnetic tape units and disk units. An original algorithm
" 18 presented in "A Heuristic Optimization Algozithm For
Arranging An N Page Open Strins." )
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RESULTS - SURVEY

The widely distributed software capabilities coupled _
with increased compatabilities among hardware units has
been propagating an ever increasing multitude of coﬁhutef
systems. Such systems aim at a common goal - total system
spttmtzation. But achievement of this vltimate goal has
been delayed by thte absence of a theoretical basis capable
of providing a reference for standardized evaluations and
comparisons. ) .

This paper has classified and examined the presently
available assortment of compater system evaluation
techniques. The techniques have been partiiioned with
respect to computing jobs, hardware units, and operating
systems..- Within each classification, techuniques representing
analysis, simulation, and/or synthesis have bean examined
in order to expose the advantages and disadvantages
inherent to the specific techniques. o

Characterizing the present technology provides both
an outline of what {s available and an outline of what
neeﬁs to be devaloped. Fundamental among the needs of{
the computer evaluatfon technology is a theoretical bdasis
providing a reference for standardized gvnluatlons and
comparisons. Pirst;.standatdizgh paramenters snould be
es;ablished.. .8uch parameters must characterize glbbal
system performance; they must provide common denominators
allowing local paramenters to be reduced. Then appropriate

-techniques may be generated to measure these parameters

under kncwn system environments and workloads., Certain
typical classes of installations might be represented by
standard workloads consisting of standardized kermels or
application benchmarks. Specfal purpose installations for
comparative testing in order to evaluate competitive proposals.
Besides evaluation for sclection purposes there remains
the important problem of monitoring the installed system.
SUcﬁ éerformance monitoring could be greatly.benefited by
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designing snuping feature. into tlkr ~<irdware units and g
- "
the operatfng systems f.. oxder tc cuilect .utilizations i
'

and usage frequency statistics. ideally such features

would operate in a parallel and interference-free fashion.
Those techniques such as software artifact which do cau/se
interfere-nce should provide means for their selective ,use. .
Built-in sanuping features would allow computation centers

tc continually monitor their systems in order to provide

early detection of system environment changes and

precipatating problems. Also, such field usage statistics
" would provide the manufacturer much important input for

future system designs.

RESULTS - ALGORITHM
Presented {s a hauristic solution to a genmeral

optimization problem common to memory hierarchy components
which can be characterized as possessing only one degree
dijsk units whic.h

possess only cne head per surface and whose head movement
time 1is much greater than the disk rotation time; and

tape units possessing bi-directicnal read/wr:lte capabfilities.

of access freedom. Included are:

. "
T A M TN i, \ S

The resulting opti.mizatlon- problem can be formulated in
_graph theory teminology as follows.

Given a weighted, directed complete graph of N
nodes, determine an cpen string of N nodes (l.e. an
.ordering) such as to minimize .

N N . .

R T .
5=1 =1 T T,
~vhere -

fijdij denotes the weight of the edge from node i to node }§

flj s a constant that denotes the density of the path t
; from node { to node J :
dlj 18 a variable that denotes the "'length" of the path

from node 1 to node j (paths between consecutive
- . nodes are-equal) '

ix




. nodes increases factorially!
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" The proposcd algorithm possesses marked advantages - .

over optimization by means of an exhaustive search of the
N!
technique the run time as a function of the number of
Run time for tha
! algorithm possesses a lower bond proportional

(NQN)IB where N cquals the number of nodes.
P4

possible permutationcs. For such an exact optimfzation

develog;d
to ‘

Presently the algorithm has been implemented in
FORTRAN IV and is being run on a CDC 6600 at the
After additional refinements of
* the code it is inteqded,tha: the algorithm be applied

University of Texas.

toward optimizing certain memory hierarchy components
in the system. Evaluation would include the aralysis
of gains in the nature operating system. )
Algorithm's "optimum" arrangements compare closely
to known true optimum arrangements. For s:r#ngs of

5 or 6 nodes, results heve been identical to the true

optimums which were exhaustively determined. Comparisons
to larger strings become impractical due to the factorial
growth rate of the exhaustfve technicue required to -

determire the true optimum.

-

EXTENSIONS ) _ )
. L. Primary objective will be to develop a simulation
’ model suitable for studying multiprocessing computer
*  systems, ' ' .
' Secondary objective will be to employ the developed .
- model to evaluate various multiprocessing system configurations
as a fdnction of system parameters., NS ,
. A flexible, general purpose simulation rwodel will be
“required to accommodate the indicated studies of
multiprocessing systems as a function of system parameters.
The model will allow different hardware resources and
configurations to be defined and to be characterized by

properties such as average access tine, everage transfer
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rates, and average instruction execution timets, From g
. inputted descriptiors of job streams, the model will 4
' simulate the behavior of the multiprocessing system, ) E
. . " An unique aspect of this study will be to simulate f

an adaptive operating system driven by a System

.«
’ i
L
\
b
L

Simulator. See Figure 1.
OPERATING ‘———) SYSTEM _ g
SYSTEM |(-..__.. SIMULATOR
MONITOR |
Figure 1 .
P ) The System Simulator may be considered to be an

individual computer unit possessing data paths communicating
Physically
the System Simulator might be a prepherical processor

-of thie CDC 6600 or & separate mini-computer (low cost).
Function of the System Sinulator -will be to monitor and

with the monitor of the multiprocessirg system,

’ : gaiher significant everts related to the turrent statu§

of the host multiprocessing system., Such events would

include input job queue descriptions, resource availability,

etc. Using such {nformation the Systeﬁs Simulator would :

: . simulate the future (several minutes) system behavior.
As a result of this real time simulation, the System

" Simulator can feed back system parameter changes which

would increase the host system performance. System
) parameters such as scheduling algorithms would be
dynamically altered. Such an adaptive multiprocessing

» operating system promises significant benefits,
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OBJECTIVE

RESULTS

EXTT.NSIONS

UNIFIED HARDWARE/SOFTWARE PESIGN

. - . ) . . .
e mm ot e o reee B8 e Mmchppa map s e . < . . -

This report describes progress made on research

concerncd with developing some theoretical approaches
to handle hardware/software tradeoff decisions in

4

/

7/

:ﬁomputer deéign situations whose prospective operating

environnent {s reasonably well known. In particular

items covered are:

1) Formulation as a constrained optimization problem.

2) Identification as a multiple choice programming

problem and discussio%of a very rapid and efficient

near optimal solution techaique available.

3) Coverage of deficiencies of the multiple choice

formulation precluding engincering application.
4) Alleviation of these deficiencies.

" a)
b)

c)

d)

e)
£)

_SPECIFICALLY: DU

Concept and treatment of sub;systems.

Approaches possible for mixed selection of both
hardware and software choices for a given subtask.
Modification of solution technique to handle

a) and b).

Consideration of modular memory 1o software
resource usage.
Interconnection Costs. )

Vague data, senstivity information and need for
& collection of good solutions as opposed to a

single optimal solution.

-

Currently a considerable proportion of the preceding

‘has been implemented as &8 computer program. Modular memcry,

and parametric senstivity consideratfons are still to be

fncluded., For the future, research to develop methods for
handling optioral subtasks and different types cf objective
functions other than execution time &re planned.
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INVESTIGATION OF THE ORGANIZATION OF A SPECIAL
PURPOSE COMPUTER FOR SPEECH PROCESSING

-

OBJECTIVES
Speech properties and signal processing t:chniques have

been investigated with the results being used tu develon the
design parameters and architecture for a special purpose digital

computer for speech amalysis,
The many useful applications for speech processing include

bandwidth reduction, speeding of speech for the blind, slowing of
speech for retarded children and language i&struction, frequency
diviston for aid to the partially deaf, automatic speech -

recognition, and automatic speaker recognitfon.

RESULTS

. Analog Speech processors using.the bank-of-filter type
spectral analyzers have been in use since the late 1930's and
have not yet been displaced by digital speech proceséors.
However, the recently developed fast Fourier transform and '

" cepstrum techniques, reduction in pricg of digital integrated
circuits, and rapid advance of large scale integration (LSI)
technology have made it cconomically feasible to construct
special purpose computing devices which can perform speech

+

processing tasks in real time. .
S . Software implementations of the FFT have reduced computation

‘time for many problems by as much ds two orders of magnitude.
Even greater gains can be realized through special-purpose
hardvare designed specifically for performing the FFT algorithm °
in a specific application such as spcech processing. Applications
for specfal-purpose FFT processors result from signal processing
problems which have aﬁ inherent real-time constraint or which
involve off-line processing where the volume of data makes
processing impractical unless a dedicated machine is used.

EE N =
I

-
S e

S 230ty it

Praringgn

M e




-

e’

i

Both of these requiremcents cxist for a specch analyzer where real time

)

processing may be required for bandwidth compression or automatic
. . . . ,
speech processing or large volume of data are required for proces/s'ing .

for statistical analysis of speech, ) oy
4

Detailed investigations of speech propertics, the fast Fourier

.

transform and cepstral tcchniqués have been performed in order to
éstablish the design paramneters and constrains for a special purpose
speech analyzer. F.asearch has been performed in the basic areas of
organization options, the processor flow chart, sampling :q.quire;nen.ts.

timing requirements and system architecture,

The speech analyzer was designaed to obtain the short time spectrum
of the speech waveform, the fundamental pitch frequency, and the voicing
condition, A sampling rate of 12,8 KHz is used with a record of 20
milliseconds thus giving 256 sample points per record. Although 256

3a.xnple points are used per record, a 512 point Fourier transform is

used. The 256 sample points are bordered with 256 zeros in order to
enhance the cepstral peak and extend the minimum detectable pitch
frequency from 100 Hz to 50 Hz. . .

The i)roces sor wa.s.designed as a completely hzrdwired programed

computer. However, the architecture provides separate controllers for

each aigorithm within the processor so that individval algorithms may

be modified independently of the other algorithms, In addition it would

be possible to add a software capability with out change to the existing .
architecture. Thus the speech analyzer design could' be modified easily

to perform signal processing in areas other than s;;eech.

_A special purpose coraputer such as the cne considered in this
research generally is not a stand-alone device. In other words, it
needs to be interfaced with a general purpese computer in order to .

perform really useful work, The special purpose computer and the

xiv
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and the general purpose computer may be side by side or they ma§

be many miles apart. 1n either case there are many items to be
considered i{f the two computers are to communicate with each
other. Items to consider include (1) distance of transmission,
(2) amount of data to be transmicted, (3) error requirements,
(4) coding used, (5) protocol between the two computers and’
other considcrations normally associated with digital data
transmission. '

EXTENSIONS R
Because of the requirements in the paragraph above
investigations have begun in the general area of digital data
ccamunications with the goal of later applving this general
field of knowledge to the requirements for linking special

purpose processors to genmeral purpose computers.,
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THE FORTRAR PARALLEL TASK RECOGNIZER
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FORTRAN PARALLEL TASK RECOGNIZER

-~
- .

L JNTRODUCTION .
B 'ﬂ\e EORTRAN Parallel Task Recognizer is a program which accepts
as input a source program also written in FORTRAN, As output the recognizer

generates a 1ist of tasks within the source program which can be executed

. in parallel. The background and theory of operation of the Recognizer in

its initial form have been described earm;:r.l'2 The Recognizer in its
present form, however, is considerably different from its ’mxu;l fortx;.

This report will describe in detail the working mechanisms of the
recognizer program. Throughout this discussion reference will be made to
a particular example program, & listing of which 18 contained in Appendix I,
Before discussing the recognizer program, hc;vwever, the graph model upon
which the program is based will be reviewed. The referer.ces previously
cited have discussed ﬁa graph model l.n a general manner. In contra.;»t to
this, the graph model discussion ;vhich follow; will be keyed_to the same
example program mentioned earlier.
1. GRAPH MOLEL FOR PARALLEL TASK EXECUTION

Throughout this discussion the term task will refer to a single
FORTRAN statement or a set of PORTRAi\l statements. Notice that in the
example pmgram. (Appendix I} each exscutable statement has a unique task

number associated with it. This task number i assigned to individual

statements by the recognizer program.
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b " The first step !n the generation of th;a graph model for the source
program gs construction of the PERMISSIBLE TRANSITION GRAPH. This
graph Sﬂdgs an indication of the transfers of operation permitted by

the source program itself. For example, only task number 2 can follow
task number 1. That i{s, after .the READ statement of task 1 is completed,

. the PRINT statement of task 2 can be initicted., That this is so is simply

a result of the rules of the programming l-anguage.- When no explicit

transfer is indicated, one task simply follows the other.

3 The situation is different, however, with the GO TO statement

which com;.titutes tagk number 33. DLepending on the state of the index

Ml, after task 33 is completed, the next téak to be executad is either task o
P ] 34 or task 36 or task 38. That is, permissible transitions exist between

task 33 and each of its possible successors., These transitions can be
either actual or potentiai. The parmissible transition grépft for the example
‘progr.am is shown in Figure 1. . '

. A model of this t;'pe can be represented in a computer.by means of a
square, binary natrix of dimension NxN . whqe N is t_ha nun;ber o} ﬁsks to
be analyzed. An entry c'u in this matrix is a "1" if and only {f a transition
exists from task i to task j and it s *0" otherwise.

[y

';!’he second step in the generation of the graph model 48 identifica-~
tion and elimination of the 1oops contained within the permissibie transition

graph. A loop or maximal strongly connected subgraph (M.S.C.) can be

-
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4
identified visually by recognizing branches which “peint backwaxds:. e ';hat
i3, a transitiop exists from one task to another task which preceded it in

 the sequential instruction stream. More formally, however, a M.S.C.
subgraph can be said to consist of .a set of tasks which are strongly
connected with each other, i.e., any task in the subgraph is reachable
from any other. An algorithm for detection of the ‘M.S.C. cox'n]?pnent.f: is
given bemw.3 , .

Let [C] be the matrix which represents the permissible transition
graph, Construct the REACHABILITY matrix as follows: o

1) Generate an N-dimensional row vector -Bl equal to the first
row of [C).

2) Examine R fqr those entries which are non-zero. Form the
um;:f\ between 51 and the rows in [C] which correspond to the non-zero
entries in the initial R;; that is, Ry (new) = R (olé) U g:i. Repeat these ‘
procedures until no changes occur in Bl =

2) Repeat Step 2 for Rys Rq.ee Ry The resulting collection of

row vectors is the reachebility matrix [R].

4) Construct the reaching matrix, [R]T.

§) Construct [M] = [R] n [R]T. The npumber c;f M..S.C. subgraphs
is given by the number of distinct non-zero row vect:ors in [M]. The
non-Zero elements of each of these row vectors are the components aof
the M.S.C. subgrapr;s. In terms of the program gr'aph. these elemonts

&re the tasks which constitute a loop.

.
-
-
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If each of the M,S.C. subgraphs is considered a single task, the
result is the REDUCED PROGRAM GRAPH. Usl.ng the algoritam described
above, the FORTRAN Parallel Task Recognizer detacts the M.S.C. sub-
graphs and assigns a single number to each of the subgraphs. The number
assigned to each of the sets of tasks is the task number of the first task
(i.e., the lowest numbered task) in the locp. The reduced graph for the
example program i{s shown in Figure 2. o

Up to this point all that has beén accomplished is the ger;etation of
a series of sequentially ordered loop-free tagsks. In order to analyze the
program for potential parallelism, it is necegsary to give corsideration
to the relationships betweéﬁ individusl tasks. If in the reduced program

graph a transition exists from task 1 to task j, it dcas not necessarily

follow that the initiation of task § must follow the completion of task 1.

_ However, if task j depends on a result generated by task i. then a definite

- ordering in time is said to exist.

Consider, for example, tasks 2 and 3 in the example prog‘ram. The
reduced program graph shows a directed branch.from task 2 to task 3, -
Normally this would lmpl} that task 3 cannot be initiated until task 2 is
completed. A cleser examination of the tasks, howewver, indicates that
task 3 depends only on the outcome of task 1 for its successful execution,
The same can be said for task number 2, Ia fact, ther;. tasks 2 and 3 can
be 1n1t1$ted simultaneously immediately upon compietion of ﬁsk 1. If
this type of analysis is performed ft;i all tasks represented in the- reduzed

program graph, the PARALLEL PROGRAM GRAPH which resuits provides a
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means of automatically identifying parallel pmcessal;le tasks, Thé_
parallel program graph for the example pmgram.lg shown ln.}‘lgure 3. .

Before déscribing the technique for performing this identification,
the following comment will be made with regard to Figure 3. If a task
within a M.S.C. subgraph depends on the outcome of a task outside the
subgraph, the directed branch is drawn from the predecessor task to the
task representing the entire subgraph. This follows from the earlier . .
discussion in which it was stated that a single task number is assigned
to all the components of a M.S.C. subgraph. In a similar vein, {f an
ordering exists between members of a M.S.C. subgraph, this fact is
not reflected in the parallel program graph. (That is, ll; a matrix repra-
sen.tation of this graph c“ # 1 for those {1 and j which belong to a
subgraph).

The method used to determine task parallelism 19 reférred to as

L,2.4 The method relies on the matrix represen-

PRECEDENCE PARTITIONS.
tation of the parallel program graph. Recall that the label of a row or a
column in this matrix represents a task numbver, e.9¢., the third column
represents task number 3, the eighteenth row reprasents task number 18,
etc. To determine the parallel processable tasks, the entira mairlx is
examined for columns all of whcse entries are zero, During each examin-

ation, the columns which contain only zeros represent tasks whiph can

be executed in parallel. After these columns have been detected, the
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columns and the corresponding rcws are eliminated from further consideration.
The process ic repeated until the entire matrix has been examined, Each e
L4

examination or partition corresponds to the earliest time period during which

the resultant tasks can be initiated, To determinc the latest time during

which a task‘can be initiated, the process is repeated with the following
ct{ange: instead of looking for all-zero columns, look for all-zero rows. .
That is, pe.riorm row partitions instead of column partitions,
‘The tables which result from the pracedures described above are
shown in Appendix II. Referepee 2 whicin éontains more details on the ' :

. graph model described here is enclosed as Appendix V.,




HI.  FORTRAN PARALLEL TASK RECOGNIZER , -

This iection will describe in terms of the actual recognizer program
the implementation of the graph model described in t..he previous section.
An overall flow chart of the recognizer program is showr‘x_ in Figure 4. The
discussion which follows will be based on this flow.c’nért. In addition,
two other items of informaticn are enc'néed io he{p clarify some of the -
comments made throughout this discussion. Appendix III contains 5 listing
of sc.zme of the intermedi:':nte tables generated by the recognizer program.
Appendix IV contains a listing of the actual recognizer program.

PHASE1 -

The objective of Phase I 18 to analyée the entire source program
and to generate ;x set of tables which will pe.rmit generation of thc three
graphs described in the previous section and shown as Figures 1,2, énd 3.

The FORTRAN Parallel Tas'k Reoognizer.ls a pi'.ogr;am which analyzes
a FORTRAN source program and generates as output a listing of the tasks
within the source program which can be executed in parallel.

The types of executable FORTRAN s;tatements which are accepted
by the recognizer are listed below.

1) DO

2) READ :

3) IF (One branch and two branch logical and three branch arithmetic)

4) PRINT S )

$) CONTINUE, S e
10
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6) CALL .

7) END-
8) GO Td (Assigned, Computed, Unconditional)

9) RETURN '

10) ASSIGN )

11) ARITHMETIC EXPRESSIONS (Replacement)‘
Declarations of the followina t;'pes are acceptable.
1) REAL ’
2) COMMON

3) INTEGER

4) DIMENSION

§) DATA

6) LOGICAL

7) EQUIVALENCE

8) DOUBLE

9) COMPLEX
The recognizer con.slsts of a main program and seventeen sub-

routines. The discussion which follows will ba b:ased on these items.,

Main Program _ ) "

The basic function of the main program s to extract all the

' pertinent information concerning a source program statement and to transmit

the statement to a subrcutine for detafled analys@s. In a sensa the
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recognizer functions ip an Interpretive lpode since no source program state-
ment is .ever 'l;ooked at more ihan once,
The acceptable statement type; are stored lr{ternally in their display

code representation. Incoming source program statements are compared to

. the acceptable statement types until a match is found. If a source program

statement is nonexecutable, it is merely' printed out and no further action
is taken. If the statement is executable, however, several thirgs happen.
.. First, the executable statement number (KESN) is incrementad by .

one and assicned to that statement. Second, the executable statement

. typé (DO, READ, IF, etc.) is determined. For example, a DO statement

is of type A; a READ statement 1s of type B, and so forth. Third, if a label
18 found in the identifier field of that statement, that informaticn is stored
also. These three ftems of lnformatlox:\ are stored in table NTABESN. For
example, the appropriate entry in NTABESN for the first DO statement in
the example program would be as shown below. '

NTABESN

4. A 1

This means that the first DO statementwas the fourth executable statement
recognized; the statement was of type A (i.e., a DO statement); and the

label in the identiffer field was the number 10,

L
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After these determinations are made, _the source program statement
{s turned over to the 'appropriate subputine for.detafled analysis.. In
keeping with’the format of the flow graph of Figure 4 and the way the
program is actually written, the recognition subroutine will now be dis-
cussed in detail. Before doing this, however, several comments will be
made regarding the format of statements which t.hé recognizer will accept.
In general, imbedded blanks within variable names are not permitted.
Thus, for example, whei-e the statement
READ 100, NAMEL, NAME2
is in proper form, neither of the following statements is acceptable:
REbAD 100, NAMEL, NAME2 |
READ 100, NAMbE!, NAME2
.READ 100, NAMElb, NAME2
READ 100, NAMEI.. I?NAMEZ
(NOTE: The symbol "b* repne.sents a blank.)
The recognizer requires that all source program stat.em.ents begin
in Column 7 of the punched card representétion of the statement. Con-
tinuation statements. (statements requiring more than one card) are not
permitted; an entry in the identifier field of a statement must texminate

in Column 5, and only one statement per card is allowed. In addition t0

those general remarks, additional constraints which may exist wili be

mentioned when individual subroutines are discussed. T T Stk
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Subroutine MDO

This subroutine !g called by the main progr;m and is designed to
analyze DO s:atemen?s. Wlth. reference to the recognizer, the following
items are significant. i

1) The label of tha statement which represents the limit of the DO
loop. B

. 2') The initial value assigned to the index variable.

3) 'l;he largest value assigned to the index variable.

‘ For purposes o'f mustratlon', consider the two DO statoments
which appear in the exe'xmple program, ' .

a) 1000201=1,10

b) DO 140 L= NWl, NW2

In statement a) ordyuii'tem 1 applies, that is, the limit of the DO
1s the statement labelled 20", In statemeat b) all three items apply:
the limit of the DO is the 'atateme'nt labelled "140”; the initial value of the
index variable is "NW1*", and the largest value assigned to the index '
variable is “NW2*“, These items along with the executable statement
number and the table entry number are stored in ta‘blo NTABDO. (See
Appendix Iif.)

To determine Item 1; scanning begins in Coiumn 10 ard continues
until a blank is found. The characters batween Column 8 and this blank

reprosent the label of the limit of the DO. Scanning continues until an

PPS. Tryy.
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=" gign is found. This character represents the left boundary of Item 2.

. 1
If the next character is. a dlgit,' Item 2 is a constant and does not have
to be stored. ’If it is not a digit, howéver. the variable name between the
=" and the next *, " represents the starting value of the variable index.
This samz comma represen;s’ the left boundary of Item 3. As before, if
the next character is a dit_;it it is lgn;ared and scanning stops. I lg is not
a digit, Item 3 is the variable name between the comma and the next )

blank, The recognizer can accept twenty DO statements in a source

program. Imbedded DO statements aré aéceptable.

Y

This subroutine.is called by the main program and is designed to
analyze READ statements. In tne previous sect_lon it was stated that

the generation of the parallei task graph was the final step before imple~

. mentation of the orocess of precedence" partitions. In the opening paragraph

.of this section it was stated that once a stat.e.ment is analyzod.it is printed
and never processed again. It follows, then, that fhe information
generated during the .recognmon phase must be stored whuﬁxer.-cr nct it is
to be used immediately..

In the case of a READ ‘statement, the parar;zeters mput- by that
statement are strictly of the "left-hand® ¢ype. "rhat is, paramz2tors input
by a READ statement are in effect outputs,‘ f.e., thrue parameters serve
as inputs to subsequent statements. These concepts car; be expressed as

shown below., . . .

A L PO 2O LML B SR Skt 24N 2 e St O
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o 3 OUTPUT OF A READ = PARAMETERS INPUT BY A READ
INPUT TO SUBSEQUENT STATEMENTS = OUTPUTS OP.A READ
Thus the parameters input by a READ are stored m tabie NLHV which
contains only variables of the “"left-hand* type. (See for example, state-
ments (taeks) 1, 15, and 54 in the source program and entries 1, 7, and 22
in NLHV in Appendix III.) -
‘ In this subroutine scanning begins in Column 11, but all entries are
ignored until the comma following the format statement number if found.
L\ Thereafter, input parameters are those found to reside between delimiting
comisas ( or a comma and a blank in the case of the last member of the
list). Note that in ar implied DO loop in a READ statemert, for exawmple,
L+ READ 100, (AW, 1=1,10), B, C
the delimeters for the input parameter A are the two "(*. After the
second “(* is found, subsequent entries in the _statempnt are ignored
until the second *)* and the following ¢mma are found. :
All variables input by a READ statement are stored in NLHV. NLHV
(and NRHV to be discussed later) is limited to ten variables per entry and
200 entries. The latter restriction results from the fact ‘that the recognizer
(\‘ can accept only proegrams which have 200 or less executable smiemen'tﬁ. .
' Subroutine MIF :
This subroutine is calleci by the main program and is dasiqr;ed to
@ . analyze IF statements. All three types of II' statements are accepted by the

o fquairind SSTATZ ST T BUTIE

L
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recognizer. The three types are shown below.

1) THREE - BRANCH ARITHMETIC IF
IF () Ny D, Ny

2) TWO - BRANCH LOGICAL IF
IF (1) n,en,

3) ONE - BRANCH LOGICAL IF

IF (L)s
In the three types listed abové, A 18 an arithmetic expression, L

i
The recognizer analyzes A or I, for the variables found therein., Since

is a logical expression, the n, are statement labels, and s is a statement,

these variables must have' been generated earlier, they are "right-hand®
(RH) variables, that is, the elements of A and L are outputs of pieviously
executed tasks. These RH variables are stored in NRHV. The delimeters
for the overall expression are the matched pair of parenthésea shown

above as (A) or (L).

After the elements of the expression are detected and stored, it is
necessary to record the successors of the IF statement. For .types 1 and
2 above, these are 3 and.2 statement labels, respectively. ;rhese labels
along with the statement number and the table entry n;:mber are stored

in table NTABIF. NTABIF Is a tahle dimensioned 20x8. This means that
.tha recognizer will accept prc;grams with twenty or iess IF statemer;ts.
The successors are stored in columns 3,4, and 5 of NTABIF, Entries in

columns 6,7 and 8 are made by the main program and will be discussed

later.
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’D,'pe 3 IF statements are altogether different since a statement

rather than a set of statement labels follows the logical expression. .

" When a type 3 IF statement is detected, a flag must be set in the 1x4 array

named NT. To set tho flag, NT(l) is set to 1; it is 0 otherwise. NT(2)

- ocontains the word :.umber of the word containing the first character of the

statement following the logical expression. (Input statements ere read
in by an (Rb. 9RB)format . Thus if the first character of the successor
statement is found {n column 45, NT(2) = 6). NT(3) contains the column

number of the first character of the e'ucceésor stateinent (in this example,

. NT(3) = 45). After these conditions are noted, control is returned to the

:ixatn program, Attempts are made to match the succeasor statement type
to one' of the executable statement types until a match 18 found. At this

point processing continues as i{f the successor statement were a normal

. statement bcginnlng in Column 7. Successor statements are ltuuted by

the recognlzer to the following types: . . . ' .
1) GOTO (Al 3 types)
2) ASSIGN
3) CALL
4) READ
§) PRINT

6) ARITHMETIC (REPLACEMENT)

- - - - - s =
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Subroutine MAE

L
-

This subioutine is called by the rpain ;;rogram and 1‘3 nsed to analyze )
ARITHMETIC EXPRESSIONS and replacement statements. The analysis 1s
done in two parts as described below.
1) The first part consists of analy;is of everything to the left of
.the “=" sign. Simple variables arc stored in NLHV. Subscripted variables
are also stored in NLHV, but the variable index i8 stored in NRHV. For '

example, statement 46 in the example program reads as follows:

130 NSTORE(L) = M4 + M$S

Here NSTORE is a LI'V. 1L, however, must T}ave been generated earlier.
Therefore, it is a RHV. .

2) The second part of the analycis consists of everything to the
right of the “=" sign. All variables detected by this part gf the analysis
are stored in NRHV, C

Subroutine MGOTO

. N s
$This subroutine is called by the main program and is designed to

analyze G& T® statements. All three types of GO T® .statements ars
accepted by the reco;gnlzer. The three types are shown below, ‘.
1) UNCONDITIONAL G Td
GO TOn .
2) ASSIGNED G& 10 .
~ GOTOm, (a,ny....0n ) IR e
3) COMPUTED GO 10 o ;

GQ TQ (nl,nzg cee .nm)l 1

»
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In addition, an asterisk (*) is placed in Column 3 of NTABIF to ‘
P . )

indicate that that statement is a one-branch IF.

Subroutine MRPRINT

This subroutine is called by the main program and is used to
analyze PRINT statements. Scanning begins with Column 12, but all
entries are ignored.untﬂ the comma following the format statement number
is found.. Variables {n the output list are found within pairs of commas
{or é comma and a blar;k in the case of the last number of the list) and are
stored in NRHV, .
Subroutine MCALL

This subroutine is called by the main program ami is used to analyze
CALL statements, D;atection of varia hies in the subroutine parameter llsi
is accomplished in a manner similar to that ‘which has already been described.
All entries are ignored uniii the "(* indicating the beginning of th: para-
meter list is found. Scanning ceases when a blank is detected,

Determining whether the entries in the pa-ameter 1ist are LH or RH
varlables proceeds in the following manner. If @a entry in the parameter
118t matches an entry in NLHV, the entry is a RH variable and is stored in
NRHV. If no match is found, it s assumed that the variable is qer'{erated
by the calléd subroutine. It is, therefore,a new variable ax;d it i3 stored

m mv, . h . . ) . . - . SR PAPUNING -—
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Here the n, are statement labels; -4 is preset ci: vcomputed prior to its

i
use in tl;e GO TO; m is a simple integer variable assigned an integer value
ina préceding'ASSIGN statement.

Scanning beyins in Columa 12. The presence of a "(" in this
column {ndicatec the presence of a computed G& Td. The various state-
mnt labels.. are delimited “y pairs of commas or j’(" and “," in the case
of the first and “.* and “)." in the case of the last. .'Zt‘he statement labels
are stored in table NTABG® which is dimensioned 20x25. This means ‘
that the recognizer will accept no more than twenty co 16 sftétem.ents per
source program. Column 1l in NTABG® contains the tabie entry x.m'mben
. oplumn 2 cont;.\ins the executable statement numf:ex% colﬁmn 3 contains
th.e number of statement labels contalnei:l within the GO T oétion list;
and column 4 contains the integer variables m'or 1 _\;vhen the Gé T is of

type 2 or 3. Therefore, no GO T statement can contain more than ten

labels in the label 6pu6n list. The successors of a GO TO® statement are -

entered in N'fABG(b beginning in column S. - The statement numbers
corresponding to these labels are filled in by the main program beginning )
in the first column following tha last.successor. »

Given that a computed GO TO has been détected, the recognizer
expects to fird an integer variabie name after the label 1ist., The comma
after the label list is optionai. .

I no comma 18 found in column 12, the G& T® 1s of type 1 or 2.

scanning continues until a hlank or a comma is fpund. If a blank is

LI Y pey ey

e
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found, the GO TO is unconditional. The statement label is stored and.
scanning ceases. If a comma is found, the G® T 1s of the assigned

type. The integer variable and the labels are stored until a ")* {s found.

Scanning ceases and control is returned to the main program at that polni.

Subrouting MASSIGN

This subroutine is called by the main program and lé used to
analyze ASSIGN statements of the form i '
ASSIGN s to ra
Scanning begins in column 19 and continues until a blank is found. At ]
that point the simple integer variable m 18 stored in table NTSICI along
with the table entry number and the executal_:le statement niumber,
Source '.\rograms; are limited to ten ASSIGN statements.

"Each of the s;xbmuunes listed above retu;ns control to the ma'm
progrim where the statement number and type .gnd Fhé contents of the
fdentifier field are stored in NTABESN. If the statement just read 18 an
IF statement, however, it 1s necessary to determine if it i3 a one-
banch IF. Ifit is, it is neéessary to perform anslysis of the successcr
statement in the manner described earlier. If it is not, the next source
program statement is regd and the entire pro.ces; ie répeated.

The recognition and table-filling process s continued until an
END 8tatément is detected. At that point it 18 necessary to fill m'the

vacant entries in NTABIF, NTABG®, NTABDO. This is accomplished by

analyzing the third column of table NTABESN. Recall that eniiias in

o v w—
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this field of NTABESN are statement labels. When an entry is found, an
attempt is made to match that entry to one of the entries (statement labels)
in NTABIF (columns 3,4,5), N‘I‘ABGCD (entries beginning in column S}, and
NTABD® {(column 3). When a match is found, the statement number (found
in column 1) of the entry in Ni‘ABESN is entered in the appropriate place

in each of the tables mentioned above (column 6,7, or 8 in NTABIF;

column 4 in NTABD®; and beginning immediately after the last successor
label in NTABG®).

Subroutine NVAR

This subroutine 1s called whenever a variable or label is detected

by any of the subroutines listed above. The reason for this subroutine

is that all entries in all tables used by.the recognizer have to be right-
justified with zero fill. As input NVAR expects: the word number of the
word containing the first character of a variable or a label; the column
number of the column following the last column occupied by a variable

or a label; and the number of characters which make up a variable or 9'

'
O e AT WAL S IR TN

label. As output NVAR returns the variable or label as a right-justified,
zero-filled word. '
PHASE II _

The o'bject.tve of Phase II is to generato the PERMISSIBLE

TRANSITiON GRAPH and the REDUCED FROGRAM GRAPH,
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!ﬁe generation of the permissible transition graph is sccomplished
in the following manner. Column 2 of table N‘l‘.ABESN 18 searched for
every instance of a DO, IF, or GO T} statement. If a particular entry is
nefther of these three types, a "I" {s entered in the connection matrix [C]
(called [NC] in the recognizer) from that task to the next task in
saquence, All entries m'NTABESN are szanned in this manner, ignoring '
DO, IF, and GO TO statements until the entire table is scanned. After
this procedure is complete, the foilowing occur. o |

1) A ®1" 18 entered in [C] from the statement 'numbér_ of each

" entry in NTABIF to the statement number of each successor. Thus for
t-lie example program the following are t;'ue (See table NTABIF in
Appendix 111, '

c, ,.=C .= C,, «.=C =C .= C

3.4 3,8 "11,9 1,12 28, 29

© =Gy 39’°30 42=Cas, 48" a5, 46° °49 50

c49,51 =C =’GSZ.S3‘='GG3.64 c63,56 =1

30 31

52,49
Note that these entriés mereoly represent permissible transitions which may
result as outcomss of individual IF statements. These transitions are
representad as directed branches in Figure 1.

2) A"1"is entered tn [C) from the statsment number of each ontry
in NTABGO to the statement number of each successor.

C =C =C =C =C

7,127 C22,28™ 27,30 C27,32 C28,32"

= Ca3,36™ €33,38°C35,39 Ca7,39~C

33,34

=C =]

41,27 T€S,61

)

[T T

o SIS e

- oy - AR

T DESNTIA W




‘-

3) A "1" entered in [C] from the statement number of each DO

statement to t’he next statement in sequence. Also, an entry is made
in [ C] from the statement number of the limit of each DO loop (obtained
Irom NTABD®) to the statement number of its respective DO statement.

This operation, 'n effect, defines a "DO loop."”

C4,5%6,4 Caq,45° /47 ,44= 1

At this point construction of the permissible transltlon graph is

complete. This graph is represented by the connection matrix [C].

Before discussing the construction of matrices [R], [R]T. and (M], some

comments will be made on the actual intemnal machine representation
of these matrices as determined by the recognizer program.

Recall that to generate the loop-free graph the state of the

. ﬁonowing matrices must be presewed [cl. to generate R); [R'l )

generate [m (Rl and [RIT to genarate M. Slnce (R* does not have to
be preserved after the construction of mzirix [M], [M] 1s stored in the
same physjcal memory initially occupied by [R]T. These statements

are.meant.to. tmnly that in onder to qenerate the reduced proqram graph

enough memory must be available to praserve the state of three 200x200

matricegs. The number 200 stems from th;a fact that the recognizer can
accept source programs conizining up to 200 executable statemesita. If
o~ single memory word 18 used to represent each matrix entry, a8 minimum

of 120,000

10 woxds of memory would be required for the matrices alone.

This 1s an undesirable requirement especially since [C] (but not [R], [PJT.
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or [M]) is so sparsely populated. In view of this, it was decided to
use individual bits within a word as matrix entries.
The CDC 6600 on which the recognizer program was run has a

word length of 60 bits. However, for the matrices described here only

‘ the 1.ghtmost 40 bits of each word are used for matrix entries. The

leftmost 20 bits are used fo; flags, pointers, and so forth. The number
40 (as opposed to say 42, 45, etc.) was chosen primarily because it is
a mt_ut.lple of 200 (the number of bits required to represent the desired
matrices)., ‘Equally important, however, !s the fact that in the 6DC 6660

48 -1 during multiplication

integer constants are limited to a ;ralue of 2
and division operations., (A detalled analysis of the recognizer program
bit manipulations will show many instances of integer arithmetic wherein
this restriction has to be observed). . .

Therefore, in the recognizer program a 200x200 matrix i..s repre=
sented by an arrcy dimensioned 200x5. Thus for the three matrices
described above the n;emory requirement {8 3x(200x5) = 30001‘o words,
The 40 t0 1 reduct!o.n in required memory i8 obviously a definite a&vantaqe.
This advantage, however, comes at a ;:ost of the considerable complexity
required to access individual bits.

The connection matrix is generated by subroutuie'MLOOP m the

uitnner described above. However, this subroutine does not make the

'
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actual entries in [C].- This {s accomplished by subroutine MCONN. '
MLOOP merely transmits the matrix coordlnaie's of a “1* entry to MCONN,
For example, if C2 4,43 =1, MCONN determines that tbe entn“( is to be made

in the 24th row and the second word of [C]. This stems from the fact

-tl_lat 40 < 43 < 80. The matrix representation for this entry would be as

shown below, assuming ihat no other entries have been made.

1o s9 40 39 2 0 53 3 40 39
24 ¢ o000l foo0...00[c0100............000} [00:..-00}00... 00
40 41 : 80 __ 81
FIGURZ 5. Matrix Representation of C =1,
, 24,43

After MLOOP completes construction of [C], control is returned to

the main program. At that point, subroutine MREACH is called; this >

subroutine génerates the reachability matrix {R] (cclled NR in fhe recognizet

"program). In this subroutine a library function subcoutine 1s introduced, _

LSHIFT. A typlcal application of LSHIFT 12 shown below

"WORD = LSHIFT (WORD, N)
Here WORD 1s a word whose contents are shifted N bits. If N is positive,
the contents of the word are shifted to the left: {f N is negauve,'the '_
contents of the word are shifted to the right.

MREACH forms {R] in the manner described in section II. Starting

with the first row vector in [C], the non-zero entrles are stared In a

stack. The rcw vectors represented by the elaments of the stack are

S T IS D, NI w20 2 ror R el et AN Y
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themselves analyzed for non-zero entries, These in turn ganerate new
entries in thg stack. Aftar all of [C) has been énalyzed in this manner,

the first row vector in [R] consists of the union of the first row vector in

‘[C] with all the row vestors whose labels are stored in the stack. The

process is repeated beginning with the second row vector of [C}, etc.,
until the construction of [R] i{s complete. Control is then rét\f;ned to the
main program which {n turn transfers control to subroutln.e MSC,

Subroutine MSC does several things, First, it forms [R]T. the
transpose of the reachability matrix. This is aqcompllshed by detectiag
each non-zerd entry in [R], noting its m&dinates. and storing a "I° in
[M] in the transpose of those coordinates. [M] at this point is merely
a temporary stors for [R] .

At this péint matrix (M] can be generated by forming a logical
AND operation between each row vector in [R] and the corresponding row
vector in [R]T. The MSC subgraphs are all those distinct row vectors in
[M) which are non-zero. The row numbers of thesa row vectors are
stored in a temporary holding area. The elements of each of these row
vectors are in turn stored in a separate array. The ﬁrs': element Sf each
of these MSC subgraphs is indicated in this arra;r by ;:laclnq.a “)1* {n
Bit 40 of the word containing the first element of the subgraph. In the
example program, the first loop consists of tasks 4,5, and 6; the second

loop consists of tasks 9,10, and 1l. The corresponding entries in tha

array (called LS In the recognizer program) for thece tasks are shown belcw.




9 40 38 0

1]0...000 |0.eeeiiaerennnnes. 0100

200...000 |6 uierininininene. 0101

$]0...000 | 0ueerervnnennnnnns 0110 ]

4]0...000 |0 ieeinninennnnss. 001001

510...000 | 0.eeveieeiianenns. 001010
| 6{0...000 {0.ceevviieeennen.. 00201
.3

TIGURE 6. Représentation of Table Which .Contams MSC
Components.

| @ At this éomt control is returned to the main program whlc.h in
turn transfers control to subroutine MFLAG. The sole function of
MFLAG is to assign a single task number t;a each element of a MSC
subgraph and to flag all titosa elements which are part of a subgraph.
Those elements whici: are part of a MSC subgraph are all th.ose elements
stored in array LS. The flag {s set in bit 40 of the éecond éolumn of
NTABESN. The task number assigned to these tasks is that of the first
C,R element in the subgraph. After termination of m‘bmutlne MFLAG, the

first fow entries of table NTABESN would appear as shown below,

32
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\ 1 , 2 . 3
. 59 c__59. 40_ 39 0_59 0
o P B '
2 2 D
3 3 Cc
4 4 1 A 4
s 5 1 K 4
6 6 1 E 4
b7 7 7 H
8- 8 K
9 | 9 1 ‘ kIl . 9
o C a0 | 10 K 9
11 11 c g
AP | S |

FIGURE 7. State of Table NTABESN at the end of Phase II.

At this point Phase II has been 'c;mpleted. Control has been
returned to the main program and the proper entries have been made for
initiation of Phase III.
x PHASE I
The objective of Phase III is to ge.nerate the Task Scheduling Table,
the Permiscible Task Initiation Time Table plus associated tables (see -
Appendix V). The ﬁ:s't step in this direction is the generation of the

Parallel Task Graph (See Figwre 3). The original {C], [R]l, and [M] matrices

> 1n s e
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do not have to be retalnea. The physical memory which was occupied by
these matrices will now be used for other purposes, The area occ;upled
by [C] will now be used for the matrix represenltatlon of the Parallel Task
Graph. The area formerly occupied by [R] will now. contain [C]T. The
parallel task graph is generated l.n six steps by subroutine MPTASK as
shown Lelow.

1) The first step is to check the relatioxzt between all LH and RH
variables. Tables NLHV and NRHV are scanned to see if a match exists
between elements of the two tables. When a match is found, a "1" is
entered in [C] from the statement rumber of the LH variable to the state-
ment number cf the RH variable,

As befors, entries in [C] are made by subroutine MCONN which
receives a pair of coordinates (1,§) from MPTASK. For every 4,J) not -

only is an entry made at location ¢ but an entry is also made in

i) )
another matrix at location: (cu)T. (That 1s, [C] and [C]T are constructed
concurrentlly); This latter operation {5 also performad by subroutine
MCONN. Additional operations performed by MCONN will be discussad
later, ’

In general, the following observation is valid tixroughodt this stage
of Phase T, A "1" is never entered at locatior; Sy whenti 2 §. Altha'jxgh
a match between an LHV and a RHV may be found when i> §, this would
imply a different usage of the variable in quastion, gince at this point
loéps have been removed from the program qraph: When a match is

found and { = j, it means that a transition exists hetvreen twd statements of
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an MSC subgraph. As was menticred earlier, no'entry is made in [(G] under

these conditions.

2) Tables NLHV and NTABG® are scannéd to see if a match exists
between a LHV and the variable index of a computed or assigned G TO.
The effect of this step is to generate a transition from a statement which
sets the value of an integer variable to the GG T¢ statement which uses
that variable. ‘ ) .

3) Tables NLFV and NTABDQ' are scanned to see if a match e-x!sts
between a LHV and the indices of a DO statement. The effect here is to
draw transi.tlons from the statements which set the value of the variable
indices used by a DO iodp to the statement which uses them,

4) The variable index used by an acsigned GO T statement must
have previously been set by an ASSIGN statement. This step generates
transitions from the various ASSIGN statuments to their rl.eapectiw.re _Gd) ¢
statements. . : .

5) Step 5 draws trensitions from each IF and each GO T¢) state-
ment to each of their ;axpncit successors keeping in mind th; “anti-
looping* restrictions givén in Step 1 above.

6) At t;lus point several statements exist within the source

prograr which are not covered by any of the previously listed conditions.

Fer example, the READ statement of task number 17 in the example sourcs

f
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" 18 200. Every time MCONN is called by MPTASK to generate an entry
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program is not an explicit successor of any other task. Implicitly, how-

2 :;;&n.;/(‘\fd LX_ L 1T u‘;

"1* entered at location

\
ever, it is intended to follow task 16. Therefore, a

©y where 1 ="16 and j =17,
After completion of step 6, construction of the parallel tas.k graph
(and its matrix representation) is complete. At this point column
precedence partitions are begun by subroutine MCP.P which is called by
the main program after co.ntrol is returned to it by subroutine MP'IjASK.

Recall that in columh precedence partitions the objective is to
find all-zero columns fn the matrix representation c_;f the ;ara.ll'el task
graph. However, becauss of the word-bit organization of (<l. this
would be a di.mcult and ume-consum.ing task. Th;!raiore, a roundabeut
For a column j

approach has been taken to circumvent this pmblem.

’=0forall!.

'l‘herefore. instead of inspecting [C] for each j and all {, it is only

+

necessary to record the number of c, ;‘ 0 for ‘each §. For example,

in [C] to contain only ..eros, the following must be ttue: ¢

references to Figure 3 shows that four transmons exist between pre-
decessor tasks and task number 23. (In particular, 1 = 19,20,21,22).
This information is stored for all §j by subroutine MCONN in a portion

of memory previously occupied by matrix {M]. Instead of rebresenung

a 200x5 matrix, this area is now considered as five stack.s whose length

3
§

!
. - —— - . .

-t 4




APl

37

Y

. the j-th entry of the fourth stack in [M] is incremented

in [C] at location cu

by one. At the same time, the j-th row of the fifth stack is incremented .
by one also. The reason for this will be explained shortly.

.

Returning to the discussion on partitions, the members of a

particular partition are those j whose value in stack M, is zero. These

4

members are stored in the first stack of M. Several other items of lnfor_-

mation must be stored in M,, also. In addition to the element of the

1
partition (1), the following are retainad: the partition number (2); if a task
{s the first member of a partition, the number of elements in the partition
(3); if the task has a new task number (i.e., it is a member ot a MSC
subgraph) designate it as such (4). All four of these items are stored

in a single entry in M,. Item (1) is stored in bits 0-10; item (2) in bits
11-19; item (3) in bits 20-39; item (4) in bit 40. The first few entriec of

Ml for the example program are siown in Figure 8., (See the Task Scheduling

Table in Appendix II for an interpretation of the meaning of these .entr!es) .
It was mentioned in S;ctlon II that after all the zero columns are

detected during a particular partition the cbrrespbndin.g rows and the

columns are eumtnai.:ed from further consideration, The effect of elimi-

nating a particular row in the scheme described here is accumplished

in the following manner. Gliven a parution'member k, the colunin.number:

of the non-zero entries of row k in [C] are noted. These column numbers

are the § coordinates for the members of row k which are not zero. -

S
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So 4039 2019 11 10 0
Y ' 1
2 | 3 2 2
3 2 3
4 - 2 13
5 i 1 3 '3 q.
6 3 8
7 3 14j
; T
9 1 4 q
10 a 15

I S S

FIGURE 8. State of Stack M, after Performance of Column

Precedence Partitions.

Elimination of this row i{s effected by reducing by one the vglué of eacﬁ

of these j entries in stack M 4

—— .

those members of M, whose value is now zero.

4

The process is repeated until all columns and corresponding

rows have been eliminated. The results of column precedence partitions

—

« The members of the next partition are

could now be printed. However, since the results of row precedence

partitions are tc be printed alongside the results of column precede- ze
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partitions, printing is deferred .until subroutine MRPART upon being called
by subroutine, MCPP generates the results of row precedence partitions.

Determining the latest time during which a t;sk can be executed
(i.e. performing row precedence partitions) is considerably easier than
determining the earliest time during which a task can be exec;xted. This is
due primarily to the fact that instead of ':;eeking all;zero coiumns, the
goal is now all-zero rows. And because qf the way that the [C] r;aatrix
1s.repre.sented, the search for all-zero rows proceeds fort'y bits af a time.
Unlike column partitions which 1n1t£ated a search v\;nh column 1, row
: partitions initiate a search with the highest numbered row in' (Cl. After
tixe mgmbers of a §arﬂtion are determinéd, the corres;;ondmg columns in
[C]) are set to zero. The rows which represent. the members of a partition
are not considered further. The process is re.peate.d until all rows and
columns in [C] have bee< eliminated. In a manner simua'r to column _
partitions, the results of row partitions are stored in two stacks called
NRP(l) and NRP{2) in the recognizer progta;m,

At this point all calculailons and manipulations to be pericrmed
have been completed. 'i"ne re_mainder of ti\e recog'nizer px;ogram is devoted
to the printing of the actual tables. Subroutine MPTST prints the Task
Scheduling Table. MPTST calls subroutine MPTIT v:hich prints the
Permissible Task Initiaticn Tlme.’rable. Control is thea returned to

MPTST which prints a table which contains all the members of MSC subgraphs

FI L .
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and thzair task numbers, Finally MPTST prints a_table which lists the
- : -

inputs to each of the tasks in the source program. This is where stack

M_ and matrix [C]T are used. Recall that for a particular j, the inputs to

S

task j are all those { for which c ] = 1. Therefore, the nen~zero entries

in each row vector j of [C]T are the inputs to task' j. The j~th entry

in M5 contains the number of 1's in row vector j of [C]T. The éntries in

O M5 are used to reduce the search time of each row vector.




v, OBSERVATIONS
At this point some comments will be made on some :ot the re.sult.s

listed in the tables of Appendix II. For examplé, the third column parti-

tion of the Task Scheduling Table-lndicates that tasks 4,8 and 14 can

be executed in parallel. Note, however, that tasks 4 and 8 are successors

of the IP.statement of task number 3. Thftt is, either task 4 or task 8

but not both will follov: task 3. Thus elther tasks 4 and 14 or 8 and 14 can

ke .n'tiated during the third time period. Both 4 and 8 ar‘e listed in tin'le
7 period three because that is the earliest time duiring which they could be
initiated. ‘ . -

Similarly the last row partition contains tasks 2,12,18,23,42,58,
60.. and 67, Of these all but 42,58, and €67 are PRINT statements. Since
it is safe to assume that in most cases all the PRINT statements of single
program- refer to a single output dgvic-e, it is o.bvlous‘that a definite
ordering exists between these PRINT statements. All. that this entry in
the table is indicating, however, is that all printina can be deferred until
time period twenty-two. |

Other results which at first appear to be contradictery appear as -
results in these tables. Interpretation in the light of ihe comments made
above should resolve most of them. .

The dayfile for a particuiar run of the ,rgco;rdzer program is

included as the last page in Appendix IV. From some of the figures listed

- ——
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therein the following comimments can be made. The ertire recognizer

LENPIONCR Y

program resic.lfd in core memory approximately 22 secornds. Of th;s tire,
thirteen seconds were required to com'plle the program. CPU ti_me was
approximately 2.5 seconds. 'i'he balance of the tim< the program was in
a READY but WAITING state whﬁe the proce‘ssor serviced other jobs,
Preliminary timing studies on the performance of the FORTRAN
Parailel 'Task Recognizer lpdicate that well over half of its analysis time
. 18 spent in the detecﬂpn and elimination of sirongly connected subgraphs.
'}That this l.s 30 is due primarily to the fact that incividual bits af'e used
to represent entries the matrices which represent the various graphs.
A r;alated observation is that matrix computations do nct increase

linearly as the length of the program increases; instead their number is

THADARDTNE o TF R P AR oS R

proportional to the square of the length of the program. S. This suggesta
that program analysis overhead can be red}iced sonsideratly by mirumlz.ing_'
the effects of this part of'the analysis. 7his can, of course, be
accomplished by redixcing the nulmber of loop.'a= tnat the tecobnxﬁon procesa
'mqst detect. From this it can be concluded that pne.of the factors which
ircreases the “suitabllity” .of a program for paralle! processing is the

incidence of a small number-of loops.

e e L s P R 2

Earlier it was stated that the recognizer can accept programs

whose number of executable statements ‘éoee not exceed two hundred.
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" For programs longer than this, however, the entire proce.ss could be
repeated for each set of 200 instructions. The result would then be
multiple sets..of tables rather than a single set. To determine the
maximum parallelism, analysis could be performed c:n the elements of
each Task Scheduling Table, Recall that an entry in this table consists
of a set of tasks (partition) which can be executed in parallel. Partition
membters from the set of Task Scheduling Tables cax.x be moved from one
table to another to increase maximum parallelism. .

- Appendix V describes a program as*conslsurig of a hiérarc':hv of
levels. The main program, for example, is of level 1; subroutines called
by tixe main program are of level 2, etc. The type of analysis described
l.ri this repo:-t is a.ppucable at any level'in the hlergrchy. The idea can
be carried one step further. Consider a pair <;f nested loops as shown
beléw. The outer lsop is considered by the r;acognlzer as a single task
in Levél 1. The inner loop, however, {s analogous to a :subroutine of
Level 2. On.ce control {s passed to the inner loop, execution of the oute;'
loop 13 suspended until control is returned from the inner loop. Viewing .

the inner loop in this manner permits the loop itself to be analyzed for

paralle! processability.

Fig. 9. Hierarchical Repre-

gentation of Nested Level 2 Level 1

Loops. . 3 ) -- - -

)

-
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THE SOURCE PROGRAM AND THE nUNMBERS
ASSIGNED TO THE EXECUTABLE STATEMENTS ARE SwOWN HELOW,

] -

” ’ .
THMIS IS a TEST PROGRAM DESTIGNED TO CHECK OUT

c
¢ THE ADVAKCEQ VERSION OF Thg FORTRAN PaRaLL
C TaSK RECOGNIZERe € AN FatatLEL
" OIMENSTION A(10798(10)4C(10) +ANGLE(10) yNSTORE (5}
INTEGER AocvC?aANGLE )
1 READ 3002 (al1)eysled0)e(gty)egalelo)encopE
2 oRINT 3100 (A(1)9eluelsl0)e(B(I),1n1010)
3 . IF(NCODEQEG.O)IO.ao .
4 10 40 20 p21440
] CllimgQpr(a(lIne2,B(])wa2)
6 20 CONTINUE
3 GO0 TG 40
8 30 Ja] - e,
9 35 ClJU)SSQRT(a(y) #%2.8( ) %e2)
10 - JsJel . . R
‘31 IF(J=10)35+35940 oo : .
12 40 PRINT 32090(C(I)eImielo) . .
13 - CALL _POLAR(A (B ¢ANGLE) '
24 PRINT 3200 (ANGLE(])9]@1s10)
) 3 READ 330¢NXoenYoN2
16 CALL suBl (CoAXeNY NZ NA,NH)
17 READ 3309NEsAFeINGoNH
.18 PHINT 320eNE'NFOINGINH .
19 NxlgNEs2sena
20 T NX2zNFe2eeny -
21 NLHE(NX)I®NK) « (NX2/NY)
c2 NuHm (NX=NYoNZ) ® (NX1/NX2) .
23 . PRINT 32nenX]19nX29NLHyNRH .
24 CALL SUBZ (NLNtNR]sNW1oNW2) . .
25 CALL suBB;NavoNxa.N!.nz.M33 ‘ .7 T
26 ASSIGN 3 7O INDEX

27 45 GO TO INDEA«(5Gv60070)
2p 50 [F((M1=M2i4ECeU)GO TO 70
a9 M4 gMI o2

30 60 IF(M2=M3)6S+11U0]20

3 65 MSa(M1eM2) 0 (V2aMI) /Me
32 70 CONTINUE

33 GO TO (809905100) 4]

34 80 PRINT 320sml4M2

1] 03 10 1190 -
36 90 PR(NT 330eM2,M3 ‘

a; 60 10 110
100 cRINT 330N MS
39 110 CONTINUE

a0 ASSIGN 2 TO INOEX L. e
41 G0 YO 45 . . ' IR
42 120 CONTINUE ; . .

43 CALL SuS4 (M4,HSeK6)

&3




Se.

66
67

DU 140 L=Na) w2

JF (X6,G1,511504130
130 nSTORE(L)EMyens

140 CUNTINUE . )
lsO'Ltl
155 1F (L LE K6 AND M4 Gy, M5) 160,170

160 PRINT 320vMaems,L

170 3Le)
IF (L.LELKO) 1554180

180 CONTINUE
READ 34V+AdCoUEFeGoH
21cABCLOEF
X2a0EF=G -
X3sGey '
xqeXlexoeXy
CALL SubS(slexX29X39X5¢X6)
PRINT 3509459X6

igs cALL SUBe (A5946940CIH X7).
x?nx7¢xb.éﬁ
1 8. (DEFaé 2,,190,190,20

190 xse¥s=] oS50 150,200
G0 TO ;85

300 FURMAT*ZU(I301X))

.310 FURMAT(LK0s20(£341X))

320 FORMAT (1M 110013,1X%),
330 FORMAT (201 4)
340 FURMAT(20F¢,2)
350 FORMAT (1M 00 MMye,20F4 2)
200 CUNTINUE
END

-
.
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_ TASK SCHZOULING TasLE : .
XXXKRKXKRRXKRKRKKRKXAXEXXXKXKKKKRKXXRXAXXX XKL AL XXX XXX AKX X AXRRRKRRXXXRX XXX XXX AX KKK XKARX XXX XXARKKRRXX KLY

x . X y E 4
X COLUMN PaHTITIONS . . x . ROW PARTITIONS \ X
X X
:xxxxxxxxxxxxxaxxxx-nxxxxxuxxxxxxxxxxxxxxuxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxnxxxxxx:xxx
X PARTITION X TaSK * X PARTITION X TASK . X
: NUMBER : NUMBERS . : NUMBER : NUMUERS ' :
:xxxxxxxxnxx:xax:xxxxxxxxxxxuxxxxxxxxxxxxxxxxxlxxxx:xxxxxxxxxxx:xxxxaxxxxxxxxxxxxxxxxxxxxxxx&xxxxxxxxx:
X 1 X 1 : x 1 3 1 X
X 4 2 3 13 | 2 3 3 13 X
) 3 3 4 8 1 L] 3 X 8 16 .o
4 X ? 9 18 X 4 X 'Y ? 15 X
X H] X 2 16 X s R 16 X
X R R X
SRR IO S | SV - T B | :
4 ! 8 X- 22 X 8 R 22 X
X 9 A 23 24 2% X 9 A 2s X
] 10 X 28 X .10 b 3 26 x
- -1 X 27 X -1 X 21 27 X
X 12 X 42 3. X 12 X 26 8 x
X 13- X 4 X 13 A o . : ¢
X 16 X 48 X 14 X 48 .t R
] 19 X 49 X 13 X 49 X
X 16 X $3 s 16 X 53 Ed
X 17 $a A 17 A -8, ¢
3 18 3 ss 3% 87 X 19 R - S35 86 ST t
X 19 X Sg 29 X 19. X 59 L X
X 20 X 60 &) 20 X 6} X
X 23 X 0 . ] 21 A 7 - 68 . 4
X 2z X 67 X 22 X 2 12 18 23 42 58 o6ux
X X , R X 6y X
A A . ’ \ ~ A
KEXRRXXXXRKXXXXRXXXXXKKKXXXKXXXXXRXXXXXXXIKKXKXXAKKKXXXKXXX XK XXX KKK X XXX XXXXXX KK XK KKK KKK XX KARKRK XX KK KX

47




LS Al AP B A LT I o
R PR A S | :
IS ST
RRE IR IS RN
N\ [

‘.

PERMISSIBLE .
TASK INITIATION TIME

RXXKEXXXXKXAKXXX XXX XX XXX
 § X b %
X TASK £ YIKE PERIND x
X

X 4 :
AXXXXXXXXXXXXAXXRAXX XXX X

X 3 X
x 1 X 1 X
A 2 X e 2 X
X 3 % 2 ¢ X
X 4 X 3 s X
X T X 4 217 X
X 8 = 3 A
X 9 A 'y X
3 12 A - g 22 X
} 3 13 X 2 4
X 14 X 3 X
3 15 A 6 R
. X 16 X '8 X
3 17 X 6 X
X 18 A 7 22 X
X 19 X 7 X
X 20 3 7 X
X 21 A 2] i1 X
X 22 & 8 . X
X 23 & 9 22 X
A rd) A 9 .12 X
X 25 & 9 X
X 26 4 10 X
R 27 ] 11 . X
A 42 X 12 22 X
X 43 X 12 X
X 44 X 13 Y.
X 48 A 16 b 8
A 49 A 15 X
X 53 X 1la X
3 Sé A 17 X
X 55 X 18 X
X 56 X 18 X
A 57 X 18 X
) Se X 19 22 X
X 59 X 19" X
X 60 * 20 22 X
X 61 X 20 X
X 66 +* 2. X
X 67 X 22 . X
X | S X
ARXXXXXXXXRXXXXKX XXX X AKX

48
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St

THE NEw TASK NUMBERS Ann
!NE;R COYPONENTS ARE GIVEN RELOW

XK!XXX!X!AX‘KKXKXKKXllll!lKXXKXKXXXKKXKXXXXXIKKXKKX!XKKXXXR

4 s 4 :
3 NEW TaSK X

: NUMBER : d
ﬁxxxxxxXanxxxx:xxxxxxxxxxxxxxxxx
) 4 4 b 4 S 6
X . 9 X 9 10 11
3 rq} X 21 286 29
b 4 K 35 36 7
X 46 X 46 45 46
X a9 R 49 S0 5)
X 61 X 61 62 63
X X

X

XX!XXXX{XX}XXIXXKKXXXK!XXXKXXXXXKXXXXXXXX‘XXXXXXXXKXK!XXKK.

Tasxs
KXEXXEXXXXKXRAXXXXAX KX KKK K

30
38
47
52
.13

31
39

65

32
49

a3
41

34

e i s b e Mot B Ak . s ok e, Akt al P e B

P afA L

LSy SRR



5]
W

THE INPUTS To EACrH gF THE TAgKS AqE" GIVEN BELOW
xxxxxxxxxxxxxxaxxxxxxxxxxxxxxxxxxxxxxkxxxxxxxxxxxxxxxxxxxxxx

ST

30

X X >

X TASK X . ; . i ’

X NUMHER X "INPUTS ' X

X X )

:xxxxxxxxxxxxxxixxxxxxxxxxxxxxxxxxxxxxxxxxxxxxaxxxx&xxxxxxx:

x 2 A 1 X
X 3 X | g 3

x - 13 R | _ >

3 4 X | 3 ]

X 8 4 3 >

X 14 X 13 X

X . X 4 y

X 9 X 1 ) >

15 X 16 >

X 12 X 4 1 9 ?

X 16 X 4 9 15 S

X 17 X 16 R
X 18 X 17 . A
X 19 X 16 17 x

X 20 X 16 17 R,

3 21 X 15 19 20 :

X 22 o 15 19 20 .

b 4 23 X 19 20 21 22 ;

X 24 X 19 21 . : L
¢ 25 X 20 22 L X
26 A 25 g ‘

X 27 X 25 26 L I

X 42 X a7 ' . e R &

X 43 X rt4 : T

X 44 X 24 27 43 S SR x

X 48 X 44 . :

X 49 3 2T &3 &8 <

) 4 53 T 49 <
¢ 54 4 53 I
X -1 13 A

X 86 X Se ¢

X 87 X S4 ¢

X 58 X €S S6 87 R |
X . §9 X §S - 56 S7 S

X 60 X 59 , o "

4 6l X 5¢ - 59 - <

X 66 R 6l : I §
X " 67 X 66 N T
) 3 X ' . ) B
XXXXXXERXXXXXXKRXHRRNRXARRARLKLAKERL XX AKX XARXXRKX XXX HUXXKXXXK €
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(&) (3) (a) '(5) t6)
3 3
) ¥ 5g 3 0 3
28 : : 29
30 65 110 120 3
45 150 130 «8
49 160 170 S0
5¢ 159 180 49
63 190 199 200 68
NTABDO '
(2> () ) (5 (e
4 20 6
4% 190 47 W) Nuw2
-aTABGg
€) (3} (@) (%) &)
7 1 a0 L
21 3 INDEX S0  ¢q
é8 | 10 (3
3 3 M1l 80 90
35 1 110 .
37 1l 110 '
6] i 5 0
65 1 145 t 3
NTSIGN )
(20 (3 a4
26 INyeX
.40 INDEX

(ry (8
[ o
9 12
0 (-3

39 2

46

S1 0

S3 0

64 66
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DIMENSION NTABESN(20093,¢NES(11)+NLHV(200+13)
INRHV (200413 ) +NTABDO (2096 ) s NTABIF(20+8) 9yNC(200+5) »
2NR{2350¢5) cM(200+5) ¢+ NIS(L101¢EX{10) s NONEX(11)9EXT(11) 0
BTEST(11)IoNXC10)+MX(10) sNMX(10) ¢NM(8) NTABGO(20925) ¢
GNTC(&) oNTSIGN(10e4) +LS(100)

DATA NBLANK¢NSTAR/S55B¢478B/

DATA BLANK/5555555555555%5€8/

FORMAT »REAL s COMMON ¢ INTEGER+DIMENSIONsDATA

TYPE o LOGICALsEQUIVALENCE +DOUBLE ¢COMPLEX

DATACNONEX(1)191=15111/70617221501240000B¢22050114000000008B»
103171515171600008s 11162405070522008, 04111505162311178,
20401240100000000R+°431200500000000B+14170711030114008B»
30521251126011405B,04172502140500008+03171520140520008/

DOJREADSIFsPRINT oCONTINUE +CALLJENDsGO TOSRETURNGASSIGN

DATALEX{1)91I=15101/0617G00000C00000By 22050104000000008
11106000000000000B, 20221116240000008s 03171624111625058,
20301141400000000R, ©05160400000000008+ )
30717552417000000B,+2205242522160000B8+01232311071600008/

AsBeCoDsEsFsGoHyl»J:sK

DATA(EXT(1)0I=1+11)701B+02B+03904B+05B+068+078910B»
111851284138/

DATA(TEST(1)s1=1411)/77000000000000 OBs 77770000000000008»
17777770000000000Ry 77777 77700000000Be 777771777 70000008B

“2TTTTII7TTTTI00008Bs  TTTT7TTTIT7TTT7700Be TT7V7TTTITITTITTITTIBY

318, TTTITTTITIT7TTB+55555555555587
DATA (NM{1)sIc1¢8)/T7TB4TTTTBeTTTITTIBWTTITTITTITIBSTITTITTITIT7T78

CATTTTITTTITRIBSTITITTITITITITITTIBSTI2I2TTTITIITIIBY

40

42

DATA (NX(1)s1c198)777000000000000008s 770000000000008B9
17700000000008s 77000000008 T770000008Bs 7700008,
277008, 778/ o

DATAI(MX(]11s1=1+8)71000000000000008s 1000079000008
1100000000008 1000000008 1000000Bs 100008+
21008, 18/ L

DATA (NMX(1)91=1+10)/33B+¢34B¢35B+36B937B940Bs-
141B+42B+43B964B/

TYPE INTEGER BLANKeEX+EXTTEST

00 42 J=1,20 .

00 &40 I=1425

NTABGO(Jo1)=0

CONTINUE

CONTINUE

DO 44 1[=143

NT(I)=0

44 CONTINUE

&6
48

51
52

DO 48 J=1,10

DO 46 1=144 : .
NTSIGN(J,1)=0 . _— o
CONTINUE '

CONTINUE

DO 52 1=1,200

D0 51 J=1e3

- NTABESN(1+Ji=0 .o . - - =

CONTINUE
CONTINUE
DC 56 I=1+200

54 .

-




a4

55

56

59
60

DO 55 J=1,13
'NLHV(14J)=NRHV( 1 4J)=0

CONTINUE
CONTINUE

DO 60 J=1+6
NO 59 1=1920
NTABDO(!,J)=0
CONTINUE
CONTINUE

DO 62 J=1,8
DO 61 I=1,20

. NTABIF(l,J1=0 o= .

61
62

63
64

70

‘T2

73,

74
66
. 67

68
69
18

75

C
76

~

- —-

C
T

C
RO

CONTINUE

CONTINUE

DO 64 1=1,200

DO 63 J=1,5
NC(I.JI=M(I.J)=NR(I.JD=O
CONTINUE

CONTINUE

FRINT 2005

KESN=NLH=NRH=NTDO=NT IFuNGO= NS!GN:KSN=KMARK=O

READ -NEXT SOURCE PROGRAM STATEMENT -
READ 2000+(NIS(I)eI=1+10)
CHECK FOR END :
NIST=NIS(2)
NIST=NISTLANDSTEST(3)
IF(NISTeEQeEXIT711290072
CHECK FOR .AN ALL~RLANK CARD
DO 73 1=2410 -
IF(NIS(]1).EQ.BLANK)73+75
CONTINUE
IF(KMARK.EQ.1166467

-KMARK=0 & GO TO 78

KSN=KSN+1

IF(KSNeGT 50168969

KSK=D 8 PRINT 2006

PRINT 20205(NIS(I)s1I=1510)
CONTINUE

GO Tn 70

CHECK FOR COMMENT CARD
NIST=NIS(1)
NIST=NlST.AND.NX(3)
NIST=NIST/MX(3)
NIST=NIST.ANDNX(8)

IF (NIST.EQeEXT(3))74+76
CHECK COLUMNS 1 TO 5
NIST=NIStY)
MISTaNISTeANDSTEST(10)

IF (TEST(21).cQeMISTIBO77?
CHECK FOR FORMAT IN COLSe. 7-12
NIST=NiS(2)
MIST=NIST.ANDSTESTI(6)
IF(MIST.EQ.NONEX(11174480
CHECK FOR REAL IN COLS. 7-10
NIST=NISt2)

55

. e o -




81
82
813
84

85
86

87
88

89

200

201
190
192
202

203

204

205

206

207

MIST=NIST.ANDSTEST (4]}
IF (MISTL,EQNONEX(2))T40¢81

CHECK FOR COMMON IN COLSe 7-~12

MIST=NIST<AND.TEST(6])
IF (MISTLEQ.NONEX(31)744+82
CHECK FOR INTEGER IN COLSe
MIST=NIST«ANDCTEST(7)
1F (MIST.FQ.NONEX(4)174+83

CHECK FOR DIMEWNSION IN COLSe 7-15

MIST=NIST.AND.TEST (8]
IF (MISTL,EN.NONEX(5))74+84

CHECK FOR DATA

MIST=NISTeANDSTEST (4)
JF(MISTeEQ.NONEX (61174485
CHECK FOR TYPE .
IFIMISTeEQeNONEXIT) 74,486
CHECK FOR LOGICAL
MIST=NIST«AND.TEST(7}
IF(MIST«EQeNONEX(8)174,437
CHECK FOR COMPLEX
IFIMIST.EQ.NONEX(11)174,4+88
CHECK FOR EQUIVALENCE
MIST=NIST«ANDJTEST(8)
IF(MIST<ECoNONEX(9)) 74,489

-"CHECK FOR OOUBLE

MIST=NIST.ANDTEST(6)

IFEMISTeEQ.NONEX{10))74+200

STATEMENT 1S EXECUTABLE
KESN=KF SN+1

NES(1)1=KESN

DO 201 1=1,10

J=1+1

NES(J1=NIS(1)

CONTINUE

KSN=KSN+1 $ KMARK=1
IF(KSNeGT«50)1905192
¥.SN=0 $ PRINT 2006 .
PRINT 2010+s(NES(I)slI=1,11)
CHECK FOR DO

MIST=NIST.AND.,TEST(2)

tF (MlST.EO.EX(l))ZZOoZOS
CHECK FOR READ

MIST=NISTANDTEST(4)

17 (MISTCEQ.EX(2)1230+204
CHECK FOR IF

MIST=NIST«ANDTEST (2
IFCMISTeEQ.EX(3))240+205
CHECK FOR PRINT

MIST=1I1STeANDSTEST(5)

IF (MISTJEQ.EX(4))1250,206
CHECK FOR CONTINUE

MIST="11STsAND.TEST (8) .
I€ 10 ISTLEQL.EX(5)1260+207
CHECK FOR CALL

MIST=NISTANDCTEST(4)




| % J

208
209
210

300

305

381
382

IF (MIST.EQ.FX(611270+208

CHFCK FOR GO TO
MIST=NIST+ANDSTEST(5)
IF(MISTEQeEX(8))272+209

CMECKX FOR RETURN
MIST=NISTeANDTEST(6)
IFIMISTEQ/EX(9))2741+210

CHECK FOR ASSIGN
IFIMIST.EQ.EX(10112764+280
NTABESN(KESN+1)=KESN
NYABESR(KESNs2)=NEST

MIST=NSAD

IF (MIST. EO.TEST(11)33810305
ADDRESS FIELD IS NOT BLANRK
NTABESN(KESN,3)=MIST

GO 10 381

IF(NTABESN(KESN+2) EQeEXT(3))382474
IF(NTABIF(NTIF+3)«EQsNSTAR) 384474
STATEHENT 1S A ONE~BRANCH IF

WRT THE SUCCESSOR OF A ONE~-BRANCH IF, LIF CONTAINS
THE NUMBER OF CHARACTERS BEYOND THE BEGINNING OF A
WORD WHICH DO NOT BELONG TO THE SUCCESSORe NT(2''=:
WORD WITHIN STATEMENTS NT(3)1=COLUMN CONTAINING

" INITIAL CHARACTER OF ‘SUCCESSOR.

384

236

228

229

239

231
232

233

LIF=NT(3)=(NT(2)~21%8~-7 $ NT(4)=LIF+]

LT1=NTI2} $ LT2=2%*(6*LIF) $ LT3=NT(214]
NISA=(NIS(LTIV)#LT2

NISB=NIS(LT3)

N1SBsN1SBeANDSTEST(LIF})

MISB=NISB/MX(LIF)

N1SB=NISBeANDNM(LIF) :

NIST CONTAINS FIRST 8 CHARACTERS OF THE STATEMENT
ON THE SAME CARD AS THE ONE=-BRANCH IF
NIST=NISALORLNISR

GO T 202

1=9

00 239 Je1,5

I=1-1

IF(1.EQe8)228+229

NSAD=NIS(1)

NSAD=NSADANDTEST(7)

NSAD=NSAD/MX(T) .

NSAD=NSAD<AND. 77777777778

NSD=NSAD

NSD=NSDeANDeNX (1)

NSD=NSD/MX(1)

NSD=ENSDeANDoNX (8) : . S _
IF(NSD.EQeNBLANK)231+239 . e e
CONTINUE
IF(11.EQe81232+233
NSAD=KIS(1)

GO TO 300
NSAD=NSADeANDNM(8~1)
GO TO 300

.
-t

e ———— — et




.
. st

. 220

230

240

250

260

270

58
STATEMERT IS A DO )
NEST=EXT(1) $ NTDO=NTDO+1}
CALL MDO{NTDO,NIS,NTABDOKESN)
o TO 236 .
STATFMENT IS A READ N ¢
NESTEXT(2) :
CALL MREAD(NLHV+NLHsKESNoNTSsNXoMX s NMX ¢NT )
GO TO 236
STATEMENT IS AN IF
NEST=EXT(3) .
NTIF=NTIF+1
CALL uxFcNRuv.NRH.KESN.nxs.ux.ux.unx.urtss
INTABIF+NT)
-GO TO 236 -

STATEMENT IS A PRINT

KEST=EXT(4)

CALL MPRINT(NRHVoNRHKESNsNISsNXsMXoNMXNT)
GO TO 236

. STATEMENT IS A CONTINUE . A

NEST=EXT(S)

GO TO 236 _ _

STATEMENT 1S .A CALL © o
NEST=EXT(6)

CALL MCALL(NRHV.NLHV.NRH.NLH.KESN.Nx.ux.NMx.Nxs.Nr)
GO TO 236

" STATEMENT IS A GO TO

272

274

276

280

290

292

336
340

NEST=EXT(8) $ NGO=NGO+1

CALL MGOTO (NGO’KESN9NTABGO.NX.HXQNHXoNlSoNT)
GO TO 236

STATEMENT ‘IS A RETURN

NESTsSEXT(9)

GD TO 236

-STATEMENT 1S AN ASSIGN

NEST=EXT(10) $ NSIGN=NSIGN+1 ) -

' CALL MASSIGN(NISsNSIGNoKESNoNXsMXsNTSIGNNT) -

GO TO 236

STATEMENT IS N AE

NEST=EXT(11)

CALL MAE(NRHV o NLHV ¢NRHoNLHoNX 4MX sNMX oNTS: KESNoNT)
GO YO 236

KESN=XESN+1

NEST=EXT(7?)

NTABESN(KESNs1)=KESN

NTABESN(KZSN+2)=NEST

NES(1)=KESN

DO 292 Is1,10

J=l41

REStJ)I=NIS(])

CONTINUE - _
PRINT 2010+(NESII)eI=1,11) - _— . - —
DO 390 Ja=1,KESN : .
IFI(NTABESN(J493)4FQe013504336

MIST=NTABESN({J4+93) .
IFINTABIF(1+1)¢EQe0)3714350 )
SEE IF COLSe 1-5 MATCH SUCCESSORS OF IF STATEMENTS




350

352
362

363
360

365
371
372

374

378
380

.-385
386
390

5000
5015
5025

5035

5070

[N 4

5090

5110

5300
2000
2005

* . .
A I

DO 365 1=21.NTIF - -
IF(NTABIF(1+3)4EQ.NSTAR)365¢352, ; : -
IF(NTABIF(141)¢EQe0)371+362 . :
DO 369 J=3,5 .o ) .
IFIMLST+EQ.NTABIFI1+J)1363,360 : :
L=J+3
NTABIF(I,LI=NTABESN(Ja,1)
CONTINUE .
CONTINUE
SEE IF THIS STATEMENT IS A su’cessoa OF A GO T0
DO 380 l=1,NGO
NTGO=NTABGO( 3}
IF(NTGOeEQ.0)390,372 -
DD 378 J=19NTGO
NG1=J4+4
IFIMISTEQ.NTABGOI]sNG1) 13749378
NG2=NTABGO( ] +3)+NG1
NTABGO( I ,NG2)=NTABESN(J4y1)
GO T0 38¢
CONTINUE
CONTINUE
CHECK FOR LIMIT OF DO LOOP
DO 386 I=14NTDO :
IF(MISTEQ.NTABDO(14+3)1385,386
NTABDO(1,44)=NTABESN{J4,1)
CONTINUE
CONTINUE

CONTINUE

PRINT 5020

DO 5025 I=1HNTIF

PRINT 50309(NTABIF(!.J).J 108’
CONTINUE

PRINT 5040

00 5035 I[=1:NTDO '

PRINT 50501(NTABDO(loleJ=lo6)

CONTINUE

PRINT 50560

DO 5070 121 ,4NGO

PRINT "JﬁSo(NTABGO(I»Jl-J'lsIOl . )
CONTINUF . : L
PRINT 5080 ’ T

DO 5090 I=1eNSIGN b

PRINT 50850(NT$IGN(I¢J)0J'19&)

CONTINUE . .. )

PRINT 5100 . - . ; .

DO 5110 Uzl eNLH L

PPINY SY500 INLHI20:1)91°148)

CONTINUE . . -

~ .PRINT 5200 ' .

D0 5300 [=1,NRH , .
PRINT 51504 (NREV(IsJloJdn1,8) N -
CONTINUE : :
FORMA T (R6 ¢9R8)

FORMAT(1H1s///+20X¢*THE SOURCE PROGRAM AND THE®,
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60

’ 1% NUMBERS®9/410Xs*ASSIGNFN TO THE EXECUTARLE®,
2% STATEMENTS ARE SHOWN PRFLOWe%+//)
2006 FORMAT(1KLez/77) . . ’
2010 FORMATI(IH +8Xs1391XsR6+9R8B) ¢
2020 FORMATCIH 212X +R6+9R8B) N
6020 FORMAT(1H1 025X ¢#NTABIF®4/910Xs%{1) (2’ (3%,
1*  (4) (5) (6) (7)Y (8)#%)
5030 FORMATI1IH 010X ¢eJ2+s1X012:1Xe3(R4s1X)e3(1Ge1X))
6060 FORMAT(1HO+20X o #*NTABDO#,/,10Xs*(1) (2} (31 (L)%,
1% {5) (6)1#%)
5050 FORMATIIH 99X 9 1204Xs12eR491X0144RS31X4RSY
5060 FCRMAT({IHO»30X o*NTABGO%* 3/610Xe*(1) (2) (3} (4)%,
1% (5} (6) (7} (8) (9) (101%)
5065 FORMAT(IH +10X92(12+2X)e12sR7+6(R343X))
5080 FORMAT(1HO»1SX o ¥NTSIGN#9/4+10Xe#(1) (2) (3) (&)%)
5085 FORMAT(IH s9X92(13+s1X)e1Xe2(RSy1X))
5100 FORMATUCIHY /7777 935X s®NLHV®e//410X 9% (1) (2) (3) %,
1% (4) (5) (6) (71 (8)#)
A 5150 FORMAT(1H »10X93(1291X)45(R791X))
; 5200 FORMATUIHY /7777 ¢3SX +%NRHVE2/7/7910Xs%#L1) (2) (3)8,

1% (4) (53 (o) (7 (8)#%)
500 CONTINUE '
C GENERATE THE PERMISS!BLE TRANSITION MATRIX

CALL MLOOP(NTABESN+NTABIF+NTABGOSNTABDC+EXTo
.INCsNR4KESNsMsNTIF NGO NTDO)

C GENERATE THE REACHARILITY MATRIX
' CALL MREACH(NMNC,KESNsNR)
C DETERMINE THE MAXIMAL STRONGLY CONNECTED conponeurs
CALL MSC(NRJKESNsM,LS) -
C ASSIGN NEW TASK NUMBERS TO THE STRONGLY
C CONNECTED SUBGRAPHS
CALL MFLAG{NTABESN,LS)
C ZERO THE PERMISSIBLE TRANSITION MATRIX AND
C GENCRATE THE PARALLFL TASK MATR!X
D0 590 I=1,200 . .
DO 580 J=1,5 L '
NCUl14J)sNRU14J)=M(]4J) 20 -
8§80 CONTINUE
590 CONTINUE
) CALL MPTASK(NCsKESNsNTABESN sNRHV ¢NLHV o
INRHoNLH o NTABIF ¢yNTABGOsNTSIGNoNTIF .
b 2NGOsNSIGNSEXT yMsNR yRTABDO sNTDO) :
A c PERFORM PRECEDENCE PARTITIONS ON THE L
- C PARALLEL TASK MATRIX

CALL MCPP(NC.NTAHESN.KESN.NR,M)
FND




\ SUBROUTINE MDO(NTDOINISINTABNO+KESN)
" DIMENSION NIS(10)¢+NTABDO(5,+6)

DATA BLANKNEQsND14ND2 +COMMA/55B+54B433B+44Rs 568/
TYPE INTEGER BLANK ¢COMMA
NTABDO(NTDO,1)=NTDO
NTABDO(NTDO,2)=KFSN
K3=10 $ K4=K5=0 $ L=1
DO 300 1=2,10
IF(14EQe2)20030

20 K6=4 $ GO TO 40

30 K6=1 L .

40 DO 2Nn0 J=K6,8 e
K=N1S(1) .
Kiz(8=J)#6
K=LSHIFT(Ky=K1)
K=KeANDeT7B
GO TO(50,809100+120+1460+180+186)sL
CHECK FOR BLANK IN COLUMN K3

50 JF(KeEQoBLANK)60,70

60 K3=K3+1 § L=}
GO TO 200 T

70 K3cK3+41 $ K&4=K4+1 $ L=2
GO TO 200

© 80 IF(KeEQeBLANK190,7C

LOOP LIMIT HAS BFEN READ
90 CALL NVARINISs1sK& I 9NV)
NTABDO(NTDO43) =NV
95 K3:=K3+1 S K4=0 $ L=3
GO 'TO 200
100 IF(K<EQeNEQ)110+95
110 K3=K3+1 $ L=4
~ G0 T0 200
" CHECK FOR VARIABLE START FOR LOOP COUNTER
120 lF(KoGFoNDloANDoKoLE.NDZ’1350130
120 KS=1
135 K3=K3+1 S K4=K4+]1 $ L=S
760 Y0 200
130 IF(KeEQeCOMMAY1504+135
150 IF({K%4EQL1)160:170
160 K5=0
CALL NVAR(INISsIsKayJ NV
NTABDO(NTDOs5) sNV
170 K2=K3+41 § K4=0 $ L=6
GO TO 200
CHECK FOR VARIABLE TERMINATION OF .00P COUNTER
180 IF(KeGEeND1ANDeKeLESND2)400+182
182 K&=1 .
184 K3=K3+1 $ K4sKG41 § LaT S
GO TO 200 o
186 IF(KeEQ.BLANK)188,184
188 IF(K5.EQ41)1905400
190 CALL NVAR(NISQIQKQ.JQNV’
NTABDO{NTDO +6) =NV
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200
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400
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60 TO 400
CONTINUE
CONTINUE
RETURN
END

”

SUBROUTINE MREAD(NLHVsNLHeKESNsNISeNXeMXsNMXoNT)
DIMENSION NLHV(200¢33)¢NIS(10)+NXL10)+MX(10)

INMX{10) +NT (&)
DATA COMMAWLPsRP/56B 45189528/

DATA PLANK/55B/

TYPE INTEGER COMMA ¢BLANK 4RP

NULH=NLH+)

NLHVINLHo1)=NLH $ NLHVINLHe2)=KESN

IF(NT(1),EQa1134438

K6=NT (&) $ LK=NT(2) $ K3=NT(3)

GO TO 20

K3=11 ®& tK=2
K&4=NP=K5=JL=0_% L=l
DO 82 1I=LKe10
IF(14EQe2)41442

K6=5 $ GO YO 43
TFINT(1),EQe1)43,39
Ké6=1

DO 80 J=K6+8

K=MIStT)

KeKe ANDeNX(J}

K=R/MX ()
X=K,ANDNX(8)
IFINT11),EG.1)8,15
IF(JL.EQ.O,IOOIS
IFtKeEQeCOMMAY 14,12
K3=K3+1 8 GG TO 80
K3=K3+1 8 JL=1 & GO TO 30
GO TO (A84447456¢62) L

CHECK FOR BLANK IN COLUMN K3

IF (K<EQ.BLANK145,90
K3=K3+1

IF (K3=T72)46046+99

L=1 $ GO YO 80

CHECK FOR LEFT PARENTHESLS
IF(KoEQelLP)489 49
IS(KJEQeBLANK) 72,470
K5=K5+1

IF(KG.EQ,0:50952

62

- =

— ¢ —



L e

90
91

92

93
78
80

82
96
100

K3=K3+1 $ L=2 $ GC TO 80 : :

CALL NVAR(NISs1:KGsJsNV) ) ..
LM=K4=0 $ GO TO 73 o

K3=K3+1 $ L=3 $ GO TO 80

56 1F(K.EQeRP)58+54 . ’

K5=K5~1 . .
IF(KS5eGTo0154960 .
K3=K341 8§ L=4 $ GO TO 80
IF(K.EQeCOMMAL 64,466
K3=K3+1 $ L=1 % GO TO 80
IF(K.EQeBLANK 199,96

CHECK FOR END OF VARIABLE
IF(K.EQ.COMMAIT1,78
lF(Kh.E0.0)blu 72

CALL NVAR(NISsI+Ka9JeNV)
LM=1 3 K4=0 ~
CONY ] NUE

NPz=NP+1 $ NP1=NP+3
NLHVINLH:3)=NP 3 NLHVI(NLH,NP1)}=NV

"IF{LMeEQL1)64954

CHECK FORMAT STATEMENT NUMBER IN READ STATENENT
IFIKG0EQe0 ¢ANDeK3eLEe16191047

DO 92 L=1,19

IF(KsEQeNMX (L) 192,92

CONTINUE

GO 10 47 .

K3=K3+1 8¢ L=1 $ GO YO 80 . )

K4=K4+1 $ K3=K3+1 $ L=2

CONTINUE .

Ké6=1 . ) .

CONTINUE Coe
PRINT 1000K3vK69K50K60KESN .
FORMATU1H s#NO COMMA FOLLOWING RIGHT PARENTHESIS®,
1% AFTER PARAMETER NAME#,1H 33HK3=s1232Xe3HKARe[292Xs
23HKS=91242X92HKET 9 1292X o SRKESN=412)

99 NT(11=0

RETURN *
END

SUBROUTINE NVAR (NISs1,K44J,K) . - em——

DIMENSION NIS(10)sN(B),M(8) NM(T)

DATA (N{L)sL=198)/77000C00L000700 Bs TTYT000000( 0000CB,
177777700000000008s TT777777060000008e T?7TT777170000008
2TTI1T1T7TT7T700008y 777777777777 77008Bs 727777777177 718/

DATA (M(L}sL=1+8)/1B9100B+10000R+10000008+1000000008
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35
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1100C00000008,1000000000200B+ 10000000000000087

64

DATALMMILY oL=19T73 /7789777780 TTTTTIBoTTTTTTITITIBTTTT 717778y

177777770 IBS 77T IRY
IF(J=K4120¢20+10

Ll"'lﬁ:J

L2=9=-L1

K=eNIS(1)4ANDN(L2)

K= /M(L1Y)

KeKe ANDeNM(KSG)

GO TO 99

IF1J=1)25025+30

Ji=J

GO TO 35 -
Jl=Jg=1 :

t3=41-1

L4=KG=J+]

L5=6%(J-1)

L6=8-L3

LTe9-L6

40
65

K1asNIS({1-1).ANDsNM(L4)
K1=K1#{2%4L5)
IF{J-1240+40045

K=K1 -

60 YO 99
K2=NIS(1)AND.N{L3+1}

. K2eK2/M(L6)

99

K28K2 s ANDNM(LT7)
K=K1o0ReK2
RETURN

END

SUBROUTINE MIF{NRHVsNRHIKESNINISsNXgMX 9NMXs
INTIFoNTABIFNT)

DIMENSION NRHV(2(00913) 4MXT10)sNMX(10) oNT(4)
INTABIF(20+8)oeNISI10)sKK{T2)+NX(10)

DATA BLANKMUL +D1V+ADDJEXP+PERsSUBoLP+RPoCOM/

"91R $67B+50Bs65Be4T4TBs5TRea46R51B+52R+S6R/

30

NATA NSTARINBLANK/4T7B»55555555555555558/

TYPE INTEGER BLANK DIV ,ADD,EXP+PER,SUB »COM4RP
60 5 i=1,72 - . .
KK T Y=NBLANK

CONTINUE -

NRM=NRH+1

NRHV (NRH,1)=NRH $ NRHV(NRH,2)=KESN
NTABIF(NTIFe1)=aNTIF

.o
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41
43

LR

- 72

78
76

65

NTABIFINTIF+2)=KESN
NP K4=KLOGENT{1)1aNT(2)=RT(3)=0
K3=9 $ L=1 $ K5=K7=KD=0 ;
00 160 I=2+410 : . e
IF(1eEQe2)41042 . :
K6=3 & GO TO &3 - : . S
K6=1 o ’ T
DO ‘150 J=Kb6+8
KeNIS(1)
KeK o ANDNX(J)
KeK /MX (DY
K=K.ANDtIX(8)
KK(K3)=K
GO TO (44,6R,649800909124),L
LOOK FOR LEADING LEFT PAQENTHESIS
IFIKeEQeLPILT 445
K3=K341 8§ L=1 $ GO YO 150
K3=K34! & L=2 $ GO TO 150
K$=K5+1 & GO TO 46
IF(K.EQeBLANK)AS,50
LOOK FOR A DECIMAL DIGIT IN COLUMN K3
00 52 N=1,10
IF(KeEGeNMX(N))53+52
CONTINUE
GO TO 54&
KD=1 $ GO TO 46
LOOK FOR A SPECIAL CHARACTER IN COLUMN K3
IF(K:EQeMULIS6 ¢55
IF(KeEQeDIV)ILE+56
IF(KeEQeADDYLE 57
IF(KeEQ.PERIL120:58
IF(KaEQ.SURIAGL 459
IF(KeEQeLP)&74460
IFIKeEQeRP)I110+62
K4:K441 $ K3=K3+41 $ L=3
GO0 10 150
LOOK FOR SPECIAL.CHARACTER WHICH WOULD TERMINATE
VARIABLE NAME
IF(KeEQeMUL) 70065
IF(KeEQeDIV)IT0066-
IF{R<EQ.ADDi 7067
IF(K.EQeSUBITO»140
IF(KEQPER}1I169162
IF(KeEQoCOM)T0068 .
IF(KLEQ.LP) T1+69 - .
IFLKeEQeRPI115+62 .
CALL NVAR(NISs1eKbosJoNV)
NP=NP+1 = NP1=NP+3 .3 K4sKD=0
GO TO 72 s
KS=KS5+1 - e
GO YO 70 o

CONTINUE . X e o

NRHV(MRH¢3)}=NP S NRHV(NRH.NPI)-h
IF(KeEQ.PER)120+476
IF(KeEQeRP)I7T046

N s e e e aan
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x4
78

80
84

86

. 98

102
103
104
105
110
115

116
117
Y20
122
124

130

150
160
170

IF(KS.EQ,0) 78,446

K3=K3+1 § L=4

GO TO 150
IF(KeEQeBLANK ) 78,84

DO 86 N=1,10

IFtKJEQeNMX(N) 188,86
CONTINUE

GO TO 130

SUCCESSOR OF IF STATEMENT HAS BECN FOUND
K4=K4+1 $ K33K3+1 $ L=5

GO TO 150

DO 92 N=1,10

IF (K EQeNMX (N) 188,92
CONTINUE

IF(KeEQeCOM198+96
IF(K.EQeBLANK 98,97 -
PRINT 10C oKESN+K39K& oK6 91 9J
GO TO 170

FORMAT(1H »#CHARACTER OTHER THAN COMMA FOLLOHING'Q
1% FIRST OR SECOND POSSIBLE SUCCESSOR®,IH +S5HKESN=912+2X»
23HK3=2412,2X93HKG=91292X93HKGE= o1292X02H1=0IZ»ZX:ZHJ=0!2)

K7=K7+1 $ K8=K7+42

CALL NVAR(NISsIsK&sJsNV)
K4=0

NTABIF(NTIF 4K8)=NV
IF(KLOG.EQe0) 1024103
KN=3 $ GO TO 104

KN=2
IF(K7-KN)105+170,170
K3=K3+41 § L=5

GO TO 150

K5=K5-1

IF(K5178,78+46

K5=K5~-1

GO0 Yo 70

IF(KDeEQe1 e ANDeKK(K3~K4=1)eEQ.PER)117,70
KD=K&a=0 $ GO TD 46

IF(KD.EQL1)464122 )
K3=K3+1 & L=6 $ KLOG=1 $ GO 7O 150
IF(KeEQePER)4619122

ONE BRANCH LOGICAL IF HAS BEEN PETECTED
NTABIF(NTIF»3)=NSTAR

NTABIF(NTIF¢6)=KESN+1
NT(13=1 & NT(2)=1 $ NT(3)=K3
GO TO 170

CONTINUE

CONTINUE

RETURN

END
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. 24

30
32

41

33

36
37
38
45
46
S0

55
60

70
75
80
500
85

87
90

\

SUBROUTINE MPRINT (NRHV ¢NRHyKESN¢NISsNX sMX ¢NMXNT)
DIMENSION NRHV(ZOU-IB).NIS(IO)pNX(lO)oMX(lO)'

INMX(10) oNT{4)

DATA BLANKsLP»RP4COM/55B+518+52B+56B/
TYPE INTEGER BLANKsRPeCOM

NRReENRH+1

NRHV{(NRH,1)=NRH $ NRHV(NRHy2)a=KESN
IFINT(1).EQe1)24,30

K6=NT(4) & LK=NT(2) $ K3=NT(3)

GO TO 32 . .
K3212 $ LK=2

K4=K5=NP=KB8=K9=JL=7 $ L=]1

DO 300 I=LKy10

IF(lekQez)41042

-K6=6

GO TO 43

IF (NT(1)4EQ1)43,39
Ke=1

DO 200 J=K648
K=MIS(I)
K=KeANDoNX (J)

=K /MX(J)

" K=KaANDeNX(8)

IFINT(1).EQal1)33,445

IF{ M oEQ.0)36945

IF(KeEQoCOM) 38437

K3=X3+1 $ GO TO 200 -

K3=K3+1 $ JL=1 $ GO TO 80 "

‘GO TO (44455¢85910091109125)L -

IF(KeEQeBLANK 50955

K3=K3+1 § L=l

GO TO 200

LOOKrUR PRINT FORMAT STATEMENT NUMBER
DO 60 N=1,10

IF(KeEQeNMX(N)ITO60

CONTiNUE

LOOK FOR COMMA AFTER STATEMENT NUMBER
IFtK.EQeCOMITS+80

K3=K3+1 § L=2 :

GO TO 200

K3=K3+41 § L=3

GO TO 200

PRINT S500sK3+K49KS9oKESN

GO TO 4u0

FORMAT( iH .lCHARACTEP OTHER THAN COMMA

IF(KEQeBLANK)T5,87
IFLKEQeLP)90,95 .
K3=K3+1 8§ K5=K5+1 $ L=3

AFTER LAST#,

- - 1% DIGIT OF FORMAT STATEMENT NUMBER#,1H 43HK3%912+2X»
23HKAn 9 1292X e3HKS5=9 1292 +SHKESN=412)

67
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95

100
105
106

110
115

120
125
130

133
134

135
140
145

150

. 155

160 K

350
375
200

300
400

GO TO 200

K4ezK4+1 & K3=K3+41 $ L=g

GO YO 200

IF(KeEQeLP) 1059140

K5=K5+1 $ K7=J $ M=l $ K9=1 ‘

K3=K3+1 $ L=5

GO 1O 200

IF{K+EQeRP}I115,106

K5=K5 =1

IF(KS«LEL0)120+:36

K3=K3+1 $ L=6

GO TO 200

IF(KeEQeCOM)I1305135

CALL NVAR(NISeM9K4 sKT9NV)

NP=NP+1 $ NP1=NP+3

NRHV(NRH,3)=NP $ NRHVINRH,NP1)=NV

IF(KB.EQ.11400+124

K37K3+41 $ K4c0 $ L=3

GO TO 200

IF(KeEQeBLANK) 3505130

IF(KeEQeCOM)1455150

¥7=) $ M=l

GO TO 130

IF(K.EQeBLANK11559160

K8=1 & K7=J $ M=]

GO TO 130

K3=K3+1 $ K&=K&4+l $ L=4

GO TO 200

IF(K9eEQe1)375+400

K8=1 $ K9=0 $ GO TO 130

CONTINUE

K6=1

CONTINUE

NT(1)=D

RETURN

END

SUBROUT INE MCALL (INRMVsNLHVsNRHoNLH+KESNsNX s
‘IMXsNMX oNISeNT 3

DIMENSICN NRHV(200,13) ¢HLHV(200513) oNX(10) s
IMX (103 oNMX(10) sNIS(10) oNT (&)

DATA BLANKsCOMsLP,RP/55B+56B+518+528/
DATA NBLANK/555555555585555568 7




TYPE INTEGER BLANK ,COM,RP
NLH=NLH+1 $ NRH=NRHKH+1
NRHV(NRH,1)=NRH $ NLHV(NLH.I,‘NLH
NRHV(NRH2)=KESN $ NLHV(NLH92)=KESN

22 IFINT(1).,EQ41)24,420

24 K6=NT14) $ LK=NT(2) $ K3=NT(3)}
GO TO 32 .

30 K3=14 $ LK= 2

32 K4=K5=K8=NPL=NPR=JL= O % L=N1=1 & N2=4
NMATCH=NLH
DO 300 I=LK,10
IF(1eEQe2)41,+42

41 K6=8 -
GO TO 43

42 JF(NT(1).EQe1)43939

39 K6=1 .

43 DO 200 J=K6+8
KeNIS(])
K=K o ANDeNX( J).
KeK/MX(J)
KeKe ANDeNX(8)
JFINT(1),EQe1)35949

385 IF(JLEQ,0)46949

46 IF(K+EQelLP)&By47

47 R3=K3+1 $ GO TO 200

48 K3=K3+1 $ JL=1 & GO TO 200

49 GO TO (4649¢55065980095) L

44 TF(KeEQeLP)S0945

45 K3=K3+1 $ L=1
GO 10 200

S0 K5=K5+1 & K3=K3+1 $ L=2
GO TO 200

55 IF(K.EQeLP)S50+60

60 K4=K&+1 $ K3=K341 $ L=3
GO 70 200

65 IF(KeEQeLP)IT0+150

70 K7=J 3 M=] $ K5=K5+1

75 K3=K3+1 $ L=4

. GG YO 200

B0 IF(KsEQeRP)8S5+75

85 K5=K5-1

. IF(KSeGTe1)75490

90 K3=K3+1 € L=5
GO YO 200

95 IF(K.EQeCCMI100»190

190 PRINT 5009K39K43sK5+1 9sJ9KESN

$00 FORMAT(1H +#NO COMMA FOLLOWING RP WITHIN PARAMETER LIST#,
11H #3HK3,5202Xe3HKAE, 1292Xs3HKS5=01202X

22HI=31192Xs2HI=y iZoZXoSHKESN‘oIZ)
- G0 T0 400
103 CALL NVAR(NISOHQKQ’K7’NV1
101 IF(NLHV(NMATCHs3)14EQ.011059110
110 1F(NLHV(NMATCH'N2)QEQONV)13OIIO3
103 N1=N1+41 $ N2=N1+13
IF(N1GToNLHVINMATCH:3)1105+110

69’



105

123
124

130

140

150
155

160
170

200

. 300

400

30

38
40

Al
§2
39

70

NMATCHaNMATCH~-1 $ N1=1 $ N2=4

IF(NMATCHeGT 4011019140

lF(KB.EO.1)~00p124

K3=K3+1 .
L=3 $ NMATCHsNLH $ Nl=1 $ N2=4 $ Ké&=0 ‘
GO TO 200 ’
VARIABLE IN PARAMETER LIST IS A RIGHT-HAND VARIABLE.
NPR=NPR+1 $§ NP1=NPR+3

NRHV (NRH, 31 =NPR

NRHV(NRHoNP] ) =NV

GO TO 123

VARIABLE IN PARAMETER LIST IS A LEFT-HAND VAR!ABLE.
NPL=NPL+1 $ NP2=NPL+3

"NLHV(NLHs3)=NPL "

NLHVINLH,NP2)=NV

GO TO 123

IF(KeEQeCOM)155,4160

K7=J $ M=I )

GO TO 100 . o SR
IF(KeEQ«RP1170+60 C

K8=1 $§ K7=J $ M={ . Lo T
GO TO 100 " .7
CONTINUE N N

K6=1

CONTINUE

NT(1)=0

RETURN

END

SUBROUTINE MGOTO(NGO sKESN sNTABGO sNX pMX yNMX sNIS oNT)
DIMENSION NTABGO(20+25) oNX(81sMXi8) sNIS(10)sNT(4)
DATA GLANKsLP+COMMA,RP /55B,51B+56B4528/

TYPE INTEGER BLANKCOMMA oRP

NTABGO (NGO 1) =NGO

NTABGO(NGO+2)=KESN : . 1
IF(NT(1)eEQe1)30,38 . :
K6=NT(4) $ LK=NT(2) $ K3=NT(3)

GO TO 40 . . \
K3=12 $ LKe? ;
L=1 $ K4sNP=JL=0 - e
00 160 I=LK,10 : - .
IF(1eEQe2)41,42 . . .
K6=6 $ GO TO 43 :

IF(NT(1)oEQe2143,39

Ké=1
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IFENT(1)eEQe1)20,25 . .
JL=JL+1 ) . .
IF(JIL.GTe5125021 . S oo
K3=K3+1 $ GO TO 150 . )

KeNIS(1) . I

KuKe ANDeNX{J) - )

© ReR/MX(J)

KzRKe ANDsNX(8B)

GO YO (44+¢500569649T09T4983e86990994) oL

LOOK FOR BLANK IN COLUMN K3

IF(XK.EQeBLANKYS5,446 )
K3=K3+1 $§ L=1 $ GO TO 150 S
LOOK FOR LEFT PARENTHESIS : s .
IF(KeEQeLP) 48B4 80

COMPUTED GO TO HAS BEEN DETECTED

K3=K3+1 $ L=2 $ GO TO 150 . o
IFCKeEQBLANK)S2,54%

K3=K3+1 $ L=2 $ GO TO 150

K4=K4+1 8 K3sK3+4] $ L=3 $ GO TO 150
IF(KeEQeTOMMAY 60,458

IF(KJEQeRP)E0s54

CALL NVAR(NISsIsKasJeNV)

NP=NP4+1 $ NP1=AP+4

NTABGO(NGOs3)=NP

NTABGO(NGONPYI=NV $ K&=0

LOOK FOR TERMINATING RIGHT PARENTHESIS
IFIK<EQeRP)I6E2961)

K3=K3+1 $ L=3 $ GO TO 150

K3=K3+41 & L=4 & GO TO 150.

' IF(KeEQeBLANK 62466

IF(KeEQeCOMMA) 68,972

K3=K3+1 $ L=5 8§ GO TO 150
IF(KeEQ.BLANK}G8, T2

RECORD IMDEX .
K4=K4+l $ K3=K3+1 & L=6 $ GO TO 150 .
IFCKeEQeBLANK)ITE 472 ’

CALL NVARINISelsKaeJeRV)

NTABGO(NGO» &) =NV

GO 70 199

K&4eK4+l $ K23aK341 $ L=sT7 § GO TO 150
IF(KeFQeCCMMAYB4G 83 i .
IF(KsEQ«BLANK)100,+80 : T
ASSIGMED TO GO HAS BEEN DETECTED

CALL NVAR(NISs[sK&sJsNV) .
NTABGO(NGOs4)=NVY . o .
K4=0 :

K3=K3+1 $ L=8 8 GO TO 150

IF(KeEQ.LP) 88985

K3=K3+1 $ L= $ GO TO 150
IFIK.EQeBLANK)BB,92 .
Ka=K&a+l $ K3=K3+1SL=10 $ GO TO 150 .
IF(KeEQeCOMMAY 8,96 . ) .
IFtLKeEQeRP)S8,592 " - . .
CALL NVAR(NISclsK&oJsNV) . . -

¢

.

|
|
|

-—-—-n‘---ul-%nn.I---m:-u--ut—*

LR

—t Bt debn heane ek ¥ e

PP




102

100

150

160
199

10
20
22

-23
24
26
25

50
51

NP=NP+1 § NP1=NP+4
NTABGO{NGO+3) =NP
NTABGO (NGOsNP1) =MV € K4=0
1F(KeEQ.RP) 1994102
K3=K3+1 $ L=9 $ GO TO 150
UNCONDITIONAL GO TO HAS BEEN DETECTED
CALL NVAR(NISs1+Kssd NV)
NP=NP+1
NTABGO(NGC+3)=NP
NTABGO (NGO»51 =NV
GO TG 199
CONTINUE
K6=1 _ . .
CONTINUE o .
CONTINUE ‘ :
NT(11=0 :
RETURN g
END B

SUBROUTINE MASSIGN(NIS)NSIGNsKESMsNXsMXoNTSIGNSNT)
DIMENSION NIS(lO).NX(B)oMX(B)’NTSIGN(IOQQJvNT(&i
DATA BLANK/55B/ .
INTEGER RBLANK

NTSIGNINSIGN»1)=NSIGN

NTSIGN(NSIGe2)=KESN

KT=v

IFINT(1).,5Q.1)10420

K6eNT (4 $ LK=NT(2) & K3=NT{3)
GO TO 22

K3=19 § 1K=3

KasJL=0 g L=1

DO 160 I=LK.4&

JIFINT(1).EQe1)25,23
IF(KTeEQ,1)24926 -

Ké=1 $ GO TO 25

K6=5

DO 150 J=K6+8

IFINT(1),EQe1)50,+60

JL=JL+) . .
IF(JLeGTa12160451
K32K3+1 $ GO 10 150
KeNIS({)
K=KANDONXtJ)
KeK/MX( J)
KeKeANDJNX(8)

72
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150

160
. 200

502 i

181
180

GO TO (3044C)L .
1F(K+EQeBLANK) 32,34

K3=K3+1 $ L=1 & GO TO 150
K&4=K4+41 $ K3=K3+1. $ L=2 & GO TO 150
IF(KJEQeBLANK G434

CALL "NVAR(NISs1sK& I sNV)
NTSIGN(NSIGNs3) =RV

GO T0 200

CONTINUE

K6=1 $ KT=1

CONTINUE

NT(1)=0

RETURN

- END . . . <k

SUBROUT INE MAE (NRHV ¢NLHV «NRHsNLHsNX sMX ¢
INMXsNISsKESNINT) :
DIMENSION NRHV(200+13)sNLHV(200: 13)9NX(10)’MX(10)0

" INMX(10) sNISC(10)sKK(T2) sNT(4)

DATA BLANKsMUL+DIVADDsSUBSPERCOMyLPsRP4NEQ/
155Bc4T7B+50B945B946B957B956B+518452B,548/

DATA NBLANK/5555555555555555B/

TYPE INTEGER BLANKoDlVoADDoSUB:PER.COM’RP
NRH=NRH+1 $ NLH=NLH+1

* NRHV(NRHs1)=NRH $ NLHV(NLHs1)oNLH
~ NRHV(RRHs2)=KESN % NLHV(NLHOZ) KELN

lF(NT(I) EQel)502,3
R6=NT(4) 8 LK=NT(2) $ K3=NT(3)}
GO TO 5
K3=7 $ LK=2
K4uK5= K7=NP=0
DO 4 (31,72
KK (L )=NBLANK
CONTINUE
iL=]
DO 50 N=LK,10
IF(NT(1):EQe1)180:181
K6=1
DO 49 J=K6.8
KsRIS(N)
KeKANDeNX1J) o . .
K=K/MX(J) ) L = e
KeKo ANDoNX(8) . - - .
GO TO (6¢18435) oL
LOOX FOR EQUALITY SYM3OL
IF(KsEQeNZQ1ITo10 L
CALL NVAR(NISsNoK4 oI sNV) $ K4=0

-

73
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10
11
12
16
19

20

. 22

23
24
26
27

28
29

68

69
10

NLHV(NLHy3121 $ NLHV(NLH.4) =NV
GO TO 66

TIF(KeEQeLP)12,411

K4=K4o+1 $ K3cK3+) $ GO TO 49 °
K5=K5+1

CALL. NVAR(NISsilsKGsJ9NV) S KAuo
NLHVINLH,33=1 $ NLHV(NLHs4) =NV
K3cK3+4]1 § L=2 $ GO TO 49
IF(K6EQ1126419

D0 20 M=1,10
IF(KoEQeNMX (M) 116420

CONTINUE

IF(KeEQeMUL 16922
IF(KeEQeSUB)16+23 -
IFIKOEQ.ADD) 16924
IF(KeEQeDIVI1bLI2S
IF(KeEQelLP}27y28

K5=2K5+1

IFLKGEGL0116429
IF(KeEQeCOM)29,437

CALL NVAR(NISsNsK&osJoNV}
NP=NP+1 5 NP1=NP+3 8% KeeKa=Q
NRHV{NRH,3)=NP & NRHV(NRH.NPllcNV
IF(KS5EQe0)33,16 .

K3=K3+1 & L=3 $ GO TO 49
IF(K-EQeNEQ)664+33

IF(KeEQeRF) 38,940

KS=2KS5~-1

IF(K4+EQ.0132,29
IF(K4oNELO)OL]Y,46
IF(KeEQeMUL)39+42
IF(K¢EQeSUBYI39943 . .
IF(K<EQeADD) 39944
IF(KeEQeDIV)39,446

K&=»1 $ K4=Ka+l 8 GO TO 16
CONTINUE

Ké6=1

CONTINUE

K3=K3+) S L=}

D0 300 IuNolO

K7=K7+1

IFLKT eEQel1)68,469
r.6=K3+10-(8%N) .

G0 10 70 . N
Ké=1

DO 200 J=K6,.8

- Rel'IS(1)

75

KeKsANDoNX(J)

K=K/MX(J)

K=KeANDeNX(8)

KK(r3)=K

GO TO (75'115915419L

LOOX FOR DECIMAL DIGIT ’ N
DO 80 M=1,10
IF{KsEQ«NMX(M))B5,80

74




80 CONTINUE
GO TO 90

85 K3=K3+1 $ L=XKD=1 $ GO TO 200
LOOK FOR SPECJAL CHARACTER

90 IF(KeEQeMUL)BS5,92

92 IF(KsEQeDIVIBS 94

4 IF(KEQeADD)BS 496

96 JIF(K<EQ.SUB)B5,98

98 IF(KeEQ.PER)1509190

100 IF(K.EQeCOMIB859102

102 IF(KeEQeLP)85,104

104 IF(K.EQeRPIBS 106

106 IF(KeEQeBLANK 14004110

110 K4a=K4+) < K3=K3+1 $ Le2
GO T0 200
LOOK FOR TERMINATING SPECIAL CHARACTER

115 IF(K.EQeMUL)1309117

117 IF(KeEQeDIVI130,119

119 IF(XeEQsADD)I130y121

121 IF(K.EQeSUB)1309122

‘122 IF(K.EQeCOM)1304124

123 IF(KeEQeLP)130,125
126 IF(KeEQePER)1564123 o
125 IF(KeEQRP)130,127 —_— T e e
127 IF(KeEQeBLANK)130,110 : __—
130 CALL NVAR(NISss%6sJeNV) ' : :
A RIGHT-HAND VARIABLE Is RETURNED AND WILL NOW BE STORED
NP=NP+1 $ NP1=NP+3 $ K&a=Q
NRHVINRH,3)=NP $ NRHV{NRH,NP1)=NV
144 IF(KeEQePER)1505145
145 IF(K.EQeBLANK)400,85
15C IF(KDeEQo1)85,152
152 K3=K3+1 $ L=3 $ GO TO 200
154 IF(KeEQePER)IB5,162
156 IF(KD.EO.I.AND.KK(KS-Kb-ll.EO.PER)lSSolBO
158 KD=K4=0 $ GO TO 85 .
200 CONTINUE _—
300 CONTINUE . L
400 NT(1)=0
RETURN
END R

SUBROUTINE MCONN(19JsNCsNCODZoNRsM)
DIMENSICN NC(ZOOtS);NR(ZOO.Sl’M(ZOOoSi
N=1

.- - ..




S IF(JeGTe(N"40))10920
10 N=N¢+1 € GO TO S
20 Nw=N
‘NB'N’QO‘J

40

50
60

100

*NBD=2i##NB )
NC(IeNW)= NC(I.NH)-OR.NBD
IF{NCODE.EQ.0)100440

DO 50 L=1,45

JF(LR40+GTe 1160950

CONTIIUE

NF=L#40~]

NH=2# ¥NF

NR{JsL)=NR{JosL)eORNH

MlJed 1M J94)+] . ’
M{Js5)1=M{Js5)+1 - -
CONTINUE . ’ i
RETURN

END

SUBROUT INE MLOOP‘NTABESNONTAB'cO"TABGO’NTABDOOEXT’NCO
INRIKESNeMsNTIFsNGOSNTDO)

OIMENSION NTAuESN(ZOOO3)QNTABIF(ZOOG,ONTABGO(20025)0
INTABDO(506)OEXT(II’QNC(ZOOQS,oNR(ZOOos)OM(ZOOOS)

20
30
40
100
200

300
310

" 500

505

DATA BLANK’55555555555555558/ .
INTEGER BLANK EXT

SUBROUT INE MLOOP GENERATES THE PERMISSIBLE
TRANSITION MATRIX BY SCANNING NTABESN.
KIFeKGO=KDO=I=NCODE=Q

CONTINUE

I=]+} : . R
IF{1sGEeKESN)S500640 -
CHECK FOR IF
!F(NTABESN(IoZ)oEQ.ExTCS))ZOoIOO
CHECK FOR GO TO -
IF(NTABESN(]+2)eEQEXT(8)) 20+200
CHECK FOR DO
IF(NTABESN(I92)¢EQEXT(1)) 20,300
CONTINUE

Jal+l

CALL MCONN( I ¢J¢NCyNCODE ¢NR o)

GO TO 20

CONTINUE : ) g
DO 520 I=1eNTIF

KP=§

JENTABLF{1,XP)
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510

520

530

540

S6¢
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77

IF(JeEQ.0)520+510 ) ) i .
KaNTABIF({1+2) - “
CALL MCONN(K.J.NC.NCODE.NR.M) . . -
KPoKP+1 L . _ N
IF(KPLT.91505¢520 . SN N
CONTINUE . oo o

DO 540 1=1,NGO

KP=5+¢NTABGO(143)

KT=1 & K=NTABGO(1+¢2)

J=NTABGO(1+KP)

CALL MCONN(Ky J9oNCoNCODE 9NRyM)

KT=KT+1 $ KP=KP+]
IF(KT«GTNTABGO(193))540+530 - )
CONTINUE B .

GO 560 I=loNTDO

KaNTABDO(192)

JaK+3

CALL MCONN(KsJsNCoNCODE sNRyM)
JeNTABDO(144)

CALL MCONN(J.K.NC.NCODE.NR.M)
CONTINUE .

RETURN ’ -
END : . :

SUBROUTINE MREACH(NC yKESNsNR)

DIMENSION NC(200+5:sNR{260+5)sNSTACK(200)

I=K=1 S NS=N4=0 $ J=KESN

IF(1.GT 514050

1=5 $ GO TO 70 R e :

IF((1#40) .GT.KESN) 7060 Ny s

1=l+1 $ GO TO 30

N1#40 IS THE SMALLEST MULTIPLE OF 40 WHICH coerst KESN
Nl=l $ N2=K . ,
IF(KeGT.KESN)500+75 ' . .

NZ=NC (K1) . B
IF(NZ+EQ.0)300+90 : e X )
IF(CT#40)«GT.KESN)110+100 ) ‘

L=0 s GO 70 120 3 R - P
L=1#40-KESN . ' .

IF(JeGT401130+310 . I

IF(L.GE+40)300+140 . o T

NCOPY=NZ ' ‘

IF{L.EQ.0)160+150




) 150
160

- 170
180

190
300
b 310

315
320

400

445
460

402
403
5 405

410
420

430

440

500

NCOPY=LSHIFT(NCOPY =L}
NCOPY=NCOPY,AND.1R

1F (NCOPY,EQ.1)1804170

Lel+l $ J=J-1. ~
GO TO 120 :
NS=1#40-L

NCOPY=NC(NS»1)
NCOPY=LSHIFT (NCOPY s=40)
NCOPY=NCOPY +AND« 1B

IF (NCOPY.EQ.1)170+190

NS=NS+1 :

NSTACK (NS)eNS -

GO TO 170

1=1-1

IF(14GT40175+310

END OF ANALYSIS OF ROW K
NCOPY=2%#40

NC!Ks1)=NC(Ks1) eORNCOPY
NSTACK CONTAINS NODES WHICH NODE K REACHES
Na=N4+1

IF (NG .GT4NS) 400320

K=NSTACK (N4)

NCOPY=NC (K1)

NCOPY=LSHIFT(NCOPY s-40)
NCOPY=NCOPY 4 AND 4 1R

1F(NCOPY.EQs1) GO TO 315

1=N1 $ J=KESN $ GO TO 75

CONTINUE

RESTORE CONNECTION MATRIX TO ORIGINAL COND!?ION

K=l

IF(KeGTeKESN) 4024460

NC(K,s 1) NC(K.I)oAND.17777777777777B
K=K+1 $ GO TO 445

FORM REACH VECTOR FOR NODE N2

CONTINUE ' T
DO 403 I=1,N1 - VRN
NRIN2,1)=NCIN2+1) .
CONTINUE ST

J=1 $ I=N1 o

IF (JoGTeNS) 4404410 S
IF(1.6GT+0)420+430

NS=NSTACK (J)

NR(N2 +1 )=NR(N2+1)¢OReNC(N5+1)

I=1-1 $ GO TO 410

JeJ+#1 $ I=N1 $ GO TO 405

REGIN CONSTRUCTION OF. NEW REACHING VECTOR
N2=N2+1 ¢ I=N1 § JIKESN

NS=N4=0

K=N2

LK=K~1

GO0 TO 72

CONTINUE
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RETURN .
END

INTEGER BLANK

DATA BLANK/555555555555555587

DO 20 I=14200

T DO 10 J=1,5

10

- 20

22
25
30
35

34

36
60
62
37
40
45

150

200

202
205

M(I+J1=0
CONTINUE
CONTINUE

" SUBRGUT INE MSC(NR.KESNon?é’ '
DIMENSION NR(200+5)+M{200+5) sLOOP(50) oL¢ (100)

LI
-

79

MATRIX M WILL INITIALLY CONTAIN THE TRANSPOSE OF. NRe

I=K=1 $& J=N=0
IF(KeGT+KESN) 200,25
IF(I1#40eGT.KESN) 150430
L=I®*40 .
NCOPY=NR (K1)
IF(NCOPY,EQ,0)40,34
NCOPY=LSHIFT(NCOPY y=J)
NCOPY=NCOPYAND.1B
IF(NCOPY.EQe1)36437
DO 60 LT=1,5
IFLILT®40)eGELK)62+60
CONTINUE
NEXP=ilLT#40)=K
NCOPY =2 ##NEXP
M(LsLTI=M(LsLT)OR.NCOPY
JeJ+l $ LeL-1
'F(JQLTOQO)35040

Jz0 8§ l=1+41
IF(1eLTe5125945

Iul 8 J=N=0 $ K=K+})
GO TO 22

J=12#30-KESN

L=KESN $ N=N+¢1
IF(NelLTe2135445
CONTINUE

FORM THE PRODUCT OF NR AND NR vRANSPOSE.

K=l
1=}
IF(KeGT«KESNI300+205

!F((I*QOSeGT.(KESN+hO)JZZO.le

PSRV IrS R

o e s g s



210
215

220
300

310

315
320
330

T 340
350
360
370

380
390
395
. 400
410

420
500

505

515
520
530
540
545

547

550
560

--600

610

K=K+1 $ GO TO 202
MIKs1)=M(KsI)aANDeNR (K, 1])

1=141 $ GO TO 205 .
CONTINUE R
GO 70 210

CONTINUE

DETECT ALL THE UNIOUE NON=ZERO WORDSe
D0 310 I=1,50

LOOP(1)=0

CONTINUE

I=K=LP=1 § J=2
IF(KeGTeKESN)S00,+320
IF((I%40) oGTo (KESN+40))330,340
K=K+l $ 1=1 8 J=2

GO TO 315
IF{M(Ko1)eEQ.0C)350+360

I=l+1 $ GO TO 320
1IF({JeGE«(LP+111370,+380

LP=LP+1 $§ LOOP(LP)=K

GO YO 330

IF(LP«EQe11370,+390

L=LOOP(J) § I=1
1?((l'#oloﬁ'o(KESN#QO))3309400
IF(M(Ke1)EQaMIL1))4109420
I=I+1 & GO TO 395

J=J+1 $ GO TO 360

CONTINUE

DO 505 I=1,100

“LS{I)=BLANK

CONTINUE

80

DETERMINE THE STRONGLY COMPONENTS FROM THE NON-ZERO WORDS.

NQ=2%#40 $ LQ=9

I=k=1 $ J=2 BRI R

lF(JoGToLP)700’520
IF((1%40) GT(KESN44011530,540
I=1 8 J=J+]1 $ Kz=K+1 $ LQ=0
GO TO 51% .

L=39

NCBLOOP(J)

NCOPY=MINCs+1)
IF(NCOPY,EQ.01560+547
NCOPY=LSHIFT(NCOPYy~L)
NCOPY=NCOPY.ARD.18
IF(NCOPY,EQe1)600+550
L=L=-]

IF(L.GE+015454560

I=I+]1 $ GO TO 520

NCOPY=1#40-L N

KeK+1 o
LS(K) =sRCOPY L e
lF(L005000761°955°

LQ=)

LS(K=1)=NCOPY,OR.NQ



. GO TO 550
Q 700 CONTINUE

RETURN . S ’
FND . : .
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SUBROUTINE MFLAG(NTABESNILS}
DIMENSION NTABESN(200+3)4LS(100)
DATA BLANK/555555555655555508/
R INTEGER BLANK
C SUBROUTINE MFLAG LABELS THE MAXIMAL STRONGLY
CONNECTED STATEMENTS AND ASSIGNS A SINGLE TASK
NUMBER TO THE ENTIRE SUBGRAPH.
DO 40 1=1,200
NTABESN(1+3)=BLANK
40 CTONTINUE
) 00 100 I=1,100
@ : IF(LS(1).EQ.BLANK)IS500+50
50 L1=LS(I)
LisLSHIFT(L19~40)
IF(L1,EQe1160970
60 L2=LS(I)sANDeT7777778
GO TO 100
70 L3=LS(1) ) o
NCOPY=2#%540 :
NTABESN(L3021=NTABESN(L3021oOR.NCOPY
NTABESN(L343)=L2 .
100 CONTINUE
500 CONTINUE
RETURN
END

Mk e L s - Sy
s XaXa!
.

o )

a SUBROUTINE MPTASK{(NC/KESNsNTABESNsNRHVINLHV e N
1IRRH oRNLHsNTABIF ¢sNTABGOsNTSIGNsNTIF+NGOsNSIGN o ,
2EXT M1 +NRINTABDOWNTODO) )

ODINENSION NC(200+5) 9 NTABESN(200+3)9NRHV(200013) ) :
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N ANN

20
30

40

50

60
70
90

100

© 110

120
130

[y
-

a4

82

1INLHV(200,13) sNTABIF(204+8) sNTABGO(20+25) ¢NTSIGN( 1004
2FXT(11)9M1(200+5)siiR(200+5) sNTARDO(S96)

\DATA BLANK/5555555555555555R8/

"INTEGER BLANKEXT

SUBROUTINE MPTASK 1S DESIGNED TO GENERATE THE
PARALLEL TASK CONNECTION MATRIX AFTER CONSIDERATION
IS GIVEN TO THE 1/0 RELATIONSHIPS BETWEEN TASKSe

COMPARE EACH RHV TO EACH OF THE LHVe
1=M=NCODE=1 $ J=N=4 . "
IF(MeGTeNLH) 300430 ’
NT1=NLHV(Ms3)+3 - :
IF(NeGTeNT1)40+50 Tes

M=M+1 $ N=4

GO TO 20

IFINLHV(My2) eGEsNRHV(1:2))60+80

I=sI+1

IF(14LE«NRH)I50:70 . - ) St
I=1 ¢ GO TO 700 )
IF(NLHV(MON)OEH.NRHV(l’J,,110’90 . : T .
J=J+l '
NT2=NRHV(143)43

IF(JeLEeNT2180+100

J=4 % GO TO 60

NA=NLHV(Ms2) S LT=1

GO TO 900

NA=NRHV(1,2) $ LT=2

GO TO 950

N=N*1 $ GO TO 30

GEﬂERATE CONNECTIONS BETHEEH IF STATEMENTS

* AND THEIR SUCCESSORS.

300

305
310

320
330
340
350

$00
510
520

CONTINUE : T :
1=1's L=6 - :
IF(1.GT.NTIF15004310

J=ENTABIF(I,L)

IF(J+EQ0)320+330

I=1+1 $ L=6

GO TO 305

NA=NTABIF(1,2) $ LT=3

GO TO 900

NA=J § LT=4

GO TO 950 oo -

L=L+1 : ' -
IF(LeLT+91310+320 ' ‘

GENERATE CONNECTIONS BETWEEN GO TO STATEMENTS
AND THEIR SUCCESSORSe :
CONTINUE . - _ o e
1=l ‘ L

L=1 -
TF(1+GT+NGO1800+520
NAENTABGC(I+2) $ LTa5

GO TO 900
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D)

530
540

. 60 TO 950 o ’ Lo

550

560

700
710
120
122
730
740

750

%S
760
770
775
780
785
790

" 795

800

810
820
830

832

840
850
860
870

900
910
920
930

950

J=NTABGO (193145
NA=NTABGO(14J) $ LT=6

J=J+1 S LelL4l . - _
IF(LoGTeNTABGO( 143115600540 : .
1=1+4 £ GO TO 510 . to oL T

CHECK FOR MATCH RETWEEN LHY AND GO TO INDEX.

K=l

IF{KeGYeNGO) 7554720 °

IF(NLHV(My2) JLToNTABGO(K+2) 1722730

IF (NLHV(MyN) sEQ.NTABGO (K+4) 1 740+730

K=K+1 $ GO TO 710 S
NA=NLHV (Ms2) $ LT=7 - - . -
GO TO 900 " _—
NA=NTABGO(Ks2) § LT=8

GO TO 950 ' :

CHECK FOR MATCH BETWEEN LHV ANC DO LOOP START AND STOP

K=l

IF(KeGTeNTDO) 130,770

TF(NLHV(Ms2) o LT.NTABDO(K+2))775,785

IF (NLHV (MsN) dEQeNTABDO(K+5) 1790780
IF(NLHV(M.N).EO.NTABDO(Koél)790.785

K=K+1 $ GO TO 760 _ .

NA=NLHV(Ms2) $ LT=11 ' . oo -
GO TO 900 L .' S
NA=NTABDO(Ks2) $ LTx12 ' : -

GO TO 950

CHECK FOR MATCH BETHEEN ASSIGN AND GO TO INDEXe
CONTINUE .

f=K=] . . ’ .
IF(1cGT«NSIGN) 990,820 f
IF(KeGTeNGD)B32,+830
!F(NTS(GN(IQZ’QGTQNTABGO(KOZ,’850'340
I=l+1 $ K=}

GO TO 810
IF(NTSIGN(I93’.EQONTABG°(K04"360’850
K=Kk+1 $ GO TO B20

NA=NTSIGN(I+2) S LT=9

GO TO 900-

NA=NTABGO(K9s2) S LT=10

GO TO 950

NB=NTABESN(NA,2)

NB=LSHIFT(NBy=40)

IF(NB4EQ.1)910+920 .
MA=NTABESN(NA,3) . . o
GO 10 930 . .
MA=NA

GO TO(120010003&0'350’53005509750.730087008500

1795,785) LT . i e e

.

NB=NTABESNINA¢2) e - .
NB=ULSHIFT(NB =401} . e .

N IF(NBeEQ.11960,970
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960

970
980
982

983
984

990

1010

1020
1030
1040
1090

1092
1094
1095

1096
1097
1098
1099
1100
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MB=NTABESN(NA,3)

GO YO 98¢0

MB=NA

IF(MA.EQ,MB)930,982

DO 983 K3=1,5
IF(K3#40,GT.MB)984,783

CONTINUE .

K1=K3#40-M8 & K2=NC(MA,K3)
K2=LSHIFT(K2+=K1) $ K2=K2,AND.18
1F(K2.,EQ.1)GO TO 930

CALL MCONM(MA+MByNCoNCODE+sNRsM1)
GO YO 930

CONTINUE

CHECX FOR STATEMENTS WHICH ARE STRICTLY

OF THE LEFT-HAND TYPE.

DO 110C I=2,KESN
IF(M1(1+4)6EQ.0)1010,2100
NX=NTABESN(1+2)+ANDs7777B
IF(NX.EQ-.EXT(21)1090+.1020
IF(NX.EQ.EXT(8))1090.i030
IF(NXSEQ.EXT(73)1050.1040
IFINX.EQ.EXT(10}))1090+1100
NA=1-1 S NB=NTABESN{NA,2)
NB=LSHIFT(NBs—40) 3 NB=NB.AND.1B
1F(NB.EQ,111092,1094
MA=NTABESNI(NA+.3) $ GO TO 1095
MA=NA

NA=]1 $ NB=NTABESN(NA+2)
NB=LSHIFT(NBy~40) $ NB=NB.AND.18B
IF(NB.EQ,1)1096+1097
MB=NTABESN(NAs3) $ GO TO 1098
MB=NA

IF(MA.EQ.,MB)11100:,1099 . .
CALL MCONN(MAsMBsNCoNCODE+RR9M1)
CONTINUE

RETURN

END

SUBROUTINE HIPP (NCoNTABESNsKESNsNRoM)

DIMENSION NCU200+5)9sNTABESN(20043)9sNR(200¢5)9M(200+5)
DIMENSION NRP(200,2) -

THIS SUBROUTINE DETERMINES THE PARALLEL

PROC:VSABLE TASKSs
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RECORD THE PARALLEL PROCESSABLE TASKS OF PARTITICN I.
J=I=KS=1 $ K=L1=KM=KR=KT=0
INQ=2##50 _
10 IF(J.GTKESN)200,20 '
20 IF(M(J4¢3)4EQe0140,530 .o ‘ .
30 J=J+1 3 <0 TO 10 : - -
40 IF(M(Jsa)+EC.0150,30
50 NB=NTABESN(Js2)
NB=LSHIFT(NB+~40)
NB=NG.AND.18
IF(NBeEC.1155,70 -
55 IF(JeNE«NTABESN(J03) 160957
57 KT=1 $ GO TO 70
60 M(Js3)=1 S GO.TO 30 - .
70 KR=1 $ Ki4=KM+1 :
IF (KMoGT¢200) 805,90
89 KL=KM-270 § I=2
90 KL=KM $ NKaK+1
M(KLoI)=J _ S
NK={ SHIFT(NK»10) o
M(KLs1)=M(KLs1)eORGNK’ i
IF(KT+E2+11100+110 .
INDICATE THAT THIS TASK HAS A NEW TASK NUNBER. -
100 M(KLsI2=M(KLs1)eORNQ $ KT=0
GO TO 60
NOTE EFFECT DUE TO ELIMINATION OF ROW Je
110 CONTINUE
GO TO 60
112 NI=1 $ NF=N+L3
NROW=M(NF oNI) ¢AND&777B -

115 IF((NI®40).GT+(KESN+40}!12509120

120 IF(NC(NROWsNI)EGs0)130+140
130 NI=NI+1'$ GO TO 115 . :
140 L=39 : . . : .
150 NX=NC (NROWsNI) - <.
NX=LSHIFT(NXs=L) - 2- o
NX=NXeAND.13
IF(NXeEQ.1)160+170
160 NX=N1#40-L U . - .
M(NXs4)=M(NXs&)=1
170 L=L-1 )
IF{LeGE«0)1504130

200 CONTINUE
IF{KR.EQ.01300+210

210 KR=0 8 Iz1 $ K=K+l '
K REPRESENTS THE TOTAL NUMBER OF PARTITIOHSe
L2 REPRESENTS THE .NUMBER OF TASKS IN PARTITION l.
L3 REPRESENTS THE STARTING POINT OF 1 IN M( 11}
L2 IS STORED IN THE FIRST ENTRY OF PARTI?!ON

1 IN ®{ ). ‘
L2eKM-L1 $ L&=L2 N
L3aL1+1

IF{L3.5T. 200)220.230
220 L3L3-200 S I=2




g ‘ 230 L2=LSHIFT(L2+19) ) ’ ’
M(L3o1)SM(L3s[)eORGL2 :
. L1=KM $ N=0
235 IF(KSGT.L4)2409112
240 1=J=Ks=1 $ GO TO 10
F 250 KS=KS+1 $ N=N+1 $ GO TO 235
: 300 CONTINUE
DO 310 1=1,200
DO 305 J=142
NRP(1+J)=0
305 CONTINUE
310 CONTINUE
C PERFORM ROW PARTITIONS
CALL MRPART(NC’KESNQNQPQNTAFESNQNP’K)
CALL MPTST(NRsMyKoKESNoeNTABESN ¢NRF o NP)
RETURN
END

} ’ SUBROUTINE MPTST(NRyMsKoKESNsNTABESNoNRPoNP)

\ DIMENSION NR(200+5)cM(20005)+NTABESN(20043)

{ DIMENSION NSTORE(3OquRP(20092) .

! SUBROUTIMNE MPTST LISTS TiiE RESULTS OF THE

' PRECEDENCE PAKTITIONS OBTA!NED BY SUBROUTINE MCPPe
} N=N1=] $ "Y=0_$ NPP=NP
{ -
l

NN

PRINT 100
- PRINT 105
. ¢ PRINT THE INFORMATION CONTAINED WITHIN PARTITION l.
DO 500 l=1,.K
DO 20 NST=1¢30
NSTORE(NST)=55558
20 CONTINUE
PRINT 130,1
’ NTSM(Ns1)
; NTSLSHIFT(NTo=19)
NT=NT o AND 778 T
NTaNT+N-1 . .
NJsN $ NSTel
c LIST THE ELEMENTS OF PARTITION 1.
DO 400 LeNJyHT | S
... NFe=N - L L
@ IF(N.GT+200)3100320 : ‘ ) :
310 HF=NF-200 $ N1=2 e :
320 NXsM(NF sN1) cAND47778 ST
 NeN+1 '
NSTORE(NSTI=NX § NST=NST+2

T
,
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400

405

410
415

910

215

920
925
500

510

515

520
530

540

CONTINUE
NLIST=NT=NJ+1 3 MLIST=2%#NLIST
IF(NLIST.GT.8)4054410

PRINT 140+ (NSTORE(NST) ¢oNST= 1016)
PRINT 141+ (NSTORE(NST) oNST=17+MLIST)

GO TO_ 415

PRINT” lQO-(NSTORE(NST)aNSTﬂloMLISTl

PRINT 145

PRINT 135,1°

NZ=NRP(NPs1) S NST=1

DO 910 Ly=1eN2
NSTORE(NST)'NRP(NP.Z)oANDo777B
NP=NP+1 $ NST=NST+2

CONTINUE -
N21=2%N2

sFINZ.GTeT71915+920

PRINT 147+ (NSTORE(NST) 9gNST=1914)

PRINT 148

PRINT 1499 (NSTORE(NST) ¢NST=15sNZ1)

GO 70 925

PRINT 1479+ (NSTORE(NST) oNST=14N21)

PRINT 148
CONTINUE
PRINT 125

GENERATE PERMISSIBLE TASK INITIATION TIME YABLE

CALL MPTIT(MsNRPoNPF +NTABESNIKESN)

LIST THE ELEMENRTS OF ANY- NEW TASK IN PART!T!ON £

PRINT 150

PRINT 155

N=1 § Nl=1

00 605 1=1,K

DO 515 NST=19304¢2
NSTORE(NST)=55%58
CONTINUE

NT=M(Ny1)
NT=LSHIFT(NT9-19:
NTaNT.ANDS77B
NTY=NT+N-1

NJ=N $ MST=1

DG 600 L=NJNT
NF=N
IF(N.GT«200)520+530
NFaNF-200 $ N1=2 °
NX=M(NF sN1)
NX=LSHIFT(NXs=40)
IF(NX.EQe1)540:590
NX=M(NF sN1) s ANDT7TB

PRINT 160¢NX

550

DO 570 NZ=1.+KESN
EFCNTABESNINZ +3)oEQeNX 15504560
NY=1 $ NM=NTABESN(NZ 1)
NSTORE(NST)=NM $ NST=NST#2

87

S S U RN

i e B e e A d n e

_—
.

w*



eI T

- ) - = .- . o
e s Ao e . S Be e e e demd dbeng e e .

. 88
; : GO 10 570
39 $60 IF(NYJEQe115654570
565 NY=0 $ GO TO 575 . .
ST0 CONTINUE . ’ K .. -
575 NST=NST-2 RN : '
IF(NSTeGTo151576+577 e T ‘ -
576 PRINT 170+ (NSTORE(NMX) NMX=21415) ’ ) : :
PRINT 146 i
PRINT 1759 (NSTORE(NMX) yNMX=1T+NST) .
GO TO 585 . . !
537 PRINT 1709 {NSTORE (NMX) ¢NMX=1 sNST) .
$85 PRINT 146
A . 590 N=N+1

600 CONTINUE
605 CONTINUE
PRINT 120

T C . LIST THE INPUTS TO EACH OF THE TASKS IN PARTITION x. .
o " PRINT 190 . .

Nel $ N1=1 S KTIP=Q ‘ _ Co
DO 608 NST=1,30e2 "o
. NSTORE(NST)=5555B
* 608 CONTINUE
o DO BOO I=1,K
. NT=M{Ns1)
E} . « NTELSHIFTINT»=19)
: NT=NT +AND+778
NTaNT+N-1
NJ=N $ NST=1
D0 700 L=HJsNT
NF=N $ NI=1 $ NS=0
) .1FtNeGT+2001610+620
610 NF=NF=~200 $ N1o2
620 NX=M(NF,N1)
NX=NX s AND 7778
NU=M{NX +5)
PRINT 200,NX
623 NN=NR(NXoNI)
NL=39
- NCOPY=NN-
Lﬂ IF(NCOPY.EQ¢0)650+625
625 NCOPY=NN
) NCOPY =LSHIFT (NCOPY »=NL )
~ NCOPY=NCOPY.AND.1B
IFINCOPY«EQe11630+640
630 NSaNS+1
NPaNJ #60-NL
HSTORE(NSTI=NP § NST=NST+2 o
. IF (NS +GE.NU 1690640 y ) - . -
s

+. 640 NL=NL~1 .
TF(NL«GE+01625+650 - . T
650 NIaNI+1 5 .
IFCINTI®40) oGTo(KESN+40i )690 0623
690 IF{NeEQe116944692 .
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692 NST=NST-2 & KTIP=VTIP+]

IFIKTIP«GT.451691,693 . : -
691 KTIP=0 $ PRINT 210 <
693 PRINT 1444 INSTORE (NMX) ¢NMX=1 sNST) :
694 PRINT 146

NeN+l 8 NST=1
700 CONTINUE
800 CONTIHNUE

PRINT 120
100 FORMAT(1H1s,'7// 945X+ *TASK SCHEDULING TAaLe*.//.ax.

IERXXXXKXXXXXXXXXXXXXXKXKXKXXXKXXXXXKXXXXXXXHXXXX XX XXX® o

89

2EXXXXXXXXXXXXXXXXXXXXXXKXX AKX X XXX XXX XX XXX XXX XXX XXXXX XX * o

3/ 06X s HXE9SOX s %X R GSOX 9 HXR 9/ 36X o RX* 916X

4%COLUMN PARTITIONS#,17X s #X%918X+#KOW PARTITIONSH®,
S18X o XN s/ 96X s RX% 350X 9 ¥ X R 50X o%X %0/ 96X 0
6‘XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX’O

TEXXXXXXXXXXKXXXXXAXXXX XX XXX XX XXX XXX KXXXX XXX XK XKL XX KXXK XX * o

B/ o6 X o %XHg) IX oMY T I3BN g M X9 11X o ¥ XH 93BN o "X P o/ oBX e R XR91Xy

OUPARTITIONS g 1 X 9 ¥ X 91 TX 9 #TASKE 17X o #X¥ 41X o #PARTITION®)
105 FORMAT(IH+968X o % XH g1 TN 4 #TASK® o1 TX o %X

A/ 26X s #X# 93X o #*NUMRER#®

12X s ¥X %3 15X s ¥ NUMBERS# 316X o # X% 43X g #NUMBER® 92X »

24X% 315X s #NUMBERS# 9 16X 9% X% o/ 96X o %XTE 911X o #X ¥

3IBX e X1 1X s RXH 338X o #X %9/ 96X s

HEXXXXXRXAXXXXXXKAXXKXKXLX KKK XXX XXX XX K XXX XXX AKX RXX XXX K o

SEXAXAXXXXXXXXXLXXKXXXKXX XXX KX XXX XXX XXX XKKXXKXXXX XXX XKX XX & o

676X EXH 11X s EXF g IR oYM 1 X9 EXRy3BNR 9% XE)
2120 FORMATIIH 95X o %X 14X a% X4 3X o X %9/ 96X o BXXMXXXXXXXE o
152320900809 903008 08884833888 8388¢833344¢483344348489 4483
125 FORMAT(1IH sS5X o #X 811X X o38X o X R 11X #XH 338X s" X%/

16X ¢ EXAAXXXXXXAXXXXXX XX XX XXX AKX XXXXXXXK XXX XXX XXX XXX XX * o
Z'XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXYXXXXXXXXXXXXXXXXXXX')

230 FORMAT(1H +5Xo®X#¢5X912)

235 FORMAT(1H+961X912)

140 FORMAT(1H+s1TX o ®X%,4Xs15(13,R2})
141 FORMATI(1IH ¢5Xs¥#X%#,16X915(13,R2))
144 FCRMAT{1H++25X9151134R2))

145 FORMAT(1H4+956X s %X#)

146 FORMAT(1H+964K9>X%)

147 FORMAT(1H+068X0’X”4X915(130R¢))
148 FORMAT(1H+910T7XeRX®)

149 FORMAT(IH o5X o %XB 11 XeRX#,38Xo#XHe11Xo8XH34Xe15(134R2))

150 FORMAT(1HYe///7/7+25X+%*THE NEW TASK NUMBERS AND#¢/+20Xs
1# THEIR COMPONENTS ARE GIVEN BELOW®*s//+6X0
2EXXXXRXXXXXKXKXLXRXRXXARXKRKXXXXKK XXX AXXXAX XXX *
BEXXAXXXXXXXRXXAXRXX XXX ®9 2 9OX s #XR 14X oA R 943X g M X %)

155 FORMAT(1H 95X #X#,3X*NEW TASK'03X"X'043X”X'0/06X0

LEXE o4 N s BNUMBER® 94X o % X% o 16X 9 HTASKSH 022X o #X Wy /96X 9 ¥X %y
214X s XR 94BN g XX Ry /96X 9 MAXNXXKELXAXAXXXXXX XXX XXX XXX XXX X & o
3‘XXXXXXXXXXXXXXXXXXXXXXXKXXXXXX’0/oGXg‘X’.lﬁXD’X‘O
H43X o X" )

160 FORMAT(IH oS5Xo®X% 34X 0139 TX#XH%) ’

170 FORMAT(IH+920X o X% 43%915113-82);

175 FORMAT(1IH +S5Xo®XRy14Xs%X®,33X15(13+R2)) ) .

190 FORMAT(1H19/7/77912X+*THE INPUTS TO EACH OF THE TASKS®.

!l




200 FORMAT(1H o#5Xs%X%36Xe1395X, #X¥)
210 FORMAT(IHLp5X s EXXXXXXXXXXXXXXX XXX XXX XX XXX XXX XS o
LEXXXXXXXXXXXXXRXX XX XX XX RXXRX KX XX ® )

10
15
20

30
40
50

" 60

70

89
9C

1% ARE GIVEN BELOW®e/ /798X s BXNXXUXXXKNXXXXXXXXXXY o
QEXXXXXAXXXXXXXEXXKXXRXKXXXKEXXURXKK XXX ®E 9 706X 0
BEXRG1LXsRXR 3N g RX %9/ 3G X o #X R EX g #TASKE g &)X o # X
L4G3X o X% 9/ 96X 9 X%, S5X s #NUMBER# 43X o # X% 915X o # JNPUTS#,
S22X s X% 5/ 96X o HX2 g 14X 9% XH 943X g %X e /96X o #XXUAXXXXX X o

iy e
T

S0

6‘XXX*XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX'olo

TOX o X% 14 X9 X% g43X o HXH)

RETURN
END

Y

SUBROUTINE MRPART(NCsKESNeNRPyNTABESN NP oK)

DIMENSION NCU200+5) sNRP(200+2) +NTABESN(200+3)

THIS SUBROUTINE PERFORMS ROW PARTITIONS ON C

I=KESN $ NQ=2%*#40

NI=1 $ NY=N2=0 $ NP=201
NV=3T7T77T77777777IB % NLK=K+1
NLK=NLK=1
IF(1.GT«0)206200
N2=NC(I+1)
NX=LSHIFT(NX =40}
NX=NX.ANDe1B
IF(NXeEQel1)30040

I=}J=1 $ GO TO 15
JFCINIRLG0) oGTo (KESN+40) 170,50
IFINC(IsNI)EQeD)60¢55
NI=1 $ GO TO 30
NI=Mf+1 $ GO TO 4O
Niel
NCtIs1)=NClIs1)eORNQ
NX=NTABESN({e2)
NX=LSHIFTINXs=40)
NA=NX ,AND,18B
IF(NX.EQe1)804%0
NXL=NTABESMN{1:3)
IFL1eEQeNXL)IOD 930

NY=1

tt@=NP=1 $ NZ=NZ2+]

AN ALL-ZERO ROW HAS BEEN FOUNDe

NRP(NPo2)~1

RECORD THE PA&TATION NUMBER
NK=NLK

NK=LSHIFT(NK»10)

- e o mewama
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200
210
220
230
240

260
270

280
290
300

400

10
22

24

26
27

NRP (NP2 )=NRP(NP¢2) ¢ORNK

50 TO 30

TFINYEQ.11210,400

ELIMINATE NZ COLUMNS CORRESPONDING TO ALL=-2ERO ROWS.
NY=NwW=0

RETORD NUMBER OF ELEMENTS IN THIS PARTITION

NRF (NP,1)=N2

IFINWGELNZ 230,240 . )

I1=KESN $ NZ=0 g :
GO TO 10

1=J=1

NS=NP+NW

. © NU=NRP(NS92),AND,7778B
250

IFL(J%40) LT4NU) 2609270 '
J=J+1 % GO TO 250 ot
NyU={J#40)~-NU

NT=2##NU

NO=eHOToNT

- NN=NOJAND KV o o

IF(1.GT<KESN)2504300

NW=NW+1 $ GO TO 220 _ : _
NCUI+J)=NCU19sJ)sANDNN B
I=I+1 $ GO TO 280 :
CONTINUE

RETURN

END

SUBROUTINE MPTIT(MoNRP4NPsNTABESN »KESN
DIMENSION NTABESN(200+3)

- DIMENSION H(ZOO.S)oNRP(ZOO:Z)eNSTORE(bI

PRINT 500

I=1 $ KT=K1=0

DO 10 J=1.4
NSTORE(J)=55558
CONTINUE
IF(1.GT<KESN) 200,22
NF=NTABESN(1,2)
NF=LSHIFT (KF ¢=40)
NFeNF.AND .18 . IR
IFINFL.EQ.) 124526 R S
NXLENTABESY(1,3) :
IF(NXLeEQe11261:50 -

K=l L

NX=M({Ks1) S NY=NX

IF (NXeNEoOeAND KoL T4200128+50

-
- \

91




28 NX=NXaAND.7778
IF(NX.EQ.1130+29
29 K=K+1 § GO TO 27 . :
30 NT1=NX : : .o
NY=LSHIFT(NY,-10) . y
NT2=NYeAND«778 S
NSTORE(1)=NT2 § J=NP
40 IF{JeGT«200)50+60
S0 I=I+1 $ GO TO 20
60 NX=NRP(Jy2) $ NY=NX
NT3=NXeAND.7778
IF(NT1.EQ.NT3180,70
70 J=J+1 $ GO TO 40
80 NY=LSHIFT(NY,~10)
NT4=NY+AND.77B -
IF(NT«.Eo.N72)100.9o
90 NSTORE(3)=NT4 $ K1=
100 CONTINUE
KT=KT+1
IF(KTeGTe45)102+104
102 KT=0
PRINT 530
104 1F(K1.EQ.0)105+106
105 PRINT 510sNT1s(NSTORE(J) sJ=142)
PRINT 515 $ GO TO SO
106 PRINT S10sNT14 (NSTORE(J) »J=1+4)
PRINT 515
K1=0 $ GO TO 50
200 PRINT 520
SG0 FORMAT(1H1+////927Xs*PERMISSTBLE® 9/ ¢22X 0
13TASK INITIATION TIME®,//020X +%X% ¢ ®XXXXAXXXXXXXXXXXXE s
2XXXXXX %9/ 920X 9 # X% o BXo#X% g1 X o %X #9/ 920X o # X% 92X o #TASK* o
32X s #X ¥ 91X o ¥ TIME PERIOD® 4 1Xs#X#%y /320X #X¥,
aax.*x'.lsx.*xi./.zox.*xxxxxxxxxxxxxxxxxxxxxxxx'./.
520X o # X* 38X 9 #X#7313X o HX )
510 FORMAT(1H 919X s®X#*93Xe129s3Xe#X#,2X02(I3,R2))
515 FORMAT(1H+942X %X #)

" 520 FORMAT(1H 919X s®X®oBXo%X%E913X o ¥ X¥9/920Xs

THXAXKXXXXAXXXXKXXXXX XXX XX X )
530 FORMAT(IH1s///77920X s ¥XXRXXXXXX XXX XX XXXXXXXK KX o
17 020X 9B X# o8X o8 X% 13X oY%}
RETURN -
END

-
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03 APR 70
0908120

09,480 130
09,649,063,

09¢69003¢

- 09649006,

09,49,20,
09.49¢200
09490200
094920

XXXXXXX
XXXXXXX
XXXXXXX
XXXXXXX
XXXXXXX
KXXXXXX
-m5Xe 1 IHBQ

UNIVERSITY OF TEXAS ospp UT

EPE238 .
EPE2 3481
EPE2381L,
EPE2381.
EPE23e1.
EPE2381,
EPE238],
EPE238].
EPE2381.

”PSvo3oo1coouo-eo-EEAAo}usoGONZALez.
HUN(P) .
Lsgrxms 014,455 SEC, RUN LEVEL SqV
®

LOADER UNUSEyU STORAGE 024036,

END < PPS
CP  015+6U9 SEC.
PP 010e021 SEC.

T 023.498 SEC. 30 (ncTaL)
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A survey of techriques for recognizing
parallel processable streams in

computer prograras *

| & C. V.RAMAMOORTKY and M. J. GONZALEZ

g‘} TAe Unicersity of Texas
Austin, Texas .

INTRODUCTION

State-of-the-art advances—in particular, andicipated
advances generated by LSI—have given fresh impetus
to rescarch in the area of parallel processing. The
6 motives for parallel processing include the following:

1. Real-time urgency. Parsllel processing can
incirease the speed of computation beyond the
limit imposed by technological limitations.

2. Reduntion of tumamund time of high prioricy
- joba. .

31 Reduction of memory and time requirements
for ‘housekeeping” chores. The simultaneous
but properly interlocked operations of reading
irputs into memory and error checking and
editing can reduce the peed for large inter-
mediate storages or costly transfers between

toembers in a storage hierarchy.
h 4. An incresse in simultanecus service to many
i users. In the feld of the computer utility, for

example, periods of peak demand arc difficuit to

. Predict. The availability of spare pmecessors
enables ap installation to minimise the effects
of these peak periods. In addition, in the event
of a systern faxlure, faster computational speeds
permit cervice to be provided to more users
before the failure occurs.

* This work was supported by NASA Grant NGR +-012-144

-

‘13656

. Reprinted from —
AFIPS — Conference Proceedings, Volume 35
Copyright © by AFIPS Press
Montvale, New Jersey
07645

5. Improved performance in a uniprooessor multi.
programmed environment. Even in a unipro-
cessor environment, parallel processable eeg-
ments of high priority jobs ean be overlapped =
that when one segment is waiting for I/0, the
processor cal: be ocomputing its companion
segment. Thus an ovemll speed up in execution
is achieved.

With reference to & single program, the term “paral-
lelism” can be applied at ceveral levels. Parnllelism
withia a program can exist from the level of etatements
of procedural languages to the s2vel of micro operations.
Throughout this paper, discussion will be confined to

. the more generul “tagk" parallelism. The term “task”

(process) generally is intended to mean a welf-sontained
portion of a computation which once initiated ean be
carried out to its completion without the nved for
additiona: inputs. Thus the term can be applxed toa
singlastatement or a group of statementa.

In contrast to the way the term “level” was used
above, task parallelism can exist at several levels within
a hierarchy of levels. The statements of the main
program of a8 FORTRAN program, for example, are
said to be tasks of the first level, The sialementa within
a subroutine called by the main program would then
be second level tasks. If thia subroutine iteelf colled
another subroutine, then the statements within the

", latter subroutine would be of the third level, erc. Thus

a sequentially organiza¢ program can be represeanted
by a hierarchy-of fevels as shown in Figure 1. Each
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Figwre 1—H:. - ... hi-al representation of a sequentislly
- +:gonised program

block within a level represents a single task; as before,

o fask can represent a statement or a group of state-

ments, i )

. Onee a sequentislly organized pregram is resolved

into its various levels, a fundamental considsration of

panallel procewitig becomes prominent—ramely that
of recognising tasks within individual levels which can
be executed in parallel. Assuming the existence of a
ay?tein which can process independen? tasks in parallel,
“this problem can be approached from two directiozs.
. The first approach provides the prugrammer with
sdditional tools which enable him to explicitly indicate
. the parallel processable tasks. If it is decided to make

.ﬂn? indication indepsndent of the programmer, then
o it i3 pecessary to recognize the parallel processsble
-, tasks implicitly by analysis of the relationship between
>~ tasks within the source program. .

Aftor the information is obtained by either of these
lpp_muha, it mast still be communicated to sud
utilised by the operating syste n. At this point, eF.cient
resource utilirution becomes the prime consideration.

The econditions which detormine whether or not two
tasks can be executed in parallel have been investi-
gated by Bernstein.! Consider several tasks, T, of a
sequentially organized program iliustrated by a flow
chart as shown in Figure 2(r). If the execution of

) o) -
Figure 2—Sequential and parallel execution of &
coputations! proeesy

task T, is independent of whesher {asks T, and Ty are
executed sequentially ¢s siown in Figure 2(a) or 2(b),
then parallelism is said to exist between tasks T; and
Ty. They can, therefore, be executed in parallel as
ghown in Figure 2(c).

This “commutativity” is a neeessery but rot suffi-
cient condition for parallel processing. There sy exiss,
for instance, two processes whieh can be executed 10
either order but not in pzmllel For example, the in-

" verse of & matrix A esn be ohgained in citber of the

two ways showp below.
(1) - @
a) Obtain transpose of 4 a) Obtain matrix of
. . oclactorsof 4

b) Obtain matrix of eo- b) Traospose matrix
factors of the transposed of cofactors

¢) Divide resuit by ¢) Divide result by
determinantof 4 determinantof 4

Thusobtsh\ing.themko!w&&omandthemm-

position operatinn are two distinet processes which ean
be executed in aiternate order with the same resuit.

- They cannot, however, be exeeurted i parallei.

- Other complications way arive dve W hardware
limitations. Two tasky, for examy’e, may need to accens
the same memory. Io this acd rimilar situstions,
requests for service rust be guzusd. Djkstra, Kouth,
snd Coffman?24 have develcped efficient schedulicg
procedures for using commsa cesoarves. ’

In terms .of sets repreceting ruemory locations,
Bernstein has developed th= eoaditions which must be

o

doadtad
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auubal before sequenticlly organized processes can be
sercuted in paralicl. These are based on four separate
eave 1n which a sequence of instruciions can use a

semory location: -

(1) The location is only fetched during the cxecution
AT,

(2} The location is only stored during the execution
oAT.

(3) The first operation within a task invulves a fetch
with respect Lo 8 location; one of the succeeding; oper-
atiots of T stores in this location.

(4) The first operation within a task involves a slore
with respect to a location; one of the succeeding aper-
auors of Ty fetches this location.

Asuming a8 machine model in which processors are
aJowed to commanicate directly with the memory
ond multi-access operativns are permitted, the con-
ditions for strictly parsliel execution of two tasks or
program blocks can be stated as follows.

(1) The areas of memory which Task 1 “reads”

and cato which Task % ‘‘writes” should be mutually -

exelusive, and Yice-vam. )

:3) With respect to the next tagk in a sequentirl
pri- s, Tasks 1 and 2 should not store information in
& common location. .

__Tte conditions Lsted by Bernstein are sufficient to
Cinantee commutativity and parallelism of two
program blocks. He has shown, however, that there do
A exist alporithms for deeiding the commutstivity or
pirallelism of arbitrary program blocke. :
_ As 30 example of what has been discussed here
eensider the tasks shown below which represent FOR-
TRAN statements for evaluation of three arithmetic

"= - X = (A+B)*(A-9)
Y= (C-D)/(C+D) -
P z - X+Y

.o

Reracme the exseution of %5 third expression is inde-
¥ndent of the order in which the first two expressions
4% sxrcated, the firs, two expreasions can be executed
R panle], .

;. 'r% within a fask ean salso exist when indi-
. "4l eneeponents of compound tasks can be exeruted
y. In the tame manner that individual
can be asr'gned to independent tasks,

individua! {unctiona’ u:its can be assigned to inde-
pendent eomponents withih a taek. The riotivatioa
remsaing the same—a decrease in exscution time of
individval taske. The CDC 6600, for exampls, ean
utlize several ar'kmdiic units to perform several
operations simultaneously. This type of pa-allelism esn
be illustrates b3 the arithinetic expression which
follows. )

X = (A+B) *(C-D)

Nommally, this cxpressian would be evalvsted in a
manner similsr to that shown in Figure 3(a). The
independent ccmponents within the expreesion, how-
ever, permit parallel execution as shown in Figure
3(bj with the sama results. .

Ezplicit and implicit parallelsim

In the explicit approach to parailelism, the program-
mer himself indicates the tasks within a computational
proces3 which can be exectted in parsllel. This is
normally done by means of additional instructions in
the programming language. This anproach cer be
illustrated by the techn'jues described by Conway,
Opler, Gosden, and other®#1. FORK in the TORK
and JOIN technique® ‘ndicates thep arallel process
ability of a specified sct of tasks within a process. The
next sequence of taeks wiil not be initiated untij all

. . .

T,°AtB l l
1 T,=A+B T,=C-D
1,=C-D . o
]
Tl - <17,
(a) : ’ b)
Figure s—"Tustretica of paralleliém within & compe and

tosk
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the (asks emanating from a FORK converge to a
JOIN statement. )

In some instances, some of the parsllel operations
initiated by the FORK instruction do not have to be
completed before procesting can continue. For example,
ons of these branch operations may be designed to
alort an I/0 unit to the fact that it is to be used mo-
mentarily. The conventional FORK must be modified
to take care of theso situations. Execution of an IDLE

i
4

IDLE

|
¥igurm ¢—~¥ORK and JOIN technique

*

statemont, for example, permits processors to be
released ., without initiation of further aetion? The
FORK and JOIN TECHNIQUE is lllustmted in
Figuro4.

Another example of the explicit approach is the
PARALLEL FOR' which takes advantace of parallel
operations generated by the FOR statement in ALGOL
and similar constructs in other languages. For example,
the sum of two n )X n matrices consicts essentially of
n! independent oporations. If n processors wero availa.
ble, the addition process could be organized such that
entire rows or columns could be added si:nultaneously.

- Thus the addition of the two matrices could be accom-

plished in a units of timo. Another example of this
approach is the programming language PL/1 which
provides the TASK option with the CALL staterrent
which indicates concurrent execution of parallel
tasks.

An additional way of indicating paralleliem explicitly
is to write a language which exploits the parallelism in
algorithms to bbimplementcd by the operating system.
This is the case with TRANQUIL " an ALGOL-
like language to be utilized by the array proccssors of
the ILLIAC IV. The situation is unique in that the
language was created after a egystem was devited to
solve an existing problem. “The tesk of compiling a
langusge for the ILLIAC IV is more difficult thaa
oornpiling for conventional machines simply because of
the different hardware organization and the need to
utilize ita parallelism efficiently.” A limitation of this
approach in that programs written in that perticular
language ean only be run on array-type computers and
is,therefore, heavily machine dependent.

The implicit approach to parallelism does not depend
on the programmer for determination of inherent
paraliclism but relies instead on indicators existing
within the program itself. In contrast to the relative
eazo of implementation of explicit paralleliam, the
implicit approach is associated with somp’ex compiling
and supervisory programs.

The detection of inherent parallelism betweszn a set
of tasks depends on thorough analysis of the courco
program using Bemnstein’s conditions. Implementation
of a recognition scheme to sccomplizh ihis detection
is dependent on tha source language. ‘Thus a recozaizer
which is univessally zpplicables cannot be implemented.

An algorithm developsd by Fisher* approeches the
problem of parallel task detection in a genaral msnner.
His algorithm utilizes the input snd output sots cf

_each task (process) to determine escential ordsring

and thus inherent paralleliam, Given such iaformation
88 the number of prceszes to bs analyzed, the input
and outpat eet for each process, the given permissible
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ordering among the processes, and any initially known
esseatial order among the processes, the algorithm
genorates the essential serial ordering reiation and the
covering for the essential serinl ordering relation. This
covering provides an indication of the tasks within the
overall process which can bo exccuted concurrently.

Basically, this work formalizes in the form of an
tlgorithm the conditions for parallel processing devel.
oped by Bernstein. The conditions for paralle processing
between two tssks are extended to an overall process

Detection of task parallelism—A new approach

The next subject covered in this paper involves
fmplicit detection of parallel processable tasks within

processing in a multiprocessor computer a program
written for a unipmeessor machine.

(1) Tha first step is to derive the program graph
whieh identifies the sequenee in which the computatiwn
al tasks are performed in the sequentislly eode-
program. Figure 5(n) illustrates an example program
graph. The program graph is represented in the com-
puter by its connectivity matrix. The connectivity
matrix for the example is given in Figure 5(b).

(2) By an analysis of the connectivity matrix, the
maximal strongly connected subgraphs are determined
by simple operations.® This tyne of-subgraph is -
lustrated by tasks 2 and 12 in Figure 5. Each MS.C.
subgraph is next considered as a single task, and the

programs prepared for serial exscution. An indication  graph, called the reduced graph, is derived. The re-
is desired of the tasks which can be exccuted in parallel  duced graph does not contain any loops or strongly
end the tasks which must bo completed before the . . . :
start of the next sequence of tasks. Thus the problem - . :
can be broken down in 4we narts—recognizing the: . .
relationships between tasks within a level and usiug ) oL T s
this informatn to indicate the ordering between tasxs.
The approach presented here is based on the fact
that computational processes ¢an be modeled by
oriented graphs in which the vertices (.:odes) represent
singie tacks and the oriented edges (directed branches)
represent the permissible transition to the next task
in sequence. The graph (and thus the computational
process) can be reprasented in r computer by means
. of a Connectivity Matrix, C.°" (* js of dimension
n X n such-that Cy is & “1" if and only if there is a
directed edge from node i to node j, and it is “0"
otherwisa. The properties of the directed graph and
hence of the computational process it represents ean
be studied by simple manipulations of the connectivity
. A graph consistingof a set of vertices is said to be
strongly connected if and only if any node in it is reach.
’ able fom any other. A subgraph of anv graph is defined
as consisting of a subset of vertices with all the edges
between them retained. A mazimal strongly connected
N\ (MS.C.) subgraph is a strongly connected .subgraph
that includes all possible nodes which are strongly
connected with each other. Given a connectivity matrix
of a graph, all its M.S.C. subgraphs can be determinad 10
simply by well-known methods.® A given prograt
graph can be reduced by replacing each of its M.S.C.
subgraphs by a single vertex and retaining the edges 12¢
..connpcted botween these vertices and others. After 1"
thg peducticn, the reduced graph will not contain any
)  strongly connected components.
The paragrr.ohe whish follow will deseribe the se- Fia\m s—Prognm mhd‘m’,wm
k: ’ quence of operntions needed to prepare for paralld - sod its copnectivity matrix
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connected elements. In this graph, when two or more
odges emanate from a vertex, a conditional branching
{s indicated. That is, the execution sequence will take
only one of the indiczted slternatives. A vertex which
initiates the branching operation will be called a
decision o branch vertex. The reduced graph for the
example progrant graph is shown in Figure 6. In this
graph, vertex 3 represents a branch vertex.

(3) The next step is to derive the final program
graph and its connectivity matrix 7. The clements of
T are obtained by analyvzing the inputs of each vertex
in the reduced graph. An element, T;, it a “1" if
and onlv if the j-th task (vertex) of the reduced graph
has as one of its inputs the output of task i; otherwive
T is a “0"”. Figure 7 illustratex the final program for
the example after consideration is given to the input-
output relationships of each task. The conneetivity

, matrix for the fiual program graph is shown in F'gure 8.

From the sufficiency conditions for task parallelism,
two tasks can be executed in paraliel if the input set of
one task does not d« »and on the output ret of the other
and vice versa. The technique outlined in Step 4 detects
this ralationship and uses it to provide an ordering
for task execution.

(4) The vertices of the final program graph are

-

TNigure 6—Raduesd program groph of the eerially coded
program

Figure 7 —Final progra-n graph of the parallel
processable program

1 2 3 4 5 6 7 8 8 10 U 12 9 W
1 01 00 0 00 00 ¢ 0 0 0 0
2.0 6 1t 0 0 0 0 1 0 ¢ 6 0 0 0
3000 1 1 06 00 0 060 0 ©
40 0000 ¢t oa o0 00 0 6
S 0000 01000 0 060 o0 o
€ 0 000000100 0 060 0 0 C
I 7 0 6 0 0 5 0 © 0 0 © 6 0 0 1
$ 00 0 0000 01 1 06 0 @
9 00 00 000 00 0 1t + 0 ©
19 0 0 0 0,0 0 0 0 0 6 0 0 1§ ©
" 600 0600000 O0C 00 1t o
2 0 0 6 0 6 0 0 0 0°0C © 0 1 O
13 0 0 00 00O OO OC QGO O 1
4 0 0 0 0 0 0 06 0 0 O o0 ¢ o0 o
Precedence © (1), (3], (3.8}, {¢.5.9.10}
Pattiticas -

fe.u.02), (7.3, Oa?

Figure 8—Connectivity matrix of the final program
. graph

partitioned into “precedence partitions”" as follows.
Using the connectivity matrix 7', a column (or columns)
containing only zeroes is located. Let this column
correspond to vertex v;. Next delete from T both the
eolumn and the row corresponding to thiz vertex. Tho
first precedenco partiton is Py = {v,}. Uting the re-
maining portion of T, locate vertices [va, V.. . .) which
oorrespond to columns containing only servea. The
second precedence partition Py thus contains vertices
an, VQ,...'. This implies that tasksa ia m |

fa . T
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{va), Vi, . -} can be initiated and executed in paraliel
after the tasks in the previous partition (i.c., Py) have
been completed. Next delete from 7' the columns and
rows corresponding to vertices in Py. This procedure is
repeated to abtain precedence partitions PyPy,...P,,
until no more columns or rows remain in the 7 matrix.
It can be shown that this partitioning procedure is
valid for connectivity matrices of graphs which contain
no strongly connected components.

The implication of this precedence partitioning is
that if Py,Ps,. . .P, corresponds to times t,ts,. . .t,, the
earliest time that a task in partition P, can be initiated
st

The final program graph contains the lollowing types
of vertices: (1) The branch or decision type vertex
from which the execution sequence selects a task from
a set of alternative tasks. (2) The Fork vertex which
.~ can initiate a set of parallel tasks. (3) The Join vertex
" to which a set of parallel tasks converge after their

input set from the outputs of preceding tasks. Figure 7a
indicates the final program graph w:th the first three
types of vertices indicated by B, F, and J, respectively.
(5) From precedence partitioning and the final
program graph, a Task Scheduling Table can be
developed. This table, shown in Table I, serves as an
(i input to the operating system to help in tho scheduling
of tasks. For example, if the task being executed is a
Fork task, a look-shead feature of the system can
nrepare for parallel execution of the tasks to be ini-
tated upon completion of the currently active task.
(6) The precedence partitions of Step 4 provide an
indication of the earltest time at which & task may be
initinted- It is also desirable, however, to provide an
indicaticn of the latest time at which a task may be
initiated. This information can be obtained by per-
forming precedence partitions on the transpose of the
T matrix. This process can be referred to as “ro= par-
titions”. The implication here is that if task is in the
* partition corresponding to time period. {., then t, is
the latest time that the task i can be initiated.

Using both the row ard column partitions, the per-
missible initiation time for each task can be derived asx
shouwn in Table II. Task 4, for example, can be in-
itiated during t, or tq depending on the availability of
processors.

At this point it is desirable to elarify some possible
misinterpretations cf the iinplications of this method.
The method presented here docs not trv to determine

-~

\

-

‘ o~
Y W

e e —

execution. (4) The normal vertex which receives its -

TABLE [—Task scheduling table

INPUTS TASK TASK
TIME TO TASKS | NUMBER TYPE
Y - 1
) 1 2 - FORX
la 2 .3 BRANCH
t3 2 8 FORK
ty 3 4
t 3 H
g I 9 FORK.
t 8 10
te ) 6
'S 9 11
LT 9 12
'6 4,6 7 JOIN
tﬁ 10,11,12 13 JOIN
ty - 7,13 14 JOIN

For this reason, the undecidability pmblem introduced
by Bernrstein is not a factor here.

In addition, precedence partitions msy place the
successors of a conditional within the same partition.
The interpretation of this is that only one of the suc-
cessors will be executed, and it can he executed in
parallel with the other tasks within that partition.

The FORTRAN paralle] tznsk recognizer

In order %o determine the degree of applicability of
the method described obove, it wes decided to apply
the method to a sample FORTRAN program. This
was accomplished by writing a program whose input
consists of & FORTRAN source program; its output

whether any or all of the iterations within o loop can  consists of & listing of the tasks within the firs! level
(. be executed simultaneously. Rather the iterations  of the source program which ean be exccuted in parallel.
executed sequentially are considered as a single task.  The program written to acoomplich this gacallel tesk
1 .
TN TS AT S D T TR T A T T T R e R S R R T BTN I D ey N 3 SRR T T e T e
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TABLE 1I—Pcrmissible task initiation time

oo

T icn,

T
tdda

L1 e

COLUMN PARTITIONS || PERMISSIBLE TASK
TIME TASK || INITIATION PERIODS
4 1 TASK TIME
2 1 t
t, .
ty 3.8 2 t,
t, 4,5,9,10 3 Y
tg 6.11,12 4 tyrts
7. 5 t
' 13 4
g 6 t
C t, 14 s
’ t
ROW PARTITIONS 7 6
Y 1 8 ty
t, 2 9 ty
2
t 3.8 10 tyote
t, 5.9 n tg
b 4.6,10,11 12 t
g 7.13 u 13 tg
t, 14 H 14 ",

detection i3 known in its final form ss & FORTRAN
Pruallel Task Recoguizer.™

The recogniser, aiso written in FORTRAN, relies
on indicators generated by the way in which the
program is actually written. Consider the expressions

C , given below.
p .
- X1 = ,(A,B)

X2 = £,(C,D)

8
rs ~.

Because the right-band side of the second expression
does pot contain a parameter generated by the compu-
tation which immediately precedes it, the two expres-
sions can be executed in parallel. If, on the other hand,
the expressions were rewrnitten as stovn below, the

termination of the first computation would bhave to
precede the initiation of the second. G

Xl = f[(A,B)
X2 =~ ,(X1,0)

The recognizer performs this determinstior by com-
paring the parameters on the right-hand of the equality
sign to outcomes gererated by previous statements.

Other FORTRAN instructions can be analyzed
gimilarly. Consider the arithmetic IF:

JIF(X - Y)3456

Here the parameters within the parentheses must be
compared to the outpute of preceding statements in
order to determiae essential order.

Other FORTRAN instructicns are analyzed in o
similar manner in order to generate the connectivity
matrix for the source program. During this analysis
the recognirer assigns numbers to the executable
statements of the source progrem. After this is com-
pleted, the recognizer proceads with the method of
precedence partitions described earlier. Precsdence
partitions yield a list of blocks which contain the state-
ment numbers which can be executad concurrcently.

Figure 9 shows a block diagram of the steps taken by O
the recognizer to generate the parallel prooessable
tasks within the first level of a FORTRAN source
program. )

Some statements within the FORTRAN set are
treated somewhat differently. The DO statement, for
example, does not itself contain any input or output
parameters but instead generates & seiies of repeated
operations. Bscause of the loop considerations men.
tioned earlier, and betause the rules ¢f FORTRAN
require entrance into a loop only through ths DO
statement, all the statements contained within a DO
lIoop are considered as a single task. A loop, however,
may contain a large number of statements, and a great
amount of potential parallelism ey be lost if con-
sideration is not given to the stetements within the
loop. For this reason, the recognizer generates a sepa-
rate connectivity matrix for eech DO loop within the
progrom. . :

The recognizer itself possesses limitations which
must »e eliminated before it can be applied to programs
of a complex nature. For example, only a subset of
the entire FORTRAN set is considered for recogniton.

. This could be correzted by expanding the recognition

process to include a more complete set of instructions. O
In addition to the DO statement, loops can £ls0 be

. *
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IF THIS TAX IS THE
SUCCESSOROF A
BRANCH OR TRANGHR
CPERATION, RECORD
THIS INFRMATION

Bl e i sk

. tear Ay

e

ch'z. ETITARLE |
TATEMPLTS AND DINPUT
- OMPARE INPUY
© LRAMCTERS TO_ L.
UTPUS & IRELUS
$TATEMENTS ]
EN MPTCH IS .
NDMAZE -
N Cle., SHOW A
ONIZC TION FROM
DECESSOR TO
CCESSGR .-
y
R GENERATION USING THE AGIGNET
OF C1S COMPLETE, STATDAENT NUNMAERS
[ERATE INDICATE THOSE
PRLCEDENCE PITASKS WITHIN THE
TITIONS FIRST LEEL WHICH
P CAN BE DONE IN
PARALLEL |

PPN

kb ol S V4,

Sadia.

A e B2

2 AT Y R SR TN TR

. . ( END
. Figure 9—Bloek disgram of the FORTRAN

paralle} tesk recognizer

’ u'eated by branch and transfer operations such as

"the IF and GO TO instructions. To eliminate these

loops, it would be necessary to analyze the connectiv-

"1ty matrix in the manner racntioned earlier -before
- beginning the process of pri:eedence partitions. The

recognizer does not presently verform this analysis,
Nested DO loops are not permitted, and the source
Program . size is limited in the number of executable
statements it may havo and in the number of param.

siers any one statement can contain,
. ~=-Some of these limitations eould be eliminated quite
asily; others woulf, require a considerable amount of

<flort. To allow a source program of arbitrary sive
would require a srmewhat more einhorate handling of
memnry requirements and asscsisted problems. At the

20
10
30
40

Te eveomavu~

THIS IS & TLST PROGRAM DISIGNID TO CHICK PFS
DIMENSION A{10),A2(10) ,A3(10)

INTEGER AL, A2 ABC,A02.8,C.D

ALAD 100, (A1{D).1%1,10).8,C.D

READ 100, {A2(1).1°1,10),NS,NST, NSTU ‘e
DO 14 1,10

1PLA1(Q-2 2(1)) 20, 30,40

et (a-c)

XJsDeta/C) .

Mliiegex2 . . .
CONTINUL )
THIS IS A TLST COMMENT

PRINT 200.8,C.D

CALL ALPHA(AL A2 .ABL . 04,0%)

PRINT 3057,10,X2 ,(A3(IN.34000) .

* CALL BETA(X),X2.A).86)

17(84-83)30,50,60
READ 315.L,F.G.H
X3+(E*F) ¢(G-H)
Xe=B8+G

xsex3-xé °
Xee(Beepsioxs
PRINT €,)0,X4¢,XS
PRINT $2,(M(0).1,40) .ABC,C. (A (D,14,10) [$)]
FORMAT{I012,313) ©.10.0.10
FOXMAT(IHO.¢ B C D*,/,31) [
FLAMATIH |, 213,10F7.0)
FORMAT(4F? . 4)
FORMATLIF?  €) .

n
FORMAT(1413,1087.1) as.9.20Q

) : . o -

Figure 10—An exemple of the recognition process. .

-

present time the recognizer consists of & main program
and six subroutines. In its present form the recognizer
consists of approximately 1300 statements.

The recognizer is presently written in such a manner
that it will detect only first level parallelism. The
method it uses, hevever, can be applied to parallelism
at any level.

The theory of operation 'of the FORTRAN parallel
task recognizer will be illustrated by applying the
recognition techniques to a sample FORTRAN program.
Figure 10(a) is a listing of the sample program showing
the individua! tasks. Figure 10(b) is a listing of the
parallel processable tasks as determined by precedence
partitions. The numbers to the left of the executable
statements are the numbers assigmed by the recognizer
during the recogaition phase. .

Elimination of the limitations mentioned here and
other limitations not mentioned explicitly will be the
subject of future effort.

Observations and comments

Regardless of the manner in which the subject of
parallel processing is approached, common problems
arise. Prominent amnong these is a nced to protect
common data. Iff two tasks are considered for con-
current exccution and one task accessss a memory
location and the otlier amends it, then strict obcervanca
must be paid to the onder in which this is done. Ths

a;mm’mmwmm RN DO 2 X T A Y DT — -—
- - L Aivated B T T T A T YT ROV T TR e -y
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I-ﬁRTRAN recognizer, for example, may determing
that two subroutines can be executed in parallel. At
thoe present time no consideration is given to the fact
that both subroutines may access common data
through COMMON or EQUIVALENCE statements,

In order to truly optifnize execution time ior s
program which is set up for parallel processng, it
would be highly desirable to determine the time re-
quired for execution of the individual tasks wathin
the process. It is not enough to merely determine that

~ two tasks ean be executed concurrently; the primary

gosl is that this parallel execution result in higher
_resource utilization and improved throughput. If the
time required for the execution of one task is 100 times
that of the other, for example, then it may be desiruble
to execute the two tasks serially rather than in paruliel.
The reasoning here is that no time wou!d be spent
in allocating processors and =o forth.

Determinat'on of task execution time, however, is
ant a simple matter. Exhaustive measurements of the
type suggested by Russell and Fstsin™ would provide
the type of information mentioneqd here.

Another problem area invo'ves implerientatioa of
special purpose languages such as TRANQUIL. It
was mentioned earlier that programs written in a
language of this 4ypé are highly machine-limitad. It
would be highly desirable to be ablo to implement

. progrems written in these Janguages in systems whick

are not designed to take advantage of parallelism.
Along these lines, the programming generality sug-
geat d by Dennis®% may be significant.

It should be pointed out that all the techmques
which have been discussed here will create a certain
amount of overhead. For this reason it iy felt that a
parallel tusk recognizer, for example, would be best
suited for implementation with production programa.
Thus even though some time would be lost initially,
in the Jong run parallel processing would result in a
significant net gain. .

Conclusions

‘The method of indicating parallel processable tasks
intreduced here and illurtrated in part by the FOR-
TRAN Parallel Recognizer appears to provide enough
generality that it is indeprndent of the language, the
application, the mode of compilation, and the number
of processors in the system. It is anticipated t4at this
method will remain as the basis for further effort in
this area.

In edditicn to the comments made earlier, some
poesible future areas of effort include determination of

-

possiblo parallelism of individual iteratious within &
loop. It is hopod that additional information can be
provided to the operating system other than a mere
indization of the tasks which can be exccuted in paral-
Iel. Tlis would include the measurements mentioned
earlier and an indication of the frequency of execution
of individual tasks.

It is also hoped that a sub-language may he de-
veloped which can be added to existing languazes to
asgist jn the recogmition .process and the dovelopmeant
of recognizer codo.

Detection of parallel components withln
compound tasks

Several algorithms exist for the detection of inde-
pendent components within compound tasks,'s.u.ls.1
These slgorithms are concerned prmarily with de-
tection of this type of parallelism within arithmetie
expressions. The first three algorithms referenced
above are gummarized in [19) where a new algorithm
is also introduced.

The arithmetic expression which will be used as an
example for cach algorithm is given below.

A+B+C+D*E*F4+G+H

Throughout this discussion the usual precadence
between opetators will apply. In order of increasing
precedence, the precedence between operators w:'l be
as follows: + and —, ® a.nd/, and T, where T stands
for exponentiation. )

Hellerman’s algorithm

This algorithm assumes that the input string is
written in reverse Polish notation and contains oaly
binary operators. The string is scanned from left to
right replacing by temporary results each occurrence
of adjacent operands immediately foliowed by an
operator. These temporsry results will be considered
a8 operands during the rext passes. Temporary results
generated during a given pass are said to be at the
same level and therefore can be executed in parallel.
There will be as many passes as there nre levels in the
syntsctic tree, The compilation of the expression
listad above is shown in Figure 11,

Although this algortihm is simple and fost, it has
two shortcomings. The first is a possible difficulty in
implementation since it requires the input string to
be in Polich notation; the -second is its inability to
handle operators = hich are not commutative.
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Figure 11—Pazsllel computation of

A+B+C+D‘E’P 4G +H using Hellermsn's
ll;omhm
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8tone’s algorithm

The basic function of this algorithm is to combine
two subtrees of the same level iLto o lcvel that is one
higher. For example, A and B, initially of level 0, are
combined to form a subtree of level 1. The algorithm
then searches for another subtree of lovel 1 by attempt-

ships between operators prohibit this combination, the
lovel of subtree (A4R) i3 incremented by one. The
algorithm now searches for a subtree of level 2 by
: sttermpling to combine C, D, and E. Since this com-
) bination is also prohibited, subtree (A+B) is incre-
mented to level 3. The next search is suscessful, and a

!
p ing to combine C and D. Since precedunce relation-
i

: &od F. These two subtrees are then combined to forin a

single subtree of level 4.
¢ In a similar manner the subtree (G4-H), originally
H of leve! 1, ia successively incrementod until it achieves
% a level of 4; at that time it is combiasd with the other

subtroe of the eame level to form & fins! iree of level 5.

The algorithm yields an outpui string in reverso
Polish which does not expre;ssly show which operations’
can be performed in parallel. Even though the output
steing is gencrated in one pass, the recwreiveucss of

subtree of level 3 is obtained by combining C, D, E -

tho algorithm causes it to be slow, and at least one -

TEMPORARY RESULTS additional pass would be required to, speeify parallel
§  IRPUT STRING ATTIR THE A PASS  GINCRATZD DURING tth PASS computations.
0 ABICIDE*+GoHe .
I B Cm? 1o Gone p 450, 8quire's algorithm
2 B ReeGeHs HaE . N
. : The goal of this algoerithm is to form quintuples of
3 B3 GeHe Rs=RI4M temporary results of tho form:
¢ B R [T i
s aredéen Ri (operand 1, operator, operand 2, start level
=max [end level op. 1; end leve) op. 2], end level=
startlevel4-1).
v '

All temporary results which have the same start level

_ can be computed in parallel. Initially, all variables

have a start and end level equal to zero.
Seanning begins with the rightmost operator of the
input string and proceeds from right to left until an

- operator is found whose priority is lower than that of

the pre\noualv scanned operator. In the example tha
gean would vield the following subetring:

D*E*F4+G+H
Now a left to right scan proceeds until an operator is

found whose priority is lower than that of the left-
moeat operator of the substring. This yields: D*E°F.

. At this point a temporan' result R1 is available of the

form:

RI(D'.IEloll)' K

The temporary result, R1, replaces one of the operands
and the other is deleted together with its left operator
The new substringia then:

R1°F+G+H.

The left to right scans are repeated uniil no further
qunituple can be produced, and st that time, the right
to left scan is re-initiated. The results of the process
areshown in Figure 12.

Although the example shows the algorithm applied
to an expression containing only binary operators, the
algorithm con also handle subtraction and civision
with & corresponding increase in complexity.

A signiticant feature of this algorithm is that Polish
rotation plays no part in either the ipput string or
the output quintuples. Beczuss of the many seans and
comparisons the algornithm requires, it becomes more
complex as the length of the expression and the di-
versity of operators within the expreszion increass.
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Figure l2-Pulllel ecomputation of
A+4B4C+D'E°F+G+H wing Squire's eigorithm

Baor and Bovet's algorithm

The algorithm uses multiple passes. To each pass
oorresponds a level. All temporary results which can
be generated at that level are constructed and inserted
appropriately in the output etring produced by the
oorresponding pass. Then, this output string becomes
the input string for the next level until the whole
exprezsign has been compiled. Thus the number of
passes will be equal to the number of levels in the
syntactie tree. During a pass the scanning proteeds
from left to right and each operator and operand is

. scanned only once.
The simple intermediste language which this al-
- gorithm produces is the most appmpriate for multi-
processas compilation in that it shows directly all
" yperations which ean be performed in parallel, namely
: those baving thes same lavel number. The syntactic
trea gensrated by this algorithm is shown in Figure

-
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This eection will introduce a technique whose goals
are: (1) to produes a binary tree which illustrates the
parallelivm inherent in an arithmetic expression; and
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Figure 13—Parsllel computation of
A+B+C+D‘£‘F+U1-H using ‘Pser and
Bovet's elgorithm °

(2) to determine the number of registers needed to
evaluste large arithmetic or Boolean expressions with-
out intermediata transfers to main memory.

‘This technique is'prompted by the fact that existing
computing systems possess multiple aritbmetic units
which can contain a large number of active storages
(regisiers). In addition, the superior memory band-
widths of the next generation of computers will simplify
some of the requirements of this technigue. .

In the materia! presented below, a complex arithmet.
ic expression- is examined to determine its maximum
computational parallelism. This is accomplished by
repeated rearrangement of the given expression. During
this process the given expression in reverse Polish. form
is also tested for “well formation”, i.e., errors and
oversightsin the syntax, ete.

The arithmetic expression which was used as a model
earlier will also be used here, namely A+B+4C+D
*E*F+G+H. The details of the algorithin follow:

(1) The first step is to rewrite the expression in
reverse Polish form and to reverseitsorder.

+H+G+*F*ED+C+B+A
{2) Starting with_the rightmost aymbol of the ctring,

assign a weight to each member of the stnng baced on
the fo.llowmg procedure

-
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um—

Amign to symbol Si the value V¢= (Vi) + Ry
j=12,...0 .
o~
where R¢ = 1 — 8(S,) given that
8(So) = 0if S;isa variable
8(S) = 1if8,isaunary vperator
3(S.) = 2if S;is a binarvoperator

ond Ve = Ves+Re, Vir = Vs + Ry,
olc.,

such that Ve = Vi= Ry, and Vo= 0

Using this prucedure, the fullowing expression results:

Root
Nodo

i 5] 14 1B 12 | O n 10
8¢ Wl H + G | + .
vo ] 2 1 2 | 1 2

. v- )
9.'“9 8 6 5 4 3 2 1
R D + C + B A
oy 2 2 1 2 1 2 1

et t'o\e that for a “well-formed expression™ of n symbolg

e Vem ), :
:. _(3) At this point the root node of the proposed
. ¢._binary tree can be determined. Thus the given string
:»:.can be divided into two independent sub-strings. To
Y ¢-..Getermine the root node, draw a line to the left of the
. - it symbol with a weight of 1 (i = 11, §;= 4, V,=1)
r-% the left of the symbol with the highest weight,
-- Vo(im?, 5,=E, V;=V.=3). The two independent
+ ., Subatrings consist of the strings to the left and to the
.. ©aht of this line, The root node will be the leftmost
. toember of the string to the left of the line (i=15,
8.7+, Vi=1). Note that V, also equals 3 for i=9;
er Va is chosen from the earliest occurrence of

. §#rmbol with the highest weight.

© =4) The next step is to look for parallelism withzi
- oo n=*2¢b of the new gubstrings. Consider the rightmost
67 "Wﬂr-_f"o.'m a pew substring consisting of the
"~ ¥¥mbols vithin the values of V,=1 to the nght ernd to
Ue left of V.., Transpose this substring with the sub-

*Uing 1o the right of it whose leftmost member has a
SoghtofV -y,

&

Ve
>

1. .
.

e V0

Sees sl & 2R S a3 yam A B (MR GAT,

Y A s e e e o T v 3 TR TN T SR S E TNy (AR R PTREER RY  Ra AR Gu T T TGS LT TAR L T

INITIAL RIGHTMOST'S, + *F*ED +C+BA
SUBSTRING V(12323212121
— —
FINAL RIGHTMOST i 111098 7654321
SUBSTRING S(++C+BA*F°ED
Vii2313212121

-

This procedure is repeated atil the initinl V. occupies
the position i=2 in the substring. For this exampl:
this is already the case. Thus the rightmost substring
isin the proper form.

(5) The transposition procedure of step 4 is applied
next to the leftmost substring. However, since the
leftmost substring of this exar-.ole consists of only two
operands and one operator, no further operations are
necessery,

(6) The resultant binary tree is shown in Figure 14,
The numbers assigned to each node represent the inal
weight V, of the symbol as determined in steps 1-5
above, ‘

Some ‘observations and comments on this aizorithm
are given below.

{1) The two branches t;n either side of the root node

" can be executed in parallel. Withip each main branch,

the transposition procedure of step 4 yields supplemen-
tary root nodes. The sub-branches on each side of the
aupplementary nodes can be cxecuted in parailel.

(2) The number of levels in the binary tree can be

AN

AN
WANLVAN

BVAVANVAN

Figure §4—Hinrn tree tor prrallel computation of
A+B4+CH+NEF+G+H
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predicted from the Polish form of the original string.

No. of LEVELS = MAX {[NUMBER OF 1's; Vm]
in the substring (rightmost or leftmost) containing Vm.

(3) The tree is traversed in a modified postorder
form.® The resulting expnse'n;on is .

DSE*F+A+4+B+C+G+H :

" (4) An added feature of this technique is that the
number of registers required to evaluate this cxpression
without intermediate STORE ard FETCH orperations
is obtained directly from the binary tree. This infor-
mation is provided by the highest weigh'. assigned to
any node within the tree. Thus for this example the
expression could be evaluated using at most two
registers without resorting to intermediate stores and
fetches.

(5) This technique of recognizing parallelism on a

¢ loesl level has been applied to a single instruction, in

particular, an arithmetic expression. It is worthwhile
mentioning that each variable within the expression
can itself be the result of a p.ocessable task. Thus this
technique can be extended to a higher level of parallel
stream recognition, i.e., level parallelism.

In order to imp'emeat the techniques mentioned
here for components within tasks and the techniques
mentioned earlier for individual tasks, scveral system
features are desirable. Schemes for detecting parallel
processable components within compound tasks are
eoriznted primarily toward arithmetic expressions. For
these situations string manipulation ebility would be
highly desirable. Siace individua! tasks are repre-
sented by a graph and its matrix, the ability to ma-
nipulate rows and columns easily would be very im-
portant. Jn this same area, an associative memory
oould greatly reduce execution time in the implemen-
tation of precedence partitions.
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B. RESOURCE ALLOCATION AND THE AVOIDANCE OF DEADLOCKS
‘Prevlous wark done In the area of Cellular Logic, part of which is
contained in Enclosuré 2 has lr;dlcated the tremendous potential of Cellular
Arrays for ap;ucauons in the rapidly developing area of Large Scale Integration,
In particular, the implementation of Cellular Amray Lc;glc modules to perform
various frequently used arithmetic operations has received cbnslderable

attention in recent years, However, very little emphasis has been given to

the possibie applications of Cellular Array modules on the System level as

opposed to the numerous applications proposed, throughout the literature,

; C . oﬁ the arithmetic unit level,

.
.

{ . System manaqerhent functions, so frequentl.y performed by the

operating system in a multiprocessing envlronment. in a final analy'sls are
slmple arithmetic operations like the ones performed by the arlthmeuc unit,

In addition, it is a well known fact that they are being exclusively ‘performed

FIPT SUPP T L

] ' thmugh the asslstance of software routines that even though they are quite

fleadble in their hnplementation, they have the disadva-:tage oi slow speed

performance relstive to hardware speeds, '

% ) The n'oposed.model resulted in an attempt to investigate the p:ssi.bluu;;
of using hardware modules. implemented by Cellular Array loglc easily adaptable

( N to the LSI tachnology. to perform certain system management funcuona and thus

taking advantage of their computational speced capabilities,

L aant

One of the most importans considerations in designing an operating system

1 f
2 G for a muluprocessmg_ environment s the choice and implementation of the algorith=
j to allocate the resources to the various jobs demanding the services of these
]
!
! . .
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resources, The proposed model is intended as a unified software/hardware
package, with the hardware part composed of fast, possibly microprogrammable
Cellular Amray modules, dedicated to perform functions related to tl;e dy'namlc
allocation actjvities in a multiprocessing systefn.

With this in mind, several existing algorithms for allczcting resources
ina muluproc;esslng system were éuweyed and their methodology, adopted
disciplines and basic decision criteria were stl.x.dlgd as indicated in Enclosure
3. New algorithms relative to the resource allocation problem were motivated
such as the one presentegl in Enclosure 4 deall:;g with the‘ optl;nal ar;'angement
of an N-Page Open String.

Recently, ancther criterion, namely the aveidance of system deadlocks
has received ccznsiderable attention in the design of algorithms for resourco
allocation. The proposed algorithm and associated model are centered around
this latter criterion while other criteria commonly used in existing resource

allocation algorithms are also imbeded,

THE DEADLOCK CRHERIdN'

A gystem deadlock may be a consequence of the fact that two tasks A
and B are competing for resources mutually held by the same, thus preventing
their mutual progress, If one {s not allowed to preempt ona of the tasks
fnvolved, he has a system deadlock at hand, If pe ig ‘allowed tt; preempt, he
introduces “swapping ove;rhead", control, problems and increased runtime of the
jobs involved, . '

A, N, Habermann has given a solutica to this problem. His algorithm

detects a deadlock before it occurs and takes steps to provent it, The powerful

B2~
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concept of his algorithm is the "safe state" which 1s an allocation state

{a set of resources allocated to a set of tasks), free of potential deadlocks.

Habermann' s theorem reads as follows:

THEOREM: When no task will release its resources until it has be.en allocated

all the resources it has claimed, the tasks will not get into a deadlock if and

only if the allocation state is safe, ) !
In terms of the notation and parameters deﬁning this model, the

nscessary and sufficient condition for an allocation state A(t) tc; be safe

can l_:e purased as follows: An allocation state A(t) at time t is safe if and

only if after-a subset for the set) of pending requests is granted to the

requesting tasks, the unailocated resources vector u(t) at the time instant

t < vcan accommodate at least one task j according to its maximum demand,

if the task happens to request so. This implies that for every allocation

- gtate A(t) and its associated sequence of unallocated resources vectors

u(t) with 0 < t < ¢, there is a set of possible- feasible "next allocation
states® A(t+1), at least on;a of which is safe. | .

Once the notaﬁon adopted in the model is introduced, the conditions
for a safe allocation state can be stated in more formal form, Thus a safe
allocation state will guarantee that at least one of the feasible allocation
states at (t+1) will be safe, meaning that it will be possible to accommodate
at least 01‘19 task acct;rdmg to tis maximum demand, frée of any deadlocks,
while anqther or more tasks can proceed after the one just accommodated
releases its resources. In the event this situation occurs, the first celected

task must run to completion,

«Bu3-

T T T ST K T Y e MY SR "Wm B et oan AN il At it <t




o St arestbod e satie

)t A
e DS M e G P

€ e e

4 .
Ve amas #ss walss

(%4

- ‘>

.
v .
G e S e e e bt s ch
.

ot

N
-

—_——alaleae v L W T L T mm— .. L P

Q

G

O

Following is an example of the above argument, - Two types of

resources and two tasks are assumed.

\

Let : System Capacity VBCtOIf'; . . 4
I 4 * ° ’ 5
Maximum Demand Matrix: 4 3
3 4
Initial Allocation Matrix: . Tl Tz
-
Rl 1
] . 82 1 . ZJ'
Unallocated resources vector: ' LZ.
- 0 J
Pending Requests Matrix: 1 0]
. 0 1

Disregard releases.

Next'feasible allocation state”set:

1+1
» [

ForA: |2
1

1 141 1 1
z+1} B [1 2] . ‘7[1 z+1]

1] r{i] if P1 asks for max demand, staie becomes
3

e [[34 (4

ff Pz asks for max demand, state becomes

] e [ [ < 1]

~B=4-
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Following the same procedure, the only choice for a safe state i1s when

;] . T =[f] and if P2 asks for its maximum demand

Z] is safe since [ﬂ [ J =[ ]

3
8o the request vector for P, can be granted safely.

3
4

2

DESCRIPTION GF THE MODEL

1. The set of system resource types SR represenied as

a vector of the form: _  _
sR

The number of resources in each resource type s |R1| =N The

¢ R.®
! i
resources may be anything from 1/0 devices to files or system library sub-

routines. Resourceé o'f a certain type that cannot be shared may be cénsidered
of a "special" type. Otherwise , ;10 ldenuflcaﬁon ls'.attached to the various
resources within a certain type. In addition one may choose to exclude Main
Memory and CPU's {f there are alrcady efffcient élgcmhms ;estabushed for their
allocation. .

2. The set of independent tagsks S,., in the systzm at time 0 <t <<t

Tl
where 7 a finite time interval - represented as a vector of the fox:m

s = [rl.'r_.,_

set |T_| = max number of tagks that can be handled by the system at any time.

PRI .T]withksnmcaseonewouldnketo

In this model an upper bound will not be set, thus .eaving the system capacity ops -
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3. A queing model, to be considered, will se.:rve' as an {nput ta the
syster;\ in the form of an input buffer. One ma;' operate on this queing model -
independently by re-evaluating task priorities and dynamically rearrange the
queue of tasks to come into the system, .

4. D-- matrix = [D“'] with D, = max demand of resources of type i,

1]
needed for the completion of task §.

5. A(t) - Matrix = [AU] with Au = number of resources of type §
allocated to task j at the time instant 0 <t < 71,

.In parallel with the allocation matrix there will be two other matrices

associated, TRQ' TR-L, representing the "Pending Requests” matrix and the

“Current Releases” matrix of the same order as the current allocation matrix,

An entry of zero in the ';Pending Requests" matrix indicates no request was
isgued by the corresponding task for the particular resource type. Releases

can be immedfately returncd to the Unallocated Resources vector to be mentioned
shortly, . .

The column vectors of the above mentioned matrices, representing the

max demand request 13. the current resource allocation K(t) R the requests T

RQ

and releases "i‘m vectors of any task j, will be of interest for computaticnal _

puiposes in the model rather than the comresponding matrices themselves.

6. u(t) - vector of the form ult) = 'ul(tﬂ

. . ’ . u, (&

. .
4
vavw s et i
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Sidedsd & NSt R aes Py : el gt ad “W’n‘:"’m’a"‘{"}". b wvnw LW, hd
4 . . . N

L A B e 7R e aa i
. & 4 -



© W et

-t . et Be,

. - . N . s . .-
- LY . et . - . B . . N
= Cangre e b - — .. B it ST SRS - R - -

with ui(t) = number of resources that remain unallocated at the time instant

0 = t < rand given by the relation
\

t

’ . n k .
ul = Np _ 8 A()+ T, ®). '
- S R AR

where the plus sign {n the third term indicates resources are released and

are returned to the system and the minus sign indicates that resources are

allocated to various tasks. i .

7. .The Allocation state, at time t, of the system may be éxpressed
as Alt) = (D, At), ul). .
When testlng to ﬁnd the subset of safe next allocation states from
. the set of next feasible allocation states, one needs to generate and look at the

“Lookahead® form of the allocation matrices:

. Alt+l) = [A ] with

A(t+1) / ljforsomej-—],lsjskv1

i
4 “ (t) 1f the request of task } is not granted
t .
} Au(t) + 'ru(t) 1A vi
' as shown in the previous example,
' 8. I() - vector of the form
; 1. ]
- - 1
! I = - 1,0
‘ )
o X
: L“m )
1 Nl L]
{° with { (t) = number of resources representing the initlal request for resources
; O of type 1 by the task j, candidate to ba considered to enter the system.
;3-7-
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Each job in the .nput buffer wﬂl be requested to indicate its max
demand and initial demand resource vectors, before enterlng the system.

8. W(t) - vector of the form

"W(t) = [wl(t), Wz(t) .' c o e Wk(t)] |

) m )
withW(t)= T WA, .Y

= £y

A "welight numbierl " w.ll be associated with each resource type and for the
allocation vector of a given task j, the above sum of products will be
formed and will be entered in the “weight vector® which will be used for
dynamic partiuonmg of the tasks surrently in the system prior t9 request
granting considerations. .‘

The above brings up another featuré to be present in the model. The
mpﬁt buffer as well as the various matrices mentioned abcve together

with the welght vector will be partitioned such that the members of ea_ch

parution'wﬂl belong to a distinct Priorlty level The prlority leve! parti-

tioning of the tasks in the input buffer and the ones currently in the system

need not and will not necessarily be the same.

FEASIBILITY REQUIREMENTS ‘

1. The maximum demand vector for a task §, must be at most equal

to the resource capacity vector ci the system,

f.e. 55§R 1<i<m.

2. The initial demand vector for a task §, must be at most equal to

its maximum demand vector, i.¢. o
fsD i1sism. o
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3. The sum of all allocation vectors corresponding to all tasks

J. 1 <} £ k currently in the system must be at most equal to the resource

capacity vector of the system i.e.

P k . -
£ A, =<8§ 1<ism. : ’ )
o1 YR
i3
BASIC ASSUMPTIONS R

1, Only one task is allowed to request its max demand vector D
during an allocation state at time 0 <t < ¢, If more than one tasks do so,

their requests will be held up till the task that acquired its max demand 1s

through using its resources.

2. It is essential that every task j indicates its max dem;md vector
and Initlal demand vector for the algorithm - to be presented shortly - to ke
able to detect and prevent a deadlock.

- 3. Al k ~ tasks currently in the gystem will be mutually independent

as far as resource requirements are concemed.

4, No task will release any resources it presently holds, unless

" using them to completion, This non-preemptive discipline will assure file

protection and minimize cost resulting by resource swapping between tasks.

BASIC SCHEDULING DISCIPLINES T e
1. The model and its associated algorithm {3 designed to satisfy the

primary criterion of datecting and preverting a deadlock situation that may occur

-

in the system at hand.

P -
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2. ﬁe model and {ts associated algorithm will give f!:rst preference
t-o high priority tasks. Prloritxes {n both the input buffer and the system may be
at any po|int dynamlcallly re-assigned to the various tasks,

3. Theé model and the assocfated algorithm will try to accoinodéte as
many tasks as possible, satisfying the principle of "good service", provided
the deadlock fear has been resolved.

4. 'l.‘he model and {ts associated algorithm w'ill allocaie the resources
to the tasks currently in th.e system to satisfy a near optimal resou_r;ce utilfza-
tion, again provided the deadlock fear has been resolved.

“5. As mentioned earlier, there is rio identification 'at.t;ched to the
resources other than the one pertaining to the speclﬁc type. Thus selected

fﬂes or libr:ry routines generally used in the "exclusive control" moda and

resident in a certain storage resource of type 1, may be considered as diiferent

types of resources altogether.

THE ALGORITHMIC DISCIPLINES

- 1. Each task § in the input buffer will be assigned to a priority level
a label wh.lch will carry along upon ‘its entry 1n the system and which will be
dynamically modified as requests and relaases for resources occur.

2. Al m-resource types will be assigned a unique weighting factor

- ‘according to predetermined criteria which will be utilized in the dynamic re-

assignment of the tasks to the priority levels. Thus, resources may be termed
as critical, scarce, accessible only Ly a selected subset of tasks, etc.

3. A pre-determined "time-slice - 7" will be an important parameter

in the algorithm. An attempt will be'made to satis{y - in real time - sll

-B-10-
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arbitrarily occuring requects for resources at discrete time instants

0 <t < 1. In addition, there will be an. infinitely sma‘ll time subinte.n_'val . -
associated with the latter part of 7, which sha!i be called -‘.tolerance" .
When this tolefance is reached at eacl{ 7, a new time slice will be initiated.
At the beginning of this new 7 the-tgsks will be reassigned to appropriate
priority levels and an attempt will be made to satisfy pending requests
collectively, starting at the highest partition. Por the remairing pcrtion of
T, additional tasks will be tested to be brought into the system and new
requests will be satisfied as they occur, till the tolerance is reached once
again.

The important assumption here is that the time required for the
necessary comnputations to dynamically reass.ign priorities, cciipute weights,
tes't. for safe allocation states, after granting requests, etc, will be very
small compax:ed to tf\e duration of the time slice 1, since all required

computations will be performed by hardware modules.

THE ALGORITH!M
1, Initialize all integral components of the madel, such as Allccation
and Demand matrices, Requests and Releases matrlces.. Capacity, Un-.
allocated Resources a;md Weichts vectors,
2, If the Demand and Initial vectors of the first job in the highest
priority level of the input buffer satisfy the feasibility criteria:

A, Start time slice 1' . .
B.  Set first vector of the allocation matrix equal

to the Initial vector of the first job. .

-B-11-
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Set first vector of the demand matrix equal to

tl.xe Demand vector of the t:irst job.

¥ the Demand and Initial vectors of the job do not satisfy the feasibility
criteria, the input buffer is canned till a suitable jo» is found,

3. Make an attempt to introduce the ne:& suitable job into the system
as long as there are no requests registered for the currently active jobs

and the time interval has not reached the tolerance. Otherwise go to step 4.
4, I }hem are requests from the currently active jobs in the. system,
make an attempt to sat1§fy these requests as they occur, till the time
tolerance is.reacl;ed. When this event occurs go to step 5. If time is

not within tolerance and no registered request can be satisfied because

it Goes not meet the “saie allocation® state requirements, go to step 3.

S. When tolerance is reached, reset the time slice, use the weights
vector as a guideline to dynaniically reassign priorities to the currently
active jobs in the system and make an attem;;t to satisfy the maximum
number of pending requests‘couectively, starting at the hlghest.pum'ity level.
With the basic assumption that the time required for this process is very
small compared to the time slice r, return to step 3. -

A FEW COMMENTS

1. The algorithm will terminate only when the input buffer ts empty
and all entries in the matrices considered in the model are zeros., Other-

wise it will alternate between the above mentioned steps, namely:

- - PO
—emm t e - s a - - - .
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A. Attempt to grant the requests for resources by
S Q the currertly active jobs in the system as they
¢ : océur.

B. ‘Attempt to enter new jobs in the system after (A)

v gegtr e - -

has been considered, ‘When the time tolcrance
is reached go to (C).
‘Ce . Dynam}cally distribute the jobs in appropriate
; ) priority levels and make an attempt to grant

pending requests collectively,

y .

PaanY
‘ A 2. Releases are returned to the unallocated resources vector just prior
to request granting consideratlons. )

. ) .o 3. The basic operations involved in the algorithm and needed to determine

Q " the sequence of “safe allocation” states and dynamlcany reassign jobs into

priority levels are addition(subtraction), muluplicauon and sorting all of
. which can be very efficiently performed by cellular array hardware modules,
4. When an attempt is made to grant a request in real time, the test .

performed to determine whether the resalting allopatfon state is safe, requires

SR Yi e ewr A et s

at least one addition and subtracfdon but no more than k, where k is the

number of jobs in the curent allocation matrix.

- sehe <

S. When an attempt is made to grant all pending requests' at the beginning

¢

R

of the new time interval ¢, first a sorting operation is required on the weights

vector as well as on the max demand, current allocation and requect matrices.

o 4 iares mtn EACLR L

This sorting not only achieyes an efficient assignment of jobs in different

Q priarity levels but considerably reduces the number of com:iutauons needed to

-B-13-

N A I P R o T O e S L T Y L R R L3 LA e <4 ST T S, o gy v o Soae e

-



WETAUR T
L

PT AR

Y P T, vy

Saod

FUNIOTI o

-

FO. tavaer, st 2

PPN S

£t v~
g

>t

v e

iz

determine the next safe allocation stateqn this case. An exhéusuve

combinatorial procedure involving at each stage ccmputations as in part

4 above would otherwise be needed which mlgh; reach a number of the

order s
- n nl

LIy .
k=1 k! (nt - Kt

where

| P| = Number of priority levels in the system at time t

n, = Number of tasks in each priority level,

FROPOSED EXTENSIONS

1, Develop a queueing model which will complement the system and

.~

determine the behavior of the job input buffer, In other words adopt

disciplines for the dynamic deterr.inatimn of external priority assignments,

2. Apply some probabilistic considerations in the reassignment of jpba
to the priority levels within the system and study their effécts on the ﬁxodel
3. Implement and simulate the model by an ALGOL Frogram to detsrmine

its behavior, efficiency and timing,

4. Design the required hardware Cellular Array modules to perform the
Operations cailed for by the algorithm, '
S. Develop the sﬁbmﬁtmes or sofiware mechanism, possibly in the fo;m

of a microporgram, which with the assistance of the hardware modules will

perform the resource allocatlon.

- 6, Evaluate and compare the efficiency and performance of tus algorithm,

to other existing algorithms performing rescurce allocation, -

.

-
.- - s -
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_ by C. V. RAMAMOORTHY and
K 8. C. ECONOMIDES

The Univerrily of Texas ot Axstin N
Austin, Texas )

INTRODUCTION

: Tho inherent capabilities of Large Scale Integration
technology have recently shifted attention toward two
major concepts in the design of functional computer
subsystems; the concepta of Functional Modules and
Cellular Arrays.

The Functional Module eoncept emphasizes the
: possible stendardization of frequently used common
| digital subsystem units such as iegisters, adders,
counters, etc. Because of the unique iterative proper-
ties also displayed by these units it is common' to view
them as building blocks (functiopal modules), built
on a single substrate of material, the interconnection
of which can expand significantly their functional
eapabilities. In addition to standardisation, their
massive production may suggest low cost subsystems,

The Cellular Array concept allows the interconnee-
tion of eeveral types of mutually independent logic
blocks, the cells, in various geometric configurationa
3 to perform a desired opersation.

‘This paper is an attempt to combine the above two
spproaches in the realization of a Binary Cellular
Arrsy multiplication unit essily sdaptable to the
LSI reclization techniques and epecclate the possibili-
ties of the realization of other similar such functional
units aiming to lower the cost per unit of compute-
¢ - tion and posaibly increase the overail system relizbility.
! Multiplication was chosen in the study because it
' -_forms the basis of division and square root aperations
; by iterative methods as well as oikes indicated by
: design trend of present day computing aystems.

—-—_ .
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Fast multiplication cellular arrays for
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B ¥
’

The methodology and retroative design procedur=—
of the Multiplication Arrey are presented. Interoox=
nection arrangements at the cell lavel, for the srre==
formation, as well as the moduls level by bringng s
module inputs and outputs at the terminals of ti: |
“package"”, for the purpose of assembling larger &
tiplicatior. units, are alsu shown.

Since in any LSI circuit testing imposes a co
problam some diagnostic schemzs are suggested fo~
reconfiguration and operation under reduced capakis. -
tiea or even by automatically switshing in of & pe»
manently connected apare module.

Other LSI considerations in terms of celi or moduir—
fan-in/fan-out, total number of pins required pr—
package, chip sises and densities and rough eost ¢ -

Single bit mulliplier

Figures 1 and 2 show the integral parts and the de
tailed cellular array structure of the multiplissticac
unit, in which each sow of the arrsy cosresponds &
one bit of the multiplier. The array uses K-bit operance -
producing 2K bit product.

To schieve fat execution time ths multiplieatiaz~
is done Yy perforniing K-1 carry save additions (simze
EXCLUSIVE-OR opemtions) fo'lowed b¥ & fu..
binary addition. Sinre the cells in the srray op=rsic.
asynchronously, the unit as a whole can open-te isgT T
without using a elock pulsa.

We ehall next explain the emgb-blt mr.!upham
nmtmso.nadouul.
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Fi;\m 1—The integral parts of the asynchronous
multiplication srmay

Let the multiplicand be represented by the binary
vector M = (my, my, - -- m;) and the multiplier by the
binary vector N = (ny, by, +«- ns).

A kx2k, P matrix is now generated starting from right
to left (whose elementa py; are computed from the
relation py = mq - 0y, Pes {0, 1] with the following
conditions

1€i<kfori=1|,

2,8,...k
megyifns=tlandforfi—-1<j<k+1
fori=1,23...k

Py =

Cif n; = 0 and/or

In terms of the array to be implemented, this condition
implies that for the range “i,” “j”* where p,; = 0 no cell
will be required to perform a logic function. Thus the

{P] matrix hos the following form:
Prar- Pisr-t...Dia. o Prs Pr ra
Part Prav-soPrac e P Pu Fa
Prar-s Psars Pia DPap Pas ~ Pa

A
o 4
L4
C 0020 ALY 4,
[ ]
'..'.N'.N"th‘ ....... ':14

Figure 3—The *»ingle-bit" asynchronous muliplication
ecilolar array

The following example will illustrate the above—
matrix formation,

EXAMNPLE

MULTIPLY ...

M = (10101) and N = (113111)

6000tO0OLO1
000101010
: .081010100
010101000
t010to000¢

then the P matrix ix P =

" The above matrix can be realized by selective AND- 7|
ing of components of M and N. This “Shifting Net- -
work” accomplishes the proper positioning of the
numbers to be added before their addition, just as in |
the conventional multiplication. Arrays of Carre—
Save Adders are used to perform the addition of these—
binary numbers utilising Wellace’s algorithm.!

The first stage of the Curry S8ave Adder adds thc
first two rows of the P matrix (first two gencratex |
partial products) thus genersting two vectore—ths
first partial sums and the first carry having the form:=—

s = (0 1 'u;s-a,..au reeBt)
€= (Cnesy Cptas...Ch 2...C0); Bis €esef0, 1}
The double subscript is used to ideatify the chove -

vectors with ocorresponding positions of the P mstriz--
that eontributes to their generstion.
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* The logic functions vielding the elements s,; and
Cy; ArE:

‘., #; = pupu + Pu Py

&5 PPy

where j = 2, 3,---2k — 1. The composite cells are
ghawn in Figure 3a.

In the subsequent stages the Carry Save Adder will
add three vestors: The sum vector generated at the
previous stage, the carry vector generated at the
previous stage shifted once to the left and the next row
vector of the P matrix. .

‘The logic functions producing the new s and ¢ vectors
.8a)

8= (8 90-38,00-8...8¢ 4.0

‘6= (01104 10-2...C a...Ca)

forim 3, 4,...5,andj = 1,2,3...2k — 1 are;

Y Catd = Biffui-t + GPun; 1 CorPing

Birtes ™ BPurfus-s + BiPan i oia +
+ sipunS st + CiyPisris
The compoeite cell ‘C’ is shown on Figure 3b. After

the Carry Save Addition has been performed for all
the partial product row vectors of the matrix I’, a

‘Ripple Binary Adder is used to add the sum and carry

row vectors of the last stage of the Carry Save Adder.
The typical cell of this Ripple Binary Adder has the
same structure as “cell C” of the Carry Save Adder,
except that it ripples through the carries generated to
next high order position and puts out the correct
binary sum which of course involves any carry inci-
dent into it from the prekus stage. The output of
the Ripple Binary Adder is the lilml product of the

- multiplication.

‘The superposition of the “Shu‘tmg Array”, the “Car-
ry Save Adder” and the “Ripple Binary Adder” re-
sulting in the “Single Bit Multiplication Cellular
Array” isasshown in Figures 1 and 2.

It was found that with a Car:y Save Adder there is
considerable gain in the time propugation over the
choiee of Full Binary Adder. Assuming s uniform delay
d for esch cell in the array, the total execution tims
T, of & bit by k bit multiplieation is.bounded between
the Emits (k-1) @ € T, < 2kd. The lower limit (k-1)
d is the total delay in the Carry Save Adder whils the

Figure 3a, b—Cell “8”, Cell “C™-

" upper limit 2kd depends on the choice of the device

for the final Full Binary Addition. This, as compared
to the maximum delay requirement in a conventional
multiplier due to k(k-1) d full binary additions plus
k-single bit left shifts. The asynchronous multipli-
eation -array, as implemented is shown in Figure 2.

Two-bit mulliplier

Upon examination of this array it was decided that
the time propsgation and therefore the computationsl
speed could be further improved by reducing the Carry

Save Adder stages, in other words, the rows of the
array. This also improves-the attenuation factor of
the cell inputa as they ripple throug the array. .

_ An elternate multiplying algorithm, examining the -
multiplier bita in subsets of two, was investigated re-
sulting in the block diagram of Fiqure 4 which dis-
plays the integral parts of the modified array. To il-
lustrate the algorithm better, this was assumed to be
mmx:nnmdohnqm:eamywdwemultxphm
parts now are: ’

1. The m 4 04 2—bitregirsterforthamultiplicand

2. The n 4 2-—-bit register for tho multiplier

8. The m + n 4 3—bit registas for the final
product

4. The Binary Bhifting Array (BSA)

5. The Input Control Cireuit (ICC)

6. TheCarry Save Adder (C3°)

7. The “Eod Around Carry”’ Accumulator (EACA).

Before invectipating the above ercuita the general
algorithm concept must be catablished. This algorithm
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Figure 4—The modified “two bit” multiplier

calls for three types of decisions in each multiplication
stage: ADD or SUBTRACT a single multiple’of the
multiplicand and SHIFT without generating any mnl-
tiples of the muitiplicand. This is opposed to the
conventionsd multiplication which requires only shifts
of the multiplicand and their addition. For the pos-
siblo four 2-bit combination one has the following
obvious interpretation:

a. Combination 00, = 0, Add nothing to the
partial product

b. Combination 01, = 1,, Add one times the mul-

. tiplicand to the partial product .

¢. Combination 10; = 2,, Add two times the mul-
tiplicand to the partial product

d. Combination 11, = 3, Add three times the
multiplicand to the partial product.

Combinations (a), (b) impose no difficulty in their
generation. Combination (¢) requires a 1-bit shift of
the multiplicand to the left according to the obvious
simple fact: to generate any 2°-th multiple of & binary
number (tk- multiplicand in this case), where n is any
integer n > 0, shift the number n-bit position to the
left. For example, to generate 16X m = 2‘Xm, shift
m four bit positions to the left. For combiratioa (d)
one Dotices thbst vhe multiplicand cap be expressed
fn the following two ways:

-~

@ @xm)+ (IXo).

The first representation was chosen for this multi-
plication elgorithm, according to which & comple=
mentation (2's complement) of one times the multi~
plicand is performed and edded to the corresponding
present stags of the multiplication array while & re-

(1) (4Xxm)— (1Xm)

quest is issued to add one times the multiplicand ia
the following stage in that order. Thelatter requess is . |
taken care of by adding “1” to the bit pair cf tha _
multiplier corresponding to the next multiplicasioz -
etage, thus increasing the pair's integer value by cae. |
This is commonly known as a “‘carryout.”

The subtraction of multiplicand from the partini—-
produc? is performed in two stages. The one’s cople— -
ment of m is “added” into the Carry Save Add:zr of
the row. A “one” in the lowest order bit positice eor~ J
responding to the row is generated and inserted into =
the Eund-Around-Carry Accumulator (EACA), st
the appropriate column. Together this constizzies |
adding the two’s complement of m after approprisia |
ghifting. Thus any sequential borrow propagatea is -
prevented at the Carry Save Adder stages. Since tha .
“End-Around-ona’s” if gencrated by any or ell rows -

. are inserted st distinet columns of the EACA tha.
Iatter performs at most one sccumulation durizzm = .
complete multiplication cyele. It must b2 remem>erex .
that partial products generated at each row are bussea
to the next row of cells with a 2-hit left chift.

The following two tables indicate the decisions that_
have to be made when the various bit psair combing=
tions are encountered at a given stage when no exwry- -
out (Table I) or a carryout (Table IT) ha: been gen- - -
erated in the previous stage.$

Multiple of Multiple of
Bits m generaled Carryout  Bits m pexerated Carryens -
00 o o 00 1 0
o1 1 e o 3 o
10 2 e 10 -1  {
n -t el 1 o 1
Table 1 Table I

Finally to illustrate the oversll performance of tho
modified multiplier with mivimum efort an exaz3'2
“of o 4-bit positive multiplicand times & 6-bit pozicve
multiplier producing a 6 + 4 = 10-bit long prodoact .
is presented. The extension of the algorithm e=d. .
techniques involved can be ensily extended for an
arbitrary bit length multiplicand or muitiplier.

The binary ehifting array

The BSA gencrates the elements py (01}
that :

and gxb -,

pu-otorls_]_g_'m-i-l;i?,s
JSm+ni23

4
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where

m = no. of bitzin M
n_= no.of bitsin N

with the rest of the p.'s varying according to the
corresponding multip.icand bits. Its implementation
procedure is as follows:

1. Provide for one additional bit pair at the most
gignificant part of the multiplier by inserting
two zeroes in the register. This will take care
of a possible generation of s “carryout” at the
two most significant bits of the multiplier. Pro-
vide for as many geros to the left-hand side of
the multiplicand register to makeit (m + n + 2)
bitslong.

2. Examine the multiplier bits two at a time from

- the least significant to the most significant bits.
8. Generate the following three numbers for each
multiplier bit pair:
a. The multiplicand
b. The multiplicand inverted (one’s comple-
complement)
¢. Twice the multiplicand.

Repeat for the next bit pair until all n-multiplicr bits

are usrG. For this particular example the proce-
dure will yield the formation of possible CSA inputs,
where the “boxed in” numbers will be the rows of the
P mairix chosen by the control lines of the ICC (Fig-
-ure 58). )
The two pmbers are placed in the registers with the
least gignificant bit of the multiplier siarting at the
top. For every bit pair of the multiplier there is g
corresponding triplet of “AND" gate rows and one of
inverters, all together being capable of generating any
of the desired forms of the multiplicand called for in
TablesIand II,

The “AND” gates have two inputs and one output,
one of the inputs being a multiplicand hit bussed
across and the other beirz the appropriate line acti-
vated by the ICC. The outputs of the leftmest column
are used to keep count of the “End Around Carries”
ard ar directly connected to the appropriate positions
of the EACA.

The input control cireudt

The ICC is a column of (n/2 4 2) rectangular calls
{see Figure 4). Its operation i3 to select the appropriate
multiplicand muitiple for each possible bit pair com-
bination, by the way of thres output lines: Ly, L., L,

Fast Multiplication Cellular Arrays <

1 0 1 1 Multtpine—]

0 01 01 0 1 1 Mulupius——

o
-l ool
(-4

00 00O0O0TI1NGC 11

-

—

-

oT].

o
hbooe

o0 00011011

2]
ofo

-
- rm -

[

(-]
—

o

(T4

-

T kI

(-]

010 ¥ 1

A

1 011

(-] [
L X T 3
-

-

1.00
o111

Figure Sa—Multiplication example
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g L, aotivates the sing e multinle of the multiplicand (first  ‘vhe typical cell “K* of the ICC is shown in detail in .

. “AND" gate row o' each group of rows in the ESA).  Figure 5b.
: 1, activates the 2's complement of the multiplicand

(second “AND" gute row, directly under each row of The earry save adder, end around cafry
inverters). L, activates the double multiple of the ascumulator and full binary adder

multiplicand. Tnerefore, the typical cell of the ICC has . )
B,, By, and C, as inputs and Ly, L, and L, as outputs. A layout_of t.he inputs to the CSA stages, the I-‘..%C.{__d
Its logie functions are shown below. B, and B, are any and FBA is display ed. below. The groups of blmf—j
two consecutive bita and C; is the carryout. The logic: numbers between the lines represent the actual icputs=—
to a particular row of cells, The first three groups are—
C8A row inputs. The fourth group represents the EACA __

@@y em, g valn

H

: . . M M2M  inputs and the final group, those of the FBA. All binarv——
X B, B, G I, In L, numbers representing partial products are of course-—:
§ 0 0 00 0 0 P matrix row vect.?rs'aet'fvatgd by the.ICC lines duc

3 4 0 01 1 0 0 to a particular multiplier bit pair combination.

1: . 01 0 0 0 1 ) ) :

'3 G:;.‘ 01 1 0 1 0 111111510100 18t partial product

1! ' 1 001 00 111110100  2nd partial product _

;; 5 ’ 1 01 0 0 1 :

b4 . 1 1.0 010 “ 00000100100 Istpartialeum

;j ] . 111000 111110100000 Istcarry

{: . . 1110100 -3rd partial product

1 4 . Note: The interpretation of By, B, =01 is not one times

@ the multiplier as it would obviously appear, but it is 10001100000 2nd partial sum

i, instead two times the multiplicand because of the way 6111001600000 2ndecarry

1 the multiplier is placed in the register, vertically with 01011 4th partial prodoct

%8 the least significant bit on the top. The By, By = 10 -

L1 combination is interpreted in a similar manner - 010C01000100 3rd partia sum

4! ' _ 1010110000000 3rd carry

j ¥ - * Ly= BB:Cs+ BBCo . 0 1 1| ! EndAround Camizs
z - - - )

it L = BiBCo + BB:Co 1000111C10001 4th partisl sam
} - 010000000100C 4thcany

1 i . Ly = BiB.C:; + B:BsCo

g-;‘ - : 1100111011001 Fin)Sum (Result)

té . :114&'3‘ LIXIAI JJT Lxl ) | - -
31 1] 1 . .

s 0 5 Bvia Bji By o Br,a Bea B o B s B o B ‘ Figure 6 siiows .array after superimposing the in-

{: LA dividualcircuits. . _

N C N O s it . It can be easily noticed that there is & reduction —
M L’ 2PV by o factor of two in the total number of cell rows re-

E. : 0255070450 B € t quired for the array ind therefo‘efin the ::{ﬁ f‘nﬂ—"
¥ . 3 ropagation T,, at the expense of some tiomal.
f". / /(' //., SOn:rosialogic, a’number of inverters and 2n edditionat -

3 IE QA0 2020 40MO MO ‘ stage for the EACA. No further complexity in the
X B it cell structure results, thus the originally deveisped .

A E O:0.0.8.0.0, 58 cells were used, with a minor modification for eell &

, : @ Y (Y Y (Y LY L -Lc “d‘o'ni'nrm7a.m“nmydwhmn‘—:

1 Crr 1 L LI LIrrT1i in the single bit multiplication arcay. .

% ! It must also be noticed that the overfiow of bixe _

4 - Figere 6~The binary multiplyiog celliararey . resulting in the left-most significant part af the final

1 ' .

SO Ay TR I DTSR O R T T Y L W
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4 €+1,9 8
141,

Figure 7a—Cell “8"—A form of Cell “8”

4 Figure Tb—Cell “R"—Reconfiguration cell ol

product register may be advantageously utilized for
eign and decimal point considzraions.

Diagnostics and reconfiguraiion

In order to incorporete diagnostics in the arrsy
and study the interconnection problem, a standard
4 sizé module had to be assumed. It was felt that the
implementation of a 64 X 64 bit multiplier would be

N

»

e et Sekadan

_ of the unit during computation is achieved, and the . .

& good choice for all practical purposes. An it:tercon- ~ |
necting scheme of stendard dimension (4 X 8§ bis
modules to realize the 64 bit multiplier was then de- — -
vised aiming to minimize the number of pins per—-
module necessary for the interconnection.

As seen in Figure 8, the resulting 64 X 64 multi- -
plication unit reguires 2-Full Binary addition siages
and 4-Carry Save addition stages per module, 3 |
toial of 32-Carry Save additions aud 15-Birary Addi- |
tions (only one for the first moduie). Howev-r, there
is a real time overlap between these variovs sizges, |
acd by utilizing a pipelining technique and a serics |
of flip-flops after each FBA, a 100 percent utilization - . )

multiplication cycle is considersbly faster. This is
illustrated shortly in connection with Table J11.

The basic module as displayed ir Figure 6 has to be
modified further for the interconnection. Ap extra ..
FBA and additional gating for diagnostic purposes is

| Y P ——
MOOULE - 1

) IR S

18

(Lo

MCDULL -~ 2 4
=" e 1-2t'3.

> s

MODULL -3 1

MODULL -4 l

MCDULE - § l

MODULL - & ]

pra— |

MCDVLL - 7
MopULE - 8 l
SPARE MCDULE . - ———
. £ #, .Y
— DYRABNA®S @) rr iy ia 3
f— Tav

Figure 8—~Examplo of an as3emhlsd 64 X 64-bit
multiplication unit using the pipelining scheao
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introduced in every mod ' between the output of its
respective FBA and what is shnwn as a prodvct
register. The typical newly developed cell for the
diagnostics and reconfigurstion is shown in Figure
7b, while the above mentioned modifications are dis-
played in detail in Figure 9 for a typical module.

As seen, three additional contro] lines a-e needed
to perform the following functions.

a. To relay a Fault or No-Fault signal, irdicating
that a fault has or has not occurredin one par-
ticular module (NF/F) (e.g.,if F = O NF = 1).
To relay a No Shift signal for the output of this
module, (N3 = 1) if no fault has occurred in
the preceding module.
¢. To relay a shift, eight-bits to the right, (8 = l)
for the output of this and all subsequent, modules
if & fault has been detected in the preceding
module,

The detection of the fault could be’acecmplished by
a software routine which may check the final product
of the unit periodically and appropriately set the flip-
fiops of the control signals,

By shifting the outputs of all subsequent modules
to the malfunctioning one eighi-bit pcsitions to the
right while forcing the output of the faulty moduleto be
equal to zero at the same time and simultaneously
introducing the spare module which is permanently
connected to the unit, one ean still achieve 100 percent
computational efficiency. If ancther module fails to
function properly, by applying agsin the same recon-
figuratinn scheme the unit will function with a reduced
eapability since tho eight-least gignifice=t bitr of the
multiplier will be lost. No provision has been made at
this point if ¢two medules fail to funetion properly

—— e 120 L
I 1 I -
- | -
B g .
1 - — 111._.: .—JT —
. hatad

Figure 9—Tho combinational logic pating
for reconfiguratien
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at the same time. At least one of them must be replaced
to put the multiplication unit bazk in service.

Aiming to maximize the number of multiplications
per unit time, s already mentiored, one can intruduce
storage elements at intermedinte points. Thi; af:. 53
the unit to accept s new set of operands without w.iting
for the total completion of the preaent computation.

Consider an m X m bit multiplier module. If the
intermediate computations sre stored after the Carry
Save adders, the first Binary adder and the second
Binary adder, the rate of multiplications in the module
per unit time will be

1.

R JRSR, SRI,
= oax o ) Vhe

re

t.. = Total time propagation through the C3A.

t» = Total time propagation through the FBA for
the binary eddition of two m-bit binary
aumbers.

Then the number of storage eiements required per
module is 2m 4+ m + m = 4m. If, however, stornge
elements are inserted at the outputs of the two Binary
Adders only, as shown in Figure 8, the maximum rate
of multiplications in each module per unit time will be

1 .

Roes W+t

while the total number of storege eleenis required
will be decreased by half, that is 2m.

The table below gives the sequence of evenw in

th2 first four modules of the 64 X 64 composite mul-

tiplier unit of eight modules, based on the pipelining

technique.

Tabie ITI .

MODULES
TIME UNIT8 1 2 3 4
1 . Bu Ba " By By
2 Bn Bu,B: By By
8 Bs Bn,Ba Ba By
4 Ba By Ba Bg, Bun Ba, Bu
& Ba By, Ba By PBuo Bg, B

Each time unit in the above tabls eouaspot.xds to the
factor t, + t., and By; represents the i® binary
addition of the i** multiplication. .

AT —————
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Figure 10—An alternate interconnecting scheme for
Abo 8-modules of the 61 X 64 multiplication unit

Another interconnecting schemo which has not been
investigated yet in detail but eeems to be equally as
efficient, considerably faster and adaptable to the
proposed reconfiguration technique is the one ghown in

Fig. 10, where each level of nodes represents FBA's -

Fguro 10, wheore each level of nodes represents FBA's
erforming in parallel with an anticipated multiplication
eycle of

ll+1°&nl th+ ¢, .

LSI smplewientation
The iraplementaticn shown for the 64 X 8 module
reveals a number of characteristics suitable for large

stalo integration. Among them are the repetitive

interconnections of simple identinzl cells and the
modularity suitable ior expansion and reconfiguration.

Below some ¢! the approximete hardware require-
ments are pointed out.

Approximate number of PINS/MODULE

L m 4+ n+ 2 needed for the multiplicand register
8 m 4 n + 2 needed as inputs to the second FBA
8. m 4 n + 2necded for the product

4. n 4 2peeded for the multiplier register

& three-control pins for reconfiguration .

Approximate number of CELLS/MODULE

The cells are the kinds already discrussed: C, 8,
8', R, K. All are present in a module.

8 mxmedhneededfortheCSAs‘m

2. m + ncellsnceded for the EACA stage

8. £a 4 areconfiguration cells

4 2 (m 4 0o+ 2) ~liv needed for the two FBS's
8. 172 + 1 cells needed for the ICC.

.

Approximate number of GATES/CELL®

For cell “C” spproximately seven-gates are requirec
For cell “S", “S'” approxiruately three-gates s:=3

required
For ccll “R" approximately two-gates are requirsxy
For cell “K" approximately nine-gates are requirax

‘The above estimates point out the fact that testizsx
at the individual cell or circuit Jevel (item yet 1o M
examined) becomes a problem, especially when %2 |
complexity of the chip is increased, with a pamliviad
decrease in reliability and yield of non-defective chine-t
However, using the modular approach it is advisshz1
to perform the testing externally on the module sz
discard the malfunctioning units. This would considee<
ably decrease the amount of logic on o chip, which wouiz]
otherwise have to be inserted for the testing of th.2
individual circuits, This approach seems to be voe
nomically feasible since it is estimated that by 197571
an LSI chip of 100 X 100 mila-in size mey conta=]
200 components, at five cents per component, whiz—
by 1975 an LSI chip of 300 X 300 mils in size mae=]
contain as many as 3,600 components at the cost 2]
-sbout ons cent per component. Therefore, miniaturs—
gation of LSI chips will discourage the testing on ti=
individual circuit level, while the loss due to thr.
discarding of modules after tesing et the frame levec=
will be negligible,

In view of the above considerations snd sines thz—
present otate-of-art high density MOS circuits aes -
being driven st 10 MHs, implementation of the-
multiplier modules as the one presented by MOS cir- -
cuits .appears very desirabls from a manufacturine=
viswpoint. A ressonable building block might ba =
64 X 04- bit multiplication unit requiring an approxx:=
mate number of 5000 active elements (field effece=
transistors). -Ona could also visualize the whole urx—
incorporated in one or two chips. Where speed i3 ths -
primary requirement, the unit caa be designed usine—
fast bipolar transistors, with an expected five ns delax
Assuming then a 64 X 64 bit module is implemsntac.
by bipolar transistors, the execution time could b=
in the reighborhcod of 0.225us, which when pipelined.
tho maximum runiber of multiplications per second mas—
be approximateiy 5 X 10%. Aa MOS array of the sam= =
module will perform in an order of magnitude elowrs=
than in the bipoiur case,

T30 ohove gatee are mostiy “AND” gates with ths “OR" gete -
not fnctudsd in the count. They are also 2(m + n) addithasy
gatos needed for tho recorfipimtion schems and m X n gatos fic

oy B X e =0 ,’!!.7"' hgrwp i N . - T 'v".
: X e R e L I Al
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The pin count also indicates that the current design
is within the state-of-art of the MOS technology.

‘The performance figures given above are educated
guesses since the circuit aad intermodule delays are
dependent on the cireuit types, their interconnections,
the chip topology, eto. In addition,the design examples
deseribed in the previous sections indicate the ease
with which the array could be partitioned to fit
reasonable unit or chip sises.

CONCLUSION

Since fast multiplication has bocome the basis of
iterative divisions and square roots in fast computerss.?
there appears to be a need for cheap array type, LSI
realizable multipiication subsystems. This paper reports
tho design methodology and the detailed implementae
tion of ons such structure. Ease of Ciagnosis and capa~
bility of reconfiguration were used as twin requirements
in the final design. When the unit i3 composed of &
number of modules and a malfunction is detected in
ons of them, 8 method of switching automatieally in
o spare mocule was presented. An estinate of the
logie circuitry in the hard eome (that portion of ths
unit which must be operatizg without any faults)
during testing is found to be less that 14 percent for
a 82 X 32 module, 9.7 percent for 64 X €4 module
and 4 vercent for 128 X 128 module. Therefore,
as 1.0 ke of the multiplication module-unit increascs
the 1elotive size of the hard core decreases very rapidly.

To conclude, the cellular array implementation of an
agynchrouous multiplication unit using moe*ly won-
carry-propagating Carry Save adders was accomplished.
The final cell design and the control and the recon-
figuring circuitry are quite simple.

A rumber of additions] studies needs to be dons in
the future. The decign of self-diagnosable and repairable

functional arrays appear quite feasiblo ard worth

considering. The possibility of composite esign of

a multiplication, division and square rooting unit using -
techniqaes presented in this paper could be very use—
ful, particularly if the division and square root al- _-
gorithms are based on the availability of fast multi- --
plication units such s those discussed in this paper, - |

ACKNOWLEDGMENTS

The authors would like to thank Mr. Gary Wang of

the NASA Electronics Rewarch Centar for gharing
with them somo of his tl.oughts on the subject. Alsa .
Wr. W. R. Adrion, graduate student at the University -
of Texas at Austin for his constructive suggestions. |

REFERENCES

1 C 8 WALLACE
A sugpestion for a jot saullplicr
1EEE Trans Prof Group on Electronie Computers Vol 13
No 1 Feb 1964
2 Metheds for high-apeed addition and multiphostion
NBS Cir No £01 1853
3 0 L MacSORELY
High-apred aritAmetic <a binary comptory
Proe IRE Vul 49 No t Jan 1831
4 M LEHMAN . :
Short-cut ultiplication and division (n eulometic binary
digital compulers
Proc Inst Elee Eng Peper No 2393M Vol 103B Sept 1958
51 FLORES
The logae of computer arilAmetic
Prentice-Hall Inc 1683 .
6 D FERRARI
A division melhod xeing o poralle] multiplier
IEEE Trans Prof Group oa Electroais Computers Val 10
No 2 April 1987
7 8 P ANDERSON et al
1BM aystem model 01: Flocting point exscuiXon tmil
IBM Journa! of Ressarch end Developmcot Jan 1687

-

POV T Y- B ol i ""F""r:?‘ TR A TR iy E o TR R I Y T TR T T T o R i T ST e e e
_ N ™S » - ~ . > 4



R .
9
o
3
y
3
Tk
3
‘)

o
s St

. k
wi
F S
-
aa

J

e

- 4
SO

)
B3
Ny

.‘w
[

.
AT Ty
N WP IS

)
. F
Y F
PN A
}-\
b
Ei

. 4

. .J
CoF
v |
i, §'~_§

e
.
4

Ty
PR N Y3

T
iy

PTET T

e

-
Dt it il i

s

SR At analian ey
LWV RARG - Vo gre 2o

DAY
‘L“l

,;;‘7""‘"“4

/

F

T,h...
e

.
Sty

PN r et s

. oae

R Y -t‘.\blv -

PO P ey,

WIEINT

oL e

B OSSN YT .

Lt

-

L T O A LT T, S S W

ST W TR w3

~

T KIS AR}
- e

. \ - )
-, - . ' @ -
: .
- : ‘ -
T e anrunv- ot A D\ N
- . - -
- . - ~
- 1! Nvl 1365
- . L
Vo Q
. N
V. '

ENCLOSURE 3

A SURVEY OF RESOURCE ALLOCATION DISCIPLINES
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INTLCCUCTION
An algorithz and the associated implenentation of a rmechsniem to sllo~

cate the gvsilable reoources €o the varicus ccmpetitors (jebs), are tuvo .

of the most insortant considerations in the operation of prescnt cay data
procescing aysters such ac ¢the multiprocessing and Tare~Time Shared Swatcms.

They exv geared to astign the renouzces to a vork load soch as to satisiy

sc2e reguirezent of “'good service” while slnultenecusly achicviag efficient
utilirzation of the eyntem end rcduced cost of operation.

A srest nurter of algorithms has been developzd for this purpose,
cach takivg into cousideration several basic scteduling varisbles and

- adoptiug verious dieciplires thalr appear to boast aid a pa:ticuiar system

to achiave the objeciives set forth. A nuzbor of procedures hsve alsa
been deviced to measure the perfromance of these various slgerithams
vithin th=ir envirorment of application. .

Socxe of the above mentioned varlables most ccrmonly considered sre
job arrival times, explicit priority, tise elapsed .Ln the execuzion of a
Job, expecieé hov completion time or the various states the resocrces
themselves are in, )

Becauze of the irherent cheracteristics, type of service, mcde of
operatica and various dagrces of availability required from different eypes
of Tesources and because of the particular role these resources play
fo the system, algorithms %end to naturally fall ia thwee basic categories:

a. Algorithms for CPU Allocation ) )

b. Algorithme for Main Hemory Allocetion .

C. Algorithms for 1/0 Davice Allocstion. )

. Io this papar some of the conventional and most comzonly used algoe
rithms for the allocation of resources of ths abave three meatiorced types
will be prescuted as applied to a multiprocessing or Pure-Time Sharicg
envirorvent. It cust be pointed oot that ratcher thaa preseating & certain
algoritha in its fornal Zfowm, 1t is felt that the varicus disciplices,

.

assemptions and erade-off decisicns involved are of wore fnterest in gainicg
fosight ae to vhat these algorithms are trying to achi:ve and go this
presentsatica is tailored accordingly. . L . .

It ooy be appropriate at this peiat to clerify cozs of the tnms
most fraquently encoaatered in the 1iteratare in associstion with the oabjcee
of resource allc:iction, ' ' .
1. Maltipwccessicg ie tho exccution of a job oy m;:e then ooe processor
workiaz in porallel.
2. Maleiln-ogroaving is the porailel execution of more thea ore job br e
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3. Pure Tive Snaring is che sidultancous use of a dsts processing facility
by meny indapendent users or programs, . -

4. JInterruot is an externally cr process gGencrated sfgral causing a .

processor o divert attention froa the prasently cxesutiong task to a
systen voutine relevaur to handiing the caune of this signal.

LN
reuory acsd zaln storage respectively, vhen the latter has Just beea selec~

Svapping ~ tae exchange of two programs that sre rvesident in the safa

ted for execuzton vhile the forrer is aof solng to ba executed im the upe
c'oxnin,f; tics slice. . . . )

6. Meanellcw-tize is the average tiwe a job spends fu the system while ~
beiey executed. ) .

7. Fozesraini, the colleccion of small iateractive trpe of jobs, with

shoré'run-tim requirencuto in a t_Ln'e criuring eavirccoent. ’ -

8. Baclpgrovnd - the batch processing type jobs in @ time sharicg enviroamecot.

. . -
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SRCITGH I1  CFU Allocotion - Sehpduling Disciplines

The softuvarc mochanfenms ixulexenting the algoriti:is for distributing
the procecces acong the preccosors in @ multigroseasieg enviroawsat are .
w0z coseonly refeired to as Schedulers std therefore the tern §g:gg_g_l_ﬁg’
is s.yuoayruub to CPU allocation. VUhen muitiplexing fobs {n such an en=
virommeet Ace actially doec nothing else Lut aliozating the zesource(s)
-bat are referzed to as processiog vaite. Scme of the zctivity teling
2lzze 1e the oystem during such an operation wiil be eu:::artzed later,
after scae of he ~uat ccumonly cdopted disciplimes in jeb ecl-eduliug
nte pseseniaed. -

The dlisciplincs of CPU aliccation -~ aad for almost all types of .
resource2s = fal' under Cwo majicr cleseifl:ations:

8. Disciplinan forr siatic sllocation

b. D.-.ecipl-:in_as fer dynamic g£llecation
A typicel nroblem of the f£irst classificatioa ic that of scheduling n
Jobs on k Idertical precessors in the shortest possible time and generaily
a partiol orx - -, amoag the nejobs 1s asaucsed.

Dynaic ¢' -.plincs making extensive use of qucdeing theory windels
are alrost etcle: .w2lv voed in preseat day pure time sharing syste:

B e glgorithms ead to favor siorter lobs over lon,,er f.0bs and tm-me ap
attecnt to nloimize meas<flow-tices. .

Ia corasiderivg the above r'o xinds of ctecipnnee oue mnst bear in
nipd two characterictico, partinent to the cmputattons involved ir both
cages:

8. The maximy: cosource cacaclty of a_{ob which varies frem job to
job and also within the job as its executioz progreocses.

b. The roras the resource capactty of 2 job is reduced, the slower

its exscution becomeg,
I1.1 é_mégzc.,.ﬁgéduling : ) .

Tho ducit s:atic scheduling diccipli:e acsumes-a partially ordered set
of jods eazh &.. iated with o cercai:n cxazutcica timo, 1If Job ni) nj then
o~ wust ba compl. -e~ tefore oy ‘can be miti‘?ted.' Thus, the model can oe
degscribed an a direrted graph, vwacre jobs are the nodes ard arce froa a,
to 91 sor the above ¢:during. Each o, da3 a8 weight v, agsociated with it
reprosenting its exceclica tixe, Minini=izg the rean copletion timo
withio a saet of indopzndent jobc is usuzlly the cbjective., Static schedu-
ling wsy b tellored for 3 asirgic processsr or a :ul'lprocesso' 3y3tem
vith agproy-iate restrictions eon tihe stresture of tha pertiel oivjecing of

the jobs. Algozithms Involvizg the muitijyrocessor type syotem may be

S z‘wm:&?wwmw"\)n ¥ =
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i.i\formally tarued as genaralized “eritical path" algorll:hmq enccmtered i
graph theory. . ’
Since most: of the statlc cchadullng slgo_tlth:;s nsy be considarcd
specinl cases in tue dyzanic job schedulivz will not be discussed aoy
forther in this ncction. ) .

1¥.2 Dyzmozic :chnduling .

Dynenmic schcdullnfg, in gaa;e::al, refers to job sequencing {a guensing
systeus, where jnbs arxrive at facda:n in acre probabilictic fachica,
Disciplizes essocfated with this problem focus =n total pgocessizg rica,

elapsed procascics tine or remaipnins proccocing tire, the state of the

TO30LTC(E, axtnTra)ly e sifnsd pzioritico, cdiperdcelly comnuted wolovitios
O RPN, PRy o

and otherc, . . . : .

Fho 3en;~::l pm':p;ose t;ueuein-{; system ray be viewed ac the oz2 shewn in
)y A
eystén of «quzuce of unprocessed or cemieprocessad 'jobs {¢) A soree of
arrivals (d) A feedback path, _ .

arrivaln 15ystem of

queces | :

processors

Eig. 1., acd coaslating of: (a) Service facility (prccessor(s’)

partially proczesed jots

|

._\/. departures

Pigure 11.1

Two basic aacunptions for the geaeduling dispiplines assotiated with medais

. of this gercrel type ave: {a) 1f the arrival soxrce s not 2rpty, it kecps

generating requerts in some pzobabilistfc fashionm, (b) - The facility will
never bz fdle as lozg as there 4is & job veady to ba exceuted.
She ducislion as to what jobs will hove the priority for service, is
of utzoat Juportonce o classifying the dyninic schedusieg algorictas
and theisy csconieated dissiolines, Thus ore may clcas:}y digticpnish batyaza

the foilowing,
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Broed clacsificatton of dyoamic scheduling algorithas.

Secticn:
11.2.1 ) . .
A. Prenuptive/iicaspresontive (Urctpur*n - - e

A low priszity job is deprivad servica in favcr of a higher priority
Job vhich arrived ox changed its priority stetus dvr‘ng cxecution, "he

lower priority jed s retevnsd to the quane.

3. DRcoriae/Pasrart diceipling
Fellowing the sctfon valen in the zbove dlscipliae, it rust be decided

of

vhather th2 icterrupted job vwill ha allemed to contfoue at the point
interzuprica (resezs esticn) or be rectcreed when it cveles back for

gervice. 1Ia ¢he forzer czre proviofon wust be vakea to preaerve the atatus
of the jcb at the peint of int':mpti.on. S ' .
C. Ditc;g" foac taned on scurce of price it; infercation

hceording to this dlscip‘i..e a job may be ccheduled’ occordi.ng to the .

‘folloving critéria.

3.

1
requicagents,
2. Th2 oteie

recorxces 844

Spacific requirezents of individusl jobs cuch as rvuning tice, i/o

storage, otc. ' .

of zlwe gyaten as a whole per':ainin; to avallability of

carzent vorkload.

Tha prosraimies eavironzent such ag urgency, spacisl prefercoces ete.

D.- Diasipliros hased on availsble infermation ' i
Thacee diociplma Zocus primarily or czterpally assigned p-!.or:.tiea L.

for eexvice. 1t must be poluted cut that an overlap of tha above mentioned

Giscipiines and essocizted basic criteria ia hignly deoirable.

Eaviang set tbe geneml notione involved in distinguishiang betiicen the hae!.c
pdilaesnphiecs prevailing i tha scheduing algerichms one way farther
claosifyv theze algers thes in a core apecalized way as discussed in the
following z+ction.
Im3,.

A rore tenuicted clanaiﬂcecton of echeduuug algorithss.,
R o 9% 7% U

'Schednhc.g dirzeiplinco based on rwanicg tincs..

The unterlieing cherscteriscic in thece disciplines in to ninimize
ualting tize for cherter joha, )
A. Shertest job rirce cf, 337

The queue f{c incpected conly after tho curreatly runuing jcbs bave been -
sn=y>d to coorlztion. .

seipl S.z.zg,
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iato the systen. Tais roneprecmptiva’ typ2 of diseivline hasc tha odvious
adventage of nicplicity &and at the enmé tiz? ninimizes the mesn t:hr..e of '
custcaer waltlng fn the system. Houvever loag runaing jobs euffer u.ndor
this tyse of acleduling, -
B. Fressotive Thortest job €iree disciplie: (__.;_) )

The priovitfesn of the jods for scheduling ave re-cvsliuated at the
{nstant of a new arrival as well &s at the ccoplatien of & carrent job,
ex) {f the x2n3ining time of the cerrent jeb is greatesr than the total
time recuireeent of the ifncoming onc, the formexr is deprived.of gervice
and cycled back to tha quavz. It is then ‘ragumed at the point of lotere
zuptlion vhen reecoividered for service, Obvicusly, 2 preeaptive, resuxa
digeliplire, wbich hss tho advantage over tha ccnventional first co
Livet rarved of 8JF prcvicusly mentioned &n that furthar slternates
the faveritiao touward short jobs and further reduces tie average waiting
time in the systen.

La cbvisus digssdvantage is the complexity of the algorithm involved
sad the “svasping nverkezd" iatroduced.
€. Rorzd Rchia discinline

Mirct fatrcduced to ccbf.evé fzot turn around for short jobs in a
tire eharieg cuviroument aa"sming that rennicg times ave not known in .afd-
vance. A basie time laterval -- the guantua «- is 2n irportent deaign
pavaceter. tach fob in the system-io serviced fur a wizinum emouas of time
equal to the cacntun. If completed, leaves tha syotem if rot is cycled )
bazk to the end of the queuo ard serviced for ancther quantum lates- Hew
evrivales joia “he end of the queue. Decisfons for service aze mdo ‘
iuplizicly oy the tasis of errival aud running times, after the allczavion
of ona goantunm. Swappliag 1o agaii a disadvantage fn this discipline
vhich 213 motivsted saveral anglyticsl studies to deterzine system efficicecsy,
vaiting timns or chroughput. In eddition, no adéitional insight about
the zenpaiog ¢i:12 of a Job i3 galned after a quant:s of sarvic:,
This 13 agala a preemptlive rosuee type philosophy, .

1. HMuliinle loval fcedback ("g) digeiplice

Thy qunutym paraveter 26 wsed bere s8lso and a eaw arrival $s nerviced

by {evallately reveiving o8 many quenta of sexvice as tae job that has
Teccived Cie leest xount oo far. It preempis all $ude cuzrently excscue
ties. Thie rmndel cen b2 vicwed es a cultiple level quruairg vsten :wu:h
e wiw Aweivad st tas aighest priority folicad Ly tar jab beving ec=1v~a
tip 12032 z=Ab 68 e*r\'ice quanse ete, fikarier jobe reseive biter
FL2742¢ o1 the evnpsc of lon:zor cnes end \..u. treun £lows e I ce:marab',u;
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ox;e uickes to fovor shart jobs. A dicadvantage is that one must keep
track of £ac service al ready xceeived by esch 'ob.

B. Zwg lovel fe feodback (2-FB} dincinlipe .

Crly a Zixed muonber of quaris of serrice is allccated to all jods
ant. f they are zot £infshed they are peshed to the background to receive
sexvice ouly whea there sre no.' otier jobs in the syutem, The tackzround
¢ eee aay e execiited according to amy otiay suitable disciplice.

F. Duclerzticn of Vode discipling -

The vcer s requirerf to state vhetlter bis jeb is of the batc.hing
type or ictersclive type. During the firset hrlf of & guantum ‘the: iuterractive
b3 a2 ‘eorvied ! ceesvding to the Rownd Bo>in diezipiine and durinz the
geca3nd haif batching Jobs are cerviced to completion if possible., As
urdarstoad tlhere i3 n ercat poteutial of iscorporaticyg say of the previeoasly
meation:d ciccipiinng fn chis one, )

in coucinslon wihea rumning time 13 erknown and fest runaing 3cb
can ba proceced, the BR ard FD diseiplicas sve encourgged. It exst be
aleo rmoted 1at trrrmeroucd time, applying acy kierd of diccipline will
Be cousideral .7 effected by tha type of jcia that the systen may de
sataxated vith ac (he time, ]

-

15,3.2 Sckedeiing based on stutelarendent disciplices,’
Tka Iesire i re uce swanpicz overhoad costs is tbe wmotivstion

t2hr & thiz group of di::aplines, ‘ . -
A, & se=crisat:d Y’l i etplinen - ) .

% Sesic poramster ir th4s disciplic> is ths response tine K
gequirev. 2pd heace set, €or cne IR eycle throvzh ell jobz curreatly '

Ic .7= ceze aftor zoupleting the fic=l cytie of scrvice, the
sebeoCras - pazias are anbCividas in qusrés secosdirg to the rarder of joos
stiil rese? sizg sozvica. The disclplice i3 state cepardent hoecawzs the

vt 52 esmEica glvza 2o € job ir 2 2ivia tyeie depards s tha zZolel

wimver of gitdva Iaky fa the beglualan of it 2ele.
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"itiated., L. elower reactica to changes in loading or fvput sctiviey Lo
“hieved. It 49 forlicd ths: tie cweve ic c¢xzmircd at the cnd of the RR cyele.
S Impak, da}om'\n discliplineg )

" Thias is s varistiox of thz BR discipifac §n hich cvery tise e piw
~rrival iz c‘.«:-rcs:e.l the 4ch in service at ti:z meaant f&8 aliccated ca additicank
wegeivm, Thus duricg heavy input activity tive ellozqarion fox each job iz
-exesnzd anl ovarchesd suapping io reduced.
T. Shotaps alicersicd harsed scheduliag disninlivras

ORI S T B S et AaR s G

This disciplines will be discusned-in coancetloa with the wewory

Jleogetitn almavdiihrs,
IX.2.3 i.i‘}nca-l‘£>__i eiplinac baced on exzternnlly {wmpoced prisrisien

33343 digage 1ate AR e I3 00k AT Lat? e,

.6 cinc\;"_ir:g‘y;rb sicroel rzieritize

The detnzzination of the cuattux slee degownris cn the pricritics of the

stive joba, ¢ ghex prioxity icbs are ~.1 c.c.evs lagger si"~ quanta thon low
vviority jobs. ) . ’ . )
'.L'i:e plidloz., | of this Giociplice may swing tawacds the othier cad of the
eale.  EBack job . sigund gn additlonal prisr.ty to the external caz, )

it.the eime of arrdzl. baced on the exterpel priority end the prierity
*f the curzently active ) be. After ona'et;anwr* of eervice, the pazt job
to receive cczvicé ic v+ oze with the lover pti: uriiy whille at the sczo
thee its pricrity is incrirsed by oze. It cza b: seen that in 3 zoa-~
craecptive covizontent, €« priority cogizred 't.o a jedb indicates Lov many

" zvanta of cezvice ure to bz allocated to tie :s-l.vmg job before 1t joins

the RA.
B. Cthar | h"-m of dvaarde schadal inz diceiziipas
There are auusrols ocher disciplizas. edopted £3r scheduling besides

tha ones progeated so fer oad omz would necd 8 comnsiderable azowmnt of tine
to preseat them all. A pon trivinl tack o 3itee if mey uell be whea eone
dovelops wvardcng disciplines Lased on cochiaaticas of the above. 1Iun fact
this 13 Sore runy tices te aceomcdote the meods of a partlcclsr symtem.
Tefore clos’ir tha sebject theizh 4t must be printed out that moce of the
stove dirsi Jres took advante,e of the job’s waitin: time in the insut
ceeuz.  Algsrithes exist employing the so callcd delav_derendaat
sdz2cinline . .onding to whick joi:a entar the queue with ®ero priocity whizh
is ‘dymﬁ!.call:r medified proporticanlly to che jud'e exteraal priocity and
1313 vaftisg tiza, A job is tlwa selectzd accorcing to ite “ettained
~ricricy”. . o A

Sciecduling plgoritins exict according t> widck the aper hi.rxself Ly Ve

8 yrilcrity. Loother r~pcrccni: cizpe of slzozithes ya:, la sikae ore Wazce
. Scfizad Trasi qv:"“'.p::et." {3 the bacis of r2lenticn for nerviee. '




i
1
:
]
t

i e, e e

[

- teax

Wﬁﬂ-. " — i e el
S— LL RIS s p-A g s it s P o,

IX.4 Dyraaic celeu

*4~q geen from the point of visw of tac precessor.
So €axr C2F ari ..

+:ton has beea dagcusse: within the esntext of tha

systen &0d the ves.. "‘-tio3s iepozed upon it g satisfy certain sdopted -

schedulize diseipts . ‘It 15 coly cppropriste to tcke & brief look et
tie funexfom8 thS rmnngogr fiself kas to undew stake, in cooperation with

1ts fomedinie cavtowne, to caticfy the seucscling requircrents.

Tue powaviur . .. banteps , uscaily imploeanced in havdwarc,ccopezate close
o the PresulsIf.  thacq are the raltiplerley and iotererst hnzdling pecazoisms.
Wie £OMTIT 52702 ey o Mepaffic coatvoller” mminly duriag the swapping of

Sods frea maiad “Siv.r (g ang froa pzin storsze. °The latler hasdles cither
exterral ISEeLIsii. o qnpoaraal vhea zenerat:d by the §obG themselvae,

“he procsusor Ueii.. .uipohng must stese a srafe vector. ‘A state vestor

& -
L9 2 coilection ur o .q.rmgrign pertaining to the laterrurted job and it
basicenlly contafne

4. The contenin of ‘the progras ccanter -

b. 1dbe centeitn of ope central registers of the prucessor
¢. The 8ddien, rpcce of the processor 2nd the contents of every ps
addresa s, g
d. The statv . q11 1/0 devices attacked to the processer
It i3 ther Wb evigent that tvo basic stotes a particaiar jcb cen
b2 in ace the XUluiry ang blocked states. Processors also cooperate with
the vaTio1s 6Y8tiw tuiarjock or prot2ctioa rechauisms but a detailed
discussion of thie w. 14 pe beyound the scope of this precent aceica,

Bew slgoritums g g1getplines parteining to memery allocaticn will
te discussed. T e )
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: TII. Kaxory Manamement Technimsl

I1I.1 Introductica . - . -

The nead to bresk up n progrenm into blocka in order that the pro-
grem fit the avatisdle coodsy b deon mancguiszed from the early days of
ccrpui.r6. Ecrly pregramary femfliar with both the pzogran and the

" mechine ware chle to asecorplich this by dividirg thoeir pregrea into blocks

which conld B2 cverisyed In sagoence. Tha éevelépx:ent of higher level pro-
gramring lenguagas erd the cosresponpding increase in machine comlexity,
however, acre madz this procesy of overlaying saquences increzpingly more
diffccit. ‘ .
) hoproactey vo t!;e golucion of thig probles are Bf tvo types: eotatie

snd gynamic. In the gtatic soprosch, it Is essumzd that eccegh is imowm
gbcut the dehaviozr of a pregram to permit the coopller to genercte opiimal
overley sequances. In the dvremic spproach, memory requircoents ave alloos
ed to contract acd expand cs & functica of the execution tize dscends o;':' e
progzem, Incre2sing deausads for computational power by more end moze users,
and tae rasulteat dezree of cechine scphiotication héve.:mde tie latter
technique tha doiraat spproesch for the following eéystcm resgons:

(1) The ability to rvm & partiany. loaded pzopran,

(2) The adility to wary the emount of memory inm uge by a givea

prosrea. . )

(3) The cbilicy to =ove a progisr sround in memory during cxecuntien,

Programuing reesons Sor the proainciace of the dynsmic sppruach inclulde
wachire indopendence and progren modularity. Tae former receon can ds ex-
plained by sayflag that & chicge in the coding of tiie gource prog=am. Thus
@ pregraa can be written invzpendently of the waching in wbich {¢ 13 to ze
run., Tae latter Toosoz meaes that & progvam ceu be byoken wup irto indepeocont
parts vhich can b2 coupiled scparately. A facility of this type permnits,
for exsmple, different prosra=acrs tO HOIit an geparste cc=poncata of a cingle\
progran. .
The {mplemcntation of the dymsnie approach as 2 solution to the
problen of limited nmemory hiss to 2 lsrse extent beea made possible by the
corcept of a virtual memory. In a virteal ncnory the ucer has the fllusisn

' TR X T I PO AT TR RT RO e Pk NN e TR b SRS et ERTRLT T
“l‘-_gnf‘ 2= Sy TN ML PN TN R e T X YT YE AT
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that a very large vesory io at hic digposal, whereas in fact he fa acivally
dealirg withi a relatively 8aall main neory., Thus tharza fs rot a cne=ta-one
correspendence butween address cpace snd mewory Gpace. Address cpace xetorp -
to the get of “huwzs that moy be gencrcied by a program a3 it velerceses e
foruaticn; mmuexry opace vefers to the got of physical rain mexzaory losations
in vhick fnfowvaticn ftcos esy be ctored. 1Ry coxcept rellevea tiwe pro-
_gremmer of tho reapoasibility of mowory rmausgemcnt and sazigns it to the
computex gysterm, In cdditicn, ceriain preblexs arisingz in mlttommd
rnd tim: shaced enviroamentg are greatly” allev.ateﬁ.

IIT.2 Easile Syaten Eozdiuerce

Tae baxic capater syctem to be considezed threcuzioet this dineeseion
is sk - o Figuwz IIT.1. One or core proueasors hsve Ilrcct acccss te rain
memOTy Jud not to puxiliary wmeroxy.. ‘r:hﬂr::x.'fore. informet’-n wxy be processed
only uban It nain memosy, and information not batlag proceasea et yeside in

. aux{lfary momary.

Hain
Memoxy

Pigure 71,1 Basic System Hsre.:are

Morory xofersace time is measured between the nc;ments at thich o=’
ferences to ited. .1 memory ere init!teq by & procensor; refers to ths
average [TOTY el tence ‘tize. Transport tica 1S the tine requircd to
eompleta a trans:.. :: that moves infornation between the twe levele of
menory; T refozs t. -he averege transport time,
II1.J Definition of Virtual Memory.

e

Beecsuse a virtua) mecwsy do2p not Tecuive a cae-to-02d correspolsLonce
betuaca & “nome™ in thz adoresa opace ard a "locatioa" ia the nmry tpoce,
sOR8 BA3NS pust bo proddc.l to tre=uslete a v!.*tu..i addzcss into & physiecal
eddresse. A exchanisn for perforrence of this t:rcno‘lation 18 refexrred to o
the adineuo nsp on the eddrecs crapalation frrmction end §s gacua in Figure

11X.2 (3ce eexnt page for Pisvse IX1.2.)
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Figuye IXY.2. Dlicpping from
The s&dveis trensletion lumction cen da coxsiderad to da Lrplexented
by werny of a hardvere machanisa plsced betx.ce: a proccssor arnd uoory as
shoen delow. R X : . '
Addzeps Tranglution Mechauicm
. T = T T mepwea s~ .~ T 1
- . .: .‘ . ) '
I a . \' ) 1
a . . ) la
. l YA A h——‘ .
I viRTOAL - o AEme2y ) | )
| APLELESS - - AIDEESS |
Plocess ' . i HEHORY
S - A B '
Pigure III.3. Irplerentation of Address Map. S -"‘i-.:—.;f_j' Lo
b3 & W I::ple'ﬁ tseica of Victual Mewory. A i - el * o
ke Biggest c.xificulty with ax i:glmtarien of tb,. type 6~set£bed
obove {3 tkat the addsess mep would mqnireanmg meo;.,a; to
- the a\w_i.lable piyafcal memory., Tae alteraseiva 13 vy grosp foforeation .
it n-oc!\s of contiguous gadresses in 3¢lica8 Lpaca. Doch aatrey in the
8dﬁn~m>=:p then refeTs to a sot of yddregees with the regule chat fever en=
are wrcuired to cnntala i nee on w2, The flrse mehod ui:d €0 ‘
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generatc these blocks is referzed to as gerrontation . ’ o

III.‘.’. 1. S(‘-::mntntion -

Seznepted eddreys space 1s regarded o3 8 collection of nened Scgumonts,
ench baieg £ livear axray of cddresses. A& segment is & progran medale vhieh
‘can be rafcrenced zo=d modified a3 a separcte cntity. In o segment address
dpace, tae pregromrer vefexcrees ea informstion iten by a tuoeconoaent
addrass (c,2), i which g 46 a cegment neme snd v 18 8 vord azme swichila 8.
Figare ILI.4 chows the coseaticls of ap sdirass trouslatioa machacisn

that implements segmentsation.

2w
W
. ) “453'-“9‘-// 4/ 2 -‘-’4 SESNENT
N

HEMHRY .

SEGrHENT TALLE :
Pigare TI1.4. Addrese Translaticn for Sepmentation.

The addreac "a¥ ae vhich segzent 8 begias ic its base a2ddress and
is found in tae g-th catry of the segment table. The physical addrecs is
0g'® ¢hich equals (stw). The mumder of locstions occunfed by cegeeat s,

"% i5 its linie. ' .

Note that in the schese described here it is assimed that information
regardicy cezwent o is in the s-th locaticn in remory. 1f the sagzeat table
can be relceated in ménoty, houever, an additicaal eycle cust be used to
add the conteats of & relocatica register to 8 In apder to acceos the g-th
entry in the scg=ont toble.

111.6.2 Poglag

Anotiiay methocd of Implezonting the e&dteas mp 18 :aginz , a wethod
wheredy cain wrcory £3 divided into equal-pize tleels knowm ou a 2232
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freces which serve as residacses for watehifag sfze Dlocks of virtual addrecsas
kncun oo pages. Io seguentation, the clereats of esch segment cecupy coa- 0
tigoous loantions ia main waxsry. In pazingz, all tlat 3s reguired is that -«
the words witnin a page resice in contiguous locaticas; tie pages them-
selves sy be geactered thrsr hout mafe meory, A virztval cddrons i equivas
lent to a pair (p,v) in «hich p 48 a2 ps3e nuxder ‘asd v a word muber within

& page. :\_1 irplzucataticn of the &ddrass map. uzing peging is shova bolow.
FAGE T98:8 MELLY :

£l ] . .
}'3_/ :IQ/.fzw

E___},u-

ATt 3 2ESIRSD
= I

Figura 1I1.5. Implementotion of Address Map -Using Fapirg.
J11.46.3. Sezmentation 2nd Pariaz. -

In order to utilize the best features of btoth segmentation
&nd paging, a comsivation of tha two eppracches cem Te used. . Ir. the
sitcetion showm Beolow, entire cegents can be brought intn mewory, but the .
elerments of o gegment no lomger have to r2side In ecatigoms wemoxy locations,
A virtual address cov consists of threes comgponents: the ssg=ont numbar, 83
the poge cunder p; and w, the word cumber within paga p of the denired tord.
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I1I.5. Pczinz aad Eoacaxing .

The presediag paragrsphs denlt primstily mth the mechooisms esed to
in zddition to theze mochsmirms,
harever, policiza =ust ba davisad to conivl

frplencat scqueniation op pazieg or both.
thege implecentations. Coo-

sider now e piscooent peiley vhich detemines where in memoxy to picoe

& progTem diock veing brougat fa from suxiliary memory.
1:1,5.1 Plocemyat Polizics -

-~

hn i~
If one ‘£ ©o

In & paging systee the plecement policy 18 ptrelgatfortard.
cond 13 pag: 1s vlec2d in the firet avsilsdle prze frme.'
avel .2dle, the rsplaccséu: pelicy will cliar cnt caz of the pepgea cosvanrly
vescident fa main momery. In & systen using segneontatiocn, the problem is
saaculet ware didffsnlt, Recall that ic pure gegrentaticn a soesnent oosc
occupy coniigrous logcationsg in msin eexozry., The placesert policy will find
a blozk of memor? of sufficient gizz to contain en fecoming segrent. After
a periad of time, the memory wili tzke ez a “checkorboard® appearsnce oS

chowm telo:.

o o SEGMIT L OEE s .
T BN T |
A INZ - &
N\
, 2N - d

- -

Figure 111.7. Checkerdoardieg of Hemory. .

The plecement dlgorithm uwhich ixplemcnts the plzeszent algorithn uses
a8 “hole table" vhich lists all the holes and their :eépecuve gines. Gorxzents
oa tuwo algorithes used to place differsae gise segments in mewory srz given
belcw. Acsaums tiere are h holes of sizcs Zys Koo ceenr Ko and én {mszztion
request if size g arrives. . ) :

1) Best fit. Tae hole tzdle 1icts holes fn order cf inerecsirg aize
.o, X, 7)< ++0§X,)+ Find the gwaliest 1 such that 8 §

2) PFirst Sie. Tae hole tsble lists holes in ozrder.of increccicg hitf.al
addreas, Pird tha smallest i ecch that o K L LT sl

Depevinents kave shoun thet the fivgt-fit algorfc.m ic the best ef o .
lazte claps cf algoritemg, In odditioa, it hes been fourd thet wexazy gize
st da at least tem times the svernge scomeat 8izs for efficfent crarziioen.
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111.5.2 Copaetion . ; . .

The techriquoes deseribed ghove hove essumcd a williugneoss to tolerata
a certsin mouat of overhzzd to maintcin a hole tsble. An alternmative to
this reqoirzes taat at certain points in tine all operations mmst ccaoe
{n ozdcr t9 pomit cempeciion of 4ll surments fa monory in oxder to eliminnte
holes Petweea adjacant segments. Ao fuown belew, after ccapacstion the low
end of mcry ia £iiled, new insecrtions ace mzée et tna high cad of wemory.

7777777 ..
SCEHHENTS Hot&E
YL szr2/2 474 ¢
Figure IIT.8, iiemery Configuvation v Cozpactica.

" It has de fouad that cempaction ig less efficiert than raintenaace
of a hele 1iat, for this resoon compaction is not oitea uged,
ITI1.6. Stevage Frawosutetion

Storage froznaatation results fron tiie inability to assizn physical
locetionn to viztual addrzoges thaot containm informacioca, Theze are three
major typeg cf storage fragmentaticu., Eztermal frecsoatsticn occurs in
non-pated wewories when checkerboarding becoxes go proaounced that every
hole is too small to be usad. Intornel frasmentetion ccenra in pzged
werories becarge storage wust be rounded up to an intezral necher of pages.
A3 @& zesul?, storeg: is waoted because the last page is not fauliy oseupied.
Table frsgeantation oceurs in both paged and non-paga memories beceugse
ptorazc locstions are occupicd by the sddcess waps. Consequently, this por-
ticn of wenory is uuavailable for assigarent to virtusl sddresses.

I11.6.1. Page Size .

Optimim pap2 size 18 a furction of two things: fragrontation snd trans-
port tice. The crmaller the page sige, the lower the anount of interval
frageeatation., Howaver, ag the page sfze decvesseo, the mumboar of pages
ircrengen; conscgueatly, teble fragmentation iveresses, In edditiox, pege
traffis and thous the gubsequeat totsl transport tizme will increase also.

If the pags size i3 made lorge, iaternal fragnentation iscreases Optim
pege 8ino lico nxmavhere betucen these tuo extremes. T
1f frogmentatioa is the only coasidevation, optimum page 8ize 18 of
the order of &% wuzdg, IS trnopport tine {0 alao eomsidered, the cotimmn
gizc iz then of the order of 100D vords. Since tranrport time o o dixcet '
fonetion of the type of backiug store used, opticun page gize will depend

WM’ v-vm-w R — N .
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on the fzeilitics svailable ot o particulac ianjtallatica.” Is general, ho-
G ever, moving aim digho should never ba usel.
II1.7. Revlasezont Alsorith

Place:eat policies for both paged and non-p‘agcd nzraries were dip-
cugsed earlicr. That 13, given that 2 blesk: of wozd3 (s segment or & page)
is to be hroasat {ato wsin cerory, & portisn of moecory test be wade avafl-
able for th2 izconing Block. Ik rost instmcoes a vasact asrea in nenory can-
. not 02 foumd to accexrodata the inno::in.g biscx., (¥Ia the patas‘.;aphs uihich
follos digcisziocn will = ccafincd to a pe3ed memory). The reploccnent alpo=

rithn Tust detccsime shich page in mewozy -=ust Ea voleesed to mske rooca
for the ineoming =age. Conerally speakirg, i€ the page with the Ieast 1ikli-
hoed of Bolag veused in the imardiste Sutewe 15 retized to stxiliacy menovy,

C : the best choice hes beea made. A good -mesare of perfommeace for a pagiuvg -
* policy io paaz gcsffic (the cuber of pazes per unit t:fle being moved be-

_tusen mewox :lea) becarse errozecucly vemoved pages add to the traffic of re- -
tuteics pages.

- In theoxy, the vy to aciieve an optimal veplaccment algoxitim 13 to
preprocegs a comprtational precess and £o sccord its history. In practéce,

Q however, this procedure ic irprastical giz=2 it would ba prohibitively ez~

©  peasive. It dees, howaver, sexve as & basis for ccuparigea cf otlier re-
.placezcnt algoritinna, Some of these are dlecasssd belcw,
Rasdan Selestica - Thr a new paga ic rewory lg neesded, the pasge to
.be xeplaced ic seiected at randmm. Althoush .this algozitm 16 easy to ims -
plexeat, it rosuits 1n high paee traffic sizee mmy useful papges are often
replaced, .
FPixpt=In/Pirsr-Cut (FIPO) Selection - This algoritim replaces the
. page vaich hcs deen in mezory the longest st the tise that a page traffic
oince it ie poseidle for useful pages to ba repleaced. .

C/ Lesst Recently Ysed jLRU) Selesticn - Wien a frech pege of memory is
nezded, the page 'mreferceced for tiie longest tizo 13 rexsved., Obvisusly,
wechanisng must be implencated to oaintsin a history of page vsage.

Bxporizeats by Selady? have  shown taat the "idesl” glgorithm should
pozsess puch of the si.q)ueity of Random ox FiFO m;leccicn (for ciffizlcney)
end soms, turorgh not mch ascxulatica of data cn past refereace pateetns.

O IXX.8. Localfty znd the Wozkiag Set Medol - .

An imovtsn-. feetor in the clsice of a-veplaceseant algorlthm 15 the
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" principle cf loeslity, Tais pi‘inciple stateg tsat :!utiag short inrervals

of time, prge zefevencens will teng to cluster ‘arcund a t:m;u meber of
pages,

One reagea for this 19 thar progras veféreaces nm2y for a tine dbe
coafined to a“Getget of the yTogran, a sudroutire, for cwommle. In additica,

progeans oftza tend to locp for a loaz tive olehin a small cet of pages.
Tee wposities: zet of A& projuom, thorefore, ia cupacted to contain the “nyst

ucefui®™ pagea; Ly the po m-iplc of locality the worling g2t changes mesger- -
ship slouly, “ .

If the wosking net of a progrem is coantrusted ctrictls; on a demand
bsgis, tter the vorkicg set can De expected to Zrow fa size as zaowa balecw.

(d'( /@A _

s
Figuze I11,9. Verklng Set Size,

The wotiifng set principle is a step ia the direction of & cz;timai pege
seploczennt algovitha L€ tha follaifing {s observed: A-program rwy run if
ard cnly £€ iz woxking set . is in meaory, aad & nage in memory moy -not be
replacei if iz 49 a weshoer of tue working ozt of a Tunnirg progTen.
III.9, Molsiprogremning eod Thrashinz .

K

‘ Pazing algorithkas In & multiprogresmed m:zy <an be irplerented in one
of two ways. 1In the lcesl ieplemeatation rawry is paztiticaed into blockas
of f£izcd pine, A progran inivisting a page foult way repisce a page cnly
fzom vithin its o block. In the globsi implementstion, s progims re-
qaicing av addieicnal page may zeplace a page frox cay lscation in the
vorking canory.

Taa working sot principie 4c defined ia the coatext of & local paaicy.

. Multé{prorrasmaing under a global policy (s succeptible to thrashice, a collepae
-6¢ perforserce that may oceur vaea werszry 16 overcexnitted, Briefly, thrash-

ing i1l occur when e progvan Io breught into menory end atterpts to gonerate

420 working ot &t the expense of progrens alrezdy in oomory those workies -

cets hava bmen hullt up over & perfod of tima, LS a eancequense, Progra-s

will noend a gzook desgl of time rajenerativy their vorking sots gith the

result tlat proccasor utilization wiil drop drastically.
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1ae working pet rodel under a local policy ingures that a progzar wi
not ba breugat k:to ceanZy tniegs encuga vacorritted memory is available

pemit e prmen to tuild wp its cet of t_s"ful psges.
I11.19. Conclisicns .. N

My ciffoxeatb -'-'ujecuz kmc baza preseated in tafs discnogion.
Alincveh tihose topics nave beom fdiseugsed lalividuslly, collectively they
predent 2 walfied sppreach viose goal ig tie more cfficlcat uge of a
coxputer gyscen., ‘The ideoa waich is comzon to cneg,e techoiques and servas

un A
to

to bricz ti:za tozellar i5 the concept of a virtral maacry. A *irtuzl pesozy

2lless o wooar to ceosider that all the rescsurces of a cemputer cy-tan ara
dedicated to hinm, wh2zeag in fact they are elloited to wim on a plczenscl

begin, Curront rozerts guggest that actucl implemcat:stions uting cocsdina-

ticns of trase techniquen do indced accomplich their stcoted objectives,
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IV. Flle lfemory Scheduling Strategies - .
IV.1 Iatroduction o R

In’a ooltiprogzermed, timad-gharing compruting systea the pecondary

output £iles are compiled as the result of procesaze, and “scrateh vork®
required br operating processes may be tecporarily plazad. Censeguently,
there iz a cors ijerable burden ca seconcn;v etozag2, waich fo ofter re-
ferred to as file memory, resulting from comstant rrefiic in ené crt of
nain conory. It is egcenicisl then thst every clenznt of the comgating .
oyotes ini:'r.:"-' cing with £21¢ zepory ghauld do go sacothly and efficiently.
By tna aatere of £ile nemory, «e-oﬁu 17y stoTese &3 necessaz:.ly 1larze

capazity cad low cost. Tuess req1.-re:cec- copsistent with the skhete-of-the=-
arvs teenaelogy diccate the use of rocatin mecnanizal devices sceh ag dxves
aat dishks, These dzviceg are inhezenﬂy séquent el and slow in compsrisoa
wilh ccve momory. This dieparity wokes i noeegsary to schedule file re-

- qm.s:s 80 ap -9 weininlze wechanical scceszs time znd te rczims:e the {hrenghe
put of tae gyctenm. . - -

JIn thig section, we atteapt to c.nzn:r'ize Denring's (z)ead Cofeman's(l)
work, deliaieating some scheduling pouciea, deriving sizple mathenatieal
mod:els, ani analysisg sox2 of the cesults thus obkaiuod,

IV.Z Descriotion of Pasic Coals, Esvirorment, and Pc‘ fcy

: The comuting system can bes visoalized as two basic entities; wain

wenory aad File memory. The fect is that theve ara coasideradle traffic .
beteaea slovw, se:oadary, atorcge, and fass: core stozage. System perforrance
cleariy depends ou ‘the efficiercy with thichk these €ile memory cperations
tske place. %he goals of our scheduling policies mast echieve maxicma
throughput. aed yet aot discriminate unjustly agafast zuy perticulzr re-

. qaest. I= sddition, ié zust be reasonably inespexsive to impleremt,

::) We eomzwc that there 16 a basic valt of storaze cad trensmicsion of
date, cellad page., Programs are mads of pagen. Csre m=evory is dividzd io-
to pages; and infozmation is stored pege Ly pase o2 seconds™y storage de~

E) wvice3; it Zollows tuat the unit of "informatiop treasfer ic the page. We

further somme that reguests for file uemory us2 arte o a single page basie,

and that a process whick deaires to trausfor several pages vill have to
geaevratae szveral requasts, ons for each pme. .

- - N . " -

storaze ie th’e heart of the eystem., It 1s kere that input f£iles are stored,

.
. ! .
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Becavse the file systien does not oparate rapt:uy enm.;‘\ to ectisfy
ix:zadx.atel\' the total gystem dement the-e 10 bourd to be a Jueve.  The

simyle and bosic poifcy to serve a queue 18 a. £irst-come-fivst-sezved

(FC2S) zolicy. lcwwer, 1a the light of the cegueatia) nature znd the .
glew speed of“scecndary storsge, it ig patural to inquire whethsor the

file systen can teke edrantase of opportucities hiden withia rae queue.

Per ewxzple, it night be pocsible.to asrve the lase tecuent in the gueve douting

the positinzing delay of tite firse reques!. Tha follewlag ozctfcns will pre-
pesz tua fiprovaed gcheduling strategies avd ccupare rescelee with thoge -
errived gz by ®CrPE poliley. i '

IV.3 7he Drum Svrten

Taa first task is to anclyze o fixed hood stovage device. 7The anelyois
dezgls with & drvn srstes, dut is gufficicntly gencal for exnteacicr to
other davices of egimiiar structure., The enalysis is ayproximate, fatcaded
only to obzein tue expected weiting tines go that advantgges of ccheduling
cen be {lluscrated.

Iv.3.1 Ine Dmunm Orpanization

" 43 shen fn Figure 1, the drum 3 ivided aloag the awts of rctation
into egual regions callied fields, Bsch field 13 enasisted of a gXovp cf
treeks, and esch track nas ivs o head £or readinz snd writivg. Aoag
the asgular coordimate, the drea surface 38 divided inf'o equsl regions cancd
oectozs, The suxfece axea eacloced in the intersectloa of a £ield and &
gector 18 a page. Tor each read/uiite te2d, there ere tuwo axplifiers; oo
for read, ard the other fov write, There 18 ¢ phyaolcal limitatice in-
selectica delay {nvolved in gwnitching tae otates % tha heads, ‘fhus, suppose
sector E 18 preccntly resding and if tieze i3 a reguest {u the gueuo for

"reading e page on gector kfl, the request is sexviced. Bst /£ the regeest

18 vrite, 1t cen not bo serviced until gector k2, since the write aorplifiar
ean nat be sv!.tched in gouva enocgh, ’

We farther scocaz cnat there {5 a drum c:lma‘icn policy vhir.h
guaranie 5 that there is at lesst one fren poge peT sector. When & §20coT
fs full or over a prespecified levsl, the drem allocztor will selectively
relccate one or moTe pages In that gector to 8 lovzr lavel of storszge (scy
a disk: or a tape), If this 10 done, & vTite ricuedt may cxmzuce at cace, -
and it 13 higlhly prchably that a ciguence of urite :eqnaats gcauawﬂ by
a s!.ng,l.e puveess will be stored congectively. : :

.
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Pigure 1, Organizstion of Drun
I7.3.2 %he Shortest-Accass-Tiwe~First (SATF) Poliey
With reepect to the drum structure o tining dfegrum i3 davoloped ae
saown ia Migure 2. Tae verious quentitice of interest avo digpleyed and
definad as follaws:  Reguest Chosen Bcom Reaues
Réaua.s.-r CCeersion B ms o Ranszel, Q.o«\p\e:\'e,
ENvces |
Queve \[’
\'¢ V . [N
}( WQ/ \'/ a - JJ, Lo
v T/ N ,r
.|__-._____ s
l( W:. ] 8,
L . ,
FPigureo 2, Vaiting Timo Paramcters for Drim
to: The triogfer time, tho time required to read or vrite a page from
or to file uemory.
&: tha accesa tme. the wechanical positioning delay. .
t.: gervice tize, aefin ad 28 t; = a 4 to .
] A tho wxiting tire tn queue.
Ve: the total tize a request cpandg in ths f£ile syetcm. C LT T
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To carey out thic SATF etratesy {n caning file requects are sorted bty
ptorticg alirescs into Lroups of qusueu exch of which corrcupends to a
gccter on the doam, Two znd riove reguests are - in the szn2 queve if and

oaly 1f thy sre for rue came sectoz,

ware cince qrem iy addreszeble by sectoss,

SATP rolicy ccn e simply ctaded as:

Tais {0 consistont with the haxd-
Ap Ipliec by the nrme, the

cizoga as neat for service that
reguest whileh rozuises the short access tize, )

To help vigsalizo the strsxesy we have takan a diifezent but cquivo-
lent vicw of th2 dArun system by sususing the dvum dtationary end tha
recdlc-ritc'her.ds cs votating ot co:atsns “spaed arcuad the dnm., 1hig is .
£1logtrated in Pigare 3.

INCO S 17056
REHITSIS

{
- P] CCNITEY,

Pigure 3, Tie Drm Model

.

I¥.3.3 Th2 Mzthemotical Model

First let ug deficse some tovas as follows: . .

B:a : expected access tima,

E tg: uexpeceed service tive, .

Q :  througaput factor to te the ruzber of requests serviced per
’ Unit tine. .

U t Utilization f£actor te ba the ratfo of psge transfer tine to

page transger time plus ececns tive,
T : dnm revolution tiwa.
N t the mmer of gectors.

The wnher of requests in quoce
the y.rodoability a vequest 18 a read.,
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We now proceed to dc.rlva the key pnra:occrs, E [nJ E [to] . !-lf.
U, and Q, {or firat PCFS policy and them SATZ policy. R

FCPS Pollcy

rd ) .
Let tho aceess time per request b9 o rasdem varishie which cen assuwme
one of the 1! values equally iilely. 0, T 2r ) seacy H:}_ T

E u

e D,

the expacted ac-csu tme iz

Efi~ 2, ( )pr ES N]
= Ih, [_\*3,4..3*- . ...°!-(N-hj
=L - "Ji('u-h N

eN-\ T L .-

AV
Pege transfor time §9 comstent, ;1; Heace, the utilization factor is
I .
U= N
R o T
N N L
T ' . (;D
N+\ . ) .
Elk)= ER] 4:1;;; (3)

o. MO

_ &)
G\ = Etts]
Agguning thnt the number of requests, n in the queuea stays close to
4te expectaiion, n E n ., it is !mm3 that in @ FCEFS queue, the capected
wait ig ' '

Wsr’&’) = £ <)
~ wE[’és'.\
. = |~l~~-a,3 (5)
SATF Policy : o
Tha erpected minimm accegs tine with n roquesss ia the queuve io

ER])= EE;\(!—-‘-)W“ T( :?5 T(\__v__(‘ 3“\*\]9\\_‘.
ang *"‘(\ e [ -5 (n-.n ") -- - )
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The dorivation csn be geen in Appendix 2 of Denning's (1) paper.
. T, .
Efa]+ 7/\‘ N E[a]2T

To ob..ai.a an eu:imate of H uader the SATP policy, we x'escon es
follcvs. If therc nze n rcquosts waiting, thea o/l of them are waiting

for a glvea geciar. So wiea a Teqrest enters the file worory, hupue

a geeter qacue, (cea ficuse 3), it ope2elc to wait T/2 for its scetor to
coue Into poaaftien, plus /N additfonal dywaa revolutiozg before vocaliving
service, aad fizally T/ tiz=a for {ts own poge transfor. Hepco

W o7 L. T
s +IJ N

-T(-L+ﬂ+l __,__,.__(J’)

. N
Iv, 3.‘ Bmlo

To drammieice tae effects of ochedeling, we give a ncrerical exsuwple.
A typlcal aigh-creed dim has a revoultion time of 16.7 wa (3500 rrm).
Typically, there are 4036 vords written arovnd the drems circuuference tith-
in g field. Ws use a pega aize of 64 wozds yieldiong 6% vectors around the
drum. %ypically, the probabllity of a read will be greater than that of &
write, go the cuclc: of 0.7 for p 43 not unreaconsble. Assuming the oz~ ‘
pected nmbes of mquesta fn queue is 10, w2 hrve the fol:.ov!ng as pare-
meters: .
16.7 rs

T ®©

N e 6§ sectors -
to = T/Il » 0,26 o
p = 0.7

n = 1¢

Substituting thess parameters into equatinas (1) through (8)'; we
have tac follcewing 2able.

At/ lLISECONDI . i
pocieY e Teriadl wr vh |9 eﬁ?’:z, T e -
FCFsS 833 | 859|259 3 /A

sare |oz3 |049| 12| 53 |00
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The welativo improvesment (o
wg (FCF3) o« e r(t+E) m (N,
W (SArF) T(4+ M C N 2D ‘
~ .

Por the set of givea pavaxters, this is 7.6$ :ihich woong that in-
conivg roquests se2 a drum that 6 796 per cent Zagter! Zhe utflsizatlon
feeror incrensed b7 a foctor of almosk 20, ' )

V.6 The Dick Svocen

Fe now turs ous attention to wovsble head storsgs devices. ‘iypics)’ of
eguipnoat in thia class 15 the movable am disik. Agnin the wodel uscd in
the aralyaia bas cufflcicnt generality that tho results cen be extanded foirr
vgo tvlth other wsvable head devicea of s:milay gtruetares, ‘

Iv.4.1 Yoo Liagt Orgonizaticn

2ead fWrite

* W Tracks Yond

4 Arm ASS?MI)/t/

K TraeK — 4 ; .
L | . — : . .
K cinder ; () . : 2 ot

" Pigure 4, Organitation of Disk

‘- The dick cysten io nluat?ated in Pigure 4, There are a sories of
digke of iile radil cqually speced alont o common e&xis. Both eurfeees of
eaca disk arc capabla of otoring information aleag coaceatrie trasks vhich -
ore nituatied pear the outer edge, One can imagioc that the kB track of
each dsal: €3 gicusted on the iurface of a cylinder; tnus, {f tho disk 1s
W treck vido, there ure W crcentrie cyl:lé.daia on uiisa to seorve inforeatinm.




El

T

A

T AR

M

DA g

- T vYm

. .
t1 %4

Tnere 19 an asserdly of movable aras, couippad vith read/urite hends.
There 15 on? get of keads oa ench gide of & dish, cnfficient to rc2d ov
write cn2 t:ack, so each tirme a new traek ig zl:.-,ueszcd, ic i3 recegrary to
repesition <hig.amna. The cpovation of poaiticaing tho arco §a lmovn 2s a
Seek, 1The wachanica for dofng this ic hydmgulic, and iy therefore $shercat-
1y elov. 1Ia geactal gookiny eue trachk zoguited a time Jyin wilie & ceclt
the full TEddh of the dishk, reyuizes a tion S_... Typicaily sni.n iy 4a the
orcer of 153w and Spay 10 cbout J0) ms. ‘iiore Is 1listle diffcrence bow
tucen a geck of & tracks ozd o g2ck of (kil) trachks. The bottlerecl 19
getticg the arrs wovioeg im the £izat plece. Oace the srxa hove bezu positicaed
any dick gurfece on tha cylinder ig addregaable. - .
IV.L.2 Zhe 522k Seraceaizs

finflar to toe drum eyseen, tho disk weilting tins paraccters are ghown
in Figure 5. 7%he only differencs i6 that sided gack timo., After the ree
quest enters the queue, it walts a tice *dq uatil it i5 chogen for scrvice.
Onco it kes been chesen, a geck Cime S elapses. At the ccipletfoa of the
geck, an cdditional rotation delay  passes

Lewyesr Rezpesr Cifosen/ See Access Bequesy
Arrnnl (D<c/sied FoIdf) OMPLETE CONpPLETE  CoMPLETE

¥ Y V ¥ Y
< Wg o § b ¥ k¢
| b : ’fs N

_—y

W : :
until the ¢esied gsector has coma &;o pogition. (aly then doen trencalssion
bezin, aud it is assumed to last t gsecods. The acceas tira is

a = sg+r
and the secvice tire ig

tgma+tustr4t
It 18 recsonable to further asoume that once tha aa:s'éte pooitionad at
& given cylindar, evary request for that cylindoer is ‘scrvad before znother
seek £5 initiated. The reason for this iz appozent vaen one comsidere the
megnitude of thd mintmm ceek time, S_. . ' :

Scheduling a digk cystem may be considet:ed to have t2o levela. }:altins

regquests are gorted into W grcups, oue for ench cylirnder, in 2 =2vanr
sinilar to tha érem gyotem. The upper level of schicfuling i3 to decide at
shich cylinéer to pozition the erm. Once the armg sre poaitionod, the lover
level SATP echeduling cculd be used. Ecwevor, the prod.Hility that more
than cae reguest {3 waitirg for the seme cylindor nnéer normai lcad conditicans,-

»
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i3 guite exall. So nothiny ic to be goinxd by schieduling policies other
thn FCFS policy within tao cylinrder quevd. Thusd the expected rotation
delay is T/2. ) '

Once all_requests for a given cylindar are aatisfied, the ams are
woved ey to 4 now cylindcr. Siniler to the drum gyotem, it would seem
recvonnble that a cvor::cm:-Sc:':S.--'fi.w:--l'1.1m: (SSTF) policy should be uged.
Lowaver, this policy ig wunpetisfactory sisze it tends to diserininste
agninct requests fer the foner and outer cylinders. ‘7o sec this, sappose
the em {5 at tae k™ erzel, chere K W/2 es indicotes in Piguve 6,
Becpuce rcgueots are essunad to fall uniformly

tﬂ———ﬁ‘s—é/ou 4 s—r: Reciton Z.—-—.——-—->'
ks K Wz s b
¥ i ] Lf ]
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for eny of the W tracks, there erc more rzguests in Region 2 than in Regioan
1, then tu2 likz1zhood i8 greater that th2 arm motes into Regiom 2. UVader
hegvy vsaze, tha erzo tend to yo-~yo dack and forth arcund the ceater of the
track region. Further camplicatica occurs in coge of a “tie", that is,
vhen the minimm gro nwovement 1o tha gaxze fo either dixecticn.

An alternstive strateny wiich fasures resroncble sorvicae to all regueate
ig the SCAV policy. The SCAN gizately sweeps tine arss-back and forth boe
tween the inner end outer tracks (or cyliacers) cervicing any roquests fa
tho intervaining queues-os the amas pagss by. Oue can think c;Z cparating the
disk emzs a3 a “ghuttle bus® botveen the inner and cuter tracks, stopping
tho ‘axmg at any cylinder for waiting requesis. )

IV.4.3 Th2 Matieraties Model

Althosch the SSTF ﬁoucy.is ungatisfactory due to its digerininatory
ofifect, it iy otill possible tast the walting eime of a request woy still
be less thaa its normal wait wnder tie PCTS policy. )

In Appendix 3 of Denning's paper("), the ean.ut&.! mintm scels timo under .
8STP policy 1ig derived as

061 C5 [ » S S (w;’:z(w‘%ﬁ“")]---- )
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- The wnacheduled seck time under FCFS policy is obtaiacd by setting nei in

equation (9)
1

E{{’] ;-"’%;;-L{Smin* ‘ %—_‘{:SM" ("”L(w-g)z)]-"_""“(m).'
the wpeetod Geceur tiza for both SSTP avd ¥CPS policles is

Elal = EIsT+ 2 ===~z =-=(1)
tahe u'c:’.).ir.;.xtton facter i8 _

T 15 vs:d a3 the zanasfoer tioce ‘.:ccmme it is assumed that cach trznuler
15 a £full track. tThe througnput factox n haz the sasne dofinition se the

drum eycten . : 4 ’ ' T .
R = g7 ~ -~ — -0

D:tse to tncertafotico of the SSTP polic;}, the total walt time V. under this
policy will %e eatime2ed. For FLFS policy, icizver, ve have,
. W‘f ~nEIlLl] - - -=--~--- Ué)
-Pirst a2soure taat there arc enough cylinders aud few vequests that
the probability of Zinding more than one reguest for & given cylinder ia
much 1 /sa taan thoe prodchility of finding just one reguest, Tais is equiva-
len2 Ao seganing “hat the totcl mumber of vaiting rcequests fall randomly
vitpin the track regioa, und that vhen it grrives the am la at some randoa
posiuon. The ex, ected distaace betusen ithe arrivin; request and the ozm
10—3- There fo prubability & that the srm travels tcward the rzquest for
-g— distance, and probs::ility -% that the arm moves oway to tue edze and back
towards the request, i: which case the am must travel 3(.3) = W distarce to
reuch the request, Hen.? the expected distance the arm moves for reading

the regzcct s .o . ) ]
| Z ©
2+t =Ew - ----- (s)
If thoere are n rooueots, they divide the track,'.:egion in (&¥1) rezions.

T+a geek time for onme such distance is : : .
Snum(-gmin — e e - - - (ié)

EC',] = .rn’*—T—ﬁ*‘

- -
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and the accean tiue §8 the aee‘c time plus 'r for rotation d;lay .
Elg = Is) + % : . .
ElhsT=Efa+T - .
- =E1+(32)T
= -—"Qmﬁ‘——-: 202 Sein + %:T """ a7

Sinece the tf e to cruss ¥ tracks in nECt; . The time Nz 2 single reqguest

cust wait fc {rom equation (14)
wf = % n E1t]

n [SM..,, S’"dV

___._.s"_.‘.:_’l.‘l*“—r _._-_;(\3)

"Nty
v.bL.4 -xsrple'

ro‘ demcastrete the effects of disk scheduling, we present an excmole
using the following paremeters: g .

8,q = minirum scek .time = 150ms

Snag = maxionum seek tiwve = 300zs

v = axuber of tracks = 30

T = disk revolution time = 60ms

n s mmber of requests in queue = 10

Substituting theso paramecters iato equatio:s from (9) to (18), the Louou-
ing table ves cobtalned. -

1 LIV S ECONM DS

PoLteY —gveT | Efal | ErEd W UZ Q[ see
FcFs | 45 | 225 | 285 |zags0 | zro | 3.5
SSTE | 1¢3 143 | 203 — | 295 | 49
ScAd | 164 194 | 25¢ (1706 | z2¢4 | 3.9

then 10 cylinders requesced the exvected utiuzution increase with

SSTP over FCPS s  _ 25
~2to == {.40

The gaﬁ under SSIF is not-too-impressive 40%.
geek time Smin that imparis efficliency,

whfch bas & 127 inerease in utilization.

is quite izpresaive.

228 = 1liz

The ﬁupromt in waiting tiac
2050 ___ . ’ .
oo j.68

It means that each request seos a disk that is 68% fuoter.
Hence ue corclode that SCAN is tho preferred disk schedaling policy.

It is the lezge mininen
The gain of SCAE over FCFS is
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PROBLEM DEFINITION .

During the normal operation of a largé computing system blocks of
data 6re frquently transferred hetween different levels of the system's
memory hierarchy which may include storage media ranging from ultra-fast
bipolar 'cache’ buffers, to fast core, to bulk core, to drum, to disk, to
tape. Commonly the blocks of data are fixed sizo and are called pages.
When collections of these pages are stor'ed fn a member of the hiera.chy
which can be characterized as posseésing only one degree of a.ccess
freedom, performance of the memory hierarchy depends strongly upen the
atrangemer{t of the page string. Using graph theory termology the optimi-
zation problem can be stated as follows: _

Given a weighted, directed complats graph of N nodes, determine

an open string of N nodes such as to minimize

N N . . .'
T vl d, +£fd) ) -
1 gm YU . :

-

where  f,d, deno*es the welght of tha edgo from node 1 6 node J
f“ denotes the density of the path from node it to node j
dxj denotes the length of the path from node 1 to node J

(paths between consecutive nod;s are aqual)

Such an optimization problem has numerous sources. Fcr example consider

a disk memory unit possessing one head per suzface. If the éime re.quired

for the Intertrack head movement {8 much greater than the time raquired

for one disk revolution, then the unit can be char;:cterlzed as possessing .-

only one degree of access freedom. In the corréspondmg graph model

all pages on a given track are considered to e3dst at a single node.

s e h e e e b
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_terms in the objective function).

* Path length (dl ’) fro node i (track {) to node § (track j) is assumed to

correspond linearly to the required head mmovement time between track {
and track §. Also, the separation distance between consecutive tracks

fs assumed to be constant and the cost of self-loop.s assumed to be zero
(d“ = 0 if { = j). Path densities (fu) f:orrespond to the expe?ted
frequency (number) of head movements from track i to track j. Therefore,
the oﬁjectlve function to be minimized e;uals the s.ummatlon of all possible
intertrack head movements multiplied by their resovective frequen;:y.

-+ As & second example consider a magnetic tépe unit pbssésslng
bi-directional read/wrlie capabulti'es. With fixed size pages the path
length (d“) 15 assumed to corres.pond lnearly to the time requlred to
;xiove_ the tape from page 1 to page §. The cost of aelf-loopé is assumed
to be zero since the tape unit possesses b.l—d'lrectl'onal read/write
capabilities. Path .densmes (flj) correspond. to.t'he expected frequency
{(number) of jumps from page i to page ). Therefore, the bbjectlw function
to be minimized equals the summation of all possible inter page jump ' -
distances multiplied by theii respective frequency.

Other important applications involve areas such as one-dimensional
back board wiring, mar{ufactgrlng procesces (or éssembiy line) and with
appropriéte restrictions cenain classical operations research problems such

as the Chinese Postman problem (fined terminal nodes and no feedback loop
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Certainly such an {mportant problem would have already beén solved
if an exact so}uuon existed. It does, By considering all Nl permutations
an optimum arrangement can be selected. However.' the cest of an
exhaustive search of NI permutations increases factorla}ly with N, . For
example a 10 node graph possesses 3,628,800 permutations while
11 node graph pcssesses 39,916,800 permutations! Therefore, a heuristic
optimizauon algox.'ithm wblch offers a cost per node ratio whlci': aoes; not

increase factorially is highly desirable.
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OBJECTIVE FUNCTION

The ))roblem‘s Objective Function must measure the total access
time for the N pages in terms of the distancs traveled to achieve the given
number of interpage jumps. éonslder a page string consisting of $ pages.

See Fig. 1. For such a page string, the Objective Function to be minimized

equals:

OF = £,d),+ f1dp+ fi3di3+ f3. 95+ £y 0+ Eod g+ fisdi5* B509s)

+ Lyadpgtt393,+ fadaat Baadaat 25925 f52952% £34954% £43943

+ fy0d50t feadeat fh5da5* f54954

where d“ equals the distance between page { and page |

and fu equels the .umber (frequency) of jumps between page 1

and page §.

In general for N pages the Objective Function equals

SR

N .
Objective Function =z Z (8, + 4
: i=] j=i '

- PRSP EER SEEPRE v e wme apam
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CONSTRAINTS ' ' Co .
”~ ) * .

The problem possesses \musuai constraints which prevent applying
the classical optimization methods of Operations Research. All the termr
of the Objective Function consist of the produce to a fixed ]ur;mb frequency
(f",) and a .jump distance variable (d“) which ig limited to a fixed set'of .
integers. Therefore the' probiem must be classified as an integer programming
problem. . S S |

First, consider the fixed set of 1mﬁp trequencies (fu). This set com-

. pletely specifics the expected frequency of jumping between any two pages in

the string. These frequencies may be expressed either as integers correspond-
ing to a number of jump or as fractions correa;iondlhg to normalized percent-

ages. In this paper, the examples will employ only integers in crder to

" simplify the presented calculations.

.A convenient means of representing the sget qf page jump frequencies °
employs a connecuvl_iy matrix, Consider a.n example correspondiné to N=§
pages., See Fig, 2. :'fhe resulting matrix is called the Jump Frequency Ma.m'bc
(JFM). Since it complately specifies the interpage jump frequencies, it pro-
vides all the regquired input d&ta for the devaloped optlmlza}lon algorithm.
Note that whon §=§, then f‘ =0, This condition correcnonds to a self-loop

|
or a jump from a page to itself. ‘The coct of such 8 jump is censidered to
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FICURE 1  OBJECTIVE FUNCTION TERMS ( 5 PAGE STRING )
PAGE
1 .2 3 & s
V1O [£51) %5 [f1a [f1s
2 |f21 ] ® |f23 |f24 |f2s
PACE 1 I P O BB P F
A P | fa2 |faa | O |fas
5 | %51 | fs2 |fs3 {84 | O
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be zeto'since the distance traveléd is zero. The tape unit always stops

at onet;oundary of thé target pége (Inter Record Gap). Since the ‘tape unit .

operation is gt-dlrect.lonal. the page c'an be accessed immediately. (It

might be noted that actually a tape accaleration delay exists, But since

this delay is common to all tape movements and Is assumed to be very small

with respect to the time required to transverse a page, it will be lqnored.)
Nc;w consider the most stringent constraint which must be lmposec{

upon the jump distance variables, d Again consider a 5-page string as

ij°
shown in Fig. 3. From the linear graph répresentauon it can be observed

. that for the S-page strfng, the jump distance variables must.take on only

the following set of integers: '
' Jump Distance Integer Set = {1,1,1,1,2,2,2,3,3,4}
In general, for an N page string the Jump Distance Inieger Set con-
sists of the x.ntegers 1,2,...,N~1 wﬁere the integer K is included N -K
ﬂmes.j . o o ' R L. )
This set of integers can conveniently be ent.ered into a matrix as

shown in Fig. 4. Such a matrix is called the Jump Distance Matrix (JDM).

S8UPERIMPOSED TABLEAU
Superimposing thé Jump Frequency Matrix upon the Jump Distance
Matrix and performing a term wise multiplication generates‘ the Objective

function represented on the Sc:l.;e matrix as used for the )’} and ths JDM.

This rei:msan;auon of the Objective Function will be called the Superimposed

Tubleau (Fin. S) and will normally be shovmn without the jump distance values
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since they remain fixed with respect to the Tableau position. (The jump

distances might be shown as ccraer boxes.) Only the jump frequencies ‘
P .

move upon the tableau as the Optimization Algorithm s perfurued.

PROPERTIES OF SUPERIMPOSED TABLEAU

The Superimposed Tableau representation for the Objective Function

possesses several unusual properties. These include:

representation of a feasible solution

representation of a page string comesponding to each

Objective Function

grouping of Objective Function terﬁ:s with respect to jump

distance (Level)

a convenient tableau for evaluating the Objective Function

a convenient tableau for performing page interchange -
operations upon the page string.

Y : . -

FEASIBLE SOLUTION . :

Entering the given initial jump frequencies into the Superimposed
‘r;nbleau establishes an initial feasible solution: Note that the. rows and
columns of the Tableau possess both s set of Wori:ing Labels corresponding
to the given Page identification and a set of Tableau Labels whicix do not

change. If 211 operations (page interchanges) performed upon the tableau

;reservo feasiblity, then the Superimposed Tableau will always represent "~~~ °°

a feasible solution to the problem. This feasible sclution corrasponds to

a page string consecutively labeled 1,2,. .N using the Superimposed

[P R SR
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" Tableau Labels. Transformation of the labels to the working page labels

requires a one-to-one mapping of the page Working Labels to their corre-

spondir{g Superimposed Tableau abels. This liufonnation is directly avail-

able from the Tableau as shown in Fig. 6.

DEFINITION .OP PACGE STRING CORRESPONDING TO EACH TABi.EAU

- Note that row one of the Superimposed Tableau dictates an unique )
string of N pages. It specifies the distance from page one to each of the
remai'rging N-1 pages. Since the page string consists of consecutive pages,

each being one unit of distance farther from page one, this specifies an

;. unique ordering of the pages as shown in Fig. 7. This built-in specification

of.a page saing comresponding to a given tableau circumvents the difﬁcult
problem of generating a feasible page string corresponding to a given set

assignments.

u 1‘

LEVELS ‘
"The éuperimposed Tableau automatic;my groups .the éerms of the .

Objective Function with respect to the jump distances. Each di_agqnal of '
the tableau pa:rtitions the objective function with respect. to the iump
distance. See rig. 8. .Bach _sutiset will be caueé! a 'level' and the index
for each level will corre;spcmd to the sabset's‘ jump distanca. Tho main
diagonal terms will be called t.he Level 0 subset while the ﬁrst diagonal
above or below the main diegonal will be called uwel 1 subset._ In general, o

the Objecuve Punction equals

Objecuve Function = [nevel 13+{1.ove1 z}+...+ (L.,velN -1}
ior a problem of N pages,

-
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PAGE §
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1 |2 {3 s |s TABLEAU LABELS
) iy fwr, Juig i, | wg]  workIne LameLs
I I BTN RY 0 YN ET I 1Y
2 |w,fie,, | 0 g, 2, Jag,,
PAGE { 3 [wglagg a0 o fueg, foe,
o w3, |26, [1e,,] o e
s | wglegg, [agg, 2gg, Jreg, | o
FIGURE 5  THE SUPERIIPOSED TABLEAU
)
1 | 213 |a]s TALLEAU LABELS
. . wLy fun, |y e, Juig WORKING LASELS
1 2 3 4 s
o\ (o \ L)\ o\
WL {u1 L WL UL
\ —- A\ Y J -
FICURE 6  FRASIBLE SOLUTION STRING CORRESPONDING TO ONE-TC~OLE

MAPPING BETWEER TALLEAU LABELS AHD WORKING IJ:-IBLS
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PARTITIORING OF OBJECTIVE PUNCTION IhTO LRYEBLS

PIGURE 7 FEASIBLE PAGE STRING DEPINITION
1 2| 3| & 5
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@ OB]BCTNE FUNCTION_ EVALUATION
;Ihe cgnc-apt of parutioning the Objective Function into Levels or
subsets with respect to jump distance simplifies evéluatlon. To evaluate
the Objective Function, the terms of each Level are summed i'md then multi-
1 . plied by their respective Level lndex.. The summation of thesé products

equals the value of the Objective Function. In general,

N-1 N N
Objective Function = 2 z > (fudu+ fud“/d =4, k)
. k=1 l_l =1 ..

Bach level cost will be identiﬁed by the level index. For example the

| I.evel 1 cost equals Z Z(fudu+ fj 1dj i/d j
" 1=l 3=

evaluauon of the Objective Function conslsts ot only a series of additions

=1). See Fig. 9. Therefore

plus integer multiplications.

PAGB lN'I‘ERCHANGB R'JLE FOR SUPERIMPOSED TABLEAU -
‘The Optimization Algorithm to be presented mtroduces dlfferent —_—
sonbinations (changes in the tableau 8 basis) by interchanging pages.
' :J.'o always maintain feasibility of the tableau (correspondence to a realiz-
_able page string) a special operation rule was develcped for modifying tho
tableau as pages are {nterchanged. | _ .
To interchange page k and page kk (for example, page 2 and page 4
in Fig. 10) the foilowing operations are requirad:
- -+ --1. Interchange column term k and column term kk for row I Tt

(fu and :12 in Fig. 10). Repeat for rows 2,. .. N.
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2. Interchange row term k and row term kk for column 1
i (f41 and le in Fig. 1|). Repeat for columns 2,...,N.
3; Update the Superimposed Tableau working page labels.
LOCAL TRIANGLES

The developed Optimization Algorithm tests ‘local triangles® to
ldentify “promising” page interchanges. A local triangle consists of a
given elemant in thelSupe;lmposed Tableau plus two equal distance, lower“
level elements. The three elements form an 1sosceles tria.ngle with ths

slnglé élement of higher level belng.célleél‘the vertex elemgnt of the

-
-

‘When referenced to the correspondmg page string the vertex ‘element
represents the element which might be moved to a lewer level by interchang-

ing two pages in the‘page string. Examples o_f local triangles and their

_relationship t6 the page string are delineated in Fig. 12. For the local

12° 13 23) the vertex element (f1 3) could be moved to a lower .
level only by mterchanging either pages 1 and 2 or pages 2and 3. By
interchanging these p&ges, one element of a lower level must {n turmn be

moved to a higher level.

The local triangles may be clagsified according to whs.ther' the local

cost can be reduced.

'

. Local Optimum Triangle - Exists whenever the cost of the
local triangle cannot be reduced by a page }nterchange;
. Local Gain Triangle - Exists whecnever the cost of the local _

triangle can be reduced by a page interchange,

et - eem by o e e Cmame SREWCE T L -
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For a page interchange to show a net gain thére must exist at least one
local gain triangle. This follows since the net gain of a page interchange

is calculated from the summation of a set of local triangle costs as shown

J

in the next section.

In general, for an N page string, the number of local triangles of

size D(Dequals the jug\p distance between pageé) can be expressed as:
: N- .

: Z 2(N+1-D-1)
L=l

For example, in the N =35 page string there exists 18 local iriangles of
size D=1,
The developed algorithm tests the tableau for triangles of size

D=1,...,N- 1. By summing the number of local triangles of each size,

the iotal number of local triangles per tableau equals

N-1 N-D
- 2(N+1-D-1L)

D=1 L=1

EVALUATION OF PAGE INTERCHANGES .

By testing local' trlangles the developed optimization algorithm
detects promising page mter;:hanges. But the net effect upon the objective
function is unknown since t}ie local triangle lnvolves. only the relationship
between thres pages. The following evaluation rule prow;ides the gain
(positive or negative) of interchanging page k and page kk -(tablem'a }ehels.,
k less than kk}. .

For reference consult Fig. 13,
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4.

. Intersecuon Termé- Column Pairs + Row Palrs'

Upper Triangular Matrix: Row Pairs + Column Pairs
k-1

UTM = (kk-k)[ Z (TR kk = R.k) + z (Tk,c-'rkk.c)] _

R=1 c=kk+1

I.ower Triangular Matrix: Column Pairs + Row Paks

19

' . kel :
um = Gk-K[ ) My -1 ’+Z R.k™ R, kk)]'

c=1 R=kk+1

kk-1

"[“""‘” ‘°""]{Z‘Tm T, d * ): “Rk RPk)}

c=k+l L. R=k+l

Net Obj;ective Function Change -

= UTM + LTM + IT

If the calculated change is positive then the value of the objective

function can be reduéed by interchanging pages k aﬁd kk.
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OPTIMIZATION ALGORITHM

The preceding .deﬁnltions and developments provide the necessary
background fgr the algorithm which is detailed in tixe flowchart shpwn in
Fig. 14. Since no proof of the optimality of the results is presented, the
algorithm must be considered i}eurisuc.

The major steps of the algorithm will be briefly discussed.

-

Page String Ordering.

Initially the page string is ordered with respect to the weight of
each page's jump frequency cut set. For a given page K the weight of the
jun;p frequency cut set is calculated by summing the column X entries and
the row K entries in the Superimposed Tableau. The page striné is then
ordered with respect to the weights by interchanging the required pages.
This simple procedure provides two advantages.

First, those pages having a greater number of jumps are initially

p—

close tegether. Therefore, the expected number of page interchanges required

to achieve an optimum aﬁmgement should be reduced.

- Secondly, the expected behavior of the objective function is smoother

as the algorithm {s executed. Since the algorithm ex;:ploys only pagse inter-

changes which reduce the objective function, the objective function mono-

tonically converges to a local optimum. If the pages were randomly arranged,

tl{e expected rate of this convergence would vary wildly. As a result, certain

permutation subsets may not be explared.

" Starting Page String Arrangoment. °

The algorithm employs a cet of N arrafxgeménts for N mdebemient

itorations. These N starting arrangements play a role similar to the N basfs
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vectors of a vector space. From these N starting arrangements the algorithm
explores the get of N1 permutations.
"The N starting arrangements are generated b)} shifting end-around the

ordered page string. Since the algorithm employs only page interchanges, the

' end-around shift generates a maximumly permuted page string ;ﬂhich requires

N-.l page {nterchanges to undo. Restate&, an end-arourd shift operation
requires N-1 page interchanges to hﬁplement. Note that for a giiren atrange-
ment N end-around shifts returns the arrangement to its starting arrar.g.ement.
Therefore, the set of N’starting axra.ngeme.nts consists of the given ordered

arraixgement plus N - 1 arrangeménts generated by end-a}ouﬁd .shif_ta.

Local Gain Triangie Identification.
The key to the algorithm's advantage over an exhaustive sesrch of

all N} permutations ‘15 the tdentification of the Local Gain Triangle. As

' previously explained for a page interchange to reduce the objective function

there must exist at least one Local Gain Tr_lanq'.le invclving the page pair.

Therefore, by testing all local triangles ‘promising’ page interchanges can

be detected. ' ' ' .
In order to minimize the number of required page i.nterchaqges ,.

testing starts with the maximum size local triangle (D=N ~ 1) end proceeds

to the minimum size local triangle (D=1). Fer mﬁple, consider two pages

of distance K apart whose interchange would reduce tha objectivs function

value. The algarithm would detect ths conditicn with a Local CGain Triangle
of size K and cne page interchange would ':eaull.:. Convereely. if the sigorithm

proceeded from minimum to maximum.size local triangles, severai Local
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Gain Triangles of size less thar K might be detected and each would result

in a page interchange.
rd

Since the Local Gain Triangle identification procedure starts with

the maximum size local triangle, it follows that the location of the triangle's

: vertex elements prcceeds from the highest level, Level N -1, toward Level 2,

the smallest level capable of containing a local trfangle of size 1. Also,
proceeding from the higher to the lower levels allows the algorithm to delay
generating strongly connected substrings. Once generated,such substrings

are not usually broken and commonly produce undesirable local optimum

. arrangements.

* ———

If a Local Gain Triangle of size K is detected in a given level, testing
is interrupted after coinpletlng that level. All.page intercixanges indicated
by the Local Gain Triangles are evaluated with'respeo't to the objective

function. Those interchanges possessing positive gains are pushed into the

- Interchange Stack. Should no ppsitive gain interchanges be found, testing for

Local Gain Triangles of size K resumes at the next level,

Page Interchanaing.

The page interchange denoted by the top entry of the Interchange
8Stack is lnte:cl;anq;ad and a trace gonerated by pushing the mforma_lticr; into
the Backtrack Stack. This stack will be employed to backtrack to the proper
fork ‘aﬁer a local optimum arrungement has been achieved. Note th.at at

each level of testing for Local Gain Triangles multipls positive gain inter-

changes may be detected. Each of these alternatives correspond to a branch ‘

.

-—
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of the {teration tree. When more than one altem.ative is detected, a tree
fork is establi;hed.

‘ After"interchanglﬁg .the page 1')alr the algori.thm completely restarts
the Local Gain Trianc:;le identl:ﬂcation procedure since a Local Gain

Triangle of any size and at ani/ level may now exist,

Local Optimum, ' -

. V/henever the Supertmposed jrableau no longer contains any Local
Gain Triangles, th.en a local optimum arrangement of the page string has
been achiazved. Such’a condition represents a terminal node of the iteration
tree. The algorithm mus_t next test if backtracking is required to complete
exploring all positive gain 1nterc};;-anges.
Backtracking.,

If after achieving a local optimum, entries remain in the Interchange
8Stack, then the Superimposéd Tableau must be rearranged uélrgg thé trace
avatlzble in the Backtr‘ack Stack. The Superimposed Tableau is rearranged
to correspond to the string arrangement which exlxs'ted at the tree fork
possessing the unexploxjed page interchange indicated by the top entn‘v of
the Interchange Stack. |

Iteration Stop.

Wheneve: & local optamum is reached and the Inierchange Stack is
empty, then all pranches of the iteration tree have been explored. The
‘minimum local optimum detected during the iteration is selected as the

Iteration Optimum.

- -t




gy

Lt

alat
P

WTEPPIN I TR SPUIIUIT WDIRPRL.c || P

25

Heuristic Optimum Arrangement.
After completing the N iterations the local optimum having the
minimum objective function value 1s selected as the Heuristic Optimum

Page String Arrarngement,

FE?SIBILITY THECREM -
N Every stage of the Superimposed Tableau represents a feasible

solution. ) . ' - . T

PROCF

It is given that the Optimization Algorimm‘inlually enters a feasible

sclution into the Superimposed Tableau. All operations performed upon the

ﬁbleah employ oniy the Page Interchange Rule which preserves feasibility,

Therefore, every stage of the Superimposed Tableau represents a feasible

solution,

.
—

- ——tiaa e . o < PO Ly
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@ Lower Bound Formula : . - :
3 . To develop a'lower bound for the number of local triangles .

” ) .
which the algorithm examines per iteration, assume that every arrangement
of the given page string is optimum.

Since the number of local triangles of size D is
(N-D)[(N-D +1)/2" -

then the total number of local triangles of all sizes (D=l; «e+ s N=1) equals

o~ r (N-D)I(N-D)+1/2
1 D=1

' 'xluch can be expanded as follows
Q had m- (N-l)][N- (N"l) +n + [N- (N" 2)][N- (N-Z)*]J"‘..."‘ [N"' m][N-m+u
' =10} +203) +...c+ (N=-DN '

N-1 N-l , N1 . L
= 2 =3¢ " +.r )
D=1 =1 . 1=l

= (8 - N/3 _ : .-

~ N3/3 for N>>> 4

N
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Results

The’ algorithm h_as been applied to varlou; problems based upon .
random jump frequenci_es. The_followtng figures report results for a
complete graph of 10 nodes whu:h was incrementally reduced to a 5 node
graph.

Figure 15 shows results of run timings performed.on the algorithm
as a special page string was optimized. This page string posséssed the
special property that any arrangement was an optimum arrangement,

Pig\;re 15a defines the 10 node graph and the corresponding node weights.
Figure 15b shows the print out of the optimization results. Note.that no
page lriterchanges were required. Figure iSc plots the run time as a
function of the number of nodes. A loose correlation to tixe Lower Bound
Formula i{s shown. For example, consider the run times for N = 10 .(.476
seconds) and N= 7 (.138 seconds)

..

10,4

In these preliminary evaluation tests two run options were °
employed. Option A allowed all pages to be interchanged and the N

starting arrangements were generated by end-around shifts of the initial

_ arrangement which was orderéd with respect to the ncde weights., Option

B employed the same initial starting arrangement (ordered with respact
to the node weights) for every iteration, but fixed a different node eaeh

iteration. By holding one node fixed the number of intemhange altemauves

was reduced. This difference is shown in F!gures 16b and 16c, Opton A
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generated 29 local optimum arrangements while Option B generated only 15.

Note th;t the run times were 6.132 and 2.006 seconds respectively while
the final objective ﬁncuon values differed by only 1%.

Figure 16d shows the run time as a function of the numbér of
nodes. The run time difference between Option A and Option B is
displayed.. However, it should be noted that such run times are dependent
upon t.h.e jump frequencles; of the particular graph being optimized a.nd not
just a function of the number of nodes. As a result it .1s not poss}ble to

draw .any general conclusions except ihat'ihe run time of Option A will

be greater than the run time of Option B while the final objective function

values are very similar.
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A CLASSIFICATION AND SURVEY OF COMPUTER SYSTEM

PERFORMANCE EVALUATION TECHN IQUES.
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ABSTRACT

The widely distributed software capabilities coupled
with increased compatabilities among hardv;re units is
propagating an ever increasing multitude of computer syster ;.
Such systems aim at a common goal - total system optimization.
But achievement ovf this ultimate goal is being delayed by
the absence of a theoretical basis capable of providing a
reference for standafdized evaluations and comparisons.

The current computer system performance evaluation
technology cannot be described in terms o{ ltanﬁardlzed
techhiques lnvolvlné e¢stablished paramecters. Boueier, the
technology cen be partltioued with respect to aysten.
component ( computing job, hardware unit, and operating
svatem) . Within these classifications this paper examines
the methodology (anaslysin, simulation,.synthesis) and
pa%&heters of typical evaluation technlqués presently avail-
able. Their adventages and dizadvantages are delineatcd.

A coppreheasive bibliography is provided both for specific
references and for gemernal ianformation.
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INTRODUCTION

While awvaiting fourth gene¥ation ;onpgter eyatems,l
it is timely to examine the available Eomputer s&stcm
pe{foryance«evaluation technology - 1ts‘metbodology, its
techniques, and its parameters. This technology cannot be
described in terms of standardized techniques involving
standavrdized parameters., No theoretical methods or sound
conventions exist, But the assortment of iechniqucs (the tegﬁnology)
can be partitioned witl: v>spect to methodology and syatem component,
This paper =2xamines the *ypical cechﬁiquea available to evaluate
conputing jobs, hardware units, and operating systcms.

The absence of standardized performance evaluaticn
techniques has not deterred the prépagation of an ever increasing
multitude of computer systems, Such experimenting has been
encouraged by industry compatibilities which have allowved
individual conputef systems o tep;eaent nany h;rdware manufucturers,
the operating systems to be either the  CPU manufacturer's or any
one of several aoftva£§~houaes and the workload to ranée from
scientific to commerical in a weird mixture of progran lanéuagea.
A a result a computer zrstem must be defined as the croyss preduct
of collections of hardware unita, collections of operating sysctenm
}rograna, and collections of jobs, Considering the number of terms.

in the cross product the scope cf the evaluation job {5 1indeed graat,

Y WA T RN WEPLY R RN b oo o Uinet ot 2 a0 o cod b ¥ B e vy 28 b v ersummes i 150, - . Rl 13 Ty

R machemcim—— .k T A S

Cowes




m e s

PPN PSP e 1N

O3 P T A O ¢ el e s e Yt . i <5

[,

Ve,
o et

3 v . T
S L W
PRSI (S SRS P e

€

. -
I
kS
. Y
.“; ., <
- N
.
o
. T
- ~

U4

COLLECTIONS OF HARDWARE UNITS

LOCAL
PARAMETERS

LOCAL
_PARAMETERS

GLOBAL
PARAMETERS

LOCAL
" PARAMETERS

COLLECTIONS OF OPERATING SYSTEMS:

N

THE COMPUTER SYSTCHM . . -
FIGURE 7

,
-t
'

COLLECTIONS OF COMPUTIRG JOBS

Q"
'3
-
.
4
9§
i
i
1
. .
"
4
3
l
|
1
f
'
t
T
4
— — ...-..’

i A e iwn il e



TR IS TING e e e O

;-J

— ——-t R

*

A general performance evaluation approach muat focus upon the
1aolat1Ln and chatahteéizatioa of significant performance parameters -
those thch-chatacterize the rate and aﬁount of work performed
and the availability to perform work., From this viecwpoint
Computer System Performance Evaluation can be defined as the
process of analyzing, sinulating; and/or synthesiziﬁg the
behavior of conmputer system performance parameters, The.absenge
of adequaie performance evaluation parameters has deterred thg
growth of theoretical methods of computer s?stem.organization
and d&&ign and delayed the ultidatd'goal - total ay;ten optiniz;tion.
These techniques must provide both stati: and dynamic measuyres of
.components in both a dedicated snd a multitask syatem environment,

‘ put today'é sys‘¢m implementation techrologfes have far outraced
performance evaluation tech;ologies. The seriousntas of the

precipitating problem can be focused by noting that 1969°'e

-21.5 billion dollar investment (53,500 installations) 1a computer

eyatens is forecast to éacged 50 hill?on dollevs ( 1&8,000) by 19751
With such investments at stake computer sysiea optimization ptonlse;
great ravards for';hree interest groups, the equipment manufacturers,
the computation centers, and the users., Each group i{s wotivated
by differenc ptimary.goa{a.' .

Users are interested in performance parameters such as response
time( turnaround time), and execute time. In brief they want

maxfimun convenience consistent with econony.
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é:’ To meet the demands of their many users the conputation center:
seek to maximinize system resource utflization. They evaluate ‘
present systc;s in order to fmprove average throughput, averepge
response time (turnaround time), and average operatiom cost while
allowing non-average users to be characterized by paramcter

variances.

-

Hanufacturers view performance evalnaiion as the key to meetin :

present and Zuture demands from the varied and raﬁidlv expanding ma ‘ket,

N Interests focus upon developing the capability to accurately

o

evaluate prcsent and proposed systems, and to predict perfornmance

parameter behavior for systenms :till,ip early stages of development.

Their individual goals are to maintain a conpeéitive edge by offering
an computer systems (hardware and software)} possessing optimum

cost/performance ratios.
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METHODOLOGY

Surveytzg the past decade's literature exposes a wide range and
direction of computer system performance evaluation techniques. The
decade has produced.computer systens vanging from simple batch
processing, unit tecord.-uﬁi-processor systems to complex multi-
programned, telecommunicaiion. multiproceagor systems, The correspoaaing
performance evaluation methods have ranged from weighted instruction
mix ex .cution time comparisons (ANALYSIS) to time-sha;ing system
simulation models (S}QULATION) to memcry hierarchy modeling (SYNTHESt§3.

The direction of evaluation methodology has slowvly turned from °
analysis toward synthesis. Analysie includes the separ;ting and
breaking up of the computer system into parts so that their functions,
relationships, and properties may be underatcod, Data can be gathered
efither from real'conputer systems or from sinulation models.
By analysis the cost per million instruction exe;utions could be
determnined based upon the nanufactu;er'a system coaté and .
specifications. . .

Synthesis includes the combining of known components (hardware
and software) into a total computer system or'auboysten so that
the whole system's (or subsysten's) £uncti;na, relstionshipe, and
properties may be understood and predicted. Data cam be gathered
either by measuring real ;ndividual parts o: simulation nodels
of individual parts., Syathesis repreaento.the highest level of

evaluation since it allowz performance to be pradicted rathsr

than just to be measured, An e}anple of synthesis weuld be
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predicting the average access tiue OF a menory hierarchy based

upon th; specifications of its conbonen:s. -
) §1mulation plhya a vital role in b;th 5pa1ysie and synthesis.

This tool allows complex systems to be studied under known conditions

and controls, Many real systems are too complex for theoretical

analysis amA the use of simulation may prove to be the only uorkable

approach. However, the time and cost required to generate sccurate

sinulation wodels can casily exceed that ofdirect measurement
approachea. But for evaluating proposed systens uhich yet do not

exist 1n hardvare, simulation oifere an alternative to building

. )
-~ - *

protqtypeo. . ) : .

PARAMETEKS I )

Any evaluation technique uust.conéider'a set of parametecrs

referenced to a specific environment, Three parameters, throughput,

‘response time, and cost per operation, commonly denote global system

capacity. Common local paraneterts 1nc}ude= average s;cess time, .
average data transfer rate, average lnstruciion execution time,
kardwvare (procesaér, neeory, tape, drum, channel, ectc,) utilizatfon,
;verage executive processing percentage, averaze job processing
percentage, and effe;tivg‘buey time of the proc;ssur. The design
of specific computer systems reflects the weights assigned
to these parameters.,
Availqbility represents a different type of. glchel performance

éarunetet. It 1o usually expressed as & perceantage or ‘as an zmount

" x



P R v

.
o At T

PR .

C

..

of ;ine. Hanufacturers ?ontrol aQailabiiity ihrough compénen;h
reliability and redundancy, error detecc’ion and cérrectt;n, .
and preventative maintenance. Computatioﬁ centers influence
avaiiability through planned graceful degradation £hvolving
backup equipment ( 1/0, memory, etc.) and job reﬁcheduling.
Throughput can be considered as the steady state work capacity

of 8 conmputer system , It i3 usually expreéaed as a number
of specific tasks performed per time interval., For example, a system's
throughput might be described by the number of typical PL/1l statements
conmpiled per hour or by the number of information retrieval requests
satisfied per hour, Hany;applications demand specific throughput
levels, As a result the systen must be designed to achieve such levels,

-‘Response time c;n be considered as a transient work capacity of.
the computer system, It denotes the deiay between submitting the
job and receiving the job output, [32] Clearly 1{ is a function not
only of the system throughput: but also ;f the 'system environment
including the number of'joba and their priorities. For dany batcﬁ
procegsing systema the response time (turnaround time) may be
relatively constant and measured in hours, But- for certain time-gsharing
systems the response tine Qay be only seconds., For example thé response
time for a stock broker®s quotation request or an airline reservation
inquiry way be less than 5 s;conds.

‘The chird global parameter measures performance in units of

. money per operation unit time, It is usually given as dollars per

hour, Applications exist where nmore tine than money s allowed.
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Hovever, definite econonmies of agcale exlat.for conmputer systems,
Soloacn {35) has showed that the IBM System 360 models possess
ratios of 1.6.to 2,1; 1.e, by increasing the syatem investment
by a'factot K the internal operating speed increases by K raised
to a pover ranging from 1.6 to 2,1 depending upon the model, For
example the average monthy rental for models 75 and 30 aée
approxinately $80,000 and $8,000 respectively., With K = 10 an
fmprovement of 100 in the internal operating speed would be expected.
Por a scientific inst;uction mix [35] the Model 75 1s approximately
40 times fﬁater. Such comparsiors are usually rcferemced to the
famous Grosch's Law which equatea."added éconouy only -as the
square root of the increase in speed - that 1s, to do a calculation
ten times as cheaply you must do it one hundred gimee as fast,'*[18])
The uninitiated might attenp; to express system performance
as a single entity involving a relationship between the global
parameters, throughput, response time, oéeration cost, and
availability. However, auch'a figure of merit has not.evolved,

because system performance is not a single entity!




() ° USER JOB TRANSFORMATIONS ) S ' .
\ . . .
Prom its definition to execution a problem undergoes manv

-

tranyfofnatiohs. The total transformation efficiency of this process
‘can be computed as the product of the fndividual transformation

efficiencies. As a result the user who investigates why his

- -

. ﬁfogtau'possesses poor performance must carefully consider several

major transformation efficieuncies 1ﬁc1uding the following:

1, Development of the problem statement and solotion alporithnm

S T MPRIEDY U U L De e e kit £ B B v 2 2 armOof @ e A PRy RCIATT RE TETET

Y ( user ) . .
E €:} : 2. Generation of =2 high Ievei abdtce'language progran (ptbgranner)
; 3. CGeneratfon of an ahaepbly lénguage pr;grhn {compiler) -

WA
L]

. ) &, Generation of the appropriate machine languagé code (assembler

PR

or loader)

O

5. Generation of the problenm's solution by nansging the job's

e T,
e Sy
.
.
.

execution 6n the system hardware (6perat1ng systen)

. The first transforuation is performed by the scientist or. eagineer

s

D LI oty

whc reduces the problen to a statement and develcpss a solutlon

Tt o

algorithm, This iirﬁt transfornatfon is unot a part 3f compuater.
systena performance evaluatiot, bot 4s notaed in ofdet to stress the
-lnpotzance of the connunication liak betueén the gclectigt and

(:; the programmer. In order to oaziminize this tranoformation

TR T Oy el

efficiency the problen nuat de precisely stasted snd an optinum

- . solutfon algorithm chosen, It is usually helpful to develop several

— eI

solutfon algorithus so that the chosen 'optimun' algoritha T

[ represents more than just one way to solve the preoblen: o

- *

9 ’ C _
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The second transformation snd probably the most important
transformation 1is peéformed by the progr;mmer vho ;educea the problen
statement and“solution algorithm‘into a highllevel source languag;
program such as FORTRAN, ALGOL or COBCL, To maximinize .
this transformation efficiency.the programmer must consider many
parameters including: source language selection, 1/0 treatment,
data treatment, and system resources and propertics., Major errors
such as wvrong source language selection are usually avoided, but more
sub:le errors may strongly degrade the transformation cffeciency., For
ex3inpic consider a high usage DO LOOP containing numerous initiglization
s~ 2t ments, Such statements might easlly be moved outside the DO LOOP
vegulting in significant execution t;ﬁe imprcvements.

‘ Pruiliarity with available system subroutines must not be under-
rated, Such subroutines usually represent aophiai;icated and highkly
optimized algorithms in either assembly or machine languiée. Ag
a regult their proper use elininates thé'degr;daéion introduced by
the compiler and minimizes the inefficiecncies introduced by the
programmer, For example co;sider the drastic effect (teduction) .
upon a program's execution t{me should a progtinnet approach the
Fibonacci differerce equation solution using iterative rather
than recursive techniques, . - :

Note that it is not upusual for'the progranecer to elimiaate

the step involving the high level source language tramsfornation

| by directly gencrating the program in the sppropriate assenbly

language., Directif generating bsseubly lauguage raquires additionmal . ..

10
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progranning skill and time and producec a sachine oriented

progran, Houezer, a gkilled prograﬁmer ¢can usual.y generate more
efficient asgsenbly {angnege code éhan the 2vo efep transformation
including generating the kizh level source language followed by
counpilation, Also, for high'Qsage programs elimination of the
conmpilicg tinm: beconea-an important consideration,

Ususlly the asseubly language 1s geserated by the systen's
appropriate source language ;ompiler. Such compilers represert
one of the most highly ‘opcinized syster programs. However, ecach
conpiler tehreaents a conpromise lLetveen speed, menory requirements,
and output code quality. This compromise should renrezsent the
optinum cnst/performance ratio for the user, but a common underlyingp
szsumption is that only lov usage programs are fuvolved, It is
this assumption tha; allows significant 1mgrovemepts-to be gainad
for high usage progams by the programmer working diteqtly'in

assenbly language, : . T .

Machine language genetation probably represents the nost
highly efficieunt of all the transformations. Convetting assembly
lungnpga into machine code is mainly 2 one to one =apping procedure
vhich needs t0 be pzrformed automatically due to fts tedious nature.,
The assembler or loader can dc little to overcome prograa ifncffici-
enciéa enbedded one, two or three transforunation levels, Hote ttat
it has been assumed thact each trancfornation step pqaséssea o’

uaxiounm efficienc§ of one, Efficiencies greater thkar oae w&pld

izply that the transformatiou process possecses ‘error® correcting

-

capabilitiees,

11
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@ EVALUATION TECHNIQUES FOR COMPUTING JOBS
Evaluation techniqueg.for the collections of jobs can produce

lignif{:ant benefits. Developed techniques allowv dynanic nonitoriég
of program execution in order to expose the érogran‘a traffic
patterns and execution time density patterns, Other techniques
providc aodeling tools for studying program structures . Comman

i .. purpose is to contribute input data for program improvement processes.

DYNAMIC MONITORING OF SINCLE JOBS

Three general approaches have been taken to schieve dynamic

™
—

prograh execution monitoring, They include self nouitoring by
.1ntroduccd artifact and external monitoring by hatdvarelaoftvare.

devices (snuping). Also, vnrious techniques’ allow programs to be

oot '
P N N P

executed during so-called interpretative nodes which are either

o

controlled by special programs or by spécial_hatdware features,

The basic purpose of all such techniques is ta gather dynanmic
OCatietica such as sub;cuttne execution times, branching probabilities,
subroutine usage and resource usage, Slch statistics provide o .
% important fnput to progran optimifation processes,
nf . ARTIFACT -nLeé'the progran be repreccnted by a directed graph
: with ;tatenent(s) corresponding to nodes and statenent transitfons
: . . corresponding to arcg. The activity of the nodes~and arcs can be
B <Z& nonitored by inserting a:tifact at the deaire& mounitor points,

Such artifact can take the forn of subroutine ecalls. In & FORTRAN
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program the following sub-outine calls might be used;
*CALL COUNTER(I) )

and . CALL TSTAMP(I) T

To record the usage frequency the subroutine, COUNTER, simply counts
the nuwber of times that it is called, To record executicn times the
cailed vubroutine, TSTAMP, fetches the gystenm clock time using

‘the CALL SECOND gsubroutine and then 1abe1§ and sto;ca the clock
time, Values of the index I correspond to unique'non;tor points,

The artifact technique is simple to fmplement, but increases
everall execution time of the moritnred progran, Alaé, no
theoretical methods exist to locate the strategic monitoer points
required to minimize the execution time cost Jith respect to
the.infornation collected.

The technique allows program traffic patterns and exeqhtion
time density pattermns to be neasﬁred as a function of the input
data, Since the technique locates the high tr;ffic progranm segments,
{¢t helps to locate those segments which oﬁould be considered fo-
optiuization., The technique fails to ideally record execution
times since the artifact execution times are also measured by the
system clock, Compensation for the artifact execution times in
tedicus, but often £t can be ignored {f the measured segnmcnte are

relatively large. Similarly the execution time density patteens

pinpoint theose program segenénta which should be opgtn[;ed

in order to improve the program execution time.
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{:’ EXTERNAL HONITOBS = The hardware nbnito? has been used effect{v;lv i

to gather dynemic atatiytica of programs. Examples include the

IBM Program H:nitor (1), the IBM Time Sharing Systenm Performance

. Activity Recorder (f§ISPAR) (33], and the UCLA Snuper Computer {15].

The last two examples are also highly applicable toward evaluating

Operating Systems, Basicaily these hardwarc.monitors proviae means

of détec:ing the contents and/or activity of logie linga and means to

store such gathered data. For exémple the early IB!Y Program “onitor
(:} recorded the contents.og the IBM 7090 comput:r's instruction counter,
The m;nitor'was able to keeﬁ pace with the 7090 by recording only
certain selected types of instructions, buffering and packing the
gathercd data, and halting the 7090 whenever the buffer capacitv
was exceeded, Data was recorded on megnetic tape and later processed
by several special programs., Final results were presented either
as printout or on film., Principal benefits of such a technique
includes the generated déacriptiona of the program aeg@ent execution
tive and frequency, Also; no artifact 4s introduced toiaffect tha
execution timing.

The UCLA Snuper Computer poéuessed nevetai significant differences,

A oec;nd computer (Sigma 7) was used to conérol the monitoring of

the object computer ( IBM 7090). Means were provided to monitor

Lo
N
~-

nunerous internal osignals and to present unique mecocges at ghe
{nterface to the Snuper Computer, In Phase 1, arcifacto were

int .duced into the object computer's prograae.at lisnificant
event points, However, the artifact consisted of so-called emitter

€:> calls which caused correcpunding unique messages to be presented
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qg’ at the fnterface to the Snuper Conmputer, Tﬁe messages wvere intexpreted

as unjique memory addresses by the Snuper Computer and the corresponding T
memory locations were indexed by one to provide event counters, .
In nﬁmnary"the Phase 1 Snuper Computer alloved progran monitoring
with reduced artifact, but Fequired a second computer complete
vith monitoring hardware and programs.

For Phase 2 the Snuper Computer completely eliminated the artifact
in the object computer programs Py gathering sufficient data during
the program compilation and loading phases to éenetate a Significant
Event Filter (SEF). Interface measages wcre used to address the SEF

and 4f the corresponding bit were a one the event was defined to

be signiicant, Eveat counting proce~led as in FPhase 1, In both phases

gathered data was later processed in order to extract imnrortant

{2 -

statistiecs.,

Hardware monitors such as those just described are best

suited for laboratory use., They lack portability, introduce object

]

-

system downtime for connection:, are expensive to operate and develop,
and are usually designed to monitor only a very small clasa of
conputers (probably only onz model). However such t;chniqueé have
been accepted by manufacturers as useful toois in p;ogram optimigation
processes, Even if the use of such tocls cannot become wide spread,
(E}} their benefits may become widespread through the distribution of

2 o
optimized 8ystem programs (a user benefit).
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N5 BNE {4y sanmer's flow chart is a directed linear graph,

-\Tg.%\ulqucp 274 zraph theory are applicahle to the analysfs and

neoon A P¥"1nan, A general model has the nodes corresponding

o 3‘“‘““““0““' ¥4fimequences (statements or aubtout(ne ) and
T S0tPeSPuiding to execution flow. The nodel can be expanded
. ‘~""'*‘“£lon times to the nodes and brnnching probabiitties
:;. ‘ f~“""“"'frments to the arcs. [23,28] Ry chanping the
it ""ﬁhmcnts (atatenent, subroutine, joh, ectec.) the
e %44n| affords a gencral approach toward nodoling
‘ ftohlens associated with ptog}aﬁ c;eéutiou.
‘1 Nunberiof-techntquea {14 ] to trensford cyc:ic
Tl graphs, Sﬁch schenes allow the c}clic prograe
“ 4q loops to be replaced by dgtérninistic acyclie
,,,"“n expected execution freqhencies. Such a schene
:"'“tlng a program's expected execution time. However
“* tha hupecfed branching probabilities for non-
Lty yuch as those fterated under the control of . .
o G"'l depend upon eltheé dvoamic program nonito;in}

l.» "

#
kﬂﬂ#ledgeahla estimate, In either case the model is

"1
! ’IIJF and a proper range of 1nput data must be

/ - /Il” “

/ all the necessary assunptions vere valid, the
Py,

Il tewara program analysis often results in a

g
i 1y k”ﬂaldcr the example [25 ] shown in Pigure 2
““""""‘4

, that the branching probabilittea are Aatatistically
“‘h

””‘H fnsensitive, A dlacrete Harkov analvsis of the .

~

|
i,"” t{ne for the stx node graph ivelves s
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LVALUATION TECUNIOQUES for HARDWARE UNITS
The carliest romputer system evaluation techniques focussed

on evaluating the hardware units since systems at that tine

e

vere greatly limited by the hardvare technology. During the

cra of the batclh processing systems performance was very strougply

characterized by the performance of major hardware components

such as the CPU and the memory. Fvaluation tecliniques mostly

compared the execution times of singic machine instructions

such as ADD, frequency weighted instruction mixes, and program kernels.
With téc introduction of the multiprogrammed systems attention

shifted toward developing application benchmarks, But with the

introduction of the time sharing systems and the present generation

of super computers (CDC 7600, IBM 369/91,19S5) att;ntion shifted

toward developing simulatisn technques,

b
1)

INSTRUCTION EXECUTION TIME COMFARISONS

Probably the firet technique uscd to compare different CPU's
merely used the execution times for single 1ns§ruhti;nn such’ a8
ADD or HULT&PLY. This technique 1is definitely appliéation sennistive
and therein 1is its great wveakness, The perfornaﬁce of only
a very limited class of programs can by characterized accuratelv by

considering only the ADD and MULTIPY execution times, For example

a typical matrix multiplication program consfsts of only sbout 252

ADD and MULTIPLY type iastructions [ 35]. Monitoring scieantific _
inastallations has shown that the ADD/SUBTRACT and MULTIPLY/DIVIDE

inotruction types composa less thsn 20X of the fanstructions execugdd.

[3,25,35] 10
L]
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Other veaknesses of the iechnique includes the faflure to
compensaée for the CPU's haVing different operand sizes, different
organizations“(one address, multi-address} auxiliary regpisters,
mnultiple execution units, etc.), and different instruction
foplementation algorithms ( pure binary, decimal, oicroprogranmed,
floating point). ‘
sroﬁAcz CYCLE TIME COMPARISONS - *

Anothér early evaluation technique compared the storage
cycle times , The.uaefulness of this scheme hna bgen outdated by
interlé;vinu menory banks, high.eﬁee&.'cache' uenoriéa, and laraé
storage access widths, FPor example the IBM 360/85 pqsne;ses a storage
gﬁcess width of 16 bytes (128 bits) with either 2 or & vay inter-
le;;ing pius a 32& byte 'cacne’ memory with a 80 nancsecond cycle. [17])
Such fratures would be overlooked 1f onl} th; «96 microsecond
that the IBM 360/25

storage cycl: time vere considered, Considering

has a .90 microsec. storage cycle time, a very false performance

-

tntio bight be deduced. The role of thg ‘cache'! nenot§ drastically
affects the effective storage cycle of compnfeta. It has-been
reported that the Iﬁﬂ 360/195 'cache' unemory satisfies an average of
992 of all storage requcats and that verying the backing bulk .
nemory accegs time fr;n a fraction to 2 niérooec;nda affects esystem
performance by only 10 to 15%, Clearly the storage cycle time
parameter nuet either be redefined or marked as insignificant when
evaluating such modern computers,

- - - . m—— - - s m——— ————— % &
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{E’ The Maximum Storage Bus Rate (MSBR) has evolued ag a

aodern figure of m;rit. .

. .
. .

. MSBR = “(access vidthlatoraée cycle time)x fnterleave factor
yovever. MSBR fails to compensate for the 'cache' memory, but
~ would show that the IBM 360/85 has a MSRR= $33,33 mepahits while
the model 25 has only a MSRR= 17,77 megabits,
INSTRUCTION MIX EXECUTION TIME COMPARISONS St L .
3 Recognizing some of the weaknesscs of the Instructiom
Execution Time Compargsone, the Weighted Instruction Mix approach
vags developed. {3,25,35] ?ron actu,l operating systems, statistics
vere gathered to weigh individual 1£attuctions according to their
f;equency of occurance in a particular set of applicatioﬁa. A
veighted fnstruction mix execution time can fhep be calculated,

Arbuckle [3 ] has presentedd the following ascientiffe application

_mixs )
. ee——— - .- INSTRUCTION TYPE PREOUENCY PERCENTAGE . . —_—
Floatirg Point Addlqubtract ‘ 9.%Z
v Ploating Point Hultiply ) 5,62
Floating Point Divigion - 2,02
Load/Store - . . 28,57
Indexing : . . 22,5% -
Conditional Branch S0 13,22 . : ]

O | . Other , : 18.7% L R
V ' Agafir thic approsch suffers from failure to correct for M i

the CPU%s operand size, organization and algorithm faplcmentation.

Properties of the instruction strean such as gequence snd 1/0

- . - . m e v —

{:2 cperations ere ignored. Instruction sets which usy diffor gréatly

bl )

- -
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42’ in pover are evaluated on the basis of pergain universal .
fnstructions while leaving 20 to 30Z as miscellanecous insétuctlona.
Since the statistics are collected from a particular system
they roflect that system's properties such as its organization,
conmpfler, assembler, operaiing system efficiency, and workload,
A system's workload depends on both Lhe job types and their number.
Excessive amounts of waitinpg time would certainly bias such statfstics
abnormally. However, the technique provides very useful information

to the hardwvare designer since high frequency instructions are

(:} pinpointed. By optimizing such high frequency instructions the

TN BRI IEE T TS v W 7t 0 A T SSRGS v Lt > b1 g Fron ot S Y ShaitiFe]
.

average number of jobs executed per wait tixe can be increased, .

PROGRAM KERNELS

IR YT

To overcome many of the weaknesses of the Instruction Mix

approach, the program kernel was introduced, [3,8,35] The kernel
represents the CPU coding required to perform a atanificant task such

as evaluating a polnominal, solving a set of simultaneous linear

equationg or nultiplying twvo matrices. Obviously the kernel allows a,
skilled programmer to use all the feratures.of a CPU. A significant
property as a yardstick is that it possesses poor correlation with
veighted'insttuction mix resulta, Just how ;eprepen;atlve of a2

systen vorkload can a matrix multiplication kernel be? It is no

(E%’ surprise that system performance based upon such a ketnel representing

- a very gpecific job’ poaaessea poor correlation vith the Haighted

Inetruction Mix technique which is much wmore representative of a
typical system workload. c:rta;ul} both téchniqueu:ofter conveunient
<:5 means of gathering data. The capability of the program kernmel to

provide dats referenced to a specific job should not be ignored. )
21 ) -
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Hoyever, «ernels have proved useful in wmeasuring

the instruction execugioh rate of hiph perfornance computers such
as the 1IBM 5%0/195. No single machine cycle -can be identified with
a single instruction execution due to the overlap, °‘pipelining’
'and.lookahead in instruction erzecution, Iterations of kernels as
snall as 15-20 iastruciions have been employed tc establish effective
lnsCruﬁtipn execution rates measured in miflions of instructions
per second, Much attention nnst.be given to the conteni of such
kernels since the effective inagrucqion rate of such cbmpuiera_
is strongly affected by the 1datruétion.strean ard storage requests,

- A aign{ficant ﬁeakneas of evaluating gyatém performance ‘

based upon individual kernel execgtion times {18 the failure
to measure the efficiency of the oPera;lng:syuten. The arrival
of multiprogranming and multiprocessing .iéitia:ed the &pplication
Benchmark evaluaéion technique, . .
" APPLICATION BENCHMARK

Presentlr the internal performance of conputer systems is
fr;quently validated by application benchmarking, [7,19j This
technique iuvolves timing the execution of a typical collection of
user jobs, One manufacfurer suggests that.the user benchmark contain
15 frequently used application jobs. Such s technidue provides the
user with nuch specific information aiﬁce his own jobs are actually
executed and timed, Such a collection of jobs tends to produce
average performance paramefﬁr valuez since more avents occur in
the sample space of jobs. Also, it provides a test for the R
multiprogranming and/or multi-processing opera?ing eysten. By

22
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runnfng the Application Beachmark on competitiva systema, perfornance

ratios may be’rathet accurately establisheéd by the user. Contents

of the benchmark should be carefully chogen to insure that the
user's tasks are fairly represented. Such results are rcpresentative
of total systcm perfornance (hardware and software),

SINULATION MODELINRG

NISEENCY B W SRy TN AN

Jften simulation modeling provides the best {f not only means

( ‘ )
N v 4
———

of studying today's rophisticated hardwvare units. Designing hardware

units such as CPU's and memory hierarchiles (2] gpnvolves optimizing H

paraneters beyond the scope ¢f simply ‘tuning' a hardware prototvpe,

For example a hardware prototype would have pr;vided an inadequate |
e:’ tocl for evaluating a concept such as the IRM 'cache' memory. [17]

Opitirizing overall performance as a function of desipgn parameters

such as 'cache' memory capacity, transfer bloqk size, backing
menory access time, and program structure characterfstics could
definitely be satisfied best using & 3imulation model, As a resuilt
the development of a prototype i3 no longer the starting point
for design optimization. It frequent1§ represents the hardware
implementation of an optimized simulation model.vhose primary

(:2: purpose is to prove the feasiﬁility and reliability of unknown
compcaents and whoae secondary purpose is to prove the accuracy

. 0f the 'optinum' simulsticn model,
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However, & close examination of a simulation model exposes the
many assumptions and approximations used to construct the model..lt
fs the accuracy of. these numerous and often di{fficult assumptions
that establishes the validity of the similation eval.:rion results,
Probably the major consideration involves the compromise which
must be made between sinmulation detail aad cost. Simulation
is not the answer to every evaluation problem, but 1& frequently
provides a techniqua to evalute new concepts without filling

warchouses with '!?

golden prototypes,'®
EVALUATION TECHNIQUES for COLLECTIONS OF OPERATING SYSTEMS

To a degree the performance influences of poth the
collections of‘joba and collections of hardware units can be
lsolated and characterized. Such linited information can in some
cases even establish bounds on total system performance, But
total systen performance is accurately messured only. by global
performaunce parameters such as tﬁronghput. response time, and
cost per operation, These parameters are functions of all three

system collectiovs,

- s
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SIMULATION

Simulation models have deaen widely used to evaluate todav'y
operating system designs, leferences include articles concerning
a wide t;nge of operating system types including real-time [37),
timg-sharing .[16,24], nultiprocessing (5;9.3&}, and nultiprogramned
[20). Sinulation has become a vital part of the developement of every
operating system, Often manufacturers must include the results of
sinulation testing as an 1ntesral.part of large syateﬁ proposals,
The UNIVAC 1108 multiprocessor Evaluation of -System Perfornance.(ESP)
model (9] éxemplifiee a typical simulation project. It has been enplev;d
to evaluate the Jet Propulsion Laboratory uu!tipr?cessor systen,

Statistics reflecting channel u;iiizbiion, proceassor utilization,

peripheral equipment utilization, system overhead, and effective

processor busy time can be gathered by simulation. The nodel

conbttgction reflects the existing 1108 executive sfsten (CXEC 8)

including the Eéecutive Control, Inputlohtpuf. and Scheduling functions,
System hardware resources are characterized hy average access

and trangfer ;;mes. The ucer ptoviaes input job deseriptions.

Fronm thi; 1n§orﬁation'the nunber of int;rrupta ana Ild tranéfega

are calculated and their execution ;1&ulated'uaing detailed

descriptions of the'gxecntive aysten (EXEC 8) functions and the

hardvare resources, System performance can then be predicted,

'Up to eight reports réflectiug system perfdrnance statistics

are generated, They 4include: number of /0 channel loads including
utilization percentage, executive systen routine usage for the
individual jobs plus the total vorkload, executive and vorklong
fnstruction totals, interrupt summary, software utilizction . e—

distribution percentages, and havdware nt;ltzation'plua a general

summary reflecting throughput and busy. tinme ,

<3




o SELF MEASUREMENT _ o ) )

A convientent approach to uoni:ozzns.an‘qperatlng sveten's
performance is to introduce artifact into the operating systen
program. Such artifact allovws statistics to be gothered dynamically.
A current exanple is the IBY System Interrnal Performance

~Bvaluation.(SIPE) progran which is deslgned'for the Systen/360

Time Sharing System {12]. This softwvare measurnent technique

introduces SIFE "hooks' into the resident supervigsor program at

(Eé strategic locations. Loglicslly these 'hooks' function as subroutine
calls to intronduce SIPE into the normal program stream, Each ‘hook"
possesses an unique identifier code which drives the SIPE progran
to collect specific information about the system status, This

63} snapshot of the system status includes contents of internal registers,

specific locations of main ienory, and a time stamp, The coll. cted

data is buffered and later transferred to ispe. Frca these tapes

data reduction programs extract various statistics and format then

-
-

for dieplay.

SIPE was designed for customer installation use as well as
laboratory usc, .The current INM 3I60/TSS resident supervisor j
prograns contain the SIPE ‘hooks.' Unless activated thc effect of the

\ . ) A .
Q:V *hooks' upon system performance is insignificant., When fully

[

activated systen performance is degraded only about 8X, As a resvlt

e

-SIPE can be justified for frequent user use such as 1nst311at£on.debug.

I NS S 4




<S’ . Software approaches to evaluating operating svstem performance .
face one serious compr;misc since executing tﬂe introduced artifact * '

slows down the ;yatem ané may percipitate ahnor;al systen conditfons, g

Event resolution and éyetem degradation must be compromised. v
Siguifi{icant features of software approaches gsuch as SIPE

include portability, flexibility, and relatively low cost. The

SIPE ‘hooks®' (8 bytes each) are actually part of che resident {
supervisor, SIPE iteelf must be link~edited into the syétem during

(éi) startup., Obviously no special hardware exists in such a totally h ﬁ
' aoftvaté technique, créat flexibility exiate since only the resident

supervisor contains the 'hooks.' All the TSS/360 utilicy functions

are unaltered. Evaluation of new TSS configurations involves only
(:> - adding or deleting 'hook.' in the supervisor. Once ‘developed the
technique offers low operating cost and possesses no holding

(otorage) costs such as some hardware monitors like the Snuper

Computer,

BiTERNAL MONITORS . .

External hardvare monitors offer another approach to

evaluaitng operating systems, Devices can range from sinple usage

meters and channel activity counters to complex units such as the

RIEeY

UCLA Sauper Computer [15], the UNIVAC 1108 Hardvare Monictor. { 29},

and the IBM Time Sharing Systen Performance Activity Recorder

NIRRT YN

(TS/SPAR) [33). Since such devices are interference free their prine
‘advaentage is the capablility to gather dynamic statistics tn'n non= 1

degraded system environment, But sophinticated "devices such as the

.
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lust three possess propcrties which lf{mnit thetir g;ncral use, Thev
lack portability, flexibility, and economical operation of softéare
approaches sucﬁ as SIPE., For example their large physical size
1imits portability and their installation can impose excessive
downtine for the monitofed system, Si{nce they nmust interface with
hardware, théy.are designed to monitor a particular syéten'o
_internal architecture and circuit family. But most of the large
* hardvare monitors vefe l;tended only for laboratory use, ?ﬁey

can contribute to installation optimization directly through

(Z) the development of better operating systen ptoktans:

S

A

63

S e - — tea. - o

;
.'i
x

B
t
4

28 . . -
N . . .
.
Sl afa-tol e ai il adein oot st eideinai o AL E e c e o it okdae 0 Tl LS e i & aaeacke Ll ot £ oAty
- » - . N .
i . . <
B T et Y TR ¥ RS A MG T AR e e S ol R R R ¢ A A TR S NS TR NI
> oo TR W= - c ‘o

st s

| .




€

CONCLUSION

This paper has classified and examined the presently
available assortment of computer system evaluation tcchnliques.
The techniques have been partitioned with respect to computing
jobs, hardwvare units, and operating systems. Within each
classification, techniques rcpresenting analysis, simulation,
and/or synthegla have been examined in order to expose the
advantages and disadvantage inherent to the specific techniques.

Characterizing the preseni technology provides both an
outline of what is available and an outline of what needs to
be developed. Pundamental among the peeda of the cowmputer

.evaluation technology is a theoreticcl basis providing a

reference foir standardized evaluations and comparisons. Pirst,
stendardized parameters should be established. Such parameters
must characterize global system performance; they must provide
common denominators allowing local parameters to be reduced.
Then approprizte techniques may be generatced to measure these
parameters under known system environments and workloads.
Cextain typical classes of installations might se represented
by standard workloade consisting of standardized kernels
or application benchmarks ( 7 ). Special purpose installations
must continue to develop customized application benchmarks
for comparative testing in order to evaluate competitive
proposals. " ) : )

' Besides evaluation éo} selection purpéses theré remains

‘the important problem of monitoring the installed system. Such

per formance monitoring could be greatly benefited by designing
snuping features into the hardware units and the operating
systems ( 36) in order to collect utflization and usage
frequency atatistics. Ideally such features would operate in

a parallel and fnterference-free fashion. Those.techniques
such as softwvare artifact vhich do cause interference should
provide means for their selective use.. Built-in snuping fecatures
would allow computation centers to continually monitor their
systems in order to provide early detection of system environ-
ment changes and precipatating problems. Also, such field

usage statistics would provide the maznufacturer nuch important

foput for future system designs.
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' . UNIFIED HARDWARE/ SOFTWARE DESIGN - QUARTERLY REPORT )

INTRODUCTION .

L

In our previous report we gave a preliminary statement of the problem to be

dealt with as well as structural investigation with a view toward optimal solutions,

P - .
voer 4 s ime  w E

In this report we shall generalize po-rtions of the problem statement as well as intro-

duce mixed hardware/software considerations, S;:lut!on techniques will also be-

discussed and emphasis vill be placed con an efficient, rapid, neér—ox;t.imal .approach
Ca results from the previcus report, as well as investigations by others indicate that
-{ ~ guaranteed optimal solutions for this type of problem are computationally 1nfeas}ble.

-

PROBLEM STATEMENT.

Esséntially the prcblein considered in the last :'éport was:
ﬁ- Synthesis of a system to operate in a known environment whose operation
3 could be brokeri down into a collection of subtasks (computer instruction, instructions,

operations, functions, etc.) with a performance criteria defined over these subtasks

.(1.e. execution time or cost, power, weight, etc,) subject to appropria..e constraints,.
“The problem {s to select among various methods of ;mplemenﬂng the subtasks {n

" arder to optimize the performance of the overall system, The formulation:

2

:\ ' given =[1. e * o s s s s e e e s e .I:]denotmg a set of relitive usage

} frequencies of the subtasks (environmental {nformation)
:; ut . M
. (ty) oe - - °‘1m1,T
.‘i ¢ .
K T =

@ ’ (tnl tt‘zO e o o .tm) .

— D .
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lelng performance information (execution time), and comresponding to the per-

- BEEEEYT S TVRITEW TR,

' formance data a collection of resource usage data such as for example /
i (ey) ¢y5: ¢ °1m1) ;
yot c=- , . Cost
: ) c.c,..c ) ,
{ . L_nl n2 nm " ]
R ' (wll Wiee - wlml)
! w= Weight
) i C '__(wn'l Yn2* * wnmn)d
h o —
Py Pra v - plml) S
B i Maximum power,
(pnl Pha * pnmn)

) P
(_.,:;,hen select a collection of n (1, J) pairs foralll<i<n

\ Z;

minimizing ‘f 1t.u . .
s.t. rc..<C bost constraint o ) =

i ’J t °

@ Tw <W Weight Constraint
i ij t
zp“ < Pt Consarvative maximum power constraint,
{ :

Ct. Wt and. Pt represent sy.sten{ vounds on cost, weight and maximum povrer

:
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used such as cost, possibly witha cohstx‘aint representmé raal time data acquisition

;:', C jquirements, instead of the execution time criteri. given., Tn any event, the
§ basic problem structure is the same. ’
& There are, however, a host of difficulties encountered in attempting to
A . .
4 @realisucally treat a system design problem in the preceding fashion as shall shortly
l
! be seeun. ) S : --
-2
WW‘,»T‘TWYZW‘Y - picinsinghidh Sl !".—:‘" St S AR S i gl

usage. Any cther constraints that can be reasonably expressed in an additive fashion

could of course be appended to the above, also, different performance criteria couid be
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o One of the first difficulties is that the preceding problem is not well stated

from a computational standpoint especially when attempting to apply results Iﬁ,'om

/ e

prlor work on problems. of this structure. To bring it into a "standard® conventionai

form let
1 if implementation j is chosen for the
ith subtask
- x = .
- o otherwise : .

Then restate the problem as

I

.B.t. Rst N N N . . .
SX=1 . S - T
. : x =0,1 : oLt :
“~ - . .
with e 0......0 } . .and e 1is a row vector
° ] m, .. m,.
oe « o % o oo . '
S = m2

ofmiun'its.
oo ocoq.oe .
m

In the above. P is a row vector reflecting performance, R an appropriately
dlmensloned matr!.x containlng resource usage data with S denoting the requirement
that exactly one implementation be selected per subtask.

Problems of this type are termed multiple choice *1C) programming problenis.

MULTIPLE CHOICE PRC3LEM - BALINTYY HEURISTIC

<\‘ The MC problém has been studied to a moderate extent althoug.h nc;t as

much as the general (1,0) problem. Results from these studies as well as insight

gained from the !attice structure study of .our previous report have convinced us that
eobtalning true optimal solutions is not worth the computational etIort evidently required-

especlally in view of the likely vagueness cf the avllable data, Por near optimal

_mm- ,,¢Wm\.¢www- ‘ i b 7%
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eoluuons a technique originally developed by Balintfy is available and gives
promise of possessing the emciency necessary for the solution of large prot?ems.
Some modification is required for our application and thls wm be dlscussed shortly.
First the Balintfy approach will be descrlbed.

Basically, it consists of two distinct types of iterations. One proceeds, similar
to the dual simplex method in linear programming, from the best performing but usually most
infeasible soluuo;t toward feasibility simply by 1ntemhang1ng (setting the incoming
variable to 1 and the present to 0) the variable within each multiple choice group that
possesses the best change in performance/cost ratlo {minimum) from the present

. \xvariable. This is done within the most violated resource constraint until feasibiuty
for all the resourceconstraints are obtained. At this point, the second type of iteration

ebegins cor!slstlng of a maximal decrease in the objective func'tlon within an MC group

as long as feasibility is maintained. These “reverse” iterations are continued until
l-xo more feasible changes are possible. The varibles that have been set to } ‘at this
point deﬁx;e the desired near optimal solution. Studies by Balintfy and some trial runs
by the author on si'mple trade off ;.:réblems indicate that actual opumality' is obtained
quite often. . . .

. The existence of an efficient sclution technique is Lmiaortant and as attention
is now addressed to the deffciencles encountered in using the MC appr_oach an upper-

Cf‘.ost objective will be to retain the structure that allows application of the Balintfy

- .heuristic, e

.
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[ _ ' Gxtent. these problems can be circumvented while still retatning the structure that
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DEFICIENCIES OF THE MC FORMALISM

Disadvantages of the MC approach includ.e:
1) Implementations are rarely "dedicated” as such‘ to a single subtask,
More likely there may be portions of the total system that are utilized by several
subtasks. This is clearly the case in microprogramming. “Subsystems® must be
. considered in any trade off formulatién purporting to be realistic, .
2) While providing some treatment of pure hardware or pure sof}ware

trade offs, the MC problem as stated previously does not properly deal with the

C}ital mixed case in‘ which cho-i'.:es exist between both hardware and software

. implementations of a subtask, .
3) Tte MC approach in e&ect requirzs a system syx‘uhesis procedure
vaguely reminisccnt of an assembly line in that an arbitrary selection of implemen-

tations should be permissable with a negligible or constant assembly cost, In
other words widely varying interconnection costs among different combinatior. of
melementa:tions are not‘ taken into accbuni in the MC problem as it has been stated,
A constant intercox{nection cost cax.x easily be accounted for by 1nma}lly deducting it
from C t

4) f‘inally a rather large amount of data is required of which a consi&erable

'G};rtion is usually only imperfectly known.

These four areas appear to be the major d;fﬂculties precluding the practical
use of the MC formulation. In t.he. remainder of the report we shall be concerned

with amelloratmg} these difficulties. - Surprisingly enougﬁ it appears that, toa large ___ _

allows rapid near optimal solutions.
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é!BSYSTEM CONSIDERATIONS
Subsystems are characterized by two items, their resource usage and their
memberchip (l.e; the set of l_m.plemerita".ions using a particular subsystem)._ "As far .
s ;esource usage {s <.:’oncerned from this point on only cost Qm be considered.
: Genemliéation to multiole resource usage 1‘,5 relatively stralg.ht forward.

For notational purocoses the symbol sq will represent cnst when used in a

" yesource constraint and o . .
q,q q q
Sq= [.(lrll ) P .(11 ' jl')} indicates the membership set when
q q
C'?ecifying indices. . Co .
' . Next by introducing variables ' ’. - _ A T
'yq '-’(i if subsystem S‘l is used

' - 0 if not

and then treating subsystems in effect as a type of "set up cost” as in operations

mséarch (7) ‘the trade off grbblem cari be restated as'
N Q
Objective Min {¢ ¢ ftx + ¢ y } : . .
. =1 1 115 1) k=1 1k ) .
s.t. nm Q . : . >
Resource T ¢, x +T sy <C
=1 =1 15 1) =1 k'k t
Subsystem a 1;: s xu - MIYI <0 T'r.lese. force Y= 1 if any xuesk are1, Un
Structurce . velies; the other hand, If all y ¢S, are 0 the MIN
( kzlsk‘ ¥ x -My 0 operation =y, = 0,
.. 1 QQ k .
u'l)CSQ .
m .
1. : -
Multiple z x1’= 1 . ) - T -
" Choice ’ Fl - . "
Constraints mn: . I S c— - _—
9 N xn’ =1 . )
£l . -
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The use of the ykz allows retention of the MC structu'e. The preceding is quite
similar to the type II problem stated in our previous report, however, here it Ifas been
generalized to allow unrestricted access to a subsystem l?y any implementation,

There ls.of course a price to be paid for ;ll the n'laneuvering' just shown, In

-particular, there are the addi.tioqal subsystem structure constraifxts tr..)'proc;.ss as the
C‘t\xost obvious liability., The main difﬁcult}‘,. however, is :fhe fact that an optimal
solution is implicitly assumed while the techniques we plan to use 'ge;lerally yield near
optimal solutions. It is unreasonable not to expéct an. increa.sed error in view of the
csomewhat artificial manner in which the problem was forced to fit the MC formulation, -
Small problem§ involving sub;ystems that were tried by hénd have worked out well hut
the suspicinn is that for larger problems this ‘would not be true,

Ano-ther appr.oach to the subsystem problem is to mod.lfy the Balintfy heuristic ‘

to directly take subsystems into account in é manner similar to the yet to be described

‘modification used for the mixed problem. This approach to the subsystem problem is

however not yet in a sufficient state of development for presentation here,

C‘IARDWARE/SOPTWARE THE MIXED PROBLEM
Up to now we have dealt only with applications of the MC formalism to the

80 c.alled pure problem {.e. txacfle-offs possible among hardware only or software
only, This section treats the mixed problem occurring when a choice as toa

.- e ——. - e ———

Osoftware or a hardware implementation occurs within an MC group.
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"more closely. What is needed is performance and resource usage lnformatio? “for
the software 1mp1ementation. As far as resource usage is concerned we wﬂl for
the moment at least, utilize a cost/werd of memory used basis, Later in this report
memory modularity will be consldere‘d... It is the performance area, however, that
requires the most adjustment when considering a software implementation, The

problem is that the performance criteria considered {execution time) is dependent

s 4

Cpn other implementation performance. Tl.is occurs simply because a software
T . .
“implemantation consists of a set (eventually) of hardware instructions and the

execution time of mcst of these instructions is typically unknown prior to solution of

the problem, Consider a software implementation w,, consisting of a collection of

ij.

@nstructions. This can be reduced to a set of relative frequency coefficients, gk.

one for each distinct instruction, k. Suprose we let ti represent the (variable)

execution time for each instruction. .'.l'hen the total execution time

';i’; £ gt =Y ; where (1, §) represents the indices of the
. i’ . m‘k
software hnplementation in the MC formulation, But t.k kj xk ] ‘
resulting in the objective function becoming . o™
& | .
. 7 [ n mi mn
MN[ £ £ ftx + & { £g, o ¢ x, )
G TG Pt Y kw0 %1 g ;.
(1.1) c'W-. : Q" _ R T S
h o + }: Yl] N . ' !
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. : . - . P :.’ .- g
i
!
- i
- I v v s , . . W

X pr- DM W SFATF eemn . Mo - Gt oy Fon e PR SER R EER ol 2 ,-.,M-—.“n-.,,-...r-.-_ a2 P
et TR P e PRGN . . s . 3 FEumdiahaces = ¢

. — - — .

@ '.l‘o do this, the characteristics of a software implementation must be examined °
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Note that nothing implizs (k. N4 W refiecting the possibility of software imnlemen-

b Here W represents the set of al! w . that are software implementations.

tations using other software implementations aé subroutines. The overall mathematical
effect of mixed implementation choices is to add variable product terms to the objective

function.

Variable Product Terms - Classical Approach to the Mixed Problem

The presenée‘ of the product terms apparently rrsults in an optimization préialem
' hat is not longer in the MC class indeed no longer even in _the styict "linear” (1, 0)
c.:.lass.. However, by using some more tricks ﬁom Bx’:eraiions research the probletﬁ c;m
be perturbed at least to an a.ruf'icial I»;iC struccure, .
For each product term j& xj with T consisting or_xly of.distm;:t indl{:és, replace
5the product te}m with a new variable‘:gr and for each nfaw v%sriable appe.d two new

constraints of the following form:

'1).= _xl.zj::Tx-|T|+1

2) | :grs].,q.jezx.

The effect of these new constraints is that 1) is redundant untll fe 'l‘xj =1 at
which point 1) forces x,rzl with 2) implying X, S 1 thus xr =1as desired. When
( )l T j = 0 at least one xj T = 0 and constraint 2) forces xT<l or x,r=0. Usually
some additional artificial variables must be added in order to retain the MC structwure.
" In our applicati. product constraints of the 2) form might be eliminated as the Min

Boperation should give the same result,

-9~
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@ The computational price paid for this approach to the product variable problem

is considerable. When a substantial number of software implementations is involved ,
4

a large number of product constraints can be réquired. particularly if any amount of

subroutine calls are used. In addition, the extra artificial variables needed will
usually have a zero coefficient in the objective function giving poor results when the
Balintfy heuristic is used. The next section discusses anbther approach to the product

problem.

odiﬁed Balintfy Approach to the Mixed Problem.
Each ti ’ value in the objectlve function ideall;‘r reflects the performance of
the (1, j) implementation. However, when product terms are eliminated with the

preceding classical approach, tu may not directly reflect the performance of a soft-

@waxe implementation, rather this performance will be eventually reflected if the
artificial constraints are satisﬂed To cormrect this, it is necessary to make the

t“ term for the softvrare implementation direchy reflect this petformance. The

primary difficulty encountered is that 'til

.yet not finally detérmined execution times. Roughly, this is circumvented by using

is likely to be depandent upon other as

the execution times chosen or in use in the last iteration since these would correctly

_neﬂect the change in performance if a software implementation is selected in the

ey - [
C.xext iteration, There are two cases to consider. One occurs when there are no .

software implementations in the cwrent trial solution, In'this case it is necessary

' to ux.adate tu if and when fm ite_rative change is made .m an instruction execcution
time that is use'd by softwa.re implementations. The second r,-asé occurs if therp T 1

is at least one software hnpler@ntat.ion in a trial soluuc;n. Then, in addition t;> tij ]i

| |
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@lpdates required in the first case, a modification to some-of the relative eoefﬂcients
in F is necessary. This is true simply because, in effect, ‘addiﬂonal software is being .
used (actually "is being considered"), ’

A computer program utilizing. this latter approach is currently in preparation.
Indications are that manipulative requirements will be far less than that necessary {
using the ciassical apprcach and storage requirements about 50% less. Most of
the extra storage consists of certain takles and inverted file structures used to
facilitate rapid access to tue software implementation descriptors .

\_,} We are also developing, as mentioned, an approach to the subsystem problem
' along somewhat similar lines and hope to have this ready for our next report,

Memory Modularity in the Mixed i’roblem

b In the mixed problem discussion resource requix:ements for software implemen-
tations were on cost/word framework, This of course does not adequately reﬂect the
situation. Memory typically comes in modules and it is not generally true that the
cost of N memory modules is the same as N times the cost of one module.

" With a little ingenuity modularity can easily be introduced into the MC form-
ulation, Suppose an upper bound is krown on the number of modules required (possibly

LR PR

obtainable from the number of address bits and extension register size for example) then

\ 1if N modules are used
Cz‘ Let zl = ’ - ;
0 otherwise K
U . . .
clearly B> zl =1 where U is the upper bound., Now alter the mixed problem MC
1=1 ) . ,
formulation as follows:
1) ~ Add one new constraint of the form
S U ' :
z  m-x - T mz =0 . ' ‘
Cpewt WY ML -
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T

gn " is the arount cf memory required for the (i, j)th software implementation and

m, 3 m, 15 the amount of memory available in 1 modules. Notc the use of the term .

“available”, If "fixed" software not directly involving trade=off considerations is

part of the system its memory reguirements must be deducted from the ml.

2) Set the cost coefficients of the software implementation in the cost

- reSource constraint to zero. . ' .

L R A e e e e vee e ety

A g e an

3) Add to the resource cost constraint the sum

U

C’, S clzl. with ¢ representing the cost of 1 modules, .
'* 1 - co - )

"4) Append to the objective function the sum T - .
£ 1z. . i o —
=1 !
5) Set in the addmonal MC structure con'-traint
.U
I > zl =1,
- l:.=1 .

3 <

Contraint 1) forces all z) with insufficient memory to zerc. Then any

zl=1 with m, having sufﬁr:ient or more than sufficient memory will cause 1) to be

satisfied, On the other hand, the MIN operation will (hopefuIIV) set the lowest

1 : -

(iossible weighted z, = 1 as desired _Simultaneous inclusion of other resource usage
y the modules such as weight and power 1s easily done by reflecung theh usage in the .

coefficient of z1 in the appropriate resodrce constraint,

'.l‘be precedlng ls not quite so artificial as some of the previous maneuvers

- - e — ——eed ;

ahaVe been and only one constraint has been added. Bven so the Balintfy hnun_,uc i
can again likely be modified to take modularity dire_ctly into account. In fect, the ' ;{
-12- L RS j
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@eader may have noticed the similarity between the artificial constraints irtroduced

" {n modularity, mixed and subsystem considerations. | : "

INTERCONNECTION COSTS

_The interconnection cost problem i= onz of the limitations of the MC approach.

In theory it can be exactly acccunted for by the introduction of variable product terms

defined by its product term, Classical or modified techniques could tlien be used to

C"olve the problem, Practically this approach is limite? by the large number of

-

configuration combinations possible. This technique could be used if there are only
a small number of configurations incurring significant interconnection costs,

IMPERFECT DATA ~ SENSITIVITY INFORMATION

@ The major practical limitation of the MC formulation is obviously the difficulty

at least the logic equation level fqr .hardw;are and.the éssemb’iy o.r maching language
level for software before truly accurate data is pos‘sible. Even then unforseen
_occurrences that m.ight not show up until the actuzl manufactu:.ring stage puts a
quest@on mark on the validity of even thess data vz;lues. ' ’
It can also be argued that possibly tlie major cost would be incurred in
Cfxe design phase itself especially if, as th_e MC approach seems to require, the way
to proceed is to crank out as many implementations per subtask as possible, A little

msiéht quickly shows that thi s is not the method to use rather judgement on the part

gof the designer should qulc;dy eliminate a large portisn of the implementation choices

remafning implementation choices have possible features that might cause them to be

used in certain situations. Those “certain situations” beiny specified by appropriate

~-12-
e r e T3 o T b e b o e T T i 5 e e——

in the resource constraint with appropriate cost coefficients reflecting the configuration

even before detailed design work begins. The MC épproach should come into use wfxen

of obtaining the data. Quite probably implementations would have to be designed dovm to
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operating constraints. However, information on such constraints is likely to be even raore
difficult to obtain than implementation data, It is aimost absurd to expect existence of .
an absolute bounq on any resource, especially cost. Instead acceptable ranges are t;xore
likely. It is hore that sensitivity information obtained from varying the conctraint bounds
through these ranges is quite valuable. In operations research parlance, th{s is a type
of parametric programming on the constraint bounds. For a single resource constraint tl.ue.
bound itsélf can be the parameter, However, for the casé of multiple resource constraints
a trifle more involved relationship is usuall§ necessary where all resource bounds are
C:';xpressed as a function of a single parameter and the desired information is the objective
function value wich its soluticns as this parameter is varied,

For the MC formulation 1t.appears relatively easy té modify the Balintfy heuristic
to produce this bound sensitivity information. In fact, for the single resource constraint
case discussed each reverse iteration produces one of the desired sensitivity values.
Introducing parametric considerations among se{rergl resource b(;unds is the next obvious
step and should be possible with _the Balintfy approach, ‘

Of course other sensi_tivity information in addition to the bound variations such

as that derived from changes in F, T and C values is useful,. Development of methods t>

obtain this information is tentatively planned for thz future, ) . )

- Sensitivily approaches are best when most of the data can be considered "reliable”,
(‘W‘hen this is not true,about the only resource left is random variable techniques, A
fair amount of work in linear programming under tincertainty has been .done notably

by Chames . However.. corresp'onding results in the (1, 0) case are not well known,
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@nvesdgatlon in this area for the MC formulation have only been contemplated

not:initiated. . " ) R

~

In the final analysis a good design requires a great deal of research effort

in order to obtain pertinent, reliable design data. There is simply no way around

v se

this fact althcugh it ozcasicnally can be sidestepped a little,
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S PREFACE
M ’ . ) -
The many useful applications for speech proccss;ng

: . include bandwidth reduction, speeding of speech for the
blind, slouxng of speech for retarded children and language
instruction, frequeﬁcy division for aid to the partially
deaf, automatic speech recogniéion, and automat%c speaker
recognition. The developmént of the Fast Fourier trans-

form (FFT), reduction in price of digital integrated cir- ’

L)
L;:#’

cuits; and the rapid advance of large scale inteqration
(LSI) technology have made it economically feasible ?o con-
*  struct special purpose computing devices which can per-

fora speech processing tasks in real time. This thesis
presents an organization of a digital speech analyzer

- ﬁsing the FFT and c;pstrum. Structure of the'sgeech
waveform, FFT considerations, and cepstrum pitch extraction
are discussed as they relate to the 1mp]ementatlon of a
_éigi.a! speech analyzer. The basic areas of organ;zatlon

.optiéns, the processoxr flow chart, sampling requltements,

timing requirements and architecture are discussed in

( - detail. .

Submitted to the committee on December 6, 1969. U
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" ABSTRACT

P4
The overall objective of this thesis was to develop

-
0 mee

design parameters and the architecture for a special pur-

pose digital computer for speech analysis.

’ P
T ape, e e 06 e

: Section I of the thesis is an introduction which
. discusses briefly some of the areas of applicatiog.for
speech processing equipment. Section II provides a very' .
<:z¥ ’ brief dlscuss1on of the structure and characterist;cs of -
spee~h which 1nf1uence the spec;flcatzons for a speech ~ .
- ‘analyzer. ' - ..

o Some background to the fast Fourier transform

©

iF?T) and an explanation of its oge:ation is given in
_Section III.. Also in Section IIT. some of the properties’
- .. of the FFT are discussed as they relate to hardware design
consideratlons. . ] : ) ' .
. An explanatlon of the uses of Cepstrum analysxs -
_for the purpose of pitch extract;on is given in Sect;on IV.
" Section V-A discusses advantages of building special

purpose harhwaré for applications such as a speécp pro-
(E} . cessor. A review of basic organization options is given
.%1n Section V-B. A simplified flow chart of a speeqh
ana;yzer using the PFT,a?d cepstral anélysis is developed

in Section V-C. Section V-D presents a development of the

N . * . . '..'.‘ B N o ] . .. .
R . . i P w. K . . . .
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sampling requirements as imposed by properties of the
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e speech wavceform and the FFT. ) . . )
Prom the sampling requiremenks and the flow chart,
_Section V-E developes the number of memory accesses and
real mmultiplies and additions required for, each block of
the flow chart. From these results the speed require-~
ments for the memory, adder, and muléiplier are derived.

The architecture of the speech analyzer 'is develcped

i
N . in Section V-F and a summary of the hardware implementation -
* < " .
? is given in Section V-G.
i - N L] K3 - ]
H S8ection VI discusses very briefly other possible
) approaches to speech analysis and Section VII presents
i
i -
: ‘;, some recommendations for further investigations. A con-
i s Py
. clusion is presented in Section VIII. .
1 .
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. ’ . SECTION I
INTRODUCTION

For several decades now man has been-designing and
building machines which process language direct;y. Some
of these machines are the telephone, redio, phenoéraph,‘
tapz recorder and the entire spectrum of the modern eomﬁ

(:} munications indusfry. But these machines deal only waith
. ‘ . the time waveform (or causal acoustic aspects) of speech,
not with its underlying structure.

With the emergence of the éigital computer we have

‘E} ' ”machines available that can deal with systems of rules.
It is ineviteble that we try to use these machines for‘
speech processing to analyze, transform, and synthesize
speech. The development of the Fast Fourier Transform
(FFT), reduction in price of digital integrated circuits,

"and the rapid advance of'Large Scale Integration (LSI)
technelogy have indicated that small special purpose com-

puting devices may be built which can perform speech pro-

‘4f3 ) cessing tasks in real time. These special purpose conm- ~
L . puting devices may oparate as ctand alone processors or
: on-line with a general phrpose digital.computers. This
thesis discusses a special purpose computer conficuration -
‘E’ which could be used as a speech analyzer to find the -

.1.
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spectrum, pitch fundamental, and the voicing conditions

of speech in real time. In most speech processing appli-

cafions :ﬁe analyzer is only part of the systém with other
parts being a ;peech synthesizer, pattern recognizer and/or
other types of signal brocessing. However, in any speech
processor, a speech énalyzer is a part of tﬁe s&séem.
"There are many useful applications for speech
processing. A list of majof applications is given below.
_ This is certainly not a complete list but gives a good
idea of the possible uses of speech processing. .

To facilitate more faithful and efficient trans-

1.
mission of speech and storage of speech signals.
@ T 2 Séeeding of the syllabic rate of 'speech for
| recorded books for the blind.
) 3. Slowing of speech for retarded children and
foreign.lahguage inst£uction. o
4. Frequency division for aid to the‘partialgy d;af.
5. Autématic speech recognition. ) R
6. Automatic speaker verificagion.

-~

_ Speech processing is used to reduce the redundancy
of the speech wavefore (as in vocoders). This reduces the
bandwidth requirements fqr transmission of .speech and
reduces storage requirements for speech in applications

such as audio response units.
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. .- i
' Speeding of the. syllubic rate of.speech is used for

recording written material for the blind who cannot read
ordinary books and magazines. With "spéed hearing® of .
recordings of accelerated speech, the blind person can
increase the rate of absorption of information from the out-
side world by ;n gppreciable factor. .

Slowing of speech, the inverse process, is being
used for language instruction and as aids for teaching_ré—-
tarded children. RN I S

* Freguency éivision methods are being studied as d .

ﬁossible aid to the parﬁially deaf who have 165t their high-
frequency hearing. N _ ' -

Automatic speech recognition is.being studied for
applications -such as difect audio.programming of computers,

control of machines, language translation, dictatiou, etc.

While there are still many unsolvéd problems in automatic .

* speech recognition (especially in recogrition of continuous

speech) there'gre in existence experiméhtal working hardj
ware systems utilizing a limited vocabulary of isolated -
yords for such Spplications as ZIP code reéognitiqn, speech
transmission over very narrow bandwidth channels, banking
épetations and prﬁbably others.

Studies are.being performed on automatic speaker

N
eI

verification for such applications as verification of e -
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SECTION IX

-STRUCTURE OF THE SPEEC: WAVEFORM

This section will give a very brief discussion of

the structure and characteristics of speech which influence

_ the specifications for a speech analyzer. More detailed

¢ iscussion may be found in reference 1.

From a spectral viewpoint speech can be described

* as voiced or unvoiced. A voiced sound (such as the vowels)

has a harmonic spectrum and an unvoiced sound (such as s
and ch) has a continuous spectrum. A voiced sound is pro-
duced by the vocal cords allowing puffs of air from the

lungs to excite the resonant cavities of the throat, oral,

" and nasal passages. ‘These puffs of air occur at a pseuvdo

periodic rate which is called the pitch rate or the funda-

mental of the voiced speech sound. These pseudo periodic

puffs of air prbduce a harmonic spectruﬁ'which'fs modified
by the resonant cavities of the speech mechanism to pro-

duce the various sounds of speech. The quality of speech

is very dependent upon the frequency and stability of the

fundamental; however, the sound being produced-is depenlent
upon the tuning of the resonant cavities. .

5 : .
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Unvoiced.excitaéion of the vocal tract is produced .
by a turbulent flow of air created at some point of stric-
ture‘in fhe tract. An acoustic noise is thereby gereratzd
and provides an incoherent excitation for the vocal systea.

. ) . IQ third source of excitation is created by a pressure

buildup at some point of closure. An abrupt release of tke

pressure provides a transient excitation of the voéal tract.

C?) The transient excitation can be used with or-without vocal -

; cord Yibration to produce voiced Br'unvo§ced plosive

sounds. . - . ‘
Thus, the three basic paramsters which a ;peééh
" ' analyzer will extract from the speq;h time waveform are:
. l. Short time frequency anaifsié .
2. Piéch fundamentaltfréquency |
) ' . © 3. Voicing condition
_ The speech waveform cénta;ns énérgy at frequencies'“'
as high as 8KHz and above. Bowevef, iig;le.if any infor-

mation is lost if the speech signal is band limited at 4KEz. .
The normal tglephone-line bandlimits speech to roughly 200

C Hz to 3200 Hz with very little loss of intelligibility and

. quality. éince the gttiéulators: namely, the lips, jaw,
tongue, and velum are ch;nged at approximately a 20-25 Hz

rate in normal speech, the,éneigy distribution will change -

.at that same rate. That is, the energy.within say‘loo Hz . .
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) bandwidth filters in the speech sPectrun will vary ét abént
25 Hz or less. -Thus the vncal mechanism can be considered
as é quasi-stationary source of eneréy.
o The conventional mathematical link between an
- aperiodic time function £(t) and its complex amplitude-

density spectrum F(w) is the Fourier ttansform—ﬁaid

o

Plw) = | £(t)e i¥t gt ' @)
£t) = L rwetaw (.2) .

For the transform to exist, 7 |£(t) |at must be finite.
Generally a continuous speechnsignal 1e1ther satisfies the
ezb exlstence ccndition nor is known over all tlme. The signal
must consequently be modified so that its transform.exists
fnr integration over known (past) values, _Further, to ie-
flepé significant temporal cnanges,.the integfation should
.extend only over times appropriate to the quasi-steady ele-
ménts of the speech signal. ‘Essentially what is desired
is a running spectrum, wiéh real-time as an independent
' variable, and in which the spectral computation is made on
welghted past values of the signal. .
(iﬁ : Such a result can be obtained by analyzing a bortion

of the signal "seen" through a specified time window, or

weighting function. Since the articulators change at about

€:’ t ' e : f;f‘f | u - 1 . jk
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a 20-25 Hz rate the spectrum should be §amp1ed at about é_
50 Hz rat? to satisfy the Nyquist samplinjg rate. 'Thu; the °
length of the time window T should on the order of 20 ms.

The fundamental frequency of voiced specch iies ' :
normally in the range éf 70-300 Hz for both male and female
’speakers. For most éﬁrposeg a time window of 20 ms i;

. adequate for éracking pitch; however, for purposes of
analysis - Synthesis in bandwidth reduction for communication
G:} purposes it is being found that pitch should be up dated . -
every 10 ms. . '
The voicing condition of speech ﬁmsé be determined
_ " - to indicate the presence of a narmonic type spectrum or a
\ continuous noise type spectrum. For the unQoiced condition

(continuous spectrzum) there is no pitch fundamental. The

voicing condition should be determined at the window‘rate T.
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" SECTION III . R
'FF? DESIGN CONSIDERATIONS
A. GENERAL

:“_ -An algorithm for the computation.of Fourier coef-
ficients which requires much less computational effort thee'
was required in the past was reported by roley and Tookey

(:}' in 1965 (2). This method is now widely'know; ae the Fast .
Pour;er Transform and has produced major changes in com-
'putatlonal technzques used in digital spectral analysis,

- filter simulation and related fields.

c:, i The Fast Fourier Transform (FFT) is a method for
efficiently computing the discrete Fourier transform (DFT)

) of P-time segies (discrete deia samples). The efficiency
of this'method is such that solutiens to many preblems

-can now be obtained substautially more econom1ca~ly than

in the past and mdny cperaticns can be performed in real . -
- ) . time -whereas in the past this was cnly a dream. Thus the
- - reason for the very great current interest in this. techn’ que, .
(: The FFT tekes advantage of the .fact- that the calculation
of the coefficients of ehe DFT can be carried out iteratively, ‘

‘which results in a considerable saving of computation time. ;

. — - 9 S - - e m i e
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Specifically, if the time series consists of N = 2" éaméles,

then about 1/2 nN = 1/2 Nlog,N complex arithmetic operations

fadditions and multiplications]) will be required to evalu-
ate ;11 N associated FFT coefficients. In comparison with
the numbexr of operations requireda for the c;lculation of the
DFT coefficients with straight forﬁérd procedurés (Nz) this
number is so small whén h ie jlarge as to completely change
the computationally economical approach to various problems.
From the linearity property and complex symmetries

of the Fourier transform pairs we can derive the important

-xesult of doing simultanedus Fourier analysis of two sets

" .-of rezl d=ta (3). In the transform of two sequences of

real values at the same time, one set is stored as the real
component and the other set is the imacinary componént of
the complex vector to be transformed. The éymmetry pro-

perty allowus separétion of the two transforms. This is one

"of the properties of the FFT.which makes its use very ad-.

vantageous in a vocoder analyzer. One method of detecting -
the pitch of a.speech waveform is to-measvwre the time shift

between the autocorrelation function of the speech waveform

at the origin and the first major secondary peak. The

autocorrelation function is equal to the Fourier tranaform

of the power spectrum of the waveform. Tﬁe pover spectrum

”_isidefineq as- the gﬁm of the squares éf the real and imaginary -

LR

R A A Y

Va4

— 3 > — . A -
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" where S (k)

- - I
11 j

."components of the Fourier transform of the speech waveform.

Thus the’pover spectrum in the discrete case is a real

sequence that can be Fourier transformea to give the autocor-
relation function. Thg ability of the FFT to transform two

sets of real data simultaneously is advantageous in a speech
analyzer. In a speech analyzpr an N point sequence repres-

senting the power spe:trum of an N point input séquence can

be transformed to obtain pitch information while another N

point sequence can be simultaneously transformed to obtain .

mpectral iaformation.

-

B. THE FFT ALGORITHM

. Thére are many detailed derivations of the FFT in
the literature (2,4,5). Space will not be taken up here with
a derivation of the FFT; however, it dces seem appropriate

‘to present a brief explination of what the algorithm does.

The equation for the discrete Fourier transform (DFT)
is glven as: _ L . -
s . ?-1 ) jk ) ’ - .
(k) = ¢ x(j) v, k=0,1,...,N-1 . (2) o
4-p .

-
4 . -
'-J

lio»

equally spaced spectr.l coef.xclents where
k-o llnoo'N 1

'x(j) A equally spaced time samples of a time wave- )
- fO:‘m ‘Ihen j=0,l' cee 'N-]_.’ . . R -
? ) = e. -2;1 . - - . ’ . . .\’i
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1 .
N = 2" & humber of points in the transfnrm.

It can be seen from Equation'(Z) that N2 complex
nultiplications and additions are requiéﬁd to compute a
spectrun at N frequencies given N samplcs.of a waveform
X(3) when using the DFT. The FFT reduces the nﬁhber of

" complex computations to (1/2)Nn multiplications and Nn
#éditions.

The basic features of the algorithm will be explained
referring té Figure 1. The figure is dfawn éor.n = 4, N =16,
but it is possible to generalize from if to any value of N (5).
ﬁefining'some terminology, let the original N data samples

‘: fq;m a vector array xo, with components xo(j), j 20,0000
(N~-1) shown as points or nodes in é.veﬁtical column on the
left of Figure 1. The sequence of the time samples are in-

. dic§téd gy the pqsition of tﬂé node in the column and the
‘binary number to the left of it. o |

The next column of nodes, array i, represented by Xy0
with éomponents,xl(j), j=0,1,...,N, 18 computed from the
array X,. In Figure 1, each of the nodes of X; is entered
by a dashed arroﬁ and.a solid arrow, and within each node

is an integer. The solid arrow brings a complex quantity
from one of the nodes in the previous array and multiplies

it by WP where p is the‘-integer in the circle. This com-

- plex product is added to the complex quantity brought via

4
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the dashed arrow from another node'on the left. - Thus the

top node’ in array xl implies the computation:
X, (0) = Xo(8)10 + X (0)

After array xl is uvomputed, Xz'of points xz(jL is
computed from X, in the same way, and the third and fourth
arrays are similarly computed. In all, n arrays (in this

, case 4) are cémputed, and the last array contains the N
(:zf values of the spectrum. These do not appear in array Xn in
crder, however, To find the kth spectrum point, write the
bhinary number k with the order of bits reversed, .giving k',
. and look in the k'th location, Xn(k'), for the kth spectrum
(:>. . .point. .
Now that the basic operation of the algorithm ﬁas
. been explained, rules will be giveﬁ to cénstruct Figure i
' for any vaiue of n. . .

1. 7The N data points of the array X, with vertical
location 3=0,1,00.,(N=-1) are drawn. iﬁe locations j are
given as binafy numbers (n bits) jn-l"‘jo' The next array,

(i?i 'xl. and ir qéneral the array xm, are drawn succeésively to
- the right, and the points in the array are also addressed
as binary numbers. Nodes on the same horizontal level have

the same binary address.

. - e ———

O. - e

" 2. The number in the circle of the 3*P node in the
m~" array is tound by: T o '

- hd

.
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.(?3 | Notg fhat the pair of nodes';n the m
bave solid arrows coming from the same node in the m-1

array, and that the integers in the circieé will differ by .
N/2,'since bit jn-m of the address og eachAnqde differs, and

since rule 2 above says to scale by n-m places to the right

el « 00
N . “

1S

writing the binary number j

shifting it by (n-m) places to the right

.(£4)11ling the newly opened bit positions on

the left by 0's)

reversing thz order of the n bits

Thus, the last element in array 2, x2(15), has address 15=1111
Scaling by n-2 to the right gives 00ll, and reversing the
C§ order of the bits gives 1100=12, °

th array, node j {(in binary form jn-l"'

.'3150) has a solid arrow Qrawn to it from a node in the (m-l)St
array, whose locaéion is the same as j‘exggpt that bit jn-m
must be a 1. The dashed arrow comes f£rom a node in the
(m-l)_st array whose location is the same as j except that
bit j _ . must be a 0. Note that this implies that there

. ~ are two nodes in array m which are affected by the same

‘ " pair of nodes in array m-l, and that no other nodes in array v

‘m are affected by either of the aforémentioneq nodes in .;
array m-1l. The two nodes in array m ana~the two nodeé in

‘array m-1 form a rectangle.

th array will
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and reverse the order. of bits. The multiplications required
for these two nodes in the m?h array are thus negatives of
N/2

each other since W = -1, and if the computations for both

nodes are done together, half cf the required multiplication:

can be saved.

C. FFT BASE CONSIbERA‘I‘IONS ‘

Cooley and Tukey stated in their oxiginal paper (2)
that the Fast Fourier Transférmtalgoiithm is formally most

efficient when the numbe; of sahples in a.réco:d can be

expressrd as a power of 3 (i.e., N=3"), and further that

" " there is little efficiency lost by using N=2" or N=4". (The

base of the algorithm is defined as m where N=m".)

Later, however, it was recognized that the symmetries

_of the sine and cosine weighting fqnctions made the base 4

algorithms more efficient than either the base 2 or the base-

‘algorithms (G). Bergland then carried tﬁe base 4 teéhnique

one step furthdf to an even more efficient base 8 algorithm (
' ﬁé the base of the algorithnm increases it is possible
to use symmeéries of the sine and cosi;e welghting funétions
to reduce the number of arithmetic operations. As the base
of the algorithm increases, however, the 2R=N point trans-
form becomes more involved (although using fewer arithmetic

operations) and it becomes increasingly - difficult to let H

. ®
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be an arbitrary power
1024-, gpd 2048-point
the base 8 algorithm.

the three algorithms,

of 2. For example, 128-,.256;,
transforms carnot b2 performed with
However, it is5 possible to combine

thus preserving the versatility of

the base 2 algorithms, while attaining the Eomputational
_advantage of the base 8 algorithm. It is possikle to per-
form as many base 8 iterations as possible and then finish
the computation by performing a base 4 or base 2 iteration
as reqguired.
Bergland (7) has derived a set of equatioﬁs compa;ing
the coﬁputations required by base 2, 4, 8, and 16 algoritlms
" .for N points where N is any integér pover of 2. The equa-
ticns were derived using the propérty that no complex
multiply is required when tae exponent of w';s 0 since woél.
The number of arithmetic-opérations-for §different FFT con- .
figurations shown in Table 1 were calculated from éetgland's
'equations assuming a record rate of 48 gecords per second.
In the design of an all digital speech analyzer it
"48 necessary to use.hard wire programming in élace of soft-
ware in order to keep within the speed limitations of memory
. and logic elements. In addition it is desirable to have
‘the capability of changing the value of N. With these re-
strictions it seems appropriate to use. a base 2 algorithm

because of less complex control logic required and greater

-
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] j Q. Real multiplications and additions requix.:ed in performing ‘
{ - ’ l?ase 2, 4, 8, ¢&nd 16 FFT algor?.thms
? 'y N Real Real
b 2 . : Multiplies Adds
- j { 4 16 68 162
e = 5 32 196 418
] § o~ 6 64 516 . 1026
> g 7 128 -1284 2434
L : 8 8 256 3076 5634
] B , 9 512 7172 12802
t < 10 1024 16387 28674
Ly E C) .. 1 . 2048 36868 63490
‘ g ' 12 4096 81924 139266
1 ¥ 4 . 16 36 146
- 5 32 116 378
1.5 0 o 7 128 836 2220
e g ERE 236 4052 5122
2N a9 512 $867 11650
ISR IR ] 10 1024 11268 " 26114
I R n 2048 25604 57858
| _J: 12 4096 57348 - 126978
[ SR B *
b g 4 16 .25 . " 146
g § 5 32 89 378 -
YR . 6 . 64 260 930
1SR R N ® 7 128 686 2210
F ,f N ' 2 g 256 1710 .5122
t 170 a 9 512 4098 11650 J
P ]:E . 19 1024 9558 ) 26114 -
P . 11 2048 21842 57858
‘ j B 12 4096 49140 . 226978
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’ place of tm. or of using al pusec memory in place of a 0.5 pses

memary. B e Sl

ease of changing the value of N, f N were fixed, then the .

N

additional complexity of control logic for a higher base
algorithm may be justified.

D. MODULO 4 ALGORITH!

Bven in a machine‘in which a base 2 algorithm is- .
used it is possible to use a module 4 memory access algo-
rithm to reduce the memory accesses by a factor of 2 without
losing flexibility. A modulo i algorithm is defined as an
algorithm which accesses a set of i Gata points (for use in

a scratch pad memory) such that 5 iterations can be per-

-:'formed, vhen Zj = {, before returning results to the main

memory. The numbter of accesses to main memory is. reduced by

the'factor j at the expense of additional scratch pad

_ memory and control loglc.

The mod 4 algotithm accesses the proper set of 4 data

-points from memory such that two iterations can be performed

"~ (to calculate new values for the next thS arrays), in place

of one iteration, béfore the results have yé be returned to
memory. The price paid for a mod 4 algorithm is'; very
.slight increase in complexity of control circuitry and
scratch pad registers to6 hold ¢ data words. This is a

small price to pay *hen it can mean using one memory in

P

- L.
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E. THE IN-I"’LACE AND OUT-OF-PLACE I\LGORITHM .

The algorithm shown in Figure 1 can be calla2d an in-
place algorithm becausc for N data samples only N complex
data locations are needed in memory to perform the iteration
of the m arrays. Referring to Figure 1 it is seen that the
pair of data points in array m-l are used to generatc a pair
of data‘points-for the same address for array m. Thus a

pafr of data points from array m~l can be accessed from

memory, operated on, and then returned to the same location

ir. memory as data points in array m. It shculd be noticed

however from the figure that ofder of accessipg data points
For example, the first access
for array X, will require points 0000 and 1000. The first
access for ariay Xy will require points 0000 and 0100.
The first access for array X, will require points 0000 and
, 0010 and so forth. fhis requires the éontrolleg which ad;
dresses ﬁemory to operate in a slightly'differept mode
dﬁringﬂthe prccescing of each array, thus adding somewhat
to its complexity. '.
A so called out;of-pléce algorithm is shown in :
Piguré 2. Some compérison becween Figures 1 and 2 will
verify that both algorithms produce the same result.  How-
ever, in the case of Figure 2 it is séen that two points

accessed from afray m-1 will not be placed back into the
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same memorf address after being cperated on. Thus memcry
wili be required for 2N complex points. An advantage of
the out-;f-place algorithm is that the points are accessed
-in the same order for each array m-1 and stored in the same

order for each array m. Thus the controller addressing

" memory will simply rur through the same loop for each array

m piocesscd. There is required, of course, contro; Eir-
cuitry to swap pages of memory after the processing of'
each array. e e

. The'additional.compiéxity of the controller-for the

in-place algorithm does not offset the .additional memory

. required for-the out-of-place algorithm and thus the former

approach should normally be used. However, in some appri-
cations the speed of -he processox may be limited by the -

speed of ‘the merory in which case it is possible to vse two

' sepdrate memories so that the reading of old points from

‘ array m~i and the storing of new.pbinﬁs in array m can be

done simultaneously. In a case such aé this where memory
is doubled anyw&y for speed advantage it would be desirable
to use the out-of-place algorithm. '

P. COEFFICIENTS : : : ¥

In Section IIX B, W is defined as exp (-2wi/N) and
a procedure vas given for obtaining p where p is an exponent

6f W. Thus we have:

-
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W = exp(-21i/N) = cos(2n/N) -~ § sin(2w/N)

ano wf = cos(2np/N) - 1 sin(2rp/N)

Por the cases where p¥0 and p=N/2 we have:

b el

w°

=cos 0 -~isin0=ml+io

WN/Z = cos (2n7N/2N) - i.sin(znﬁ/ZN)

o cos (n) - i sin(uw) = <1 +31 0

(3)

- (4)

(5)

(6)

- It is seen in LCquations (5) and (6) that wu/z is the nega-

0

tive of W'. This was pointed out in Section III B and can

also be seen in Figure 3 which is the unit circle defining

the FFT coefficients. The impoftance of this is that each

e C—

node pair uses. values of P whxch diffeg by N/2 meaning that

one coefficient w111 always be the negative.pf the other.

This property is used to reduce the number of complex

‘multiplications by.a factor of two.

1 and 3 it can also be secn that because of this property

' -'only the coefficients in the upper half of the un1t circle

are needed for the processing of the FFT algorithm.

Thus

only sine and cosine values ranging from p=0 to p=(N/2)-1

must be available in storage.

Discussion of techniques

_ for further reduction in coefficient storage is given in

Section V.

”
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SAMPLING

The FFT operates on N'evenly spaced samples 6f a con-
tinuous time waveform to produce N evenly spaced spectral
coefficients. An example of a real-valued timg series and
its associated FFT (or DFT) is shown in Figure 1 (in place
of showing the complex Fourier coefficients in.Piéure 4 the
powexr spectrum is shown). The time series x(kAéi is éssumed
to be periodic in'the time domain of period T seconds, so
- the set of Fourier coefficients is periodic over the sample

frequency fs‘ The fuadamental frgquency fo of the trans-
form is equal to 1/T where T is the period of the window
in seconds. T is equal to NAt where At is the sampling
period. The.sampling frequency f8 is equal to 1/4t.
. %he power spectrum will be symmetric about the fold-
ing frequency £ : :

where ff=fs/é. The Fourier Coefficients

£
between N/2 and N-1 can be viewed as the "negative fre-.
.éuency' harmcaics between -N/2 and -1l. Likewise, the last
half pf the time series can be interpreted as negative time
(that is, as occurring before t=0). '
] An example of the symmetry about the fold@pg fre-

quency is shown in Figure 5. Only the coefficients up to
the folding f:equency are useful since the spectrum from
_f /2 up to f is just the mirror image of the spectrum from

0 up to 53/2. This agrees with the Nyquist criterion which

-

.o -’
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Figure 4

A Real Signal and Its Power Spectrum Displayed
in the FFT Algorithm Format

w = 25
. ) — 2 * _
Figure 5 /
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(:) -Representation_of the Folding Frequency.
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say§ that a continuous signal must be sampled at least at
twice the highest frequency in the signal to prevent alias
error. Also implied is the fact that for an N point trans-

form only N/2 useful spectral coefficients are obtained.

H. WINDOWING

- - . .
.. e

i problem known as leakage (4) is inherent in the
Pourier analysis of any finite record of data. The record
is formed by taking data samples of the actual signal fov

a.period of T seconds and by neglecting the signal before

-

and after the period T. As shown in Figure 6 this 1§ equi-

" valent to multiplying the signal by a rectangular data

window. If the continuous Fourier transform of the pure

cosine wave in Pigure 6a had been found, its contribution

uould have been limited to only one po;nt on the. frequency

axis as ehown in Pigure 6d. However, the multiplication by .

" the data window in the time domain is e;uivalent to per-

forming a convelution in the frequency AOmain. Thus, this
impulse function is convolved with.the Fourier transform
of the square data window, resultie; in a fﬁnction with an
aﬁplitude of the (sine x)/x form centered about £5.

This function is.not localized on the freguency axis

and in fact has a series of spurious peaks called side-~

lobes. The objective is usuvally to localize the contribution

. »
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of a given frequency by reducing the amount of leakage
- through these sidelobes
The usual approach consists of applying a data win-

dow to the time series, which has lcwer sidelobes in the
freguency domain than the rectangular data window. There
are a number of different data windows which have been dis-
cussed in the literature (8,9,10,11). One example is Tukey's
*interim" data window. In this window, a raised cosine wa§e
- is applied to the first and last ten percent of the data and
a weight of unity is applied in between. Since only twenty
percent of the terms in the series are given a weight other
than_unity, the cbmputation required to apply this window

in the time domain is relatively small, if com-

However, .
putation timé required is not an overriding consideration,

" one can find a numbér of windows that give rise to.more
rapidly decreasing sidélobes.

"The use of any data window other Fhan thghfectang-
ular data window will also reduce the picket-fence efféﬁt
by widening the main lobe of each spectral window. The

picket-fence'effecf-is ripple in the spectrum caused by
" the signal being analyzed not falling exactly on one of the

discrete Pourier coefficients.
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SECTION 1V

.  CEPSTRUM PITCH DETERMINATION

The speech signal, £(t), is createcd by a source
s{qnal, s(t), which consists of puffs of air generated at
_the vocal cords, passing through the vocal tracé. If this -

vocal tract is specified by its impulse-re5ponse, h(t),
the speech signal is the coﬂvplucion of s(t) and hit):
£(t) = s(t) * h(t) . - DT Ty

.

If S(w) and H(w) represent the Fourier transforms of s(t)

". and h(t), respectively, then F(w), the Fourier transform

of £(t), is:

‘P(w) = S(w) * H(w) (8)

° Yhe" power spectrum then consists of harmoniés of . the _
.source signal frequency, the:pitch. The spectrum is, there-
fore, also periodic thh the perlod equal to the rec1proca1
of the period of the time waveform signal being analyzed.
This fact makes it feasible to Fourier transform the power

séectrum to obtain the desired period of the pitch.of the
signal, )
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This spectrum of the power spectrum is commonly
"called the autocorrelation fuﬂction; r(t) of the speech:

signal defined as:

x(t) = F{|F(w) %)
= Pllsw |? [nw |2
=Flls@[? * M@l
: L e tnm L)
where r; and r;, are the autocorrelation functions of s(t)
and h(t) respectively. Note that r({t) consists of a con-
volution of the autocorrelation-fuhctiong. This results’
in broad peaks, and in some cases, multiple peaks in r(j).
This implies that the autocorrelation method of pitch
. extraction is impaired by the effgéts of the impulse gespoa
of the vocal tract, h(t)., upon the. source siqnal, s(t).
A solution is to separate the effects of the vocal..
- tract and the source'so that they are more easily idenfi;
fiable. The way to achieve this is to ‘take the logarithm

of the power spectrum before Fouriex transforﬂing it:

loq lP(w)(z =-log [s(w)l2 . IH(us)l2 e :
= log [s(w|? + log |x(w|? (10)
The Fourier transform preserves a@dltion: )
S 2 . 2, . . 2
Fllog |P(w) |“] = Fllog {S(w)| 1 + Pllog [R(a)[%]
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The source and vocal tract effects are now additive rather

.

than coniolved as in the autocorrelation function. The

peak corresponding to ic source period can be emphasized

by squaring the second spectrum. This function,
(P[loglF(w)lzllz, of tﬁe Fourier transform of the logarithm
of the power spectruﬁ is called the cepstrum. The term
quefrency is used as the independenf variable for the
cepstrum as time is usea fo¥ the time domain and frequency
for the spectral dcmain. The units of quefrency are cycle +
cycles)sec = sec. '

It has been determined by observation of computer
simulation - that hanning weighting of both the time samples .
and the logarithm of the powerspectrum have‘the effect of
enbanging the pitch peék with respect to the gmplitude of
the adjacent lobes. '

The hanning window (9) takes the form in Fhe time

“-domain of
1 3 . : e
z (1 + cos ;’;—-). oo RS

This functiqh when multiplied by the original time function
has the effect of smoothing the ends of the input sequence
and joining them tb zero. Thg_hanning window is not
necessérily the most effective window. .The most effective

vindow can be determined on'y by cut-and-try inguiry. -

-
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W o :  The relaéionship among fhe speech time waveform,

\ e

the spectTum, and the cepstruﬁ is shown in the sketch cf

Figure 7.

Wt e ey

For simplicity the continuous speech waveform

2

is shown and the envelopes of the spectrum and cepstrum

TS ST,

.are shown in place of the dxscrete samples and coefficients.
If t is the distance of the cepstral peak from the origin-

in seconds then the fundamental frequency of the tlme wave-

(T‘; form is l/t : . R
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. " SECTION V

EMPLEMENTATION OF AMALYZER HARDWARE

' GENERAL
Software implementatioﬁs of the FFT hav: reduced com-
putation time for many problems by as much as two orders

of maénitude. Even greater gains can be realized through

special~purpose hardware designed specifically for perform-

" ing the FFT algorithm in a specific application. Appli-

cations for special-purpose FFT processors result from

signal processing prohlems which have an inherent real-time

constraint or which involve off-line processing where the

volume of data makes proéessing impractical unless a. dedi-
cated machine is used. Both of tﬁese.requirements exist

for a speech analyzer vhere reai time processing may be

required for bandwidth compression or auccmatic speech

processing or large volvme of data are réquired for pro-
éessiﬁg for statistical analysis of spégch. Bergland has
stated that expcrience with the FFT procéssor built by Bell
Telephone Laboz§torie§ indicates that the cost reduction re-

sdlting from special-purpose hardware is nearly as great as

the reducticn which came with the Cooley-Tukey algorithm {12),

The Bell Telephone FFT signal processing system costs five
- 3 . .

e

e e e e e e e
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times less perhour than a large general-purpose computer
uhilé pexforminé the fast Fougier transform algorithm twenty °
times fa;tér. Thus, on the'fFT part of the processing, a
. 100 to 1 cost saving is bossible. As a result of this re--
duction in cost, people who had not even heard of the fast
. ‘rourief transform three years ago are now finding that they

~ .

cannot. get along without it.

B. THE BAS1C ORGANIZATION OPT1ONS

Q

. . Several FFT prqcessérs h$v§ been b;i}t or are being
. 'built'bogh as geﬁeral purpoée and as special purpose pro- .
-. gessors (13j. The organization c¢f an FFT processor is
ushélly dictated by the.performancé and cost regquirements
and the technqlogy assumed. Four g&hi;ies of machine'organi~

. gations, -which have appeared 'in some form in the liter-

- ature (12), will be described. - .

1. The sequential processor -. a.simplified Qiagzah
o£~thé sequential processor is shown-in‘%iguxe 8. This
organization is similar to that of a small genezal-putposé

. computer excépt that the table memory, data memory, arith-
(i‘{ metic unit, and contrdl unit can usuaily all operaée con-
) currently. The same memory can be used to store the input
data, the intermediate Qata, the intermediate results, and

the resulting Fourier coefficients. Since only oné'basiq-
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’ Tl-xe. Functional Block Diagram' of a Sequential
, . Fast Fourier Transform Processor.
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opération is involved and the accessing pattern is éery'
regular, the amount of hardward invslved can be realtively
small. ' '

"2. The Cascade Processér -a simplified block dia-
gram of the cascade processor is shown in Figure 9. To
improve the speed of the processor, one arithmetic unit is
used for each of the n arrays where n=2", Thus a pipeline
type of operation is performed with n sets of data being
operated on at once, but with output data being generated n
times faster than the- sequential processor., The execution

time for the sequential processor described above is

.- *B(N/2) log,N where B is. the time required to perform one

basic operation. Since the basic cascade processor has n
arithmetic units of the.sequential processoritype, its’ .
_execution time is improved Sy a factor of‘logzn=n at the
expense of approxiﬁéﬁely n times as much logic and ﬁemory._
‘Obviously the amount of hardware required is much greatér
than for the sequention processor. 3

- 3. The.Parallel Iterative Processoi - A simplified
block diagram of the parallel iteration pré;essor:is shown
ih.Figure 10. By using N/2 arithmetic units, an entire
_array can be processed in one execution time B. Thus the

execution time for the algorithm is B(log,N). This is an
,-imbrovement in execution time over the sequential processor
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by a factor of N/2 at the expense of approximately N)Z times
. : as much logic and memory. C
4. The Array Processor - A simplified block diagram

of the array processor is shown in Figure 11,

. /. . .
array processor would have (N/2)n arithmetic units so that

The complete
'by pipelining the arrays of data the effective execution
time for the algorithm is simply the time B required for
performing one basic operation. At this point in time the

hardware requirement for an array processor is.prohibitive.

- .
kY

- C. THE PROCESSOR FLOW CHART . R

A-simblified-flow chart for the speech anzlyzer pro--
cessor is shown in Figure 12. ProJisioh is made for either
a microphone input or an audio tapé input to the processor.
. The.inpu; amglif;ér provides impedance matching and ampli-
£ication between the input devices and the low péss filter. .
"The low pass filtering provideg a bandlimiced signal which.
can be sampled'without aliasiné €rror. )?he cutoff frequency
éf the ‘filter can be set at any point within the constraints )
- of the 12,aob Hz.samp}ing rate (which.is derived in the next
subsecticn;. The pre-emphasis operation off sets the natural
energy distribution of speech which is e;sehtially £lat up
to. about'l KHz and then'rolls off at about 6db per octave.
2-The reason for the.use of the pre-emphas{s is to prc&uce a
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flat long-term energy distribution to ensure optimal usage
of the dynamic range of the analyzer across the spectrum,
The qnalog-to-digital converter codes the input analog speech
waveforn to a quantizeé sarpled data form., Time wvaveform
weighting is performed to enhance the spectral and cepstral
information. .

The fast Fourier Transform algorithm is normally
applied to complex data, and has both real and imaginary
inputs. Becauge the transform pairs'haQe the properties- of

linearity and complex symmetry, it is possible to ‘process

two real inputs and separate the results at the output.

" - The sampled data is entered at the real input, and th:2 log

magnitude of the resulting transform pairs is reentered at
the imaginary input. At the FFT output, a sSeparation routine
divides these into a complex spectral output (transforh

of data points) and a complex cepstral output (transform

.of-log magnitude of spectral output). ?he square.magni-

tude is taken of the complex spectrum to produce the péwer
spectrum and the égﬁare magnitude of the.complex.cepstrum
is taken to produce the cepstrum. The log of the power
gpectrum {s taken and ‘weighted to produce the input for the
imaginary input.to the FFT, The‘pitcb peék detector

searches the cepstrum data for the cepstrum peak which de-

termines the fundamental frequency. If no cepstrum peak .~ =~ 7
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16 }ound, then the speech sound is asshmed to be unvoiced.
JThe pltcﬁ data and the power spectrum data or the complex

"; spectrum data is multiplexed to the output.

D. THE SAMPLING REQUIREMENT'

Before discussing the samplzng requirements it woulc

be well to review some definitions already used and intro-

duce sone new definitions.

f L the sampling rate 1n samples per second.

T é the length of a record (or window) in seconds.

fo A 1/T, the cell wxdth in cycles or the spacing
of the Fourier coefficlents on th: frequency

_ scale. .
at. 2 1/£,, the sampling peribé in seconds. ’
> ) é-the cell width in seconds on the quefrency
scale.q0 & l/f = At. ..
Pmin A the minimum pitch frequency detectabie on the
S quefrency scale. R
N A 2", the number of sampling points in a record

or- frame of data. .

) -

ff % £ /2, the folding frequency

Now the sampI*nq specifications will ‘be estatlished
to meet the requlrements for speech processing. For a
speech enalyzer vhich is expected to perform speech analycis
" for different purposes in speech processlng and sgzech
studies, an absolute minirmum high frequency cut off would

be 4 Kﬂz. In order to meet the N)quiat sampling rate then,
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we have fs > 2(4 Kiiz) =8 KHz. Since the articulatofs -
change at about a 20-25 Hz rate the epectrum.should be
sampled at ébout a SO‘Hz raﬁe, thus T can be set edual to
20 ms. It ve use 128 data points per record then we have
f8 = 128 {50) = 6.400.Hz which is lessg than the minimum 8 KH2
specified above. 1I1f 256.data points per record are used
then £ = 256(50} = 12,800 Hz which is well above the
minimum 8 KHz. - '

From the above considerations we now ha-e:

£. = 12,800 Hz

6,400 Hz

]
]

20 ms

fo = 50 cycles

ht.= 78.1 us _

Now the Cepstrum w111 be considered further based on
the spec;flcatlons,above. When thc power spectrum is logged
‘and Pourier transformed the resulting coefficients wili be
on the quefrequency scale which is a tiée scale. The co-
efficients will be separated by 1/f5=78.1.us ard there will
be 128 useful coefficients. Thus, a Cepstral peak at the
128th point wouid'indicate a pitch fundamental pefiod of
128(.0781 ms;=10 ms. A period of 10 ms yields a pitch
frequency of 100 Hz. Thus the m;nlmum pitch froquency P
which can be obtained with £g=12. 8 KHz and N=256 is ‘not

rd

.7j§
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compatible with the 70 Hz desired as discussed in Section 11.

AP of 70 Hz can be obtained by reducing the sampling

nin
rate f to 8.95 Kiz bu* this would cause T to increase to
The speech waveform is not sufficiently statlonary
over a 29 ms window to give satisfactory results.

There is a technique available to extcnd P and

min
which also produces a better Cepstrum pe§k ovér the entire
pitcﬁ range, particularly in the lcw freguency region.
This approach ié.to vorder the 256 data points with 128
zexoes on each sxde {actually the 256 zeroes could be put
ejther all in f*ant or in back of the 256 data points) (4)
and perform a 512 point transform. The results cf this
operation are shown in Figure 13. Pigure 1l3a illustrates
256 equally spaced sample points iﬂ the time domain. If
the sampling rate is 12.8 Kiz and a 256 point transform
-is performed then 128 equally spaced Fourier coefficiénts
"will be obtained batween 0 and 6.4 KHz Vlth a spacing fo
If the 256 sample points

"of 50 Hz as shown in Flgurp 13b.
‘are bordered with 256 zeros and a 512 point transform. is
‘performed then 256 equally spaced Fourier coefficients wiil
be obtained between 0 and 6.4 KHz with a spacing £, of

25 Hz as shown in Figare 13c. If the cepsﬁrum is.obtained
from the data of Figure 13b then 128 equally spaced points

will be obtained on the quefrency scale with At=9.0f81 ms

a
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3 Effects in the Prequency and. Cepsttum Domam.

from Bordering with Zeros .
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If the cepstrum is .obtained from

as shown in Figure 13d.

the data in Flgure 13¢, then 256 equally spaced points will
be obtained on the quefrency scale, still with At=0,0781
‘as shown in Figure l3e. - For N=512 and fs=lb.8 KHz there
will be 256 coefficients between 0 and 6.4 KHz with £4=25

cycles. The bordering with zeros does not distort the
spectral envelope and in fact provides a fiper‘frequené&
quantization of the spectrum,
The finer frequency quantization of the spectruﬁ is
in effect a higher sampling rate of the log powér spectrum
and thus a higﬁer rate of ripple (closer‘spacing of the
. hgrmonics) on the frequency scale can be represented on the

quefreﬁcy scale. The coefficients on the quefrency scale
will still be 1/£,=78.1 us apart but for the N=512 case |
there will be 256 useful coefficients. .Thug.the longest
pitch period detectable is 256 (.0781 ms)=20 ms Wﬁich cor-.
* yesponds to a Pmin of 50 Hz. Thus by bordering with zeros
the pitch range can bo extended below 70 .Hz and the cepstral
peak actually enhanced over the desired range by the
higher effective sampling rate of the spectrum.

So now the speech analyzer can be'specified:as using

256 data points per record but bordering with 256 zeros to
perform a 512 point transform, thus extending Pnin to

S0 Hz.

Lagt Yo Do 3 ‘v!v

7. - e ZETRE et a2 "o

T A ""b" 3 roy LA
ﬁs_:" = TN Wl

-




3
FAR)
. o
-~ €7 7 ’
4 d" :&'
-
.
'
-

B. THE T‘IMING REQUIREMENTS

l. General - This subsection will develop the numbef'
of memof; accesses and real multiplications and additions
required for tﬁe speeéh analyzer,

A core memo;y is considered as most cost effective
for this application when considering the speed; random
access }equirementé, and cost per bit; The number of
memery accesses required will be partitioned iptg full-

cycle accesses and hali-cycle accesses where half-cycle

is considered here to refer to a read operation which does .
l not restore {that .is leaves zeros in the address ;ead) and
a write operation which does not have to clear (that is
(:> assumes zeros are initially stored in the address into which
& word is to be written). Values of 1.0 us.and 0.6 s
will be uséd for the full-cycle and half-cvcle times re-
spectively since there are standard offithe-shelf'memories
.ﬁith these specifiéations frop several vendors... .
2, Daté Buffering and Weighting)of Input Data -~ A
. . :256 word section of memory will be set aéide as a data in-
put buffer. The output of the anqlog;to—digital converter

% (;\ v@ll be read into thi; buffer every 78.1 s and at the be-

ginning of the processing of each record a block of 256

data points will be transferred from the buffer into the

«

processing portion of the memory. The data will be multiplied

| o
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* and real additions will be calculated for.a 512 point ' Ry
‘radix two transfofm: For a 512 point transform there are

‘nine arrays to be calculated with 512 points in éacﬁ array. °

.:gomplex multipiy and complex addition. A cecmplex multiply
: requires four multiplies ana two additicas as shown in

':Equatién (12). . “;;i;._.‘;f;f:z ff;.zL“°f';':; e

-, . ‘.n.

- by the windowing weights at this time. . Storage locations

for 256 yeighting .constants are set aside so that any

windowing function may.be used. Prom the above discussion
. .. ' ‘

we see that R g‘half~cycle writes are needed to get a ncw

record of ﬂataaéa&o memory. Then to transfer the new

"record of data into the processing portion of memory 256

- half-cycle reads (hc-reads) are needed to get the data from

the buffer, 256 full-cycle reads (fc-reads) are needed to

" fetch the window constrants, 256 multiplies are performed,

< .

and 256 hc-writes are needed to place the new weighted

record into the processing portion of memory. These

* . operations are listed in Table Z.

. " It should be pointed out here that since the buffer

.

is not a separate memory, all controllers in the system

must have the capability of being interrupted by.the ana-+

zlog-to-digital convertérto read data words into the buffer.

3.. The FFT Algorithm - The nuﬁber of rqal'multiplies

2ey

1
-

To calculate each new.point in the next array there is a
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Summary of Timing Requireménts- ;’ 

Operation

Arithmetic Operations

Memory Accesses

Memory Time in ms\

Mults Addp

Fall Half
Cycle | ' Cycle

rull all

Data Bufferiné .

and Windowing

FFT Algorithm

256 -
9,216 - 13,824

.-\~ Sepdration -
] " Algorithm -~ 1,024
Sé Square ‘
) Magnitude 1,024 512
g e
¢ Weighting of .
d the Log .
s . Power : o
f{* ‘Spectrum 256 L -
it
1; .. -~ Cepstrum Peak:
te 7 Cetector 257. 261
I
(? Outmt Data - -
g - L _
’ . .. Total ¢ 11,009 15,621
; / ' ' :
T, j’f
ﬁ ’ '
& L f\ ' .
5& B et iRl R o -

256 768
1,147° 10,240

-, 2'048

== 1,536

© 256° 768

32 256
513 -

2,204 15,616

Cycle | Cycle| Totall

.256  .461  ,717
1.147 6.144 7.291

- 1.228 1.228

- 0.920 0.920

«256 .461 | 0.717 .

032 .154 0.186
«513 . 0.513

2.204 9.368 11.572
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(a1+1bl)§cl+iql) = (a)¢.-b)d)) f.i(gldl+blcl) (12)

'l . . .

The subtraction is counted as an additién since it can be

done in 2's complement. -A complex add requires 2 adds.
Therefore each new point rejuires 4 multipiies and 4 adds.

However, l/2 of the complex multiplie§ can be saved per

pair of points due, to the nature of the FFT (use of powvers

of W which differ by N/2). So a pair of points requires 4
multiplies and six adds. As a result it can be stated that
each new pnint requires 2 multiplies and 3 édds..

So a 512 point FFT will have nine arrays to calcu-

- late.with 512 points in each array and two nultiplies and

"three adds for each point. Thus the 512 point FFT will need

9,216 multiplies and 13,824 additions as thovm in Equations

(12) and (13). S -
.+ 512 x 9 x 2= 9,216 multiplies T 12)
512 x 9 x 3 = 13,824 addition - T a3)

In calculating the numbeg of memory eccesses it will
first be assumed that a mod 2 algorithm will be used where
wnod 2 indicates that two data points are accessed, processed,
and stored back ipto memory before adcessing two more data
points. Thus thera will be 18,432 memory accesses as shown

in Equation (14).

512 complex points- 2 reads . .
array complex point X zowrites-g .
- 9 arrays = 18,432 reads and writes. -, - (14)
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. _ Bach of these mémory accesses can be don~ in the half-cycle

mode of 0.6 uS. fhus memory tiﬁe required is 18,432 (o.6us) =

.

il.OG ms.

In addition to the complex dcta points to be accessed

drnsha ks i

the élne/cosine coefficients must be fetched. If it is
considered that oﬁe sine/cosin; point.is fetched per data
pair then there will be (512) (9) (1/2) = 2,294 fetches (as-
i‘ (:} suming that the sine and cosine values are both stored in

the same memory location, which is reasonable). Since these

e
et O

1 . fetches are full cycle reads at 1.0 Us per read the time
. required is 2.294 = 2.3 ms. Thus the total time for memory
O " accesses is 11.06 + 2.30 = 13.36 ms.
If memory accesses and arithmetic operations cannot
. be’performed simultaneously, then én}y 6.64 ms are avail-

able for the arithmetic operations (éhd this is considering

. s mmrevay -

: ’ onlf the FFT operaiion). .Clearly then, it is ne@essary

: : " to have the capability of'simult;ﬁeo:; memory access qnd
é . arithmetic operation. The use of a moé 4 algorithm pro-
% . .vides this capability and in addition reduces the number
(FQ of data point accesses by almost a factor of two.

. In the wod 4‘algorithm ﬁour'data points are accessed

k.
=W e

{: which will allow the calculation of 4 data points in each

=

. .. of the next two arrays. This can be.seen by referring to

: (:) Fiqgure.- 1. If the points Ao(o, 4, 8, 12) are accessed then

-

- . o .
i

.
) .
S S S U e e ey
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the ﬁoings AZ(O, 4, 8; 12) can be calcu}ated before data
must be returned to memory. .Thus the number of memory
accesses using the mod 4 algbrithm is:
(512) (4) (8) (1/2) + (512)(4) (1) = 20,240 ° ‘
-siqce each of these is a half-cycle access of 0.6 ﬁs the
time required.is 6;146 ms.

It is a property of the FFT that the sine/c;sine
coefficients of each set of four data pbints'repreéent.
quadrature vecto;é. Thus &ith slight additional control cir-
cuitry cnly one sine/cosine coefficient need be accessed

2~from memory for each four data péiqts. Thus the megb;y
time required for accessing sine/casiné co2fficients is
1,15 ms, half the time derived for the mod 2 algorithm. So
the total time for the memory to support the FFT is 6.144 ms
"+ 1.15 ms = 5.2§4 ms and the system has the capability of
aimﬁltaﬁeous operation of the meméry and arithmetic unit ﬁs.
“will be shown later.

4. The Separation Algorithm - As has beeﬁ Giscussed

f/ earlier the FFT in the speech analyzer being di;cussed here

-

performs simultaneous Fourier analysis of two sets of real
data. In the transform of the two sequences of real values
y 'f ' at the samne time one set is stored as the real comp:-nent and

1 _+ the otiuer set is the imaginary component of the complex

€:> vector to be transformed. The symmetry property allows

separation of the two transforms.

-

y . i Y T ¥ 3 P, TR (N A
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Let sl(kt) and s, (kt) be the two sequences of real

A
.t

values to be transformed. Then:
Flsy (xt)] = s, (n)
P(sz(ktn = Sz(n) wvhere n = 0,1,2,¢..,N-1
Also let:
s(kt) = sl(kt) + jsz(kt)
then from linearity we have
Sin) := Slln) + g, (n)

It can ther be shown that

. _ S(n) + S* (N-n)
§y(n) = Tz

_ S(n) - S* (N-n)
5y (n) 73

An example of the separation algorithm for N=16
is sﬁown in Figure 14, From the ekample.it can be seen that
it is not necessarQ'to perform calculations for all sl}n)

-and S,(n) where n raﬂges 0 to N-l. The values of S, {n)

.aﬁd Sé(n) for 9 < n < 15 are complex conjugates of the 5, ()
and S,(n) for.1 < n < 7. Thus it is necessary to calculate
only N/2 values fo; each of sl(n) and sz(ﬂ).

There are four additions required'for each Sl(n),

§,(n) pair. The number. of additions required for separation

is given by:

-, (N£2)4 = (512/2)4 = 1,024 . ' - L

i - ..
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Equations for the Separatioﬁ hAlgorithm for N = 16

- 56
An example for N =.16:
] st [S(-m) ) 25, )
0ay +3by | 3y +3bg | (ag +ag )+3(by ~by ) Wby +by 1+j(ay -a, ]
1la, +3b, | a,g*ibygl (ay +a;5)43(b) =by o) |(b +b, . )+i(a,c-a, ]
Zja, +iby | a),+iby | (3, +a),)+3(by ~b)y) |ib, +by ) +j(a;,-a, )
3[a3 +ibs | &@)3¥iby5) (a3 #ay3) 43 (by ~b)3) |(by +by3)+j(ay5-a; ]
4a, +3b, | a),+iby,l (a, +a;,)+3(b, =b),) (b, +b,,)+i(a;,-a,
§.25 +3bg | a,1+3by,| (ag +a,1)43(bg b)) |(by +b) ;)45 (ay,~ag
6 ag -l»jb6 a1°+jblo (a6 +a10)+j (b6 -blo) (bG +b10)_+j (alo--a6 )
7|3, +3b, | ag +3by | (a, +ag 1+3 (b, =bg ) |(b, +bg )+j(ag ~a, ]
8lag +3bg | ag +ibg (ag +ag )+j(bg =bg ) [(by +bg )+3(ag -ag )
9la, +jb9 a:) +jb7 (a9 +a, )43 (bg ~b, ) |[(by +b, )+j (ay ~ag
Il.o' a10+jb10 ag +jb6 (a10+a6 )+3 ”’10"’% } (by.otbg )+3 (ag -a101
B1la, 430, ag +3bg | (a);%a 143 (by ;b ) (b)y+bs )43 (a5 =a;,?
a*3by 5l a4 +b, | (a),ta, 143 (byy=by ) [(1, +b, ) +ila, =2a)))
a13+jb.. 4l a3 +jb3 (als-f-a3 343 (1313--133 ) (b13+b3 )43 (a3 ~a13)
a14+jb14 a, +jb2 (al4+a2 )+3 (b14_b2 ) (b14+b2 )+j (aé -al4)
15 la) #3b, | a; +3b, | fa;g*a; 143 (byg=b) ) |(b)c+b; V+i(a, -a;g)
',Figpre 14

-
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- adds and multiplies are: ‘_f ) f : -“’_;'

" points (square magnitudes) there will be two half-cycle
-reads and one-half cycle write per data point for two sets ;
"Of 256 data points. Thus there are 1536 half-cycle memory

accesses at 0.6 ps per access for a total memory time of

' 0.92 ms. e R T

57

Por each new datavpair calculated there will be four
half-cycle reads to fetch S{n) and S{(N-n) and four half

cycle writes to store Sl(n) and Sz(n). Thus, there will be

'8 half~-cycle memory accesses for N/2 data points. ‘The

]

number of half-cycle memory access is then:

_ (N/2)8 = (5.2/2)8 = 2,048 ST

At 0.6 us per half.cycle access the memory time will be Ap-'

proximately 1.23 ms. . R Tt ]
5. Square Magnitude — A shown in FPiqure 12, the

- operation following ~he s jaration is to calculaté.thg square

ﬁégnitude of the complex spectrun and cepstrum. For a com-
plex nﬁmber a+ ﬁb, the square magnitude iz a2 + bz. As

noted in subsection 4 above the processor will be working

- with N/2 points at this stage. Treating a squaring operation

as a multiply there will be two multiplies and one add for
each point in two ‘sets of N/2 points. Thus the number of
(N/Z)(2)(2) = 2N = 1,024 mu1t1pllcatzons
w/2) 1) (2) = 512 additions ' oL T

Because of fetching ccmplex points and storing real
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6. WVeighting of the Log of the Power Spectrum - As
shown in Figure 12 the log of the power spectrum is taken
.and then weighted prior to in%roduction to the'imaginary
input of the FFT box. Assuming a combinational logic cir-
cuit to obtain the log to tie base 2 of the pow=r spectrum,
it is possible to fetch a power spectrum point from- memory,
pass it through the pombinational logic, multiply it by
tiie weighting factor, and then store it back into menmory. L.
There are 256 spectral coefficients to be operated on,‘how-
ever, the image of these 256 data points (negative fre-
quency) must also be stored to-genefatg the 512 point input
signal for the FFT. That is, sz(n) will also be stored in

85(N-n). Thus, there will be 256 multiplies, 256 hc-reads

for spectral coeffic1ents, 256 fc-reads for- welghtlng values,

and 512 hc-writes to place the resuits in the Ac array of

o - the FFT. Memory time requiremehts will ‘be:
e . (256+512) (0.6) + (256)(1.0) = 0.72 ms’
. 7. Cepstrum Feak Detector - The cepstrum, defined
_ ' (:W as the power spectrum of the locgarithm of the.power'spectrum,
y : . .
has a strong peak corresponding to the pitch period of the

voiced-spoech segment being analjzed A :1mp1ified flow

[ SRR N

diagram of the cepstrum peak detector taken from Noll (14}
is shown in Figure 15. Details of the flow chart will not —

,'E> o .be discussed here. The algérithm will require 256 half-.

-
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y : -€ycle memory accesses to fetch the cepstral coefficients .
S . . . . ‘ .
] - and 32 full-cycle reads to fetch weighting “ralues. Eight

" cepstral values will be multiplied by each weightiné value
to produce a step wise increesed wighting with respect to
}nerease in time (decrease in fundamental frequemcv) on the

Thus there will be 256 multiplies.

quefrency scalc. There

will then be 256 adds (2's complement subtracts) and com-
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parxsons to determine the value and location. of the peak

_There will be four adds to determlne if the p*esent peak is

within t 1 ms of the prevxous peak. There wxll be onre

multiply to set a thresholad and one add and check to de-
. termine if the peak exceeds the thgeshold. The number of
operations given here is summarized in Table 2.
8. Data Output - If the peme: epectrum is desired’
. as the output then there will be 256 full-cycle reads to
output the data. If the complex spect'um is desired then.
theie will be 512 full-cycle reads to output the data. Full--
cycle reads are required because the spectrum data must be
used in the cepstrum process and thus.cannot be destroyed.
" 9. Sﬁmmary of Timing and Speed Requirements - A
_ summary of the timing requirements is gimen in Table 2. ‘The
operations discuseed above is given in the column to the
left of the table. The.number of arithmetic operatioms,
memory a.cesses end memory time rcjulrements are given for

" each operatzon. ‘The totals are given on the bottom row.
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The memo}y access time requ;geménts-aée further pre-
sented ifi bar chart form in Figure 16. .The memory time .
requirements for each operation are plotted on the total
‘available time base of 26 ms. Based on these data there is
8.428 ms slack time with the memory aqcessing taking fifty
eight percent of the available time. .

The plot shown in Figure 17 gives an estimate of the
speed requirementé for the multiplier and the adder where
and adder are used.

a single multiplier The plot shows that

if additions can be performed in zero time then there will
be 20,000 us/11,009 = 1,8 us available for each multipli-
Conversely if multiplications can be performed in
zero time then there will be 20,000 us,/15,621 = 1.29 us avail-
able for each addition. Obviously neithgr additions nor
multiplications can be pérformed iﬂ zero time, so Qe can

pick a realistic point on the line, for example if we allow

" 0.5 ps per addition then each multiplication must be per-

formed in 1.1 us,

The time required for additions and multiplications
is directly bropbrtionai to the number of bits (dord length)
irvolved and inversely proportionaf to the amount of parallel
circuitry used. Although the optimum word lengths have not
been investigated, the following assumptions should be close

——

to optimum requirements:

. . -
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Memory Access Time Requirements

_Representation of memory access requirements in ms
plotted on the total available time base of- 20 ms. _based
on these data there is 8.428 ms slack time with.the memory

accessing taking fifty-eight percent of the available time.
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l. Input data word length 8 bits

-

2. Processor word length . 16 bits .

3. Coefficient word length 8 bits
(sine/cosine values)

4. Output word length . ‘ 8 bits
Transistor-transistor logic (TTL) 4-bit full acders
are available which produce the sums and carry from two
4-b t words in 60 nanoseconds. Thus 16-bit words can be
summed:in 240 nanoseconds without using any look-ahead
logic. Alsp, using TTL carry save adders in a Béoth and

Booth multiplier 16-bit words can be multiplied in 650

. nanoseconds (250 nanoseconds if pipeiining is used).

8o, with circuits commerciél}y available it is pos-
sible to perform additions in less than 0.35 us and multi- '
plicaiions in less thaa 0.7 us. This implies a total time
for additions and ﬁuitiplications of ) _

(0.35) (15,621) '+ (0.7)(11,003) = 13,174 us = 13.174 ms.
This leaves approximately 6.8 ms of slack time for the arith-
metic operations. ’

From the above we have 8.4 ms of sléck-time for the
memory operations and 6.8 ms of slack time for the arithmetic
operations. Thus in the design of the-architecture,of the
machine it will not be necessary to insure that the memory and
arithmetic unit are operating one—hundged pgrcent of the ?iﬁe:

A——

however, théy_mnst have the capability of opefating simultane-

ously. Thc architecture will bz covered in the next Section.
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F. THE ANALYZER ARCHITECTURE

.§ ’ A_sinplified block di&g%am of the systeﬁ architecture
for the speech analyzer is shown in Fiqgure 18. The archi-
tecture enploys a coré.memory, scratch pad registers, inter-
mediate result registeré, data buffer registers( and a fast

: ' aéithmetic unit designed to operate in parallel with memory.

accessing. Individual controllers are used for the different

T v, g -

2lgorithms and functions within the algorithms to simplify

'(:; -.the controller design and allow easy modification of ali ox

.
R L PR RE 20

part of an algorithm. The controllers can easily. be imple-

1 . mented either as counters and state decoders or as read-only

memories. All of the programmiﬁg is performed from the

L3
§:> :
.

hardware controllers. The scratch pad registers, inter-

PR ™Y
'

mediate result registers, and the data. buffer registers are

tequired to provide parallel operation of the memory and

e
M
lewmotd e = a3

arithmetic unit.

A more detailed block diagram of .the registers and

IR
ety wain
'

the arithmetic unit is shown in Figure 19. The registers

-are paired as a; and bi where the ag is the real value and

the bi is the imaginary value of a complex word. Thus the

oL
P I RS

NG .
T a; and the bi registers together hold the complex word

v : . . . .

} (ai+jbi)‘ The registers ag and bo through a, and b3 hold

- the four data points which are needed to calculate the four
i : (:) . data values in the next two arrays as explained in Section
a?’ )
; .
] .
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Speech Analyzer Registers and Arithmetic Unit
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III D. The ag, by, a;, and Pl registers are bussed toeg-

| 3
4 ’ ther- as the multiplicand input to the multiplier. The Wp

and WI registers conta?n the coefficients described in

.Section III F. The puééing of the real and imaginary parts

of the coefficients and theiv 2's complements allows the

use of coéfficients from only one quarter of the coefficient

circle as described in Sec£ion IXX P. More generélly the Wy
_(:}' ' and the W_ registers hold the multiplier for any multipli-

I
cation operation. The a, and b4 registers contain the

addehd for addition operations.
The results of an operation on four data.points are
placed in the "primed" registers called the intermediated
results registers above. Feedback from the.intermediate
results registers to the scratch.pad registers is pécvided
- because two passes.thrbugh the arithmetic ur.t are'reqnired
for the Mod 4 algorithm. &he "double primed" registers,
* called the data buffér registers above, i.llow ;he inter~.
mediate data registers to dump their d&ia so éhey can be.
- . used by the arithmetic unit while data is written back into
(ij memeory from ihe data . buffer registers.
The recode block provides the recoding of ;hé multi-
plier fequifed by the Booth and Booth algorithm. The

partial product generator generates éartial products as a

/
function of the recoded multiplier. The carry-save adders

\5\.
. ~
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provide fast generation of the sum and éarry for thg full

-

adder. .yhen the Sum and carry are gated into the full
adder, the output is the pr&éuct of the selected multipli-
cand and multiplier. The Sl and S2 registers are used in
the Mod 4 algorithm as will ke explained below;-

A flow charL and equations for a Mod 4 operatzon is -

e Ams B e VAW 6 ABs e

shown in Flgure 20. The equations are for only one pass -

. s

; "through the arithmztic unit and it should be remembe;el

4 (:} . that two passes are required. .It shouid‘qléo be noticed

I . that a slightIY.different ;rrangement of. data is requiéed

- in éﬁe second pass. In order to keep the algérithm the
same for both pagses the data transfer?ed back to.alb1 and
a.zb2 is interchanged. A nore detailed_flow chart of one
pass through the arithmetic unlt for a Mod 4 operation is
shown in Flgure 21. The use of the Sy and 5, registers

' can be seen in this flow chart.

.

A
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A Timing diagram of memory accesses and arithmetic

operations for one Mocd 4 operaticn is shown 'in Fiqure 22.
The operations are divided into a first and second pass

.through the arithmetic unit as discussed above. The top

»

R . K .. .
e 22 TCTYAL L PR 2° 2yt ST RS 20

WP UP VP oL S TRy W TIY
- wrlot o

- . ..
(:t' 1line represents arithmetic operations, and although not

T

labeled, fcllows the flow of the flow chart of Figure 21.
- The multiplies can be qistinguished froﬁ the additions since

_the former require two clock periods and the late. require
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Figure 29
Chart and Equations for a Mod 4 Pass Through
the Arithmetic Uait

Ay (0) = (agp+ibg) + (a2+jb2)fwr°+j§10) )
AL (2)-= (agtibg) = (ay+iby) (w_g#3wp,) (2)
A)(1) = (ay+3b)) + (ag+iby) (W, +iwpy) (3
A, (3) = (ap+jb;y) - (a3fjb3)(wt1+jWIl) (f)
(a0+azwr-b2w1) + j(bo+b2wraa2w1) {5)
.(ao-azwr+b2w1) + jlbo-bzwijazwii (6)
(aytagwy=bywy) + J(by+byw, +azwy) L :
(a)magwy+hywy) + 3(by~byw —agwy) 8.
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one cloék period. The'memory accesses require two élock
periods for a ﬁalf-cycle operation and three clock periods ’
for a~full cycle operation.

With a clock pulse of 350 ns and two clock pulses
per half-cycle operation, each half-cycle operation requires
700 ns in place of the 600 ns capability used in constructing
Figure 16. Also, because of the large number of arithmetic
operations requifed the memory is able to operate for only
39 of the 52 clock periods required for a Mod 4 jteration. .
Thus the memory is operating at only seventy-five perceﬁt .
efficiency. Under these conditions it can be shown that
" the FFT operation requires just upder 12.8 ms to perform in
place of the 7.29 ms shown in Table 1. The other algorithms
in the speech énalyzer do not have as many ﬁrithmetic oper-
ations per memory access as the FFT algorithm and will in
fact be time limit;é by memory accesses. Thus the.times .

" ghown in Fignre 16 will be essentially correct.
G. SUMMARY OF HARDWARE IMPLEMENTATION

This section has dealt with.basic.organiiation.
options, the processor flow chart, sﬁmpling requiremehts,
timing rejuirements, and the analyzer architecture. Items
of great importance but not dealt with here are:

1. The number of bits to use for the input words,

processox words, output words, and coefficient

words. . .
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2. Dynamic Range. . !
. . . . .
3. _Round of{ erxror.

4. Details of the controllers, arithmetic unit,
and data addressing.

Obviously all of the above items must be taken into
consideration in order to successfully implement a hardware

specch analyzer.
H. SIMULATIONS

A complete simulation of the functions shown in
Figure 12 was proérammed and run on an'IMB 1130 computer.
Tpe simulation does not employ all the hardware features
of the architecture described in this thesis but does imple-
ment the functional characteristics. .
' Thg IBM 1130 cgmputer is a small genétal-pﬁrﬁose
scientific computer. The 1130 used is a 16 bit 'machine with

BK of core memory and 512,000 word disk cartridgé memory.

The access cycle time for the core memary is 3.6 micro-
'sécoqu. Access time for one or two tracﬁs on the disk is
15 millisgconds.
. The siqulatioh program is controlled by a Driving
program written in Fortran IV. The Driviné program controis
éhe flow of data into or out of various subroutines. A
- gimplified flow graph of the Driving prograﬁ is shown in
Pigure 23. The use of thg Driving program provides

’
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considcrable Ilexzblllty in the software package to evaluate
a wide variety of conf;guratlons. . .

The Driving program can call either a Fortran sub-
routine or an assembly language subioutine: Most of the sub-
routines were originally written in Fortran using real con-
stants and variables. In this way it was relatlvelj casy
to prove out the concepts involved. For example, the con+-

cept of processing two real time series with one FPT and

_separating the results was verified in this way. Also ad-

vantage of Cepstrum over autocqr;elation was shown and the
con;ept of borderin with zeros was demonstrated. '

All of the roriran subroutines were eventually re-
placed with assembly language subroutines, All of thg'as—

sembly language routines used integer arithmetic except the

FFT and Separation.subroutines, which continued to.use real

values. Under this condition the simulation continued.to.

* perform satisfacfotily. Asseukly language FFT and Separation

subroutines using integer arithmetic were then written and
éried; however, the dynamic range was severeiy lﬁpited under
these conditions. This final configuratioh has not been
investigated to determine the problem areas. It is believed
that the problem is either an error in the subroutiﬁes them-

éelves, a bgd choice in scaling within a subroutine and/or

- . ———

-mismatch in scaling between subroutines. .

-t -, ‘-': .. K
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Further ;nvestigation and ﬁodif@cation of the soft-
ware should be performed until it executes sztisfactorily
simulati;g the hardwa;e configuration described in this
thesis. It would then be possible to specify the design
of the hardware sy?tem.controllers.

Four basic FF& routines were written for -the simulation.
Base 2 and base 4 routines were written in both Fortran and

assembly language., The base 2 Fortran subroutine uses 88

statements; the base 4 Fortran subroutine uses 134 state-

’ ments;.the base 2 assembly language subroutine uses 296 state-

ments; and the base 4 assembly language subroutine uses 670
statements. .

The Faortran subroutine for separatioﬁ uses 25 state-
mgnts and the wéighting progran uses 12 Fortran statements.
2ae square magnitude subroutine uses 60 sssembly.language

statenents and the.log'hubroutine uses about 40 assembly

.language statements. The Cepstral peak detector subroutine

uses 181 assembly language statements. ) i

The first version of the gimulation (ail Fortrau) ran
at ebout 4,500 to 1 machine time to real time. Azhzhis
rate, 90 seconds is required to process one 20 millisecond
ffame of data:' In the final assembly language form,.the simu-
lation ran at about 1,000 to 1 machine time to real tine.
At this rate, 20 seconds 1; required to process one 20 milli-

second frame. Also at ghis rate, it takes just under one

-
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and ‘one-half hours to process five seconds of specch on the

. : IBM 1130, N - ST e ) B .
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- SECTION VI '

“OTHER APPROACHES TO SPEECH ANALYSIS

BY DIGITAL TECHNIQUES

There are several possible approaches'to impiementing
a digitalized speech analyzeé. This author doeg not know
of any actual hardware implementations althobgn Bell ?elé;,
phone Laboratories, Lin:-oln Laboratories, and several uni-
versities and companies in industry have achieved computer
simulations of digital speech analyzers. However, a lazée .

number of special purpose FFT boxes have been built as evi-

" --denced by Bergland (13).

There are many different pafameters tc be considered

in comparing special purpose FFT processors if a fair com-

‘parison is to be made. A.limited camparison will be made

here of the FFT processor developed in this thesis and the

" processors covered'by Bergland (13). Of twenty-six pro-

cessors covered in Bergland's survey, éleven are of the
sequential str@cturé as shown in Figure 8 (which is the
structure of tﬁe processor dcveloped in this theéis). -One
qf the pafa@eters used for comparison’is execution time of

a transform where N=1024. Most of the sequential processors
.have an execution time on the ordef of 30 to 50 ms. Three
processors with execution timeg of less than 30 ms are given.

'-..o'
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These executién times are listed As 27 ms, 22 ms, and 3.75 rs.
'The,prosgssor developed in this thesis performs a 512 point -
transform in 1?.8 ms. If the controllers were changed to
berfcrm a 1024 point transform then the transform would take
28 ms. This time couid be cut in half with a small increcase
in hardware to provide pipel{ning in the multiplication
hardware and lookahead capibility in the full adder. by
using four multipliers.to implement a complex nmultiplier
Fhé execution time could be reduced by roughly another factor
of 4,”thus providing an execution time of roughly 3.5 ms.
Comparison should be made between the special purp;se
speech analyzer developed here and the use of a general pur-
pose computer for implementing the algorithm. Factors to
be copsidered are cost of the special purpose processor,
machine time - to - real time on.a general purpose machine,

and cost per hour of running on the general purpose machine.

‘A rought estimate of hardware cost for the special purpose

machine is $15,000. The algorithm for the speech analyzer

of this thesis was programmed to rui on an IBM 1130 (small
scientific computer) and ran at' abzut a 1,000 to 1 machine
time to real t;Qe ratio. A reasonable cost per hour to use
the IBM 1130 is $25. For $15,000 one coulﬂ'purchasé 600
hours of computer time. At a ratio of 1,000 to 1 this would

allow only 0.6 hours of continuous spéech to be processed,

- . .
- . .. . . - e .
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For many study and rgsearch applicationé only a few seconds
of contipuous specch are negded and thus it would not be
practical to build or purchase a speciai purpose processor.
For other applications, several hours of continuous pro-
cessing.may be required and thus large savings in morey and
time would be ach;eved by.using a special purpose pro-
cessor. It is estimated that the algorithm could run in
real time on the CDC 6600 comvuter. If the charges for
the 6600 were $1,200 per hour then 12.5_Sou£s dould be run’
for $15,000. Thus if speech processing in excess of 12.5
ﬁours were needed it woﬁld be advantageous to ﬁse the special -
‘n.purpose machine described in this thes;s;

Among the several approaches to:implementing a digi-
tal speech aralyzer are (1) birect Fourier Transform (DFrf,
(2)'Fas£ Fourie; Transform (%FT), (3) digitel filtering (2-
tr;nsfo;m), (4).autocorre1ation, iS) complex exéonential.-

* analysis, and (6) least mean square fitting of basis functions.
Of the six apb;daches listed above it i; brlieved that the
FFT, and digital filter approaches hold the .ost promise of

~ performance and écoany. Although the FFT Qpproach has been
taken in this paper, the tradeoffs of complexity, cost; and
ferformance between the FFT and digital filter approach is
not.clqar cut enough to make either one of them outstand-

ing with respect to the other.
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One of the other techniques of interest is the com- ,
plex expgnential transform évep though at thié timé it ap-
peacs impractical to ach;eve a real time system with this
The éomplex ¢xponential transform uses damped
oscillators as the basis functions in place of the constant
amplitude oscillators used in a Fourier transfbrm. The ‘com-
plex exponential does not assume periodicity ouééide‘the
data window and résults in higher resolution for given data
length than does the Fourier transform. 1In addition, place-

ment of frequencies in the resulting spectrum is entirely

dependeat upon the frequencies present in the input signal

whereas the coefficients obtained from the Fourier transform

are pre-positioned by the period of the window and the'sampl-

1ng'rate. Perhaps the advance of hardware art coupled with

the reduction of the general case of the complex exponential

process to a specific.application will make real time feasible.
It should be stated that analog speech processors

usxng the bank-of-filter type spectral ;nalyzers have been

in use since the late 1930's and have not yet been dis-

placed by diéital speech processors. . However the.recently

developcd cepstral techniques can be implemented easier and

perforn nore reliable with digital circuits than wiih analog

circuits. ?hys the coming years should see a switch to all-

digital speech processors. ' .
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- . RECOMMENDATIONS FOR FURTHER INVESTIGATIONS

Specific areas for further investigation have been
poxntcd out in Sectlon V G. These are determination of word
length for the input word, output word, processor word,

and coefficient words; dynamxc range; round off error; and

;\m‘-',_,a:39‘;““,?._,;.‘:%.’?{“6)!.;_:: PR P -

Lgf ) details of the gontrollers, arithmetic unit, and data ad-

dressing. Theoretical investigations should be performed;

v e AN W AT ST e G

hovever, the actual machine should be simulated on a gen-
Y. eral purpose computer for evaluation. : D
egb- ’ The architecture described in this paper uses a

single multiplier and adder and the speed requirements can

I o - -

be met by TTL integrated circuits. Because of recent ad-
vances in MOS~LSI gechnology. consideration should be given

to the type of architecture required with respect to the

. mye g mt Ay g -

slower speed of MOS and the partitioning probléms of LSI.
Section V G contains a brief d;scussioﬂ of the pro-

cessor.contrpllers. Individual controllers are used for

A wwma_ ol

(:3 the different algorithms and functions within the algorithms

to simplify the controller design and allow easy modifi-

Apdy 1271

cation of all or part of 2: algorithm. The controllers can

‘.
.
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easily be implemented either as counters and state decoders .
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‘be compared with the FFT approach. The digital filteriné

84
. 3 M . M -
or as read-only memories. Thus the processor is a micro-

programmed system. The mechanical éesign of the processor

conld be such that any of the controllers could be easily

removed and replaced with a controller containing a dif-~

ferent program. With this cépability the processor could

" be relatively easily modified and thus be used for signal

proceésing applications othéf than speech analysis. By ‘
changing the saﬁpling rate and N and thg conFrol of the .
aiéorithms, spectral analysiﬁ can be made of biood flow, -
electroencephelograms, radar, sonar; acoﬁstica; sfgnals.

and etc. Algorithms other than spectrél analysis could be .,

* implemented such as convolution and special vector operations.

It would, of course, be desirable to have a soft-~

ware capability within the processor to further extend its

general usefulness. Eight of the twenty-six special prupose

FFT processors covered by Bergland have software control.

' In general a software capability can be'added at the expense

.

of much greate% cost and loss of procesﬁing speed. Investi-
gation should be performed to ?etermiue an gtficient soft-
ware approach ané the trade offs of cbst, speed and.
increased capability of the processor.

Implementation of digital filtering approach should

approach requires more arithmetic operations than the FFT;’

-
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however, the control circuits are much less complicated.
.Thxs could result in dlgltal filterlng being the best of
the two for implementation thh MOS-LSI.

More basic studies need to be performed for appli-
cation of the complex exponential transform to'speech pro-
cessing. If these studies prove encouraglng, then con51der-
ation should be g;ven to a hardware 1mp1ementatlon of the
complex exponential, )

. This thesis ﬁas dealt entirely Qiﬁh éhe'imélementation
of a digital speeéh anzlyzér. In most gpeech pfocessing
épblicabions the analyzer is only half of the.system with

a speech synthesizer being the other half. Thus develop-

ment of a digital speech synthesizer is of prime importance.
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SECTION VIII

CONCLUSION

An organization of a digital speech analyzer using
the fant Fourier transform and cepstrum has bgen presented.
@tructure of the ppcech waveform, FFT consideragions, aﬁd
gepstrum pitch cxtractioa was discussed as it related to
the implementation of a digital speech analyzei.

The devclopmcnt of the F¥T, reduction in'price of
Qigital ingegratod gircuits, and the rap;d advance of large
gcale integration (LSI) make it economically feasible to
impicuent a digital speech analyzer which will functiop in
veal time. Although several important items such as word
length, dynamic range, reund off error, and Eircuit details
were not discussad, the basic areas of organization option#,
the prosessor fiow chart, samplipg requirements, timing

Yequisczents and «rchitecture were discussed in detail.




-
APty

REFERENCES . ' §

A 3 >
Bl TP TN

(1) Planagan, J. L., “épeech Analysis, Synthesis, and
Perception,” 1965 New York, Academic Press, Inc., ]
Publishers.

(2} Cooley, J. W., and Tukey, J. W., "An Algorithm for . 3

.‘Vﬁf . éhe Machine Calculation of Complex Fourier Series,"
Byt . .
’ Math. Ccmput., vol. 19, pp. 297-301, Apr. 1965. . *
(3) Cooley, J. W., Lewis, P. A. W., and Welch, P. D., .

" “Phe Fast Fourier Transform Algoritum and Its Appli- . -
cations," IBM Res. Paper PC-~1743, Feb.,.1967. ) : 4

W4) Bergland, G. C., "A Guided Tour of the Fast Fourier {

E? Transform," IEEE Spectrum, pp. 41-52, July, 1969._

i {5) Brigham, E. 0., Morrow, R. E., "The Fast Fourier
Lo . Pransform,” IEEE Spectrum, pp. 63-70, Decembér, 1967.
f ’ ..

. " (6) .Gentleman, W. M., Sande, G., "Fast Fourier. Trans-

forns for Fun and Profit," Fall Joint Computer Con-

| )
( : ] ference Proceedings, vol. 29, pp. 563-578, 1966.
| ’% (7) ° Bergland, G. D., "A Fast Fourier Transform Algorithm

/

Uging'Base'B Iterations,"” Math., Computation, vol.
: 22, pp. 275-279, April, 1968. s
{8) Bingham, C., Godfrey, M. D., and Tukey, J. W.,
' *Modern Techniques of ‘Power Spectrum BEstimation,”
IEEE Trars. Audio and Electroacoustics, Vol. AU-15,
é PP. 56-66, June, 1967. . .
87




1 .?!

s
e
’

1
1
~
-
e

!
oy
PR
IR D'~
-
P
d

.
Y R
<03’
v ._\..;.v?_,

PA¢ % 2 AN

-

. v

.
AR
. '“,r;\;ﬁ';: e

!
]

88

(9j Blackmaﬂ, R. B.;"éﬁd‘Tukey, J. W., The Measurement

6f Power Spectra. New York: Dover, 1958.

(10) Tukey, J. W., "An Introduction to the Calculations

of Numerical Spectrum Analysis,” In Spectral
" Analysis of Time Series, Bernard Harris, ed., New
_ York: Wiley, pp. 25-46, 1967.

(11} Welch, P. D., "The Use of the Fast Fourier Trans-.

form for the Eu.imatxon of Povwer Spectra: A Mechod

Based on Time Averaglng 0ver Short, Modxfled

Periodogramns."

acoustics, vol. AU-lS, pp. 70- 7:, June, ;969.

IEEE Trans. Auuio and Electro- ) .

(12) Bergland, G. D., Past Fourier Transform Hardware

Implementations - An Overviéw,"'IEEE Trans. on Audio
and Electroacoustics,. vol. AU-17, No. 2, pp. 104-108,
. June,- 1969.

P

(13) Bergland, G. D., "Fast Fourier iransform Hardweare -.
Implemgntations - A Survéy," IEEE Trans. on'hudio
and Eleciroacoustics, vol, AU-li: No. 2, pp. 109-119,
" -June, 1969. - : '
(14) . Noll, A. M., "Cepstrum Pitch ﬁeterminatioh,“ The

Journal of the Accoustical Scciety of America, vol.

‘1' No. .2' ppo 293-309' Feb-, 1967.

PRV PR ST






