
F A0 A0112 256 RCA GOVERI*WNT CO*O4TCATIONS SYSTfMS SOI€RVTLLF N .1 —ETC P/S 9/2LSI ELECTRONICALLY PROSRAMMABLE ARRAYS : CONFISURAaLE POLYNQMIAL ETC(L ’ l.M4 77 D K*~~EL. K P*OST. R L SARRON P53615—73—C—1059
UNCLA$SIP LCD APAL—tR ~ 76a US P4.

_ _ _ _  

U 
___

I N. rnrr~II NL I 
__

LL~~~~J



-

AFAL•TR-76-228 c~’

~ LSI ELECTRONICALLY PROGRAMMABLE ARRAYS
(CONFIGURABLE POLYNOMIAL ARRAYS)

,

• I RCA/ADVANCED COMMUNICATIONS LAB.
GOVERNMENT COMMUNICATIONS SYSTEMS .2~
SOMERVILLE, NJ
AND
ADAPTRONICS, INC. ~~ I;
MCLEAN, VA. .

I
• JUNE 1977 -

~~~~ 
.

FINAL REPORT FOR PERIOD MARCH 1973 thru SEPTEMBER 1976
TECHNICAL REPORT AFAL.TR-76-228

COPY AVAILABLE TO CDC DOES I~tJT
PERMIT FULL Y LECIgLE PRG (~CTI~N

Approved for public release ; di5tribution unlimited

>-
cD

• AIR FORCE AVIONICS LABORATORY
AIR FORCE WRIGHT AERONAUTICAL LABORATORIES
AIR FORCE SYSTEMS COMMAND

~~~~~~~ WRIGHT-PATTERSON AIR FORCE BASE, OHIO 45433
•

~

-‘ ~
p 

_______________________________________________ ~



I
NOTICE

When Government drawings , specif ications, or other da ta are used f or any purpose
other tha n in connection wi th a def ini tel y related Government procurement operation ,
the Uni ted States Government thereby incurs no responsi bility nor any obl igation
whatsoever; and the f a ct  tha t the government may  ha ve f ormulated , f urnished, or in
any wa~ supplied the said drawings, specifications, or other data , is not to be
regarded by implication or otherwise as in any manner licensing the holder or any
other person or corporation, or conveying any rights or permission to manufacture ,
use, or sell any pat ented invention tha t may in any way be related thereto.

Publication of this report does not constitute Air Force approval of the report’s
findings or conclusions. It is published only for the exchange and simulation
of ideas.

This report has been reviewed by the Information Office (10) and is releasable to the
National Technical Information Service (NTIS). At NTIS, it will be available
to the general public, including foreign nations.

This techz~,i~al re rt has been reviewed and is approved for publication.

CECIL . CWINN — .
Processor Technology Group -

Microelectronics Branch
Electronic Technology Division 

—

~~~~icJ3*

FOR THE CO~ 4ANDER

~~~~~~~~~~~~~~~~~~~~~~~~~~~~
Microelectronics B anch j ’3
Electronic Technology Division 

— .

Copies of this report should not be return.d un less return is r.quir.d hj~ a.cur ity
considerations, contractual obligations , or notic. on a specif ic doc~a.nt.
AIR FOI~~E — S JIlL 71 1$

* — -; V
— 

-~~V- V•~ • V ~—V —. W~~ — ~~~~~~~~~~~ - - - - V-.V--- —_____________________



—
~~I I ~ ~~~~~~~~~~~~~~ ~~~~~~~ 

- 

—

k.~~~_LA~~ll1LP_

DOCUMENThTION PAGE 1 ~ _____  ___________

G O V T  A C L E SS IO N ‘.0 ~r ,  ‘ ‘~~ . ‘.

A V A I i~~-7~ --22~ 
_ _ _  -. -

• ‘t i Ll 4111(1 S / b U i l t )  5 1~~~ ,r P1 L9  S 4 1 Rif l f l  ~ F r-. c ‘5

~~~~~ L~J ELE CT RoNICALLY 1’ROG11AI~l Ts1ABLE A H R A Y S :  Final Draft —

çON I 10 URABL I PO1’i NOI~1IA L ARH A\  ~, - ~~ jhi.u ~cj4 1~~7~

* ‘ . ‘ .U .~_
-
~~~ 

.~~~~~~~~ I) ./ llampel , K./Prost ) 5
~.VV .\ ~~~~~*~~

‘ , . . _ t_ . .  ~~~~ R.L ./ Barron , ‘ r : ~~ ;; : 7~ ~~~~~~~~~~~ 
b’

~~
— K 

(~~u~ustYn, ~td
1e\ehmnd, J~~~~~l~ø 

- 
— :

• ~~~ OUINC ~i~~~~A N I Z  A l l e N  N A M F  AND A D D R E S S  PRO . .A41  - F ‘ / 1  V V -

R CA ;  Advanced Communications Laboratory ; (uvt, 
A R E A A 1 . .~~~~~~/ Y V V ~~

Communications Systems; Sommervllle , Ni

‘ 5 ’ 5~ , - ~l - F N AME AN t) A D D R E S S

A F A L ’l)I I E — l ;  WPAFB , Oh Io 45433 I t
V
~~~~~~~~~-~~

V
l

V
~
) P .  I

4 . 4 O N / ’’ ’ 5 A O E F ~C~~ N A M E  & A D O R , , ( , i i , , , A - t ’ l h ~~ ~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~

- ~~~~~ / ‘~ j I N (  L~S~~ I I - i l  1)
F L

l~~ DI S ! P F R u T I O N  S T A T E M E N T  ‘111 ( h I .  I ~~~~~~~~~~~~~~~~~ —

Appr oved for public release ; distribution unhi rn it i . 
C,

1 DIS~~RI RUT I 0 N  S T A : E M EN T  ,I I S ,  *h.I,* ,n(.,.d FO r k 20 , If  d I l V,,,~

IS  SUPP L E M E N T A R ~~~N O T I S

c\ A~-

9 K ~ Y W ORDS (Con t i nue  on (CyCl IC I dr i f necessa ry  wd Id en t I f y  by b l o c k  ,ncsmhr,

l)lstrlbuted Processing Adaptive Learning Nets
Parallel Prccessing Ploynomlal Arrays
LSI Array Processing
Signal Processing Search Algorithms

1 (C, ,nhlnur  c ,ee, .e ~Uf. Ii nrce,.a,-y ~‘~d l d i , t t l i  by h i - b  n,rn,het) 
—
~~~~~~~~~ -

The basic objective was the realization of parallel array architectures utilizing LSI
distributed logic/memory circuit with the capabil ity of being prr granimed or trained
to perform a variety of signal processing functions. A 32 bIt floating point ( ‘ M ( i ~
SOS cell was developed and a circuit configuration of ~ of these cells realized the
desired element. ‘I’he element computes the followin general parametric equation
of two inputs and one output. ‘~ ci -‘-—-—V - - V

• ~~~~~—.—-.,- - -

DD I~~~~~~
”
~~ 1473 ~ O ITI O N OF I I I O v S S IS OSSO L ET E UNC LASSIFIEL)

S F C u R I , y c L A S S E I C A T I O N OF I H I S PA Ur A S ’ o  ‘ , p

‘/ -
~~‘~ ~‘ f?  

~~~~~~~~

______ — tOV~~ •O~
_

~~~~~i 
V _______________



UNC LASSIFII- 1)
S F C U S I T Y  C L A S S I F I C A T I O N  OF T H I S  PA GFp WbA,~D.,. Fnf.t.d)

21). 7. 
~

‘o + + ~~~~~~~~~~ ‘3~~l~~0 + + W .,X2
given values of the ‘\V ’s’ and ‘X ’s ’.~ 4I’he thrupu t cOmputation time ranges from
10 sec to 3.5 sec depending on whether all or part of the above expression is
desired in computation. ‘l’rade-off studies were carried out with respect to alternate
realizations. Bit precision vs speed. Bit precision vs. application and complexity
vs cost. The element was realized and demonstrate d with respect to computational
capabilities.

N

V 
UNCLASSIFIED

SE C U W I T Y  C L A S S I F I C A T IO N  OF THIS  PAGF(Wb. n 1).Ia Pni.,.dI

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - *--~ ~~~~‘t :~~VV
oo _ tL~_

Vr 
~~~~~~ (S  __._~~ _



FOR EWORD

This final report describes the work performed under Contract F336l5-73-(’-1ur ~9 , “LSI
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SECTION 1

INTRODUCTION AND SCOPE

This report present s the results of the investigations, analysis, custom LSI development ,

breadboard design and operation, and supporting tasks on contract F336l5-73—C-1089 ‘IS!

Electronically Programmable Logic Arrays . “~~

The main objective of this Investigation was basically, “the realization of parallel array

architectures utilizing LSI, distributed logic/memory circuits with the capability of being

programmed or trained to perform a variety of signal processing functions .”

The following expressions are defined before proceeding with the introductory material.

Conf igurable Polynomial Array (CPA) — A 2-dimensional array or network of elements
capable of be ing reconfigured (or reconnected) in a variety of way s to describe
arbitrari ly complex input—output relationships .

Element — A building block (of a CPA) capable of implementing a famil y of multinomial
expressions of its Inputs with varying coefficients or weights .

The goals of such elem ents and the array in which they can be imbedded include:

• the ability to perform a comprehensive family of signal processing functions at
higher speeds than is possible with conventional serial computers (using the same
basic technologies) by virtue of the inherent parallelism and structure of the CPA
concept

• the ability to alter the processing funct ion very eas ily and rap idly

• the ability to substanlaily simplify overall software requirements in the application
of these techniques to signal processing functions compared to conventional corn-

V 

puter methods

• the ability to efficiently Implement the complex, non—Jinear , mult tnomtal expres-
sions associated with Adaptive Learing Networks (ALN ’s) as well as more conven-
tional linear transformations (such as FFT)

*A more descriptive title for the effort, used throughout this report , is “Configurable Poly-
nomial Arrays, ” (CPA’s). While the arrays are programmable and were specifically con-
ceived to embody LSI technology, they are not to be confused with the “ROM- like ” program-
mable chips used to synthesize Boolean expressions.

V - - — ~ r~ ~..s .~~~2 _  - ~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ — ~~~~~~~~~~~~ - ~~~~ ~V - -



• the ability to be used with training algorithms in the synthesis of the networks or
arrays for a variety of problems associated with pattern recognition, classification ,
or discrimination, modeling and identification.

V fhe basic tasks which were addressed , in this investigation included :

1) A study of appropriate archi tectures, us ing state-of-the-art technology, necessary
to effi cient ly implement the element s for use in CPA ’s. This major task area re-
quired detailed functional designs for estimating the performance of these element s,
tradeoff analysis to compare alternate approaches as a function of calculating pre-
cisions and identification of LSI for realization of useful elements

2) The design and fabrication of a custom LSI circuit for use in a variety of versatile
elements

3) The design, construction and demonstration of a brassboard element using the
special custom chips as well as other existing developmental LSI and commercially
available parts

4) The analysis of word length or precision requirement s for CPA element s and the
implication of these results

5) The applications for which advantageous utilization of CPA’s can be made in Avionics
signal processing .

Prior to elaborating upon these tasks in the body of this report , a brief perspective of how

these ar rays differ , in nature, to other array technologies is in order. Arrays for proces-

sing signals can be catagorizod as either analog (Ref . 1, 2, 3, 4, 5), bina ry (Ref. 6, 7), or

numerical (Ref. 8, 9, 10) depend Ing on the nature of the data and the primitive or “Kernel”

function which an element of the array possesses. The analog approaches v,Vere representative

to some of the early work in arrays useful for classification, feature extraction and pattern

recognition . Comprised of threshold elements (basically analog multipliers and summers),

they possessed the ability for weight and threshold adjustment . ~ich arrays of element s
V could be configured to provide for a variety of signal processing functions . An analog ele-

ment would provide an output of one state If the weighted sum of the inputs exceeded a given

threshold or provide an output of an opposite state otherwise. Analog computer techniques

are representative of this type of array.

The binary cellular arrays Include such regularly structured systems as associatls’e memor-

ies and Image processing arrays which can, in effect, perform parallel transformations on

binary Input patterns.

2
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The numerical  element ba sed array is, in effect , the subject of this rcl~~rt. Because of its
compatabi lity with digital computers and its flexibility the numerical array consists of arith-

metic element s operating on numbers in parallel rather than bits or analog levels and is con—

sidered to be the most flexible since it can, in general realize the functions of the analog or

b inary. However , it may not always be as efficient as one of the other schemes in particular

applications . For example , one of its major advantages over analog arrays are the precision

and dynamic range it can provide . In some cases where one or two layers or elements (par-

ticularly linear elements) suffice in providing a transformation or classification, a numeri-

cal unit may not be necessary, although it can be “programmed ” to do th is. Its compat ibil ity
with digital computers , and its versatil i ty are probably the main factors for considering this

approach now .

This report organization begins with the element structure, functions and applications, Sec-

tions II and III, before going into the hardware aspects. The, Section lv, V, and VI present

all major hardware and LSI design aspects. Preliminary analysis of architectural approaches

(discussed in the Interim Report, Ref. 11), identified a key LSI circuit for development . This
circuit and its use in a demonstrable brassboard are elaborated upon . In each case (Sections
II and VI) liberal use is made of supporting appendix material (Appendices A through II) for

m- re detailed and comprehensive explanations and descriptions. Appendix A presents a

history and survey of the field of polynomial networks . Appendices A, B, and E describe a

procedure for synthesizing these networks from data observations concerning the behavior

of a system or process being modeled . Appendix C outlines the principles of networks that

use cluster distance-computation primitives in multi—class classifiers . Appendices D, E,

and F describe the use of the LSI multiplier-summer chip (while Append ix H describes in

P detail the actual fabrication and performance of the chip) for CPA’s and summarize its po-

tential applications. Appendix G presents results of an application of the nonlinear multi—

nomial primitive to a signal—classification problem arising in unattended ground sensors

(used in remote surveillance systems and In target activated munitions). Sections VII and
VIII give the analysis awl supporting simulations involved in the CPA precision requirements.

Section IX discusses how digital filtering can be regarded with CPA’s with respect to adaptive

learing nets - a new and potent ially Important application area. The final technical effort re-
ported In Section X describes how pre-processing functions usually required with CPA’s, can

be accommodated.
3/4
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V•\ basic element is depicted in I i , I (a~ ; t lit f~~i~~i i I V ~ ~~hfl\\ V_V i t ~ H 1 1 0 1  (V ~~~n t i V , l I  r n !  ~ jn :i ~ind

put siguals . Such element i ar e , in general , s t ructured in illu li i _ b I \ V ( V  V 1~~~j n i t  ~~, i .~ ~h ‘. i i

F i g .  1(h).  [‘he intelV conne ction control , which is part of each element , Or which app a i s

functionally between successive layers of e lements , has inputs which can I I  I h~ - out  p t

i i,mals of any one element to the desired input of an element in I he H ~:1 Ia~~ r . I ( V  h V fl V

and interconnect switch in the ar ray  has sufficient n l e n i o r v  for St oI V tu g I J) i un ( V 1  V V T  : \ P V  it Is

to compute , the necessary weights  or coefficient s of its function , and th e  ni V I V ( • I V I 1 I 1 I V ( •t  ( I H I H

Hence , this programmable array can be considered as a d istributed log i c— nie n io r .  p i~~ct•sso r

capable of rapid reconfiguration and calculat ion of complex t rans format ion s .

2 . 1 MI I V TIPI V EXING

Before describing the element requirements and arch itecture, the  three  ~~s- i ih1 t  ; i t ~~~ u : i --

tions of programmable arrays will be explained ; these conf igura t i o l l V i  are shown in F i g .  2 .

In (a), a net of dimension j x k is shown fully populated , with each element c ( .n t a in in ~ an m—

hit store for necessary function and control. This configurat ion can I)roc~~~ t o t  I I  I f l ~~ ! i 1 I ! i i

j/2 inputs at a time and can be operated in a pipeline mode so that  k set s of h i t :  i i i  s i n i u l —

taneously operated upon in d ifferent layers .

In (b), a single layer of elements can be multiplexed to simulate a who l e net . i he V O V I I V ~~

of each element must now have km bits to provide the necessary cont rol as the pioeess~ i of

the element acts , in turn, to realize each of the k layers. [‘or any single problem , the

speed is the same as in (a), but p ipelining cannot be done . In (C) a single processing element

with the jkm bits of storage can be used to process inputs within a l av t r and th en sue ’e s n v t

layers. Provisions must also be made for storage of intermediate r e su lt s  in (h) and (ci;

approach (c) will have l/j  the speed of (b) .

V V
~V It is envisioned that arrays of up to 256 elements (or equivalent) COU I ( i I ) i .o~V ide  t h e  pi i ( e i s i t ~ig

capac-it~’ for a vast majority of applications. Hence, the design, using either the conf igurat ion
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in Fig. 2(b) or ~~ will have the capacity for memory expansion to s imulate  nets of up to

256 elements. These arrays will, in general, be loaded and controlled by a computer .

2. 2 LOADING AM) CONTROLLII ’~G

The loading and controlling of a parallel , either fully or partially populated array is elabor-

ated upon in Fig. 3. The host computer will initially enter a weight vector(s) via a common

bus and element addressing. (Each element will have an appropriate decoder as part of its

interface control logic.) The interconnect memory, also loaded by the host , controls the

inter—layer switches . After “setting up ” an array, input data can be derived directly from

its source or through the host , depending on conditioning required , etc.

A CPA , then, can embody various degrees of hardware according to the following hierarch y

of approaches:

1) use of all software in existing computer

2) software with hardware multiply

3) a dedicated hardware element (for multinomial implementation) used in a multi-
plexed mode

4) multi—element array

5) multi—arrays

Increasing hardware complexity results in high thruputs and introduces the possibility of

pipeling for yet higher effective processi ng rates . (In this case one CPA can be performing

pre—processing on a set of data while a second CPA is transforming the previous pre-

processed data.)

The relative performance of approach 2 and 3 will be seen later in the tradeoff analysis with

respect to both high speed awl low speed micro-processor application.

8
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2 3  FI V
~~CT1ON S ~~F AN E L i V : M l :N V l ~

V I V V1bIC I l i st s  the f ive  basic expressions realizable by the element. Although any one of a

number  of kernels or pr imit ives  (or famil ies  thereof) ’ could be chosen, in theory, to satis-

Iv the requirements for an element usefu l in CPA ’s, the basic list shown was chosen for

the following reasons:

1) P 1: NonlInear Mu lt inomlals ,  valuable for nonlinear filters, discriminant functions ,
est imation networks, and models.

2~ P2 : Multi l inear Multinomials , used in multilinear and nonlinear filters, cl iscr im i—
nant functions, estimation netowrks, and models . Providing P1 automaticall y pro-
vides the same computational power required for the simultaneous calculation of
two P2 expressions.

3) P3, P4: Linear Multinomials, used in FFT’s transversal f ilters, linear discrimi—
nant functions, etc.

-4) P5: Component of Normalized Distance Measurement or Recursive Division , used
to determine membership or non-membership of a data word in a cluster of prior
measurements belonging to a given class.

Characteristics of the above family of primitive functions include:

• the interchangeability of the coefficients and variables

• a variable number of multiply operations; 3 for P5, 4 for P3 and P4, 8 for two P2’s
and 8 for P1. (WhIle the terms of P1 could have been grouped to require only
5 multiply operations, the element could then only handle a single P2. Speeds
would have been about the same since two levels of multip lication would have still
been required).

p

Whlle any single function would suffice for an element, choosing from amongst a family
usually impart s a higher spped for a given element in a given array position.

10
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S~~C I I ( \ III

A P I ) 1V I C A V I I( ~‘.S Oh (‘PA’ s

1 AV ION I CS C( .)M P I ’ T A I I (  )N R E Q l V h I ~~IV : Ml V V N T s

Avi oni cs  computation r e ( lUi lem ent s  a r i se  in two major  areas (Referenc e 12): (a) general

Pur I~~se computing t asLs , typically characterized by I/o samp ling rates I~~Iow 500 II? .  and a

var ie ty  of logic , control , and ar i thmet ic  operations performed at throughput ra tes  below

500 K — Op-4 ; and (b) signal processing tasks , typicall y having I/O rates in excess of I M h l ~ ,

- ‘a relativel y narrow regular flow of arithnìetic operations , and high computational speeds

in the 10— 100 M h z  range. As stre ssed in the eferenc e, on—going developm ent s in IV SI

arrays for signal processing may produce economic and p e r f o r m a n c e  benefits comparable

to those demonstrated in general purpose compu ta t i on  hy IV S I micorprocessor and mic roci n-

troller elements.

I- or airborne signal processing applications , the reference e i t ~~s requirement s in the follow-

ing areas:

Radar — a i r—to— ai r  and a i l V _ t o_ gr oun ( l modes , including synthetic aperture ground
mapping.

Electroni c Warfare — signal sorting and classification .

Communications — image/waveform coding and decoding .

V I~hc algorithms of particular importance in ~iirborne signal processing are , in accordance
with the reference:

• I) igita l I-’ourier t ransforms and inverse transforms up to 2 , (1-1 5 point s

• Digital filters — recursive and nonrecursive

• Weighting functions — cosine—squared , ~~
V
iIy lor h amming,  etc .

• Correlations — serial awl parallel , with  various levels and combinat ions of source
and reference signals

• Walsh functions , Ilaclainard t ransforms , and related waveform/image cod i ng trans-
forma tions

13
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• Adaptive predictive c-o (h ing awl other bandwidth compression t echnique s  for data

• N ested p o lyn omial  functions

• I ook—up tables

• Integration , averaging, and stand ard deviation

• Coordinate conversion .

The following algorithms are added by the authors to the above signal processing functions :

• Recursive means and covariance matrices of vector waveforms

• Convolutions and deconvolutions

• Data cluster screening

• Complex Boolean arithmetic

It is believed that CPA’s are best suited to signal processing applications because of the

functions implemented and the extremely high processing speed of distributed—function net-

works of CPA devices . Accordingly, attention in this report will be directed pr imar i ly  toward

the signa l processing area.

3.2 FULFILl MEN T OF AVIONICS SIGNAL PROCE SSING R E Q I V I R E M E N T S  \\Tl’lI CPA’ s

The Avionics signa l processing requirements enumerated in 3.1 can all be fulfilled using the

P1, P2 , P3, P4, and/or P5 primit ive functions defined in 2.3 . Table 2 , Parts 1-3 , pre-

sents the details of this. 
V

3.3 RELATIONSHIP TO ADAPTIVE LEARNING N E T W (  IRKS ( A I N s )

As one of the main factors influencing the development of (‘PA’ s, ft ideas behind their  use

in Adaptive Learni ng Nets (ALN ’s) besides known t ran sformations  wi l l  be briefly discussed .

Fig. 4 is a flow chart showing how an input data set is used to t r a in  and evaluate a net in the

process of “fitting a surface or determining a transformation” for d i sc r imina t ion , classifica-

tion, etc .

In this process , the Input data is Initiall y sub--divided ii -~ - two independent main groups — a

flUi~~ and selection subset and an evaluation subset . These groups contain some parameters

i l
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which are used d1rectI~’ as inputs to a (‘PA . More generally, featu res are extracted from

the input  data , providing other frequently more useful inputs to the CPA . A combination of

these inputs is then used In Co njun Ction with the techn iques listed, In the synthesis of a CPA
retwork , i . e . ,  optimization of coefficients , element by element by pairing inpu ts, followed

by multi- layer synthesis , etc. ‘l’his is described In more detail In Ref. 17 , and In Appendtx

-\ .  ~~~~~~~~~ of the CPA with the independent testing subset is then used to determine If

re-adjus tment  of the coefficients and connectivity is in fact required. Finally, the net is

placed “on line ” for intended function. Changes in the environment trigger a re-synthesis
rout ine , to maintain  a “fit ” for the process.

Such methodology , (Appendices A and F), has effectively been used in th following aero-

space app! Icatlons :

I - nondestructive inspection of structural parts

2. trajectory predictions

3. target signature classifications

4. radar refractive index corrections

a. detection of remote nuclear events

6. voice data processing

7. reconnaissance image processing

~~ . electronic warfare

9. avionics information systems

Once a net has been trained it can be used in conjunction with known or other synthesized net
configurations in the solution of a given Problem . This Is Illustrated Iro FIg. 5, where a
micro—processor Is used as an overall system controller with a CPA. In this example, the

CPA is depicted as per forming two known transformations on the input data samples (such
V V 

as FFT and cepsirum; CPA 1, 2) In order to extract features, and then three other (generally

non-linear CPA 3, 4 , 5) tra nsformations found by a pre—tratning routine. in such a classifi-

cation system , the micro controls the inpu t samples to the CPA ’s and loads or Instructs the

19
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4

U s -  of the appropriat e c(~~ffIcIent or weight  \ ‘( ‘t ’  l’s. t h e  °~~I u t 4  V f  Ol \’  ( l ’ .\ f l i ; i ’, t o

fu r the r  t o r o co ’sso ’oI by the micro , pr iol- to ( ‘n trv int o the u ’x t  ( I ’  \ - ‘flo’ I r - - ( V V V ~~V V ( - I ’

o u t p u t s  feed the micro for the o\ V o ‘rail  b ’atu ro’ extr:octiot) ha V 
- (th e 0 ) 0 1 0 -  o’ m i g h t  I -  I —

fo rmi n g s ta t i s t ica l ana ly s i s  or other routine d a ta  C ‘i luc t i oi t o - op t i mum 0 i l i , : t i  V 0 ~ V

( ‘ I A 0 s ) .  No w the ( ‘ II V\ is ready to aCt Ifl I t_ S role at :o I l so  r i o e i o o - i t  ( V  - o n o l can  Io ~’

turn with the coefficients and interconnectivity pl’e — s P r o  ‘01 either in a mic ro.  U( ) 1 or i i  th o ’

(
V I ’ .-\ memory itsel f. ‘l’he discrimination outputs at - ’ again fed to the micr o  t a i ’  (~ -I a t  I V V ‘1

sini ph- do ci s ton logic to form the basic classification.

21/22

V 
~ ~~~~~~~~~~~~~~ —

~~~~— r .~ —-  - _ —



SECTION fl’

u..\~d( \UC lII-l’l;CTt HAL APPROACIII-:S FOR CPA U I I P L F M F : N I A T J ( N S

;. i u l - N E H A I ,

In order t oo achieve a high degree of applicability of the CPA technology , a fas t , simple oh’

mo-nt with the capability of being stacked, in building block fashion , to realize complex ar-

ray s is necessary . A self-contained element on a chip, with the speed and precision neces-

sarv for many practical applications is not yet possible. Even recent micro-processor

advances , (especially where the micro ’s architecture was designed for signal processing),

although approaching such a goal , require substantial complexity especially when used In

the high precision areas. The basic alternatives will be discussed in relation to the tech-
V nology required to effectively support each architecture. First , each alternative must Ik

viewed with respect to the precision with which the element ’s multinomial is calculated.

Since a wide range of applic ation was conside red, precisions ranging from V~ to 1~~-bits ,

and , the use of floating point as well as fixed point was considered. h ence , the performance

factors for all approaches are estimated as a fu nction of bit precision. There are basically

two ways to build an element (aside from a micro-processor based architecture); one cen-

tered around the use of a serial-parallel type multiplier(s) and the other centered around

the use of all-parallel type multipliers.

The basic distinctions are as follows :

Serial-parallel multiplier - has provision for pre-loading and storing an n bit multiplier

— 
u nder a clock control . The product appears serially, least signifIcant bit first , and the

most significant bit alter 2n clock cycles. Besides the n bit multiplier register , the chip

contains n full-adder and latch stages, as well as some auxiliary control logic.

Parallel multiplier - accepts the n—bit multiplier and n-bit multiplicand words in parallel ,

and produces the 2n bit product in parallel as a result of asynchronously rippling through

an array of n2 full-adders.
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While the all-parallel multiplier is much fas te r In performing a mult ipl ica t ion , It involves

substantially more complex chip(s). The serial -parallel multiplier approaches equivalent

throughputs for the polynomial element by using several simpler chips. It also permits the

use of serial adders rather than high speed parallel adders , and leads to simpl ified inter-

connect problems.

The multiplier technology has progressed very rapidl y in the past three to four years for

both types of multiplier Implementations. The unit developed for use In the CPA (Ref. is

and included in Appe ndix H) was followed by a comparative analysts of multipliers (Ref. 19)

and developments of small bit capacity , bipolar serial-parallel multipliers (Ref. 20 , 2 1).

The latter , now commercially available is considered In the tradeoff analysis of alternate

architectural approaches to follow . In the parallel multiplier realm, two large capacity

LSI versions were considered: an 8 X S SOS (Ref. 22) and a 16 X 16 Bipolar (Ro~f. 23).

Smaller (4 X 4 arrays or less such as In Ref. 24) higher speed units were not considered

because of substantially greater overall complexity of the resultant element and because of

availability and cost. Such units , characterized by multiplication times of less than 40 ns

for ~ X s calculations , would ultimately impact the design of very high speed elements, re-

quiring different architectures, and using predominantly ECL parts and bi-polar memories.

4 . 2  CUSTOM CMOs/sos SERIAL-PA RALLE l, MULTIPLIER

The characteristics of the multiplier chosen for use In the mantissa processor of an element

Is sum marized here . A paper with the complete description of Its design and operation is

Included In Appendix H.

- - - The chosen design fits the basic requirements of an efficient element. This multiplier and

Its use within the element has furthermore shown a generally optimum approach as will be

seen in the tradeoff analysis, particularly for high precisios calculations (even though alter-
V nate circuits and/or architec tures excell for certain criteria).

Table 3 summarizes the chip data. It should be pointed out that the top speed - 15 M hz  -

falls somewhat short of predicted simulation (Ref. 11) valu es because of the extra del ays In

the full adder. (This design was in fact partly responsible for the excellent packing density

24
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l A  RLF: 3

CI ~~F( ?-d ( P os S( S  Mt  I I V I P I J E R  P E R F O R M A N C E  SU M MARY

l ) I V : H F (  R i~lA NC F.

flV 
~~~~~ l I( O N .  ix I)

a , x . b are up to 24 bits In length. ‘Faps provided at s, 16 bIts.
Cascadable for greater accuracy.

Ch l I P  SI/F: : 155 mil X 170 mu

N U M B E R  OF l)F ’ VICES : 1750

PACKAGE: 16-pin; (3, 8-bit registers for serial/parallel loading of
multiplier; mult ip l lcr ’d and addend loaded serially)

TY PICAL POWER DISSIPATION: 5 mw , 5v, 5 MHz clock
80 mw , l0v , 10 MHz clock
300 mw , 15v , 15 MH z clock

ENERGY CONSUMPTION (FOR MULTIPLYING TWo 16-BIT NUMBERS ) :  64nJ

on the chip.) A second generation cIrcuit would not only result In an improved speed (we

would conside r this a worthwhile trade with resp ect to chip area), but would Incorporate

some extra control logic to minimize external parts count In the mantissa processor.

This multiplier has also resulted in efficient ImplementatIons of two other types of signal

processing subsystem beside s the CPA element. These include two FFT processors (Ref.

25, 26) and a Quadrature Demodulator-Digital Filter (Ref. 27).

Descriptions of the basic architectural alternatives will now be given. One based on the use

of the serial-parallel multiplier (word parallel , bit serial processor) and two based on the

use of the all parallel multiplier (word serial, bit parallel processors). In the latter

case we consider a micro-processor controller within the element as well as the hard-wired

case. The comparati ve performance of all alternatives versus precision is given in Section
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the  he ar t  oof the pol rtomlal element - the arithmetic unit  or mantissa processor - using the

cus to m chips is shown in 1 1g. Ij .  With each cell beIng one of the custom chips , cell 1 func-

tIons as a delay register , cells 2 through 9 generate the product terms (the processor shown

ho configured to implement P1), while cell 10 serves as regIster.

In this approach , generation of different polynomials involves reconfiguring the cell inter-

connections . This actually simplifies the control circuitry, as the controller must only

provide control signals to the Interconnection gates (not shown in Fig . 6) and outpot a single

clock burs t .  V I~hI will be seen in more detail in Section V when the brassboard Is described.

V l~h~ . word-parallel processor modified for floating-point calculations is show n in Fig. 7. As

in the fixed-point processor, the polynomials are generated by proper interconnection of

cells. ‘t he function of the cells in the mantissa section is identical to that of the correspond-

ing cells in FIg. 6.

V \ f l  overflow position detector and register , scalers, a left-justifier, and an exponent proc-

05501’  :o r ( ’  provided to perform the necessary floating-point functions .

Since the polynomial terms are added together in parallel , scaling of these terms must be

done In parallel . VI~he scaler information In this case represents the difference between the

largest of the term exponents and the exponent for the given term. Since this number is

always non-negatIve , the scalers al though there are six of them , are relatIvely simple de-

vices , and consists of pre-settable down counters . During the scal Ing cycle , the counters

are counted dow n to zero and a clock Is enabled to the various cells as long as that cell ’s

scaler Is non-zero.  When any scaler reaches zero It turns off Its clock. The final addi-

tion Is then performed on all of the Individual terms.

After the final addition the mantissa must be left justified. This is accomplished as follows.

The entire mantissa Is shifted Into a serial register and the present incoming bit Is com-

pared with the hit received previously . If both bits are the same, a counter Is advanced by

one , and if they diffe r , the counter is reset to zero. The mantissa plus 5 additional bits ,

isilowance for maxImum overflow), are shifted into the register and counter circuit. At
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t h ~ end - - t  t h i s  t u ne the nu 100 l oc  r in the counter  ind icat e s  the po o~ i tion of the MS R in the

O V : U O t I V , 5 ;O .  This n u m b e r  is then t, ’:ons ferred to the exponent circuits soo that it can calculate

the t i a l expo on t ’nt t erm and is also used to lef t  or right just i fy the mantissa.

ho ’ eX I ) ( onen t  section c(on s i st s  ( of a b i t—par a l le l  idder/sub tractor (required so that all term

~ x b o ~ nent~ or e  av a i l~oh1c before the mantissas are added together), two memories , and con—

r ol to  ic - I h e  control logic implements the f lowchart  of I V ’ig. ~~ .

I’he use of the ones complementoi ’ along with the truncation of the least significant bits will

cause a processor error of less than one  mantissa LS1I for either the hit -“,vord-serlal or the

wor d — p a r a l l e l  floating point processo)r~ -

I . I \V( ( RD S IV :H L \  I~~1Wi PAR A L IVI V:  L APP R OACh

I . 1. 1 l3 IT~ PAR A 1,1.1:1, MULTI PLIER A PPROACFI

The architecture of a bit-parallel arithmetic processo r is shown in Fig. 9. l o r  fixed-point

calculations, a bit—parallel multiplier and a bit—parallel accumulator form the heart of the

processor. Gating is provided to allow ca lculat ions oo f second- and third-order product

terms.

Latches at the multiplier and adder outputs provide synchronous operation of the processor.

A typical micro-sequence of operations for a term polynomial would he as show n in Table

Vj~~ Individual sequences for the various polynomial types would he stored in program wem-
ory and called up when required. Execution time would be basically dependent upon the

cycle time of the multiplier and will he considered in the tradeoff analysis. 
V

For floating-point calculations , two paral lel scalers , an overflow detector , and an exponent

processor must be added.

l’he scalers align the mantissas of the two floating point numbers to be added so that bits of

equal significance are added together.

Vt •h e overflow detector determines the position of the most-significant bit (MSB) In the out-

put mantIssa , So that this mantissa may be left—justified before storage in the data memory.
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Fig. 8. Exponent Processor Flowchart
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lef t—just i f icat ion of the outpu t mantissa preserves the accuracy o f  the V J V i1 ~~4 , f l t , since the

maximum number of significant I)ItS are stored In the memory -

VEhe exponent processor determines the output exjx nent , h ,r o o~ io Ie ’s I n f o r m a t I o n for mantissa

scaling, and adjusts the output exponent for left—justif leatloon of the plantlsV 4a .

The exponent  processor for floating point computation consists of a bit-parallel adder/

subtractor , four bit-parallel memories, and control logic.

Vl.h e e1 store retains the exponent value for the current (i-th) term of the polynomial, while

the e5 store retains the exponent for the number already in the accumulator. The processor

loads the scaler registers with the necessary shift information so that each new term may

V 
be properly added to the accumulator contents. The processor keeps track of the accumul a-

tor exponent. \~‘hen all terms have been accumulated, the e5 exponent is adjusted for the

mantissa left-justification and outputted to the X.Y memory. This approac h was elaborated

upon in Ref. 11.

4 .4 .2  MICRO-PROCESSOR BASED SYSTEM

An alternate implementation of the bit parallel processor would be based on a micro- proces-

sor as the heart of an element. A separate hardware multiply/accumulate unit  would be in-

cluded within the I/O structure of the micro-processor to reduce the time required for the

arithmetic computations.

The architecture of such a system is shown in Fig. 10. The micro sequences required to

Implement any of the polynomials would be stored in the program memory and the processor

could handle all of the required housekeeping functions such as address indexing, subrou-

tines , jumps , etc . The data switching and multiplexing, which is handled with discrete

parts In the bit parallel approach , would be controlled within the micro. In order to main-

tam a bal ance between complexity and speed the system would be limited to 16 bit precision.

A great variation In system speed, complexity, power, cost , etc . exists an d the exact fac-

tors will depend upon the type of micro employed in the system as elaborated upon in Section

VI. The processor could vary from one of the bit slice processor to one of the many M bit

processors .
33
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Fig. ~°. Micro- I’I )CCSSOI Based Elemen t

The bit slice processors offe r higher throughput (typical cycle tIme 100-300 ns at the ex-

pense of system complexity. Most bit slice processcrs are microprogrammable and re-

quire a 16 bit wide control memory . Some of the bit slice processors that could he employed

in the system are : the AMD 2900 series , .1 bit bipolar slice; the MM ! 5701 series , 4 bIt bi-

polar slice or RCA’s ATMAC, -5 bit SOS array .

At the other end of the spectrum are the low cost ~o bit processors which have a cycle t ime

in the order of 2 - 5~s5. These de’ices have a fixed Instru ction set and are genera il ’,’ sirn-

pier to implement. In order to obtain a useful system, double preclsi(on arithmetic topera -

V tions would have to be used. Some typical devices are: the sO () series , 6s00 series both

NMOS devices or the 1802 series which is a CMOS device.

4.5 CPA CONTROL SOFTWARE

This section describes the processor (minIcompu ter or microprocessor) Interface struc-

ture(s ) for control of a C I’A . The compu ter must provide the array with sufficient informa-

tion (in the form ( of control Instructions and data) to solve the selected problen . Control

:34
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ins t ruction and (i : ta must  he l oo aded  Into their i-e pective memories in the prope r format

since much t ime can be saved in the actual proc(-ssing of the data if it emerges from the

m e m o r y  in 1 set manner.

Three di f ferent  functions will  be described:

~ . :~t t’I~l% command word structure

2. 1-;lement control word structure

3. Data memory organIz~ tIori

Reference Is made to the functional diagram shown in l-’ig. 11. The description of the soft-

w:’re lnterface will be illustrated by a practical example involving an array of five elements

to be programmed for a network configuratIon as shown in Fig . 12.

V FIgure 13 summarizes the various types of word structures and format presented in the

following discussion.

4.5. 1 ARRAY COI°.IMAND WORD STRUCTURE

1’his set of words is used by the controlling minicomputer to Instruct the array about what

sort of data is to be given to or taken from its memory, and when to start , interrupt an d

continue array execution. A separate 16 line bus is provided for these commands.

There are three basic types of commands : (load/retrieve data, execute, interrupt). The
first is broken dow n into three subgroups :

1) 1)ata transfer , single. 
V

This is a single word command to either load or retrieve a single data word from
the address specified In the data or control memory . Bits 0 to 9 refer to the ad-
dress. bits 10 and 11 are zero to indicate a single transfer withou t address exten-
sions , bit 12 identif Ies either the contro l or data memory and bits 13 , 14 and 15
form a three bit operation code (2 8 for load , 12 8 for retr leve *)

The convention used here to read octal digits starting from the 0 bIt position (see top
of Figure 13).
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(1) M Multi p le Transf er
(0) N Normal (uo b it) •\dd.
(1k) E Extended (

~ 10 b i t  V \ u ( 1
)

Fig. 13. 1 0 0 t t r o l  and Data Word Formats
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2 )  l)ata t r : t n s f o -r , mult iple.

I hi  ~ c omm an d  uses two wo rds : the fi t-st i 4  the same a~; ~o I , o ~-i- • V \ ( . O V ~ ot Lh at h i t  I I  is
set to a 1” and indicates that more than one tran sfer  is tco t a ke  place; toe second
word Indicates the nu mber of t ransfers .

3) I- xtend ed memory .

This command is used when there is more memor in the ar ray  tha n can
addressed by 10 bits (102 1) and uses two or three words.  The first word U;
functionally the same as the single word in 1) above , except that bit 10 1~ set

to “1” and bits 0-9 are ignored. If bit 11 is a “0” (two-word commandi ,  th-
second word represents the extended address to which the data will he loaded.
If bit 11 Is a “1” (three-word command), the second word represents the num-
ber of transfers to be made , and the third represents the extended addres.-. (up
to 16 bi ts) .

The execute command word Is used to Initiate execution at a specific location In the contr o l

memory . Here bits 13-15 are set to “1” (16 8) and bits 12-0 represent the address at which

to start execution. Up to 13 bits are available for the address so no provisions will be made

for an extended address form of this command.

F inally,  the Interrupt command word is used when for some reason it is desired to stop

execution at some place other than a programmed halt , Provisions are also made for con-

tinuing execution from the interruption point should the need arise. The use of this com-

mand word is anticipated to be very effective in debugging operations . Bits 15-13 again

form the operation code (04 8 for interrupt and 148 for continue) with bits 12-0 being unused

at present, but are available for future enhancements.

The complete set of command word op-codes is given below:

COM MAND WORD OP-CODES

CODE

FUNCTION BITS 15-13 OCTAL

Spare 000 00

Load 001 02

Interrupt 010 04

:39
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Spare O I l  06

Spa re 100 10

RetrIeve 101 12

Co ntinue 110 14

Execute 111 16

1 . 5 . 2  I- : LEMENT CONTROL WORD STRUCTURE

b provide the array with a means of k nowing what to do with all the data stored in its data

memory , control words are provided in the control memory. These control words are l~

hi ts long and consist of a three-bit operation code (again bits 13-15) and an address of 10

to 13 bits . The operation code specifies which of five polynomials is to be computed (and

some other instructions), while the address tells the processor the location of the fir st

value in the data memory . The various codes are summarized below:

ELEMENT CONTROL OP-CODES

CODE

FUNCTION BITS 15-13 OCTA L

NOP 0 0 0 00

P1 0 0 1  02

P2 0 1 0  04

P3 0 1 1  06

P4 1 0 0  10

P5 1 0 1  12

YDE ST 1 1 0 14

h ALT 1 1 1 16

The h ALT code (168) tells the processor to finish off what it was doing and stop processing

data. This Instruction is the normal way in which a series of computations would end. The

code NOP (008) is used in special cases when computations overl ap and it is desired to use

the results of one in the very next computation. This occurs during the division algorithm

where a series of PS polynomials are calculated and each successive computation uses the

40
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resuLts of the previous one. Finally, the YDEST code specifies where in the data memory

the resul t of the previous computation is to be stored. Multiple destinations are indicated

by more than one YDEST appearing after a polynomial specification. Shown below is an

illustration of a short program corresponding to the network shown in Fig. 12.

LOCATION CONTENTS COMMENT

0000 0400001 P2 with data starting at 1~
0001 1400011 Put resul t at location

0002 1400020 Also put result at location 20 8
0003 0400007 P2 with data starting at 7~
0004 1400027 Put result at location 27~
0005 0200012 P1 with data starting at 128
0006 1400024 Put result at location 24 8
0007 1010022 P5 with data starting at 228
0010 1400026 Put result at location 26 8
0011 1010025 P5 with data starting at 258
0012 1400030 Put result at location 308
0013 1600000 Halt

4 .5 .3  DA TA MEMORY ORGANIZATION

The organization of the data memory Is rigidly structured In order to facilitate the task of

the controller when accessing data for a particular computation. The polynomial weights

are loaded In reverse order , (in ascending address corresponding to descending weight in-

dex) as are the X values . Table 5 shows how the weights and X values are loaded. Up to

eleven locations are required (for P5) to hold the data for each computation. Since the

controller Is capable of depositing the result of any calculation Into any address in the data

memory, dummy values or zeros must be loaded If a particular value is not available until

after computation has begun. Note that the control words above instruct the controller as

to which polynomial to compute and which data values to expect and in which order.
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2 1 P4, P1

3 P4 , P2 , P1

1 W 2 P4 , P3, P2, P1

5 \V l P4 , P3, P2 , P1

~1 P5, P4 , P3, P2 , P1

7 X 4 P4

X 3 
P4

9 X 2 P5, P4, P3, P2 , P1

10 X 1 P5, P4, P3, P2, P1

A graphic represen tation of the array ’s memory content for the specific example considered

Is ~h - ~vn in Fig. 14. Note that the instructions loaded into the control memory are taken

t r m  the previous program , whil e the data memory contains the weight and variable Inputs

for each of the polynomial s to he computed. These are each 32-bit words (1 bit sign , 23 hIt

io ; a r i ~l ssa , 7 bit exponent , 1 bit exponent sign) and correspond to the same format as used

In F ( 0 I ITR A N and BASIC languages. The values in parenthesis represent the .1 Inputs to the

simulated network whil e the result (Y out) is finally stored in locatIon 30.

In conclusion , to program the array for the computation of “be polynominal network shown

In Fig . 12 and then instruct the array to execute such computation , the computer will give

th f- array controller the following command sequence:

1) ()  
V 01 1/ lOO/O ~~ /0OO/0O1 034001 Load Control Memory start at 1

2) o/000/000/000/ooi/ioo = 00014 with 14~ words

3) o/olo/ioo/ooo/ooo/ooi 024001 Load E)ata Memory Start at 1

I ) o/000/ooo /ooo/oll/ooo = 000030 With 30 M words

5) 1/100 ‘ooo/ooo/ooo/ool = 160001 Execute StartIng at I

6) 1 ‘ol o- ”OOO /OOO/ Oll/ OOo 120030 Retrieve I Word from Location 30
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I h i s  s , ( I I , i l  V I V ~~~( i I I ( V ~~~, l i r s t  ;t ~~ 0)  t (  ( i V i t \\ af ld  l i t ) , in f l u ’  i t - t a i l  the ’  I l s i g n , C ) u n s t ru c—

l i on  and io ~~t I th e  h l V as~ l a i I e I C I i l ( flt I b i s  i i- - - I , ,u : i  i i  ~ia~~ l aSi l on the iu i ial type

V t  n i / a t  j o lt  w i t h  3 2 — l i t  f l oa t in g  p~~nt t - -~~~i o n  : t i i l \ c a s  pro~- i k - I w i t h  su f i i c ien t  P - a t n r - ~

t o  k i l on ~~l i a t e  th e o , - r a I I  t - I ~~n i t - n t  i p p i O V I I - I t , i ; — i n g  a group  tul  l i i i -  ( V I i ~~t o n 1  soi’ i a l—p a rallel

m u l t i p l ier s , ~~ ~~~~ as ‘ c a l i l n a t o ’ the p e r l o r n l a n ( , V  of t h i s  a r c h i t t s t t i  ia - a g a i n s t  a i t c i ’n a t t -

: , j i I t aches in the tradeoff ana lys is .  \\ t i l t -  the- hear t  of th e ( l ( ) ) t l f l t , t h e  2 ) — l i t  ma n t i s s a

1 1 ~~~ 5~~O ) , inco r p o r a t in g  i n t e r n a l  sn it c h ing f o r  fu n c t i o n  cont ro l , d id  not p t V t V s , V f l t  a n t ’

101 ) 1  I c i n s , the- c-x p ont-n t p l o c ss o  i an t i  associated sea l e t s  f o r  u s I  ii  c a t i o n  .t as fou nd

- - h i re a considerable amoUnt  ot c i r c u i t  p ackages  l t s , - l  on c N i s t i n g  i v a i l a I t l i  a t ’ .

~t I u c h  it  t h t  ot her ( V o n i p I , \ i t v  ‘,~ as due to the overal l  t i n t i n g  a n t  i - o i t i i l  wh ich  t i s i l I l l .

I ’ S  I i  i l e x l l i t l t \  in the  in i t i a l  P-~-l4ui . :~n’y future no t , ! v o u l d  U Sc P i f t Uil’ s for

) (  fl~~~ j V  I t  rab le  savings  it )  parts.

l ii ’  - actual bras sl,oa V I  is s hown in I - i~ . I ~ ~~~~~~~~ the mant issa  pt ~~c-t-ss ~~t ’ card shown out

I lb ,  rack.  The e i g h t  2 - I — b i t  ( V V \ i )  l~ 15 ( t x - i l l  ( h i ps can li e seen.

o . I ( ) v i - RVi l - :W

I to -  ( ‘PA hrassboard ‘block d i a g r a n i  shown in Fig .  Ph has the capabi l i t y  to evaluate

- i t  l i t - i -  a s ingle  ~ t i l l)) pol ynom ial or 2 , 4 — t e rm p° i yn ont i a l  express ions  with  32 hit floating

V point pre c is ion ( 2 1  l j j t  mantissa , ~ b i t  exponent) and was designed to interface with a

Ii  P21 MX m i n i —  ( o mp u t e  r. l o s  k- InI ~V i ng  the capabi l i ty  to evaluate the two pol ynomials ,

the  contro l logic - and mu l t i p l ex ing  i i  r ’u i t s  ne-ca ssary  to in)p l ( ’tfl & ’nt a -1 input , -I output 1- F l’

butterfly, transversal filter anti the i t - c u r s i v e  d i v i s i o n  a lgor i thm ar t -  also included within

th e  t - i e m e n t  as d i s c u s s i -  I p i t -  b u s  I y .  (The ’ addi t ion of t w o  addi t ional  output registers are

requ im ~t ul for the butte  rfly -and an I t o t a l  ion c -  ‘untc r and issue I o t t - t i  logic w i l l  b,~ requl m o d

l i i i -  the d i v i s i o n  a l g o r i t h m ) .

St i n t -  th e  l i ’ , - a c l l c , n i  i i i  toes not i n ive  a s e l l — c o n t a i n e d  i i o - t i i o i ’  . al l  operating p a r a met er s

I s I ~ . l v i ) ’ , i npu t d ata x ’ s cii i ( I i i l t I ( l l f l t s )  i i ,  s tore- i l  in t h e  host p l o  ( 1 501’ ttfl(I transferred

- t
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t o  the  C P V -\ e l i - n i t -n t  is th ey  a r t -  required , and the C PA transfers  back th e V’ s al te r  -acii

in ip l e - n u - n t a t  ion .  hwo s i t s  of (lata bus -s are u s e d :

i i  1’ b i t  inpUt I n s  — ( o f lh pU t ( ’t ’  to ( P A

2 ) 1~ b i t  output  bus — C l > A  to computer

along w i t h  two cont rol lines to indieate’ the status of the bus.

Thre e d i f f er en t  l o r n . a t s  i re  u - ,ed on the ’ bus , (Fig. 17) ; Ofle’ for control i n format ion  and

the  rt i i i a in i n g  two for  the 32 Sit data word.  The bus from the (‘l>A to the computer is

us &-d for  iota  t r an s f er  ‘n I v w b i l e  the computer to the C PA bus is used for control and data.

1 he t i n ) )  • or n u r m i t  t - r  i t  t r a n — f i -  r s . r equi red  to lo~id the ( ‘PA is dependent upon the func t ion

that  is  to I i -  i i i i l i - i n i  t i l t  in ’ l Va r u -s f r i  ‘ ru  a flhl fl ifl t U fli of 7 to a m a x i m u m  of 25 wor d trans-

I t ) —  1st -i - l abk ‘-i .  .-‘ei~ i\i- n n u n V ) , - r s  t r an sli rs are data 1 format while all odd number

tran -’ f e - r — , ‘.e 1 th i  e~ c - f - I a  I , in  of t i ,  I r s t  t r ans fe r , are data 2 format.

in I - h r to t r a n ’- l i - r  - i : i t ; t  f r ’ u  th e ( I ’ \  to the computer , an output request is generated by

th e  ( 0 r i ~1u n t t  ~~. ‘ iii- 2
1) 

l o t  i~ r u s t - I h i g h  l o l l o w i - ul by the poly type. The ( P A  will then

resi~~nd S~ ith tb .  F- qul r e t  r t i , i i ~ i~i r of bit t transfers, again dependent upon the poiy type.

F o u r  t r a n - h - r s  en n - q u i n t b r  th i -  2 — I t e r m  polynomials (two Y’s and two transfers per

w *’ rd ) ,  w i t h  2 ) r i m - f i rs requ c r i - i  for  the t erm pol ynomial anti the division algorithm. l’he

I - I- I r equir e s  t r an s f e r s .

I )ur lng  the input  loading routine, the first transfer contains the op— code and is latche d on

th u computer  i n t e i - l a i - ’  ix) ar ( l. A ll other transfers arc stored In one of two 1’ ’ h i t  par : i l h ’ l —

In , paral lel—out r eg is t e rs . I )nce a ful l  32 h It  word is available , (after the th i rd , f i f t h , oR -

t r a n s fer s ) ,  it is loaded into one of the nine buffe r reg Isters , (24 hIts ) ,  and in to  the l - x I M u n t ’ f l t

V 
(~ bU st  me mory.  rhe r e gi st er  that the contents are transferred to is dependent up on  th u

poly type decoded and up on the particular transfer taken place , (see Table I~~.

Actually, the buffer registe rs are loaded twice; the f irst  t ime all of the multip licand R - r n i s

are loaded and after the last term has I)CCfl loaded , the contents are shIfted (ser ia l  to

parallel transfer with 3 l ines per register) into the holding registers of the mul t ip lier chips.

-18
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V t

215 20

I I MANTISSA J 1ST WORD

/, \
SIGN M.S.B.
BIT

LSB

215 
/

1 

20

I MANTISSA I EXPONENT I ]2ND WORD

MSB SIGN
BIT

FORMAT DATA WORD

L i l t  l x x x  x x x i
P0 LV. TYPE

- V S

OUT. (P), IN(N)

FLOAT. PT. (P)

Fig. 17. Format Contro l Word
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l -\ fl I I ~;. C PA l. ( k-\l )INI

_ _ _  
_ _—_ _ _

e~ DIVISION -\l (~() . FIT BUTT ERFLY 6 TERM POLY. 
— 

4 TERM PO LY.

1 CONT. WD 0000/1000 CONT . 140 0001/1001 CONT. WD 00 10/1010 CONT. WV 0011/ 1011
2 W0 Wp X2 X2
3 W0 LD 84 WR L0 82,85 X2 L0 B2,B5 X2 L0 B2
4 X 1 X l
5 X 1 LD B5 W 1 L0 B1, 82 X l L0 B1 3 ,4, 1 X 1 LD B 1 3 5
6 X 2 * 

~R 
* 14

5 *

7 X 2 t-D B3,B4 ~R 
L0 B2,B4 W5 L0 B5 LD B~

8 W 4
9 L0 81,B5 144 L0 84 L0 84,5

10 W3
11 

~R 
L0 87 W3 L0 83 LD B3

12 P 1 W 2
13 + h 1 % L 0 B2 W 2 LD 82

W 1
15 141 LD B1 141 LD B1
16 W0 140
17 

+ LD B7 w O LD B7
18

W 3 L0 84
20

21 w 2 ’ LD B~
22 Wi’
23 ~1 ’ L0 B6
24

25 
___________________ 

__________________ 
_____ 

W0’ L0 BH

*
CONTENTS OF BUFFER REGISTERS ARE LOADED INTO HOLDING REGISTER IN MULTIPLIERS
DURING THIS TIME

•1 
~ EXECUTION OF PROBLEM START AT END OF TRANSFER

‘ I
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I l i e  c c  ~ cs~ c c . ~ , c u ,  l ) ~. -fl I , - I i ’ . !’l ~ l l  ii I H L ; O l i t i l u l I ( i i i u i ) i i t . ~ Il l id i h u  u - u , c c . l : t r u t (Vi u~, i - t i ’ . I te rms.

I I i i -  u - nt  - P t - — l i t -  I i  - ; u - u  :c k — i i i I  l i - i ! i n t , c  t l u t  - i i ’ , )  ( ‘ I ’ , — - u ’ ) - i s  u V u l l o  re d.

l ii i  s \ t i t ~~lt i s t i t t  t ’ I W u  i~~u I ) u n I i i b I o - c  o i l  i u c t i l t i p l n - : c c c - l t i - m is is V i c - ) u 4 - t ; u h i l t  upo n IuoI ~ ty p e  ant i

is  i nc l ir a t e ’ l l y  a ‘ ‘ ‘  in 1 c l c l i - -

- . 2  ~l A N l  l~~S-\ i - U t  1 ( 1  ~ H N u ;

1 he n c : c t i t i — s : t  ) ) u u l l l u l t l  o t  t i n -  u - l i  t t i c  n t  i - - u i ~~~:c t I i / ( l a t i  word j u t r i l i e l — h i t  serial pr oci s s l u ’

l a s  l i s - u s s t - I ) u t i V i l l u l : ~ l \ )  t i : u i  COI l  i t -  I I  _ u u u n l i V gu c t ed  I t ’  ; t i ’ i ’ t i ) I ’ t t i  a n y  tOM of t h e  f a m i l y  of

t u t u I t i f l o l l u  I t  Is .

T he- t u 1 c t ’ n i t j o f l  c c l  the u o e - V _ _, , i  is r u i n -n i n t o  l i ~~c —a- r ) l u c f l s :

i i lc t I i n g  ii  i u i u l t i p l i - _ u r t i i n to  the  h o h l i i u i, - t - g j ~ - I o r  loi t t c - u I  w i t h i n  th t-  n i U i t i p l i i - t  c -hip .
u t i t - c l i s  d o t i ng I t  t o —  f t - i ’  -

~~ Ii - u~ t \ \ ’ , ’ i i  I I ‘I t o tht ’  c-tom e—nt ).

2i fit— i t I i i  e l  l i c t t t t t p l i t : i t u u l i  — fo r  a l l  — u i n g S -  pro duct te r t i i ~; l~ih, 1X 1, e t c . )

3) si a’onu l I i - ~- i- l t u c u l t i p l ic it i on  — h i t ’  il l CFO5:i product o n  squared te rm s (\\ 1 X 1 , etc.)

s o t  I big u i ~ut - i t  j ul 11

5 f ina l  c U  I t ~ I c c - t i  i i i  in I s t i l l  U n i t  ion

A ti n t i n g  bud get  is  s I u u c u ~ ii in I i g .  I

~~ . :i I- X l ’~~N l -~N ’1’ I ’ I t i )( ’ b- ~~~l I - S

‘I he exi~~nent p l i u t u ’ s s o t , i i n I u i~~- t he  li i i )  i s s i p l u t l ’ t - - u u ’ F , I l l s - r a t e ’ s  in a word serial , bit

parallel  fashion for  n u a x i n t u n t  i ’ , u c u I I u : c t I l  u~ l i l y  w i t h  t hut -  mant i s sa  processor and is program—
V V

nu ab le tic operate- on any  one of I t  I a n t i  Iv  of m u l t i  non c i a  Is as uk -scnu bed in Section IV.

l’ hc c ,m h in a t i on  of utia nt iss ’,Ln ’ I ~-~~pc in  n t  u t ’ oe t ’ss,c  i’ constitute the floating— point ar i thmetic

uni t  of the clement.  ,\s the l u c an t i s - s a  p t c i - s s o n  mu l t i p l i e s  t hu•  mantissa of two numbers the

exponent processor ai l cis t hut -  corresponding lw - cu e ’x lx nent s to determine the exponent of the
V mantissa product. If two or u u c i ’ u ’ t -  t i t u l t i p l b - a t i o n s  a re  performed in parallel  and the results

added togethe r (as in Liii i’as( I i i  :1 p o l v i c o n c  tI  v i  lo ot  j o l t I ,  a l l  Input data must be represented

with  mantissa/exp onent  n orn i a l izec l  It , til l - l i t - g i st of the exp onents .  l” ur therm ore , eac h

- - 
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I :  t ’l ia l  sum it t w i t  i c t ’ u c t n i - t s  t i cs to 1 u t -  c I te -c -h i - I 101’ i i iss i l d t -  u u ’ , a - c l  I t i w .  sl u u u c f c I  - , I 1 1 W

occu t - t h e ’  - to ’re slx t c i i i n g  e ’xpone 1 h i s  to lie’ ~~ :c l i - i l  t i - c o t u i i t t g l ’ u

l i i i -  t u n t I c t i t  t ’t - g i s l i ’ t ’  )uo i ru l p i -r i o r ot s  the I ’ - ) t i l . —~t i l i u ’ : c t i u i t i  Ofl t h u  t l u a t l t j - — — — : t , I l : u u u — l - - i , i L ~

t h u  t i u n u l , - u ’ I , ‘ \ i t ’ I l u ’~ n n u l t - r f h u u v ,- h i t  p o s i t i o n s  t ick I i  t h i t -  t V \ I u u l t u u V c u l  j u u - u , i - . - —, —, u t -  - I - ‘ i i i

u n u t p u t  c’t u t tctini n hl is -ge- t uu’ t ’:c t e-uI t u ~ t he ’  c o m p u te- c , the  c ’ e g i st u i l , u u : t nd ~i ’ h - e t s  I l i c -  t i c — - I  I ’

, i t  the  u c u : t n l  i s s ; c  an t i  ~:i tu’s th e ’ t i t  on to the- output bus and the n si - I t - i t s  I i i , -  l~~u i~
’ s t l u t n g  w i t h

t h e  t i l t  - ‘ l u l n u fli worth  for t ransfe r lu ~ e ’k to the ro t i t p t i t t ’n .  -l L I u ; t r c u l s h u : t 1  i tn _ ~ e c u  s i l l  H I ’

t h u  I I I bus :11 - ’ - ~t - rii - r :tti-uI by thy n e ’ g i s i i ’ t -  board and co t uc l ui n t - ul w i t h  the g i l  u i  lu - ui  u - l i  Oil

l i i .  - (- u l l u u l n i l l -  t inte rfac e huiua -ri l to contr ol t h e  t r ans fe rs.

i 1) 1 S( U l l I ’ I ( l N u d  i l ) ( t ( ’  l ) l - :~ l ( ; N

h i - l u a ~~j c’ l u i ’ :cs s I t ~~ t - I  e~len ien t  was I c u i l t  around t h e- (~~ u U  IS SI e— —~t - c i : i l — p i t ’ : t l h t  I i t i t t l t I j u l i u

I t S  ch ’~~t I  w i t h  all  of the’ contro l and data hand l ing logic , ((‘\(‘cIct l i i i ’  t c t c e -  ( \j i u u i I u  i j u l u u l - u - - -

ci — i n g  st a n c l a r u  L pa r t s .  The ele ’tuuen t  required - w i n i - —~ t•a p u u : c i - u k  t I .  ‘‘\ 
~

‘ ‘ i u s t ’ u I

ah i ou t  2 1 1 1 ,  l ( ’  5 and consumed  31) wa t t s .

l h e ’ It i  c i t - - I  I i rea kt l own i s :  V

1) timing

2~ con t ro l

:l~ C inte  riace (to l I P  21 NIX)

H l ul l ~ V ‘ nu- g i sti r

u1  itcantissa processor

0) ou tpu t  ni ‘gi s ti r

7) exlsunent processor

s )  sca le r s

- : 
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- - 1 . 1 l l ~’u I l ~’d V ~\hi 
(‘ I l N l I ~Ol

f i t s - i ’  hoards u - tu nt rol t h e -  n c an t i s s : i  por t ion  of the ( ‘ I A  u n I t  \ \ l - r e -  b u i l t  u s i r ; g  u l i s e ’ i ’ - t u  I l l

1 ‘
~~~ i i i  oi ler le t  ticaint ein t -cu ax l n u un u f l e x i b i l i t y  regarding lilt si/,e ’~ lto h~ 

t y pe ant I n u n i l c u - t i r i g

S’~ — t i - i l l  ( h i x u - u l point of I l eta t i t ig point).

t i n c i n g  - l c a i n  e - em si s t s  of a 115 h i t  ser ia l  sh i f t  reg is ter  v, h ich is h i - Id  in the i l l  zero s tat i ’

‘nt i i  t hu  data t r a n s f e r  I uu-twe’en the conuputer  anti the-  ele nu ’nt h a s  It t- c -t i concp let e ( I . After the

V I  ‘~t - aLt w or I l  has l)e ’en st o r e - u i , a ‘‘ s ta rt’’ corn mand is’ ge’ne-n~it e-iI I y ih e interfa ce logic.

I h i s  i np u t  is app lied as the serial input to the registe r and is clocked into the ’ f i r s t  stage. V

l i t  ‘‘ -_ t a l u  ign: t I  r eturns  to a zero and the ‘‘one ’’ in the r u - g i s t i -  r I s  sh i f ted  thru all the

- t o g u - s  w i t h  var ious  outputs being app licel to the ’ contro l board .

H —  i - I t  th e s tar t  i iu lsu ’ , the t i n t i ng  boar d is reset by the’ interface-  logi c prior to any opera—

c~ins an I a Iso re-Ce i ye-s the ’ -1 bit op—cod e- which is decoded and latched on the interface

i u t u _ c  c - -i.

l i t  c l p — e ’ t l u l l - s  u -it ’d t ic  control the multiplexers which hy — pa~ s sections of the timing
- ‘ h a m  : i t ’ u -  as f o l l o w s :

i~ si n g h i -  or t w o  le vel multip lication s — the Fl- ’’!’ or transve rsal f i l ter  ( l’3 or P4)
- i-quires only a single level multiplier while’ all other operations require two

e-: l u ~( - au h (- d mu l t ip l ier s ;  therefore , the 24 stages that control the operations of the
si-cond level mu lt ip l i e r s  can be eliminated duri ng the execution of the Fl~’I’.

- c  I i x u ’ c h or floating point — for fixed point systems the 24 stage’s required for the
s - a l i rig operation is I dypuiss(’d.

C)  c 1uinat ion of the above selects single level multip lication with fixed point
- - ation.

I c e implementation of the multip lexed switching for this tinting and control chain is shown

in  i- lg. P t , with the execution time ’ for the various conditions shown In Fig. 20. Whenever
th i -  t i n t i n g chain is broken, a zero is Inserted Into the unused portions , thus preventing

“l ’ s” fron t entering the unused portion of the registers which could generate false
- t t n t r o i  sigi-tals.
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l’lw control board combines the various outputs of the t iming chain and generates systenu

clocks and controls. The following lines are generated:

1) mul t ip lier reset — 2 clock pulses

2) “p” clock for multip liers 1—8 , 7 separate lines

3) sign hold for multipliers 1-8, 4 separate lines are generated

-1) buffer register clocks — 5 separat e lines required for the nine registers

5) output register clock

Ii ) output register control

7) adder/latch clock

. 4.2 COMPUTER INTERFACE BOARD (CIB)

The CIB is responsible for handling the 16 line input bus and controlling the “handshaking1’

operation between the CPU and the CPA element.

l’he major functional blocks on the CIB are:

1) transfer counter and decode logic

2) op-code latch and decode logic

3) serial to parallel converter - 2-16 bit bus to single 32 bi t bus

4) multIp lexer logic to load buffer registers

5) burst counter - load multiplier

Ii) handshaking logic

7) miscellaneous logic to control various timing pulses

Initially, the transfer counter Is held In the zero state, eIthe r by applying an external

master reset or by the Internal reset generated at the completion of a cycle, and the CPA

flag is In the high state (not busy). When the CPU has data available on its bus, It raises

the control line thus signaling the Interface board that data Is available. The transfer

counter will advance to state one and generate a strobe which will latc h the dat a
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(op— code if it’s the’ first transfer).  Once the op-cod e has been latched , the niultip le ’x ers

wi ll he ’ se’t according to the “P’ type and thus determine the sequence for loading the buffer

r e-g is ters .  It wi l l  also determine when to reset the transfer counter and generate the

start pulse- . See Fig. 21 for a load example for the 6 term polynomial.

5.4 .3 B U F F E H  HEHIS TI-~fl BOAHE)

l’he register board serves as the intermediate memory required between the host computer

and the mantissa processor of the CPA. It consists of 8—24 bit parallel to serial registers,

and 6 circuits to perform a l’s complement function.

Sinc e all the numbers  generated by the computer are in 2’s conip lement form and since the

TCS 039, serial/parallel multiplier requires that the parallel word be a sign—magnitude

form , any negative number must be converted. Since the multip licand , the parallel word

in the mult ip lier , is loaded in a serial—parallel fashion, (3 lines with 8 bits per line), a

one ’s comp lement is performed on the negative numbers as they are being loaded into the

registers. ‘I’his is accomplished by latching the sign-bit in an external register and using

the register to control one input of an exclusive—or gate. Therefore, for negative numbers V

the output is inverted while for positive numbers on Inversion takes place.

This method , while being simple to Imp lement , does distract from the system accuracy

since It introduces an error of one bit in all negative numbers. In the future- , it is recom-

mended that a parallel 2’s comp lementor , with necessary contro l logic, be placed between

the Interface board bus and the buffer register board.

‘Fhe loading sequence of the registers Is controlled by the interface board and is dependent

Upo fl the operation being performed. See Table 7 for the loading sequenc e as a function of

“P” type.

5.4. 4 MANTISSA I’ROCESSOR BOARD

T he processor board Is built around the custom SOS/CMOS serial/parallel multiplier ,

TCS 039, and Is Implemented In a word parallel , bit serIal approach as discussed previously.
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The first transfer generates a system reset which is used to reset the I’l~~,l~ I (-ontr olle- r and

miscellaneous flip flop’s on the exponent hoard as well as other portions of th t -  s ’ d s t~ n i .

After the reset has been removed, the controller will cycle thru a fixed soquencl to g i - n i - r i t i -

and store the constants tha t may be required dur ing the execution of the problen-t. ‘I’he

controller will then switch to an idle state until instructed to advance. At the e’nd of

the third transfer, the X2 data word is stored in the computer interface board. The word

is split up w ith 24 bits transferred to the buffer registers for use in the mantissa and the :

remaining s bits transferred to the exponent processor. This transfer reinitiates the

controller which stores the X2 exponent in memory and also proceeds to generate the
exponen t for X

2
2
. The X

2
2 
exponent is then stored In its proper memory location and the

controller , again , turns off. After the fifth transfer, the X
1
2 and the X1

X
2 
terms are

calcula ted and stored in memory. The next transfer contains the W 5 term and the first

complete exponent term (W 5X2
2 ) is now calculated b y the processor. This result is then

stored in three d ifferent locations:

1) the location reserved in memory for it,

2) the memory locat ion reserved for the largest exponent term, and

3) the outhoard latch which provides one set of inputs to the comparator.

The sequence for the rem aining terms Is as follows:

1) calculate the exponent term (W 4X 1
2 , etc. )

2) store result In assigned memory location

3) compare new term with the previous largest term. ‘rhe previous largest term is
stored In the latch.

4A) If the new term Is larger than previous largest term , store the new term In the
memory location assigned to the lar gest exponent term and also store It In the
latch.

V 413) If new term Is smaller , halt operations until next transfer.

Th is sequence will be repeated for all terms up to and including W0. After W
0 

has been
processed , Inste ad of the controller halting operation, It will begin a new sequ ence of

Instructions.
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This sequence will be used to calculate the difference between the largest exponent and all

other exponent terms and also to load the difference into the proper scaler. This is

accomplished by read ing the largest memory location and holding the value in memory out-

put port A. The adder stage is reconfigured to operate as a subtractor and all previous

stored exponent terms (W 5X2
2
, W3X 1X2

, etc. ) are subtracted fro m the largest term. The

outpu t of the subtractor is then loaded into one of the scalers. Thi s operation con tinues fo r

all terms, and after the last term the controller halts again. The exponent processor w ill

rema in idle until the overfiow/underfiow data is fed back from the mantissa.

The scalers used in the exponent processor consists of pre—settable down counters, and

multiplexing logic to control the loading sequence. There are a total of nine scalers, each

of which consists of two 4 bit binary counters , with the pre—set inputs being controlled by a

common bus connected to the exponent output. The Individual load commands are generated

on the scaler board and are determined by the “P” type in conjunction with the exponent

board.

After being loaded, the scalers are inhibited until a contro l signal is generated by the t iming

board. This signal inhibits any multiplier clock pulses from being generated by the control

board and turns control of the multiplier over to the scalers. The scaler will provide a

variable number of clock pulses to each multiplier cell depending upon the problem being

executed. The number of pulses will range from a minimum of zero , for the multiplier

cell associated with the largest exponent, to a m aximum of 24. Since the re are 24 bits being

used in the mantissa, this is the maximum number of scaling pulses required to “zero out”

any number. Regardless of the number of scaling pulses generated, the mantissa processor

contro l will remain idle until a maximum cycle (24 clock pulses) is complete. After this

time It will assume control and generate the required number of clocks to complete the

multiplication and addition.

5.4. 6 OU TPU ’I’ R }G ISTER BOARD

The output register board performs the following:

I) left ju stifies the 24 bIt mantissa and updates the exponent

2) serial to parallel conversion of the mantissa
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4

3 combines  the -~ h it  exponent wi th  the 2 -I  bit mantissa and transmits the outpu t
words hack to the computer.

l’he present board consists of the following blocks:

1) 2 — 32 bit s e r i a l  in - parallel out shif t registers

2 > 2 counters and associated logic to locate the MSB’s (MS B detector counters - MC)

3) PROM controller to control the output select and transfer sequence

4) 4 - 1 mu lt ip lexers and latch

By way of describing the operation of the output register , assume that a 6 term polynomial

is h)eing executed.

‘l’he’ serial output of the mantissa processor Is shifted into a 32 bit shift register. As the

data is shifted in , the present bit is compared with the previously received bit and if they

are the same , a MSB detector counter is advanced by one; if they are different the MC is

reset to zero. The MC is used to locate the MSB of the mantissa, since, depending upon

the problem the location of the MSB can vary from 5 bit overflow to 24 bit underfiow.

Assume that the two inputs to the final adder stage (adder 4 (2) on the mantissa are +. 9000..

and — . 89690375. ‘rhe difference between these two t e rms  is: + . 00390625 (0. 0000000100. . 4.

As this number Is being shifted into the output register , five extra cycles are provided for

possible overflow ; therefore, at the end of the processing cycle the following bit patt ern Is

stored in the register:

R 1A R 2A R 3A R4A

I~Ho1o1oIo1oIo1 ~44oIo~o 1ij o [o] ~oIoIo1oIoJoJo)o] ~oj oJ oj oIoJ oj oj oJ
BIT 0 1 2 3 4 5 6 7 i— counter reset during this time

— counter advances every cycle

and the M counte r has counted up to 12 (0_ 11002). At this point, the contro l logic switches

the output register enable line and this latches the contents of the M counter (this number

-~~ is then transmitted to the exponent board for final processing).
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In order to s impl i fy  the output transfer logic, the sign bit has to he located in b it  0 of either

R F\
~ 

H 1:\ , 113A or 114 A. As shown by the example , the sign bit and MSB are located in the

middle of R 2A. In order to align the bits , the 2 LSB outputs of the M counter is decoded and

are used to generate a clock burst. This burst lasts until  the 3 ISB’s of the M counter are

in a zero stat - , and for the examp le shown, fou r pulses will be generated. ‘I’he M counter

wil l  now be at 16 (100000 2 ) and the registers will be as follows:

R 1A R2A R 3A R 4A

~o1oj oj oj oj oH HoHololololol lou I+loH+I R+1+IoIoI
The two MSB’ s of the M counter are decoded in order to locate the register that contains

the MSB of the mantissa before the parallel transfer to the computer. The decoding sequence

is shown below:

C o UN T E R  MSB MSB REG.

I) 1 132A

1 0 133A

1 1 R 4 A

0 0 R 1A

The following operations are performed:

0) the M~ B’s of the M counter are jammed into the output multiplexer sequence
counter (OMC) and the outputs of this counter are used to contro l the 4—1 mux.

At this point the cycle is halted until an output request Is received fro m the computer.

When the output request is received, a PROM sequence is generated which performs

the following:

1) (‘Li Is generated - latch ing the 8 MSB’s of the mantissa

2) OMC counter Is advanced by one, the 4-1 multlplexers outputs are the next
8 MSB’s.

3) Cl.2 Is generated - latches 8 bits.
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At this point the fI i - s t  16 h i t s  of th e- man t i s s a  a re avat  l ahh- , the  R( )M sequence- is halt -d

and the output wo i - I  is t ransferred to the computer .

\k hen the second output requ(-st is i’e - e - i v -d the - ~~l( coun ter is’ ~gain advanced se lecting the

l.~B’s of the mant i s sa  and then the ~ h i t  exponent is selected and latched. Again , i’ h i t s

are- ava i lah ie  for t ransf er  and then the operation is comp leted,

i-or the four term pol~~n omia l . the sequence is repeated twk -t- , the first pass uses \i

counter 1, while the second pass uses ~l counter 2; 4 tran sfers are required,

5. 5 ~ )F ’ r W \ R I - :  SYS l i-tM i t  R i - u i-: BJ ~A~ S13oAIw E I l - : M E N T

F ig. 25 shows the four major  parts to be considered in the operational system for the CI~A

eli-ment interface with the I l P 2 1 f l -~. l’he ov erall control is provided by Basic Control

Syste m (BCS) supp lied by the computer manufacturer.  This module handles all I/o

operations in order to relieve the  user from th t-  task of specif ying the 1 0  slot of each

peripheral , thus allow ing the user programs to he device Independent.

‘I’ he remaining three modules were written by lt( ’A and are required to control the various

data transfers between the element and the computer. The f irst  of the-se Is “D. (3 13” otherwise

known as the Drives (listing of all modules are located in Appendix K). Briefly its function

is to receive data which  has been structured and formatted by the “ service routi ne” and

mak e appropriate- calls to B(’S in order to deliver and retrieve data fro m the element.

Control information is also provided to the driver  in and or to specif y how many l~ O

transfers are to he made to the element. I h e  driver allows the element to operate on an

Inte r rupt basis , making it compatible with other peripherals.

l’he next module is the “Service- Routine. ’ ‘I ’his module decod es subroutine calls from

the user program to determine which polynomial is desired. From this information ,

calculations are made to de te rmine  the a hlr e-sses  of the data points , how many data points

there are to he transferred , and how many results are to he recovered from the element.

This and other necessary data are formatted and ordered so as to allow the driver to
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a n s hr  them to the- -leme-n t in t h e  s h o r t e s t  possible t i n n - . (A t  present  this s~ V s t ( V f l (  ( loes

not us e - I ) \ 1  A : howe-vet ’  o n l y  m i n o r  changes to the d r i v e - i  would 1 c  t’e(iUii’c-d in ot -der to

(t o  ~~I ( I .

t h e  f i n a l  module  or t se - c  I i-ogi-am ’’ is wr i t t en  in a high l eve l  l a c i g u a g - i n  o rder  to m ak-

it  ( e ) f l v ( n i t f l t  t o  r U se rs to w i-ite - programs using t h e  hrassboard e lement .  ~-~ t present

I- o ct i-an is u se - I but t n - i - c is no reason why Algo l or advanced forms of P a s i ( -  t-ould not

n- u~~ - I . In i- b - c  to make use of the- element th e us e r must d imension t I i r - - arrays.

lw o of th e - st hold the input points (N
1 

and N 2 ) a nd r - o - I f b i e i t t V - ( c ,  ~A () ~ \V 1~ ~~~~~ V4

- W j  wli i Ic the- third a -i-nv holds the result of the element’s calculation.

A —u ) t o u t in c  (-all IS then niadc - to the se r v i c e -  routine J’oly’’ as f o l l o w s :

Call Po 1~- (N. l)e 1> , CU), R ( 1) )

In -  i -  - N is  th e  pol ynom ial t vpv . iJ( 1)  is  the first clement ol the input a r t -n y ,  C( 1) is the

I list c-Ic-tue- n t of the (((It (-ic -n t i-ra~ and R(1) is the- first element of the result art-a)

t h i s  is w h e r e  the :insw -rs  are returned). As depicted in l- ig. 25, both data and

(- ( ( ( - 11 1( 1 e n ts  may ~~- p t - (V I led on paper t ap e  or the~- may be calculated within the program.

2 ; through 35 are- the actual logic d i a g r a m s  of the bra~ -~I (((al- Il element as ( k s ( - i - i I  ( ( I I .

5. 6 I 3HA SSB ( )A R I )  ui- : \1 ( )NS l 1L-\Il ( eN

A I ~p i c a l  v s t t - n i  i n i p ie -nie ’ntat ion is demonstrated by the program ‘Array 5’ with the actual
( V  Ye conf i guration shown in F ig. 36 . ‘l’his network involves 15 elements , with elements

1 t hi’u being 6 term p o lynomia ls  (P1) and elements 10 thru 15 being 4 term polynomials
V 

~~~~ ( P 2 i .

Before the execution of each e lement  the computer t ransfers the required coefficients and

data points f ront  its memory to the CPA’ s memory . At the completion of each element’s

calculation , the computer retrieves the ‘V’ from the brassboard and stores it in the proper

location(s) for use at a later t ime.
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in  • , i le r t o  i Iu l l e - i i i • - i I  the- c - t i l l  i - c n e - t w e e i - l ~, I S  ~~~ s - s  ar t - i-e-quired. Nine pass t - s for  eac h

- - I  I~ 6 [ cliii  i~ e l ~-n om i a l  an !  1 l a s s e s for the 6 — -1 t erm pol ynomials .  1-Ic-me ats  10 and 11

a i c  i r [ n  - n e - t i t e - - I sI  I O U  ltaflce)uS Iv,  but , s m i - c- before elements 13 or 14 can be imp lemented

the  outputs f r o nt  e- l ctti e ti t s 10 , 11 and 12 are required , i - l en ien t  12 must  be imp lemented

1 long w it i a chum in ) V e It- m eat.

I a l ; ! -  l i st : ,  the coefficients for all the e l e i t i en t s  and the data base for three different

along with  thi- f inal  output of the CPA for  each examp le.

l Ice t 1 i i ; i I  : e n - \ \ c r s  have been checked against an 11P21 programmable calculator and are

wi th in  it . j~ w i t h  the- differences resulting from

1) o ne ’ s comp lementing of n t -gat i  ye numbers

2~ truncation of mantissa

3) - l l f I c - m ’ e -n t  int ernal bit precision (ove r 3) 1 bit mantissa in calculator compared to
2 - 1 b its  in CPA).
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TABLE 8. CPA EXAMPLE Ci il\1P~~TEF( (‘ON T R O I l .F ; lj
BHASSI3()AHD I-TI l-~ \ 1l-~N ’l-

PUT W E I G H T  TAPE IN  RE ADER AND PR2 SS •~•JU
PAU SE

EI VC.1~NT V0 V1 W2 V3 V4 V5
1 .9 1 07 8, - . 3 1 3 , — .~t 2 2 2 5 , . 3 7 2 9 7 , — . 1 7 l 3 5 5 i , - . 1 2 4 a 3 : l /
2 .52849, .2 4 7 5 7 2 l , . l 4~~5 _ .1 31, _ .3 2 5 3 1 E 1 , _ . ) ? 2 2 ;:_ 1,
3 . l7 6 12 E 1~~ . l 7 2 ~~6E1 , — .4 37~~~~ — . 3S l 32 , — .’41~~j 9 : 1 , . . 7 - i 3 z- 2 /
4 .L 5 4 0 4 E I , .2 2 3 ~~7E1 , .4337, — .-~~~ 37 , . 1~~~ 13, -~. 5 I 2 3 2 : - 2 ,
S . 3 1 2 6 E — 1 , . 2 7 2 5 E1 , — .3~~3~~9, - . 1 ’ 1, — .3t i 7 3 5 E I , - .3 3~~3 9 2 1 /
6 ~~~~. 3 5 3 57 , . 8 1 27 9, . 5 9 3 3 .3 ~~~~3 . ~~~~~~~ 3 3 l , . j g 5 ?2 /

7 — . 17 4 5 9 . . 9 1 15 2 , . 7 2 91 9 ,. 3) 3 5 2 ,  . 1 7 7 , . l 1 3 3~~/
8 . I 2 4 9 4 E — I , . 3 l 2 l 7 , . 5 3 l 2 . 733 , — .P377 1 , - .~~2 i ;3 : - 1,
9 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

10 — .7 6 59 7E -2 , .3 I 5 3 5 , . -~93 , . 1 5 - i 7 2 - 1,
11 .48ó6 - l,  . t 9 ’ ?, .4 !2 15, - .7 5 2 - l /
12 • 1 183 5 , .9 5~~SS , . 1 33~~i, - . l 5 - t 1 3 f
13 — .2099 52—1 , .2 7 3 2 1 ,  .7337 ,. 2 -S7 3~~2 — 1/
14 — . 46 l80 — 1 , . 1 2 2 7 L ~, .3 ;2 3 z l , . 5 3 3 3 3E - 1 ,
15 . 5 l 854 E - 2 , . I 3 3 ó 1 2 1 , - .33731, - .~~ l 7 2 5 2 - 2 /

PUT DATA TAPE I N  RE AD E R AND PRESS ~ J~J
PAUSE

.5085753 — . 10 583 7 22 1  - .253539 7 .73 52 35 3 2- 1  . 39 5 5 5 - 3 1 2- 1/
— . 2 9 6 1 5 3 3  — .30755~~2 .3025527 . 8 10 1 7 2 22 - 1  .30 02 5~~~~2 1

RESULT = - . 57 9 99 3 2 + 3 3
PUT DATA TAPE IN READ R AN D PRESS  RUN
PAUSE

e576 4495 . 9 16 2 7 22  - . 19 5 2 3 1 6  . 1 1 1 4 7 7 7  . 6 6 3 3 8 972 ~~2/
— .1417897 - .23 326 10 .1530646 . 12808672-1  .33032621
RE SULT = - .3359032+00
PUT DATA TAPE IN READER AND PRE SS RUN
PAUSE

.6995 189 .8936735 — .2145323 - .26 35~~11 - .3 5 6 1) 5 9 2 - 1 /
V .13849892-1 - .3285279 .28649782-1 .6727 3912-1  .522 03332 1

RESULT — . 1 14 1 1 2 2 + 3 1
t PUT DATA TAPE ZN REA DER AND PRESS RUN

PAUSE

~ I~: ~~~~~ ~
-- -

~~
J ._  - - - - —‘i ‘
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~-d’Ci’ION VI

‘rRpJ) !-:OFF ANALYSIS

I’he tradeoffs which were conducted considered three basic architecture types , -.s- - . V~
ing a variety of developmental or available parts. These three types include:

1) use of the serial—parallel multipliers operating in word parallel , bit serial f er n .
This is the type embodied by the brassboard element. I-’or this type , two d i f f e r e n t
multiplier chips were considered; the RCA , CMOS ’-o~ circuit , (‘l’(’~ 039 , 2- I bit~
developed at the beginning of this project and a circuit that became available to --
wards the end of this project, the bipolar , schottky T2 1.~ (A 1~ID S-bit) part.  Resides
difference In bit length (and a considerably greater difference in power diss ip at i on)
these devices require somewhat different interface logic within the mant i ssa
processor. They are characterized in the tradeoffs mainly by the ir diffe rence in
clock rate in curves that follow , with the TCS-039 considered to operate at 10 5 1 h z
and the bipolar unit considered to operate at 20 511h z.

2) use of a parallel array multiplier. The element performance using these tY pe
multipliers was estimated for two state—of-the—art circuits also; the RCA (develop-
mental) CMOs/sos , 8X8 chip and the TU\V (SIPY- lO) bipolar EFI ., 16X16 chip.
In this case , one complete parallel multiplier , used in a bit parallel , word serial
fashion is used as a basis for the tradeoffs . That is 9, SXs chips for a 2- 1-bit ele-
ment , etc . In the case of the 1(ixlG chip, the performance was estimated only for
the 16-bit precision fixed point element.

Further assumptions for the all-parallel multiplier organizations in the tradeoff s
are:

using an ~Xs SOS chip

speed for 8X8 multiply lOOns
speed for 1GX1G multiply 400ns

-V 
speed for 24X24 multiply 900 ns

using the 1OX1G bipolar chip

speed for LGX 1I3 multiply 200ns

Also , the use of the all—parallel MX S SOS chip assumes the use of the coml)atible
family of developmental SOS devIces for control, addition, and register storage.

01-;ach of these multiplier types will operate at somewhat higher speeds (1- 5 M h z  and 30 I~-hl lz
respectively), but worst case and timing logic considerations dictatc-d the nn~re conserva-
tive estimates.

1%,
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3) use of a microprocessor based element in conjunction with a parallel multiplier.
This differs  from ease- 2)  in that a high speed micro (instruction time of about 300ns
with S( 5 or bipolar) replaces all the element control logic. A low speed micro-
processor based element (Instruction time of abou t 2 to 3 145) is later shown in
relation to the other approaches for specific word length (16—bit).

E-,timates of complexity (a measure of the total number of IC packages - custom LsI, or

( t herwiset , speed, power dissipation and total chip cost were made with respect to bit

l ength. Roth fixed and floating point were considered for some of the cases. The complex-

it factor does not take into account element intraconnection, element interconnect ion or

eve-rai l  s ize.  These consideration will of course affect overall system cost and reliability

an d glvc-s the serial type multiplier architectural approach added advantage.

~~ shows the relative complexity for diffe rent precisions , for both fixed and floating

h)( int for the cases of the two types of serial and the 8X8 parallel multiplier. As noted, the

flc :i t ing point exponent is 4 bits for -s bit mantissa precision and -S bits for all other preci-

~ jV)I1s ~ From a parts count point—of—view , the CMOS/SOS 2 -I bit unit is generally the most

eff ic ient , (except for bits where a single AMD circuit for each multiplier suffices). The

j~ -na l t~ for floating point can be seen in each case. (The present brassboard is the 32--bit

f loat ing point element using the 10 MHz multiplier.)

1- 1g. 3 gives the speed profiles of the alternate approaches. The speed penalty for floating

point in the all-parallel multiplier approac h is minor because parallel shift  for binary point

justification is assumed. More than 1 parallel multiplier can be employed to effectively

double the speed especially for 2-I or more mantissa bits. For example, whe reas 9, SX

chi l l s result in an M ~ scc execution period , 15 of them working In 2 Independuict multipliers
- - . 

can he used. Complexity and cost would however significantly increase .

The following performance estimates consider only fixed point elements and show the per-

formance of the alternate all-parallel bipolar multiplier as well as the micro-processor

based architecture in relation to the other approaches , and also go on to consider power and

cost. One other Important distinction is also made . The succeeding curves consider an

element with sufficient memory so that It can be multiplexed to form a net with up to 20

elements (the mul tiplexing aspect as discussed earlier in this report.

~46
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The features of each system estimated now are summarized below :

1) Serial-Parallel 24-bit SOS/CMOS multiplier (10 MH z)

memory - high speed RAMS for serial inputs (capable of implementing a minimum
— 

of 20 elements )

mantissa - 8 serial/parallel multipliers with multiplexers to reconfigure the net-
work to implement the 6 term or 4 term polynomial or a FFT.

output registers - uses tn -state T2L registers.

2) Serial-Parallel 8 bit T2 L multiplier (20 MHz)

Similar to approach #1 with the exception of the multipliers used.

These architectures are based on our present breadboard model .

3) Parallel multipliers configuration using the 8X8 CMOS/sos multipliers

This approach is based on custom LSI devlce~ developed within RCA and include
the following :

8X8 parallel multipliers (expandable) TCSO77

18 stage parallel in-parallel out registers TCSO15

8 stage parallel adders TCS000

1029 X 1 RAM (commercially available) MWS55O1D

256 X 4 RAM (commercially available) MWS444OD

multiplexers (commercially available) CDS4O6G

4) Parallel system using TRW ’s 16 X 16 multiplier (M PY 16A) Similar to the SOS
multiplier system but incorporates T2L parts beside the EFL multiplier.

5) Micro-processor based system

This approach is based on a high speed micro-processor as discussed in conjunc-
tion with separate hardware multipliers, adders , etc . for use in signal processing.
Typical of this approach is the new RCA ATMAC, or other bipolar units soon to be
available.
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4

The complexity estimates for these assumptions (FIg. 39) Include all necessary control

logic for stand-alone elements. The previous two curves were based essentially on fully

populated C PA’ s where common control was possible. It is seen that the micro-processor

scheme is advantageous from a total parts poInt of view, while all other alternatives are

grouped together for 16 bit precislons. A somewhat reverse trend is noted for speed

(Fig. 40) .

The cost for the various T2 L parts are based on published price lists while the cost of the

custom S(~)S devices have been estimated from between ~1O0 - ~l50 per unit in small to

moderate quantities (up to 100). The component costs depend to a large extent as to pro-

duction volume. For low to moderate volumes , catalog IC’s will always be substantially

less than any customized part such as the SOS or EFL multipliers or high performance de-

velopmental micro-processors. Fig. 41 reflects this trend and shows that all alternatives

are close In cost for 16-bit precision for reasons of component count or custom circuit

usage. The use of the TRW multiplier (a singl e point or all curves for 16 bits ) would result

in a lower cost element because It can be used with commercially available TTL . Finally,

the power trends , 11g. 6-f ; , show the obvious advantage of CMOS/SOS based architectures.

In summary , these curves (11g. 39 to 42) are based on multiplexed or fully populated CPA
architectures (as opposed to the curves of Figs. 37 and 38). The micro-processor based
element depends largely on the technology used. The power curves would be different for

a bipolar device , while speed, complexity, and cost might not vary that much. Production

volume must be more closely tied In to specific estimates based on developmental LSI

components.
p

To consolidate this data and put It In perspective with a low cost , low speed microprocessor
based element , Table 9 was prepared. The all-parallel multiplier organization Is not in-

cluded here since It was generally out-performed by the serial approach. Here , we con-

sider average complexity and speed, and relative cost. Only the low cost , low speed micro

approach does not have a necessary chip assumed for its performance. This would be a

serial-parallel multiplier (similar to those used in approach 1, but customized for inter-

fac ing with the micro). While the defined figure of merit (the lower , the better) indicates
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TABLE 9. PERFORMANC E OF CPA ELEMENT ARCHITECTURES

Architecture Type Figure of MeritNo. of IC’s Speed Cost(for 16 Bit F ixed Point) IC’s Speed Cost

1. Serial Multiplier 33 3~is X 99

2. h igh Speed Signal Proc .
Micro. — (16 Bit Org. , 12 lOMs X 120
300ns Inst. time)

(AThIAC or Equlv.)

3. Low Cost Micro-Proc .
(8 Bit Org. , 2-3ps 5 150~zs X/8 94
inst. time)

(1802 or Equlv. )

Elements for use in fully Populated Arrays

1. Uses all Available Parts
2. Developmental ; Large Connectivity , All-Parallel Circuitry
3. Based on Availability of Compatible SerIal Mult. (U nder Dev. )

the best efficiency (if power dissipation were included it would even show this much more

dramatically) of the low-cost micro, the serial multiplier approach , in today ’s technology,

is about the same in overall performance. It is more likely that any specific implementa-

tion would be chosen on the basis of speed requirement, of course.

a
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SECTION V I I

ANALYSIS OF FIXED-POINT
P R O C E S S I N G  OF N E S T E D  P O L Y N O M I A L S

7.1 INTRODUCTION

Nested polynomials have been utilized to create nonlinear functions

which “model” the underlying relationships implicit in a “data base”
or matrix of numerical observations [Ref l

]~ The data base can be

thought of as consisting of M rows, where each row is an “observa-
tion” of the n + 1 variables y, x1, x2, ..., x~ . Algorithms
have been established to “train” or create a nested polynomial
function

= p(x1,x2,.. . ,x~ ) (7.2)

such that ~ y for each of the M observations in the data

base (where “~~~~
“ denotes some criterion of fitting , such as minimum

square error), and y y Is expected to nola for any new

observation (or observation which was not used by the training
algorithm)., This latter requirement is sometimes referred to as

“overf It avoidance”.

The nested polynomial,j~ = ~~~~~~~~~~~~~~ is a composition of
elementary polynomials or “elements”. An element , for example,
could be the six-term , two variable polynomial

= W O k  + W1k Z1 + W
2 kZ2 + W

3 kZ1Z2 
+

2W4kZ1 + W5 k Z2

The elements are used recursively, or “nested” , to form the nested

polynomial function .

For example, a nested polynomial function of four variables may be:

— P(x1, x2, x3, x4) f5 ~f3(f1(x1, x3), x2),

f4[f 1(x1, x3), f2(x2, x4)]}

—— ~— -----~
_g (rT~
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Thi s can also be expressed by a diagram :

It  i ’  f course , possible to expand t h i s  function , that is,

t directly as a polynomial in the four variables x1, x2,
ch an expansion will consist of a great many terms ,

computationally inefficient compared to the nested element

r ep re sen t a t i on .

Recently, LSI hardware has been developed to compute nested poly-

nomials of a certain type {Refs . x ,xJ . This hardware uses 32—bit

f l o a t i n g  p o i n t  a r i t h m e t i c  but the  design could be m o d i f i e d  to p e r f o r m

f ixed-point  computat ions .  Fixed-point hardware is general ly
faster , less expensive , and requires less power to operate than
f l o a t i n g  point  hardware .

7.2 OVERFLOW AND ACCUMULATION OF ROUND-OFF ERROR

There are two potential hazards of fixed—point computation which

must be considered : overflow , or the computing of a number , x ,

outside of the range ~~ < 1; and the accumulation of round-off

error beyond an acceptable tolerance.V

In Part 1 , it will be shown that by observing certain restrictions

while “training” a nested polynomial to model a given data base,

the resulting nested polynomial is guaranteed never to overflow .
These restrictions are shown to be very mild in that the modeling

U Some fixed point processors omit +1. from the permissible range .

.1 
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capability of the training algorithm is not affected for all

pract ical purposes.

In Pa rt 2 , the accumulation of round—off error will be examined ,

and in Part 3, the word-length requirement of a f i x e d — p o i n t  nested
polyn om ial processor will be stated in terms of ( a )  the accuracy
of the data , (b) the number of “layers” of the nested polynom ial

to be implemented , and ( c ) the restr ict ions imposed on the
training algorithms . Nested polynomials consisting entirely of

six—term elements (as above) will be considered . Nested poly-

nom ial s composed of one or mor e di f f e r e n t  ty pes of elements can
be analyzed along similar lines .

Par t 1 — Res tri ct ions on Model Tra in in g Wh ich Prevent  Over f low

Triangle inegua~tity -- For any two numbers x and y, it is always
true that

lx+y l .~~. lx i +

Let x a + b + c and y = -c. Then :

Ia + b + C + ( - c ) j  
.~~. 1a  + b + c~ + I— c l

a + b i .( Ia + b + ci + i d

l a + b I  - 
id  .~~. 

i a + b + cI .

This form of the triangle inequality will be used in what follows .
— Theorem 1:

Let f(x) = ax2 + bx + c , and lx i .~~. 1, If(x)t < A. Then :

l a l < 2A , I b i  < 2A , Id < A.

‘~1 
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P r o o f :

( 1)  f ( O )  = c , I f ( x ) i  < A -
~~ Ic ! < A .

( 2 )  f ( 1)  a + b + C , l”x ) I  ~~ A -* Ia + b + ci ~ A.

I a  + b i  - I c !  < a L b + ci < A .

I a  + b i ~ A + ci  < 2A

I a + b i  < 2A.

(3) f(-1) = a - b + c -
~ j a  — b i  < 2A as in (2) above .

(4 )  I (a + b)  + (a  — b ) I  < a + b I  + I a  - b I  < 4A

-
~ 2 1a 1 < 4A

La! < 2A .

( 5 )  I ( a  + b )  — ( a  — b ) l  < I a  + b i  + l — ( a  — b ) l  < 4A~

-
~~ Ib i < 2A

Theorem 2:

Let

f(x1, x2) 
= w0 + w1x1 

+ w
2

X
2 

+ w
3
X~X2 

+ W
4

X
1

2 
+ W

5
X

2

2

and lx 1I .i 1, x2 1 ~ 1, I f ( x 1, x~ I < A .

Then :

1w 0 1 < A , I w 11 < 2A , 1w 2 I < 2A , 1w 3 i .~~. 
A ,

1w 4 1 < 2A , (w 5( < 2A.
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Proof :

(1 )  1(0 , 0 ) !  = < A .

( 2 )  f ( x 1, O) = w0 
+ w

1
x

1 
+ w

1
x

1
2 ; jf(x 1,O)! < A.

There fo re  f rom T h e o r e m  1 , < 2A , 1w 1 ! < 2A.

( 3) f ( O , x2
) = + w 2x 2 + w5x,,

2
; jf(O , x2 ) I  < A .

Therefore from Theorem 1 , I w 2 1 < 2A , 1w 5! < 2A.

(4) Finally, to bound w3, cons ider

[ f ( 1 , 1) — f(—1 , — 1) ]  — [1(1 , — 1 )  + f(—l , 1)] =

Therefore :

14w 3 I ~ l~~(’ , 1) 1 + I f ( — 1 , — 1 ) 1  + 1 1 ( 1 , —1)1 ± I f ( — L  fli

< 4A

l w 3 I ~ A.

Theorem 3:

Let

f(x1. x2) = w0 + w
1x1 

+ w
2x2 

+ w
3
x
1
x
2 

+ w
4x 1

2 
+ w

5
x
2
2

and

l x 1i < 1, 1x 21 < 1, ~~~~ < A , Iw 1I < 2A , I w 2 1 ~~. 
2A ,

i W 3 l < A , 1W 4 1 < 2A , I W
5 1 < 2A.
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Then :

(a) If(x 1, x2 ) I  < 1OA

( b )  In c o m p u t i n g  f ( x 1, x2), no numbe r greater in absolute

‘.a lue  t h a n  1OA can be fo rmed .

P r o o f :

lf(x 1, x2)I .~~. Iw 0 I + 1w 1x11 + Iw 2x2I + 1w 3x 1x 2 1 +

2 2j w 4x1 j + 1w 5x2 I

< A + 2 A + 2 A + A + 2 A + 2A -

Therefore  If(x 1, x2)j < b A , and each term in the

sum is boun ded by A or 2A.

R e s tr i c t i on s  on T r a i n i n g  a Nes ted  P o l y n o m i a l  to  Mode l a Data  Base--

( a )  D a t a  Base S c a l i n g:  Each of the  n + 1 var iables  in
the  da ta  base must  be scaled p r i o r  to g e n e r a t i n g
the nested pol ynom ial . The scale fun ctions S1 . . .  S
must be monotonic and must map the domain of each ‘~‘

input variable into [-1 , 1]. The scale funct ion Sy
must be monotonic and must map the  domain of y into
[—B , B ] ,  where B < 1. The purpose of B is discussed
in ( d )  below . Primes w i l l  be used to denote the
scaled values:

x1’ = S1(x1)

= S2(x2)

x ’ = S ( x )n n fl

= S~~( y )
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Note t h a t  the domain of each of the N + 1 v a r i a b l e s
must be estimated from the known occurr* nces of the-~t

• variables (in the data base or elsewhere), or from
known physical limitations.

Once these scale functions are known , the desire d
function y = p(x1, x2, .. ., x~ ) may be realized by
training a nested polynomial, q, on the scaled data.
That is , if y ’ = q(x1 ’ , x2 ’ , x1~’), then the
desired fun ction , p, is the result of the successive
t r a n s f o r m a t i o n s :

= S1(x1)

x ‘ = S (x )n n n

y ’ = q(x1’ , 
~2 ’  

.. .,  xe ’)

y = S~~~
’(~~’) .

In addition to the scaling of data base variables , it
is necessary to scale the element outputs within the
training algorithm and within the resulting nested
polynomial . This intermediate scaling will be discussed
in (e) below .

(b) Element Verification: Each element which may be used
in the nested polynomial , q, must be inspected to
insure that its coefficients satisfy all of the
following:

Iw ~I -~~ 0.1

1w 11 < 0.2

fw 2J < 0.2

1w 3 1 < 0.1

IW 4I < 0.2

1w 5 1 < 0 .2
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An elemen t whi ch fa ils th is test canno t be used . This
element verification test is the only restriction that
must be added to the training algorithm in order to
guarantee fixed—point rea~ i~~ tion . (The scaling
requirements of part (a~~~o’~r~ot restrict the per-forman ce of the  training algorithm.) The effect of the
element verification test on the modeling capability
of the Lraining algorithm will be discussed below .

(c) Word Length Versus Training Algorithm Capability - A
Tradeoff: Theorems 2 and 3 show the  relat ionship of
function boundedness and coefficient boundedness
for the six-term element. This relationship in turn
suggests a tradeoff between processor word length and
tra ining algorithm capability, as larger word lengths
enable greater scaling (smaller values of A in
Theorem 3), which in turn make the element verifica-
tion test less restrictive .

(d) Single—Element Model: The purpose of scaling the
y—data into a smaller range than the x-data can be
appreciated by considering a single-element model.
We will choose B = O.Of~25. Assume that all variables
in the data base span the range [—1~ 1], and that each
n umber in t h e  data base is exac t ly  expressed in v b i t s .
Then , in order to scale the y ’s such that I y ’ < 0 .0625 ,
it is necessary to have a word ]e n g t h  of at rnost
4 + v b i t s  (0 .0625  = 1/16 = 2~~~) .  Now if the
element does not s a t i s f y  the  v e r i f i c a t i o n  test of ( b ) ,
t h i s  imp lies (by Theorem 2 , with A = 0.1), that the
element must somewhere assume a value greater than
0.1 in absolute value within its domain. Since the
element is itself the “mo del” of y ’ = q(x~ ’ , X2 ’ .. .,

Xc ’ ) ,  then such an excursion would Imply that the
rejected element was , at least in some region of i ts
domain , more than  60 percent greater (in absolute value)
than the desired model.

Similarly, if B = 1/32, then 5 + v bits will be
requi red , an d on ly  elements wh ich are more t ha n 220
percent greater (in absolute value) than the desired
model may be rejected.

For all practical purposes , B . 1/16 will not unduly
restrIct the training algorithm , an d therefore 4 + v
bit s will be required to guaran tee tha t overflow canno t
occur.
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( e )  Nes ted  P o l y n o m i a l  Mode l: In  general , the  desired
function , q, is approximated by a nest of elements
rather than by a single element . In this case , the
“ i n t e r m e d i a t e  va r iab les, ” or ou tpu t s  of e l emen t s  w h i c h
are used as inputs to successive elements , must also be
scaled. This is because the ratio of the range of
element o u t p u t  to the  range of e lement  i n p u t  must be

• the same for  each e lement , and t h i s  r a t i o  is given  by
B. In t he  t r a i n i n g  a l g o r i t h m , each e lement  o u t p u t
which is to be used as an input to successive elements
must be scaled such that its range is nearly [—1 , 1].
In the resulting model , the inve rse scale func t ions  are
applied to these intermediate variables . By using
scale factors which are powers of 2, the i n t e r m e d i a t e -
variable scaling reduces to simple shift operations .

Part 2 — Analysis of Round ing  Errors

The notation follows Wilkinson ’s Rounding Errors in Algebraic

Processes (Prentiss—Hall , 1963). The equivalence sign (E) is

used in expressions of the form

S E C(a 1 + C 1, a2 
+ C 2 ,  .. ., a~ + c )

where the numbers a1, a~, , a~ are i n i t i a l  data or previously

computed quantities , and S is the exact value of the computed

quantity, C. We then try to find inequalities which bound the

C ’s. See Wilkinson ’s re ference to “backwards analysis ” for
details.

Rounding Errors in Fixed-Point Arithmetic -- Assume an a rb i t ra ry
word length of t bits. There is no rounding error in addition

or subtraction , i .e.

f lx(a  + b) a + b

fix(a - b) E a — b
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in multiplication , the r o u n d i n g  error  depends upon the  r o u n d i n g

procedure us€d . We will assume that a 2t-bit product is formed ,

~~~~~ is added , and the t most significant bits are retained.

In this case ,

f i x  (a  c b) E a.b + c ;  I d  -

~~~ 2— t — j

Note t h a t  o v e r f l o w  canno t  occur in m u l t ip l i c a t i o n , but can occur

in addition or subtraction .

Round ing Errors in C o m p u t i n g  a Six-Te rm Element -— where

lx 1 I ~ 1~ Ix 21 < 1, Iw 1 1 < 0.2; i = 1, 2, 4, 5;

Iw ~I < 0.1; j = 0,3.

(1) Ideal case: If the processor has the capability of perform-

ing (t x 2t.)—bit multiplicat ion and accumulating 3t—bit products .

then rounding takes place only at the very last step, when the

3t—bit result is rounded to t bits. In this case ,

fix[f(x1, x2)] f(x1, x2) + C ;  Id <

( 2 )  N e a r — i d e a l  case : I t  is l ikely t ha t  a t—bit processor would

not have the ideal—case capab ility. More reasonable capability

would be (t x t)-bit multiplication and 2t—bit accumulat ion. For

this case, let fix * denote the 2t—bit result of an operation . Then

p t ifix[f(x1, x2)I\ fix*[f(x1, x2)] + c
~

; Ic il < 2

Note that :

( a )  flx *(w1x1) w1x1

(b) uix *(w 2x2) 
E w 2X 2
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(c) fix*(w 3x1x2) w3(x1x~ + c 3 ) = w 3x 1x2 + w
3c3

Let E 3 w 3c 3. Since 1w 3 ! < 0.1 < 2~~ , Ic 3 ! <

then fix *(w3x1x2) = W

3

X

1
X
2 

+ E 3; J E 3 J <

- 2 - 2 2(d) fix *(w 1x1 ) = w~(x1 + c 4 ) = w
4x 1 +

Let E
4 

w4~~1 . Since 1w 4 ! < 0.2 < 2
_2

, k 4 1 <

f i x *(w 4 x 1
2 ) w 4x 1

2 
+ £4; ~E 4~ <

(e) uix *~w5x2
2) E w5x2

2 
+ E

5; I E 5 I < 2 t 3

fix[f(x1, x2)] fix*[f(x1, x2)] +

f(x 1, x2) + E
3 + E4 + E 5 + C

1

or ,

fix[f(x1, x2)] E f(x1, x2) + E

where

JE I = 1E 3 + F4 + + c 1I ~~. IE 3I + j E 4 j + J L 5 I + 1c 11

< 2 t~~ + 2—t—3 ~ 2— t-3 +

—t< 2

ii

— 
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I n  1 ) 1  I~~ u f l l 1 n t ~~ } r rt ) r —— It l1~~ L.S b e f l  shown tha t .  t h e

i~~~u i h n g  - r i - e r  t e r  c i i - ~i i x — t & - r l n  e l em e n t  is bo und e d by
t h e  ide~i 1 c : i s - a n d  i n t h t -  n~ — 1 d 4 - ~I l  ( a :~;, . W hen t h e ~.e o l e —

r s - i i t s  a r t -  - c t ~ - i l , t h ~ - r u n d i n ~ erro r induced by t in- i f l n e r r n c~ ;t

t - I t - r . - n t s  ( i - . • t h c : a  in t h e  first ‘‘l~ iy e r  when t h e  t n - s t  is

ex l r t - ; c t d  i n i d i a ~~ram ) b , - ( o m e n  in p u t  e r ro r  to t h e  next—innermost

o I on: ,  n t  s ( t h o s e  in t he  n ex t  l a y e r )  , a nd so f o r t h .

The e f fe c t s  of  i n p u t  e r ro r can he assessed by c o n s i d e r i n g  an
a r b i t r : i r v  c i t - m o n t  w i t h  known i n p u t  e r ro r .  T h i s  can be done for
t h e  lo ca l  ca:~~- , t h e  nea r— i le~i I case , o r for  o ther  ha rdware
r dl I,’at i n c  of an element.

Thu f li nwi ng analysis is for the near—ideal case; that is , the

case in ~~hi i ch the processor accumulates 2t—bit products , scales

tn•- 2~ -h it e l e m e n t  output by shifting left an appropriate n umber

ut h i t s  (see  Part 1(o)) , and finally rounds the scaled product

Lu t bit s .

It is - -°°~~ :- t ) - on : ;  i der rounding error and propa~~:it . Ion  of i n p u t

e r r or S ~n i u l  d id  ( u : ; l v  . T h c r - f o r cj
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where :

I~~ I ~ 2—k I~ 2 t <

k < t + 1

As in the previous sect  ion , E ‘ s w i l l  be used fo r  r o u n d i n g  e r r o r .

( a )  f i x *(w 1~~1) E w1~ 1 w1x1 
+ w 1~~1 = w1x1 + E 1

where  I E 11 = 1w 1! I~~ I < 2—22
—k

(b) fix*(w2 2 ) w2x~ 
+ E

2 ; 1E 2 1 <

(c) fix *(w3x1
x
2) E w

3(~~1~2 
+ c 3) =

w3(x 1x2 + x1~2 
+ x

2~ 1 ~~1
B2) 

+ w 3c 3 =

w3x1x2 + E 3

where :

1E 31 .~~ Iw 3x1~2l + !w 3x 2~1I + Iw 3~1~2 I + Iw 3~3I

< 2— 3~~~—k + + 2—2k +

= 2 3(2
_
~~

1 
+ 2-2k + 2

_t_ 1) 
-
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(d) fix*(w4x1
2) E w4(~ 1

2 +

w4(x 1
2 

+ 2x 181 + ~1
2) + w4c4

= w4x1
2 + E4

where :

I E 4 I ~ 2 2(2.2 k + 2-2k + 2
_t_ l

)

= 2—2(2
—k+1 + .,. ~~t~ 1)

(e) fix *(w5~2
2) w5x2

2 
+ E 5 ;

1E 5 1 < 2
_2
(2
_k+1 

+ 2—2k +

There fore

ff~x[f(x1, 2fl fix*[f(x1, 
~~~ 

+ 
~~~~ 

I c 1I <

= f ( x 1, x2) + + E2 + E 3 + E4 + E5 + £1

= f(x 1, x2) + E ’

where

IE’I = 1E1 + E 2 + E 3 + E 4 + E 5 + C 11

< ~~~~ + 2— 2—k + 2 3(2~~~
1 

+ 2—2k + 2
_t_ 1

) +

+ 2 2k + 2
_t_ 1

) + 2
_t_ 1

.

= (2~
1(_1 

+ 2—k—2 + 2—2k—3 + 2—k + 2
_2k_1

) +

+ (2 t 4  
+ 2—t—2 + 2

t_1
)

Therefore IE’ I < 2—k+1 + 2-t

In this case , since K < t + j  2—k+1 > and
IE1 < 2—k +2 —
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This result says , loosely speaking, that if an element operates

on data with K—bit accuracy , the element output will be a.~curate

to at worst K—2 bits , or less.

Part 3 - Word Length Requirements

If we assume for the moment that the input data to the nested

polynomial are exactly represented with v bits , then we know

(from Part 1 ) t h a t  4 + v bits are needed to accommodate scal ing
and ( f r o m  Part 2) t h a t  an ext ra 2 bits per “layer ” (except for
the first layer) are needed to prevent the propagation of rounding

error through successive layers . Thus , for a nested polynomial

of j  + 1 layers , a word length

b 4 + v + 2 j

is required to maintain v-bit accuracy (i.e. , error bounded by

given near-ideal hardware .

Note that in general , the input data are not exact v-bit numbers ,

but are v-bit approximat ions to the true (usually unknown ) numbe rs.

There fore , v—bit accuracy of the computed result of a nested poly-

nomial cannot be guaranteed (regardless of the wordlength ) because

of the error inherent in the input data , wh ich is compounded in

succe ss ive computati ons . Howeve r , re—examining the total error

(rounding error and propagation of input error) for a single

- — 
p, element shows that

fIx [f(~~1, ~~~~ 
E f (x1, x2

) + E’,

where (from Par t 2 )

IE1 < 2—k* 1 +
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That is , the error is made up of two components: rounding (2
_t
)

and input error propagation (2
_
~~

1). If the wordlength , t , is

s u f f i c ie n t l y  large , the input—error—propagation term dominates.

In fac t , if we use the sharper inequality

E’ < (2
_k_ 1 

+ 2—k—2 + 2—2k— 3 + 2—k + 2
_2k_1

) +

(2 t~.4 + 2—t—2 + 2—t—1)

and make the assumptions that k > 5 and t > k + 2, then :

IE1 < 2-k + 2~~
_1 

+ 2-k-2 + 2-k—3 + 2-k-4 + 2-k-5 + 2-2k-1 
+

2 2k 3

~~

Therefore , setting K = 4 + v , we see that as long as our word
length , t , is greater than 4 + v + 2 = 6 + v , tha t our “per
layer ” error is only one bit .

In other  words , for  a nested polynomial  having j  layers , w i t h
input  data cons is t ing  of v—bi t  approximat ions to the true
(usually unknown) values , and implemented on a near-ideal pro-

cessor with a word. length , b , where

b ~ 6 + v

the maximum erro r , E ’, where

fix [f(~ 1, x2)J f (x1, x2) + E’

Is bounded by

IE ’I <
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7 .3  SUMMARY

It has been shown that fixed-point arithmetic can be used for
nested po lynomia l  mode l in g .

The mode l training algorithm must be modified such that :

• The data base is appropriately scaled.

• The element  c o e f f i c i e n t s  sa t i s f y  ce r ta in  i n e q u a l i t i e s .

• The intermediate variables are scaled.

Of these modificat ions , only the second limits the capability
of the algorithm . This limitat ion can be made arbitrarily less
restrictive by increasing word length.

For models consisting of 6-term elements , where the data base
consists of v—bi t  approximat ions , the  near- ideal  processor
having a word length of at least 6 + v b it s  has a comb ined error
(roundoff and propagat ion) maximum of one bit per layer.
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S!~( : r I o N  V I I I

S I N il  LA1  I O N S  OF N O N  L I  N E A R  MU I T  I N O N  I A I , N E ’ F W O R  KS
LJS IN (  F I \ F l ) — P O I N F  C P S ’ s W I T H  V A R I O U S  W O R O  I . I N ; F H S

8 . 1 SU~ MA RY

The ma .jor obje ctive of t h e  work covered  in t h i s  sec t ion  was to
invo~~t igate via digi tal co r ipit or simulations the generation and

propagation of errors caused by use 0 fixed—point an thtite t ic

w i t h  f m l  t o  word I ong th  CI~1 t a and finite ar i thn n-t ic opera-

tions in noul int-ar m u l t i n o m i a l  n e t w or k s .  Subs id i a ry  o b j t - - t i v t c ;
wer E- i . :

~ Invest i R a t e  t he  a d v a n tages of “ near— ideal” or d o uh l e.~
preci s io n e lement  c o m p u t a t i o n .

• Study the effects of intermediate element scaling
by shifting.

• Ver ify the theories proposed in t~~e prev i ous sect ion
with respect to worst-case error analysis for a fixed—
poi nt  n e t w o r k .

• Dete r m i n e  the  d y n a m i c  range of a fixed-point network
as a f u n c t ion of b o t h  word le ng th and the  number  of
network layers.

The major co n - I  us i o n s  reached  in this sect ion are

• The theorel i cal derivation i n  Section VII is sub stantially
con Ii rrned by t he  si  en I at ion results • wh i ch re vea l less
p r o p a g a t i o n  of er r o r s  t h a n  ant  i c i p a t e d .

• A four-layer network will yield an accura te  d y n a m i c
ran ge of t h ree  decimal  d ig i t s  w i t h  16-bit f i x e d— p o i n t
computa t ion .

• By emp loying 8-bit words , a network hav ing two (and perhaps up
to fo u r )  l a yer s  could accurately resolve a b i n a r y  solution.

• “Nea r — i d e a l ”  e l emen t  com p u t a t i o n  can improve ne twork
accuracy as much as 23 d e c ib e l . s  (more t h a n  one decimal
digit), compared to s t a n d a r d  s i n g l e — p r e c i s i o n  s o l u t ion s ,
w i t h  l i t t le  or no added ha rdware .

• Intermediate element scaling does not improve the
dy namic range  of ne twork  o u t p u t s .
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.
8 . 2 SI MU I AT ION PE{OCED~ ftI-~

S . 2 .  1 N El I V O R K  S E  R t J C 1 U R I  A N  I) S 1:1-

A four-layer “triangular ” ne t work h av i n g 15 el ements  and 16
unique inputs was used throughout the col lr s e ) f  the simulation .

Fi~~ure -~~~~ illust rates this structure. Note that the output

of any element never foejs m o re  t h a n  one element in the n e x t

layer. This triangular configuration was selected on the basis

of general ity. In fact , any feed—forward network , no mat ter
how intricate its connectivity, can a lways  be expanded to the
t r i a n g u l a r  form .

Each of the elements was a six—term quadratic function of two
inpu ts expressed as:

2 2y = w
0 

+ w1x1 
+ w2x2 

+ w
3x1

x
2 

+ w
4x1 

+ w
5
x2

where x1 and x 2 were the element inputs , w0 
t h r o u gh ~v5 

were t h e

weighting coefficients , and y was the element output. All weight-

ing coeff icients and network inputs were selected at random .

8.2.2 G E N E R A T I O N  OF WEIG h TING COEFFICIEN 1 S ANti 1NPU ’f  V A L U E S
(W’ s A N D X ’ s)

The weighting coefficients were bounded by the following limits:

— .1 < w < + .1

— .2 < w1 < + .2
— .2 < w 2 < + .2

• — .1 < w 3 < + .1

— .2 < <

— . 2 < w 5 < + .2

where the inputs never exceeded the domain

—l , O < x < + 1 . O
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l f l e s e  r e st r i c t i o n s  are  tho se p r e s c r i b e d  i n  Sec t ion  7 , and w i l l

i l w : ty s  g u a r a n t e e  f r a c t i o n a l  elemen t o u t p u t s  in t he  r ange

— 1 . 0  < y < +1.0

p r i o r  to i n t e r m e d i a t e  sca l ing  of the  y ’ s.

The xv ’s and x ’s were un iformly distributed psuedo-random numbers ,

~en er at ed  by a HP-25 ( H e w l e t t - P a c k a r d )  p r o g r a m m a b l e  c a l c u l a t o r

w it h the  f o l l o w i n g  a lgor i thm :

FRAC’ +

wh ere FRAC represents the fractional part of the bracketed quan-

t ity. The seed of the sequence , was equal to + .123456789.
As the numbers were produced , they were mapped into their appro-

pri~ite domains and truncated to five decimal places .

tables 10 and 11 , respectively, g ive the values for the weighting

coeff icients of the 15 elements , and values of the four inpu t

vectors used throughout the simulation.

.2. 5 CHARA C tERISTICS 01- i l I E  D I G I T A L  C O M P U T E R

The simulations were performed on an Electronic Associates , Inc .
EAI—640 Digital Computing System . This machine is a parallel

binary computer which operates with a fixed—point , 16—bit instruc-

tion and data word. The FORTRAN IV compiler allows six modes of
—•

internal data representation. Appendix H gives the exact format

of these modes. The x ’s and w ’s were stored in the Scaled
Fraction mode , allowing for a 15—bit mantissa , plus sign bit.

A convenient feature of the compiler was the allowance of “In—Line

Assembly Coding, ” permitting both FORTRAN and assembly language

s t a t e m e n t s  to be interspersed th roughout  the  program . FORTRAN
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T A B L E  10
RANDOM NETW ORK COEFFI C IENT S FOR TIlE 15 ELEM ENTS

ELEMENT w~ w~ w
2 W~ W

4 w~
1 - .08721 .14660 .02 S7G- .O0363 .O 1220-- .l~ 320

2 .03765— .05703 .00134 .09677 .04519— .19662

3 — .09765— .15426 . 15 46 0  . 0 6 2 7 1 — . 0 123 2  .073 94

4 .08773— .08215— .17340- .09078 .12359— .0G2C3

5 — .07302 •10504— .143~~ .03109 .08444 .10183

6 — .05569 .14108 .12103— .07058 .01190— .17672

7 .03 1 76— .054 93— .0141 9 .06967 .1295 1 .08813

8 .‘.06631— .I9671— .I9857- .04150 • 10168— .01269

9 .00057 .18045— .08032 .053C3— .099 12— .11~~64

10 .0482 1 .02874— .12C6 9— .04812— .10702— .095 94

11 .09918 .01007 .11724 .01608— .11074— ,12133

12 - .04791— .00900 .1522 8 .03347 .19409 .15545

13 .02722- .04660— .07095— .01275 .16305 .03 1 70

14 — .05676— .11660 .16220 .04769 .08697 .12951

-- 35 .00390 .01510— .06530 •04293- .15029 .00854
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T A B L E  11

THE FOUR RANDO M INPUT VECTORS USED IN SIMULATION

Record x1,x51 x9,x13 x2,x6,xlo,x14 x3,x7,x11,x15 x4,x8,x12,x16

1 — .26338 .38124 .0915 .74762
.73512 .53310 .40036 .73922

— .16192 — .37131 .96073 .83810
— .97022 — .31728 .10235 .37298

2 .86365 .39380 — .38857 .71173
.50089 — . 86367 .38234 — .79538

— .59514 — .67376 — .68517 .52935
.03540 — .75119 .20782 — .72102

3 — .47227 — .97145 — .92705 — .59671
.34433 .59799 — .64500 .61461

— .51813 .59595 .89486 — .73471
— .37323 -.40664 .01613 .06401

4 — .90303 — .25230 .81302 — .86339
.53361 .98970 .95420 — .56541
.08380 — .78364 — .07408 — .01327
p18673 .64049 — .85137 .93473

.~~—
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w a s  used as much as possible; however , it was necessary to write

a few assembl y l a n g u a g e  r o u t i n e s , i n c l u d i n g  double prec is ion  add

and m u l t i p l y  s y s t e m s  p rog rams  and v a r i a b l e  b i t  mask programs to

p e r f o r m  t h e  ‘ near-ideal” method of element computation at various

word-lengths. A listing of the 640 instruction repertoire is

given in A p p e n d i x  H .

S . 2 . 4  CO ’ I1 ’ t JT A T ION OF THE “ N E A R —  IDEAL”  E L E M E N T

A m e t h o d  wh ich g r e a t l y min imizes the effects o multiplication

rouridoff error d u r i n g  the computation of a six-term element has

been d e v i s e d . It has come to be named “n e a r - i d e a l ”  e l e m en c
cor~p u t a t i o n  because i t s  employment  produces “near-perfect”

element outputs when compared to their true values. In essence ,

t he  me thod  s i m p l y  pe r fo rms  the  m u l t i p l i c a t i o n  and add i t i on  of

the x ’s and w ’s u s i n g  doub le—prec i s ion  a~~i th me t i c . A f t e r  the  six

t rms are summed , the double—precision result is rounded to single

prec i s ion .

A r e su l t  of these simulations shows that near-ideal element

computation reduces the average absolute error as much as 23

decibels (more than one decimal place!) in the network , when

compared to standard single-precision element computation , where

rounding takes place after every multiplication .

Fi g u r e  44 illustrates how “near—ideal” elements were computed

in this study . The letter t represents the word length in bits

of the x ’s and w ’s. A multiplication of two t-bit quantities

produces a 2 t — b i t  r e s u l t .

Instead of rounding the products of the w1x1 and w2x2 terms ,

their exact products were accumulated in a deuble-precision

(2t—bit) summing register. For the terms involving two multi—

p lica t ions (w 3x1x2, w4x1x1, and w5x2x2), a 3t—accumu lator and

a 2t—by—t multiplier would be required to represent exact ly

121

~~~~~~~ L — . — fl— - -f l_ ~~~~~ ___•______• — — — -—— S—- -- —s — — —- ~~~~~~~~~~ ‘ - a~ • S 4~j&, — • -~~--.- —- —



- 4

— mul tiply operation

- w eighting coefficients 
____

- input v a r i a b l e s  1RND J — rounding operation

t - number of bits precision - summation operation

y — element output

w
o W

i 
X

1 
W

2 
X

2 W
3 

X1 x2 w4 x1 x1 
w
5 x2 ~c2

\ \  /t /t

x x x

t 2t 2t 2t 2t 2t

2t

RND j

y w0 + w1x1 + w2x2 + w
3x

1
x

2 
+

2 2~~wixi + v~ x2

*pactored forms of this equation are alsc
possible but were not considered in the~simulations .

FIGIJ RI 44: OPERATIONS REQUIREI) TO I ’LHFORM “NEAR-IDEAL” ELEMENT cOMPUTAT I
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th sc p r o du e  I s . I n st ( ’a d  , in I lie n e a r — i  d e a l ’ ’  case , t h e  p a r t  i i i
t e rm p r o d u ct s  x 1x 2 ,  x 1 x 1 , and x 2x 2 were  r o u n d e d  to t bits , t in- n

m u l t i p l i e d  liv t h ’ ’i  r : i p pr op r i a  te c o e f f i c i e n t s  to  produce 2t—b i t

p r o d u c t s .  These  dou b i  e— p r e c  i si () fl  q uan t  i t  I n s  were  t hen  a c r i i r n u --

lat ~ed án t h e  s u m m i n g  i’ e~~i s t e r . The t—bit w0 was directly

a c c u m ul a t e d .  F o l l o w i n g  t h e  a d d i t i o n  of t h e  six terms , t h e

double—precision r e s u l t  was rounded to t bits , yielding t he

‘‘ near—ideal ’’ e 1 e r l i e l i  I ci I pu t

The r o u n d i n g  o p e r a t i o n s  were p e r f o r m e d  by adding one to t h e

(t+l)—bit position of the double precision quantities , then

truncating t h e  result to t bits.

8.2.5 R E P R E s E N ’ r r N G  F E W E R  T H A N  16 B I T S  W I T H  A 1 6 - B I T  C0 ’I I I J T E R

One ob j ec t ive  of this study was to investigate errors produced

in the network as a function of computational word length.

I t  was t h e r e f o r e  necessary to s i m u l a t e  arithmetic operations ler

V~ L I ~ 1OU S  s p ec i f i e d  b i t  p r e c i s i o n s .  The word l e n g t h s  selected
wern 16 , 11 , 12, 10, 8, and 6 bits.

These word lengths were simulated by masking, (or t r u n c a t i n g ) ,

t h e  x ’ s and ~v ’ s before and after they were involved in an

arithmetic operation. The double—precision product formed in

a multipl ication operation was masked to 2t bits.

8.2.6 COMPO SIl E AN O COM PUTATIO NAL ERRORS D E R I V E I )  I R e M  T R I l L  ~ - \ l l ! F

To compute the error generated in the  ne twork as a r esu l t of
f i n i t e  word l e n g t h  a r i t h m e t i c  o p er a t i o n s , a “ t r u e ” v a l u e  for  each

of the 15 (‘1ements was computed . Us ing  the  doub l e-p rec i s i on  mode
of the EAI— 640 , the 16—bit scaled— fraction x ’s and w ’s were con—

verted to 62-bit floating-point values (53—bit mantissa plus sign
and 7—bit exponent plus sign). A separate  s u b r o u t i n e  was w r i t t e n
to compute  the entire network i n  t he  f l o a t i n g — p o i n t , h i g h — p r e c i s i o n

123

— —— -— . -  —• ~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~
__ — — 

~~~~~~~~~~ 
- — ~~~ ~~~~~~~~~~~~ . ‘~fl~-~’ ‘- 

-



n e W - , -.‘ I e a ? ) t l I ( - r  sv i - t  1 0 1)  ( )~~ I h e  p rc  r a e  ( ‘ ~ 
a ! I J ) l i t ed I h n et  w o r k .

u — - j u g shc r’ i - . a n ~ I s sa , ( i ;~ ed - e l l i l  a r - i t h ~a t i c  to  t h e  S~s’C i I

o t b i t s  . A c - -~~~: r i : - ii of  L i e  I i x ( d — - p i l l t  el )~~’ 1l t o U t p U t S
t~~ I ii  d c i i t - - p I ’ - c 1 5 1 - l i  &- 1 -:a~- rt o u t p u t s  in (1i (- :lted th e degree (if

ei-i - tar l o t  l i e -  l v  I he I ixe d - -p ei n t Ol) ~ i- at ions.

k~
) 1 \ 

~~~~~~ 
0 1  I ’ V o r s C~~~l l  i c ’  ~eii - rated and propagated through t i r e

— —  t h e e ’-  ( ‘ a u s~ - I  by  r o a n d — o l t  a l t e r  an a n t  h m e l  i c  - o l i i l c l —

L i t  loS , a i r d  t h e : - a -  d a e  t o  f i n i t e  F I - p r i - s e n t a t  i o ns  of I l i t  i n p u t

daT~ t to I i i ’ :  i~c t ’ .’, i L .  1h ~ - I o r r l a - 1 ’  w i l l  be t e r m e d  ‘ c o : i r c it a t  i o u i a i ’ ’

c i ’ i - o i  an t h e  l al t c i -  ‘‘ i n p u t  d a t a ’ e r r or .  The n a m e  ‘‘ c o ep s s it e ’’

( - r ~~or ~- i 1 i  lc  g j v t - n  t o  t l s ’ . -a-  q u an t i t i es  c o n t a i ni n g  b o t h  c O i l i j i U t a t —

I i~~- n a l  aim i n j l t  d a t a  er r o l - s .

i~~~~i t i e -  x ’ s ai~d \-~~‘ S ar~ r e ( t ’ i \ ( ’ d v . 1  t h a c ( - r  I a m  ti t - g r ’ e e  o f

( ‘ V I’ O l , I i ’ u a l  t h - ~- p o i l i t  o f  v i -\ V t h a t  Hi ( s ) -  d i g i ts ]  q u a l it  ~~i ic : - ;  ar c

- ; 1 )l -
~~ix  l l f la J  C r t ’p r ~~5t i I t L t  j ell S of c o n t in u o u s  f inicl i o n s .

I i g u ’ c  15 s h o w - I he p r o c e d u r e  used f o r  f i n d i n g  t h e  ~~
- : c : ; i  t e

(~~ I ’O i ’ s i t  I l ie co:;~~ l l l  i t t i o n al e r r o r  in  t h e  l i x e l — p o  h i t  I i e t W ) 1 k .

~;u t  i c e , f i r  I l ie  up p e r  d i a g r a m , t h a t  t h e  i n p u t  d a t  a ( x ’ s s i r d  w ‘ s)

t i e t - r i  t o  ( ‘ a l c u l a t ’  t i ’  t r ue  v a l u e  r em a i n  f i x e d  a t  16 b i t s  whie ~ t i ì ’
i l l  - t  d a t a  t o  i l ie I i x e r l — p o - I n t  n e t w o r k  a r e  rn:t sked to I I i  t s .  In

t in - lev~c r’ U I  u i - a r M , n o t i c e  t h a t  t he  i n p u t  da t a to b o t h  t h e  I i x ’~- d —
I a I an d  ~~~ —h i t  1 1 oa t  i n g — p o  m t  n e t w o r k s  are a l w a y s  accurate

to t }r ~ :a’:~e f l U f l h l s - !  Of  b i t s .

2 . 7 I \ I I ; L ’ - I i  1)1 \ l  I. E l l ~~I l \ ’F si: \ L E N~

An l O L L  1- en I r e st  r ’ i c  t ion imposed on the network when using fixed—

p o in t  an t h r : t t  ft is t h a t  t h e  c o e f f i c i e n t s  of t h e  e l e m e n t s  m u s t

b~- I iin i t t d  t a I r a ct  iouia range. The t h e o r e t i c a l  bounds  of

t hese ( - o ( - t f j c I ( ’ n t s  ar e  e s t a b l i s h e d  in S e c t i o n  V I I .  A l t h o u g h t h e s e
b e i i r d -d c i c I f  i e i ’ :n t s  g u a r a n t e e  t h e  c l e m e n t  o u t p ut s  to be f r a c —

i ofl ;t  I . I h - ~ i~ \ t r — a 1 l  ~- f  f e e t  is to dec r e as e  t i r e  d y n a m i c  r ange
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of the element i n p u t s .  In one example , the average absolute

value of the x ’s inputted to the network was 0.50. The a~erage

absolute value of the first-layer element outputs had dropped

to 0.12. After four layers , the average absolute value had

dropped to 0.009 . I f  a n e t w o r k  were cons t ruc t ed  having a few
more layers , the resul t  would have soon converged to zero .

To compensate for these ever decreasing element outputs , a

method of scaling the intermediate y ’s by shifting left was

inves t iga ted. S h i f t i n g  a b ina ry  f r a c t i o n  one place l e f t  is

equivalent to multiplying by two. Results were generu -ed for

the network with the intermediate outputs shifted zero , one ,

an d two t imes.  I t  was found  t hat  s h if t i n g  more t han  once would

•cause overflow at some of the  e lement  ou tpu t s , wh ich  In t u r n

caused a rather large error to propa gate through the net . The

following subsection presents the results of these scale-by-

shifting operations.
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8.3 SIMULATION RESULTS AN I )  ERROR -~N A I Y n I S

This s~ct4on p res e nt s  a graphical display of the average and

maximumw e~ rors genera ted  and propagated  in t h e  s i m u l a t e d  f ixed-
pointS networks , where  the  average error- ~or a given layer was

calculate4’-for t h e  e n s e m b l e  of o u t p u t s  f r o m  t h a t  l a y e r .

Figures  46 (a-f) show the average absolute composite error and

max imum Rbsolute  compos i te  e r ror J as a f u n c t i o n  of c o m p u t a t i o n a l
word l eng th  fo r  t h r e e  cases of i n t e r m e d i a t e  s c a l i n g :  s h i f t  0
(no  s c a l i n g ) ,  s h i f t  = 1 , and s h i f t  2. Figures 46 (g—l) illus-

trates average absolute computational error and maximum absolute

counputational error as functions of computational word length

for ,t h e  sam e three shift values . Each individual fi gure shows

the average absolute  error  ( e i t h e r  composite or computational )
observed after each layer in the network (solid lines), and the

average absolute va lue  observed a f t e r  eacl~ l a y e r  ( d a s h e d  l i n e s ) .

The terms L=1, L=2 , etc., refer to the layer numbers for the

average absolute values . All twelve plots were derived from a
network employing “n e a r — i d e a l ”  e l emen t s .

The nu m ber of available data points from which the plots in
Figure  46 were der ived  var ied f rom layer to layer . The number of
points available was:

Layer Number of Da ta Poi nts
1 32

2 16

3 8

4 4

The variation was due to the triangular structure of the net . It
fol lows tha t  the ‘s t a t i s t i c a l  s i g n i f i c a n ce  of the simulation results
is greater for layer 1 and diminishes with each successive layer .

The max imum absolute error was the largest error observed for
a g iven  s i m u l a t i o n  t r ia l .
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The purpose for plott ing the average absolute value on the same

figure with the absolu te errors is to indicate the approximate

dynam ic range of the element outputs for the various layers.

Notice for all the curves in Figure 46 , except those labeled

“shift =2” , that the error at the least significant portion of y

is a function of the computational word length , but the average

ansolute value at the most signif icant portion of y is a function

of the layer. The approx imate dynamic range of y is equal to

the average absolute value minus the absolute error. For example ,

from Figure 46 (g) it is seen that with 16 bits of computational

word l e n g t h  the  average dynamic  range  fo r  a f o u r - l a y e r  ne twork

is about 60 decibels , or three decimal digits. The same network

computed with 8-bit words yields about 10 decibels for the average

dynamic range . This is better illustrated in Figure 47 , where

the average dynamic range observed after each layer has been

plotted as a function of the computational word length. This

figure has been derived from Figure 46 (g) by subtracting the

average absolute  error from the average absolute value. Notice

that as the number of layers increases , the dynam ic ran ge of the
network decreases. A similar plot could be derived from the .

max imum absolute error versus word length to find the “guaran teed ”

dynamic range .

The effect of shifting the element outputs one place left is shown

in the middle column of Figure 46. (Those figures labeled

shift = 1” .) Although this scaling procedure increased the

~ verage a~solute value of the element outputs , it also increased

the error by an e q u a l l y  p ropor t iona te  amount .  The magnitude of

the  number is m u l t i p l i e d  by a f ac to r  of twcl , but the  error is also

moved in to  a more s i g n i f i c a n t  bi t  posi t ion , causing a zero net

increa4e 0 dynamic range. Intermediate element scaling is there—

fore not necessary unless  the layer outputs  are required to m a i n -

tgin a fiaed numerical value.
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l’he r~ - --~k 1 l l . s in ( h I  t h i r t  i - ’ r l t i r n t i  i t  l ” i g t t i - i -  8. - I ( I t o - le d ‘‘~~i ij i i  =

1. l u  ~ t ra (. - t i l l  I I t~ I 5 1) 1 ° v - t ¶ 1 - r t’ ° i I ~~~i I i  I i Of l  . I n I. h
I i gu t - . - -- , ~ l i  n e t w o r k  o u t p u ts  w e r e  s h i f t  -d t w o  p h o - i - s l o f t  ( e q i i i~~~a —

le n t to m a l t i p l v i u g  by t o u t - ) b e t  ore I c i n g  p l’ or i s s ( -d  I h r o u g h  t~-

next la\- I -t - . Thio sealing was t o o  l a r g e  t o t ’  s e i u u i -  o l  t h e  i f l U r—

n~- i 1 j a t ~~- o u t p ut s . (:uulsi fl g them to h’ s a tu r a t e d  a t  O.l)b~)b , h o m e -

hu-~~ - *‘ r r o r s  were pr })a~~a t e d . T he g l I : t r : u t l t i i i  d v n a r n i e  t’~1n ~~ 01

t h -  n e t w o r k  t h us  d r o p p e d  b e l ow  zero d e ( - i h i s , as in dit - atod h

Figures 8.-I ( I and I ) . As seen by these diagram s, t h e  eIfee

of o ver  f Ii 3W r a n  be qu i te s ‘ye i ’e

In comparing the composite error to the compu t utional error ,

d i f f e r e n c e  of approx ima te l y 7 dec ibel s ex is ted f or a l l  word

lengths of the first and second layer elements , exr -’pt f o r  1 ( 3

b its , where these values should be equa,l . Th is difference was

about 10 dec ibels in the third layer , bu t dr opped to abou t  3

decibels in layer four. This additional error was caused by the

masked x ’s and w ’ s inputted to the fixed—point net. The derre;tsi-d

error after the fourth layer is due to the statist ieal property

of the random network, which caused the f ixed output , “y, ” t o

approach zero .

The composite error may not accurately reflect the exact level ot

error to be expected with a network in which the coefficients

are optimized by a numerical search procedure .

An interesting observation made with the fixed-point network

simulations is that the error did not propagate from one layer t o

the next. In fact , the error (both average ah~o1ute and maximum
absolute) after the fourth layer was genel’all y smaller than that

of the p rev ious  l a y e r s .  Th i s  can be e x p l a i n e d  by the fact that

random errors can be both positive and negative , and since the

final network output reprerents the summation of many thousands

of terms , the  p r o b a b i l i t y  t h a t  these e r rors  c a n c e l l e d  one another

is high. Also , when using fixed—point arithmetic. , there are no
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-$ 
‘x l l n e n l s  in th e numbers t o  a u t o m a t j r a l  ly  s - :ile -i - i - i - ; to

s-ign if o - an t  p o s i t  i o ns . The e r r o rs t h o r - i - Io ta - t i -n d t o tI - i - i ; i  i i  ( - c - r i - - -

f i n e d  to the l e a s t  si~~n j t i ( - a n t  b i t s .

As f u r t h e r  ~- e r i f i c a t  ion e l  t l i i . - f i n d i n g s  ci t t h i s  studs- , (t ic - W ’ S

and x ‘ ~ were all g i v e n  post tive pel a n t  ~eo i~n addi t tona l ci aIr

t o  a s s u ia -  t h a t  the network outpu t would U- a p o sit l v -  n u mb e t - .

The c- - suits were essential lv identical t O  I h a c  ~U~~l I - - s c - r u - - I  -

except that the I’irst layer errors W (I’i aI)Oui1 ( ( I ( - ( - 1 l c i - l 5  iar~ ’ -u
to r t he composi te errors , and about :i dec jUl s I a ~~~~ f o r  L i i ’  -

computational errors (compared with the i ’e su l  t s i l l  Vd1 In 1- i r an

8. - I ) .  Also , with input x ’s being positive , t h e  i - l e r t i i - n t  o u t p u t s

were larger in mag iti ~ ~ide and , hence , shl ft in g  r o u t  €1 no t~ ~~~~ Ie r_

formed without overflow .

F i g i r e  8 .6  shows t h e  t h e o r e t i c a l  max imum c o m p o s i t e  c - c  i- o r  to— a

function of word length for each layer in a t o u r — I a v i - i ’  r u - t a n k .

This diagram was produced from the equation shown on t b -  I i ~~ure

which was derived in Section 7. The theoretical error or l i v ’ c

one is almost identical to the maximum computational error 1 ) 5 3 - r i d

in the simulations (Figure 8.4—h), but is about five decibels

(one bit) less than the observed maximum composit - error (Fi~ uri-

8. 1— b ) .  T h i s  d i f f erence of about  one b i t  is b e l i e ve d  t o  have bc c - u i

caused by the computer system software when converting input da ta

from scaled—fraction to double—pr ccision mode . Consequ ently , (hi-

observed first layer results of the figures showintz coniputat i o n a l

error (Figures 8.4, g—l) may be (at. most) one bit larger than the

u ’~~L u a l  error.

• - It is also seen from Figure 8.6 that the c o m p o s i t e  e r r o r  i n c r c ’ a s c - s

as the  number  of la~i - - r s increases , due to the propagation u I  I I i i -

feed—forward input e r r o r .  The max imum e r ro r  p r o p a g a t i o n  is shown

to be 21 decibels between the outputs of Layer 1 and Layer -1 . The

s i m u l a t i o n  results have indicated , however , t h a t  e rr or  (‘an(-ei l at 1011

occurs if the computational errors distribut e t hemselves in a ran-

dom fashion . Hence , the actual error propagation between layer s

can be considerably less than the expec ted worst case .
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- - - , , — k+ l , —t
u-i I 1 c u i r ’ .v u o- . d c - r i  \ i’d I r un t  the c - q ua I ion I L  I ~ + 2

on  t I -  l i t , a n d  r e p r e s i - n t s  ‘‘ n e a r — i d e a l  c o m p u t ~~i t i o n .

C)

( ~~~~‘ Layei 4

-~

— —

12
Word Len g th  ( B i t s)

I- I GtJR} 4 I~ : TI!E01U~I’I CAL M A X I M U M  ( ‘Odl ’OSiTE ERRO R FOR “NEAR—
IDEAL” HARDWARE .
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S i ti ~~~ t b I i l i O a -t i c a l  l i - r i - ;~’ i  - u s  o f  ~~e C t u ( c I i  V I I  j r ,  h :c~~ec ( u n  a

‘‘ w o r s t  ( u s e ’ a na iv o I s , 1 I i s  not acl rp i ’ I 5 1  uu r I ( )  - u-a ;rO ’’,vit; I

sizetu b le d i  I I  e r en c ’c - b eN t - i - n  t I l l ’  I h - o r - i t  I r a  I t o i l o h i  i - v u - c l  c e.  i ’

e r rors  ( i f  ¶ l ie s e - u j l ( l , I l l  r d , ar i d  f o u r t h  i t 1 , I - - n  a t o - I

h a v in g  nrcn—rando :ru c o c - f f i c  i c - l i t u , :oid W i  Ui n o i u - - r t i t u ( I - u t i  l i l p i t s , I u s

not kn own h o w  t h e  errors w i l l  d i s t  n i t t i t i -  t h - w s - l v e : ; , t u t u  ,

a network should he a ; c n i r t i e  ( e l i s I d e l - a t ] o n  i n  I (~~ t i n -  - : l r l c l l t L t  io ns .

In  c om p a r l s ( cn  to t h e  rand om m twork s t u d i ed i l l - u - I - i n , the ‘ lu c re ic -

findings of Section VII arc Seen to 1 ) C  c o n se r v a t i v e  a i t h  r e sp e c ’

Orio n propagat ton .

I
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( ‘CN( ’ I t~S I ON S \NI ) flI - ( ’( cM\1 l-~NDA’i’i ON S

The t i l l  owing colt  c 1 usi  u r i c  hav e -  Is-i-n re ached as a re-au! t of t to  - s I n u t  —

lat ion  d e s c r i l t - d  i n  t h i s  s e c t i o n .

• The the ir-c t i c _ i l l 1 v— d e i ’ i  ~‘c - d  concl  u s i o ns  p r es e n t  i d  i n  S e - c t u n  V I I
h ave  been s u hs t  ti nt i a l l y  con U rmed , e x cep t  I h a t  in I he si mu—
l a t  ed c’ a u-c ’ the w u r s t — c - a s l -  erro r iropagat i o n  wa s  not  ot si rv. ul .
It is  fe l t  t h a t  t h i s  more favorabl e- ou tcome r e - s u i t e d  f i ’ ~ u
c - a n c ’ ’ i l a t i o n  of r andom errors within the simulated n i - t w i rk .

• Fo r a p p l i c a t i o n s  r e q u i r i n g  o n ly  a b i n a r y  d i s c r i m i n a t i o n , as
in t h e  ( ‘au -ie of ii l ) a i r W i ~~( - — v o t t n g  c l a s s i f i e r , e i g h t .  bi  U; w o u l d
Iii- s u t l i  c i en t  f o r  computing a two—I aver  ( s h a l l o w ) n e t w o r k
and perhaps a t h r e e —  or I our— 1 a v c - r  n e t w o  rI; , 1) a t f -we r I Ii an
- i gli t e i g h t  b i t s  is no t  recomiiiunded f o r  a n y  ap p l  I cat ion .

• A f o u r —  l a y e r  ( m o d e  r a t e  ly deep ) n e t w o r k  of s i x —  t i - i - r n  m ion  i i  n c - a r
m m  t in o m i n a l  el (-rn (u’)ts has  an ac eu t -a t e  d y n a m i c  range c f  I l i i’ i - e
s i g n i f i c a n t  d e c i m a l  d i g i ts  i f  c o mp u t a t i o n  is p e r f o r m e d a i t h
16—b A I f i x e d — p o i n t  ‘ n e - a r  i d e a l ’ ’  a r  I t hme  t i c . S m a l l e r  t i e - I  worits
yielding great (-r p r e c is i o n , or larger n et w o r k s  y i  o l d  j a g  h-ss
p r e c i s i o n , a re also p o s s i b l e  w i t h  1 6— b i t s ,  For a p p l i c a t i o n s
requiring greater accuracy , a larger work l e n g t h  a ill 1)1- t i e - u - d c - c l

V

• Deep networks of up to eight laye rs -Thould b- r e a l iz ed  u s i n g  at
least a 24—bit mantissa to obtain t h r e e  significant deci ma l
digits of resolution at the network output.

• ‘‘Near—i th-al  ‘‘ element comprit at ion I rn r ‘vi -c t he - n e t w o r k  a-’curacv
as much as 23 decibels . (Implementation c i f  t h i s  ty p e  of arith-
metic requires little or no a d d i t i o n a l  ha rdware  comp ai - e - i  w i t h
the standard me-’thod of computation.)

• If no intermediate scaling is performed in a CPA network , the
expected range- of the e l e m e n t  outputs deer- c ases as the n u m b er
of layers increases . More than 20 decibies of at tenuat ion
ha v e been observed going from the first layer output of t ic-
network t )  the fourth l a y er ou tp u t .  However this decrease is
not a gl-(’at hindra n ce : it can be mitigat ed at the- least
significant portion of t he  element outputs by keeping error
propagation at a m in imum . In fact , the errors obse’rve’d in
the fourth layer outputs were almost always smaller than
errors observed at the previous layer. ( W i t h o u t  s h i f t i n g ,
the ’  computational error remains confined and is not moved
into hi gher—order bit positi- in. ) It was f o u n d  t h a t  t h e
dynamic range , or nui~ns-r of significant figures of the
element eut~ uts , remained constant , with or withou t inter-
mediate scaling.

• Propagation error caused by intermediate element overflow
was observed to be quit e severe on the final network output.
Errors of thi s l y l e  tend to have a “snowballing ” e f f e c t  and
sho uld  be avoided .
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it I S ni-coin inc i t u f e  - ( I  1 hat li te simu l at ion results be verified using
si n t u l i t  i e i i ~s c c l  a f j ~~~~d — u j ~~ t r i i ’t a - or’k who se coefficients are
se l e c t  c - U , or ‘ c c p t  i n t l  z e d  , “ f r o m  t r a in i n g  d a t a .  The s t a t i s t i c al
d i — t r i b u ~t l u l l  u c f  errors tot- such a case may not be as random as
we have si -e n w i t h  the c o n t ri v e d  network , and hence may cause a
great c - i ’  e r r o r  propagat ion through the layers .
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~ l ( F  ION I ’

l i N t  \ R  - \ N t )  ‘ c N L I N F - \ R t - I L F F R I N ;  ~~h - i i i  P S ’ s

9. 1 I NT RODU CT ION

The a r c h i te c t u r e ~ ( i f  c o n f i g u r a b l e  p o l y n o m i a l  a r r a y s  i.s ve ry

w e l l  s u i t e d  f o r  t h e  i m pl e m en t a t i o n  of a b road  (‘ l ass o f i i  tt ~r t a ]

f i  l t c-r s , b o t h  t r a nsv ( m’ u ; a  1 and  r e c u r s i v e .  P r o c e d u r e s  e x ist

f o r  i m p l e m e n t i n g  t r a n s v e r s al  f i l t e r s, f a s t  Fourier trans f- r~::-

imp u l s e - - t- e s p on s e  c o n vo l u t  ion f i l t e r s, e t c .  , w i t h  v a r i o us  1 S T

a r r a y s .  (See , f o r  e x a m p l e , R e f e r e n c e s  4 and 5 . )  This ce - - I ion

p r e s e n t s  p rocedu re s  fo r  i m p l e m e n t i n g  t h r e e  common c o n t i  gurat i -nc

of recurs ive  l i n e a r  f i l t e r s  w i t h  CPA ’ s.

Sect ion 9 . 3  pre sen t s  a r i c u v el concept. of trainable , t l ( u l ( l fl a l

f i l t e rs. In  m a n y  s i g n a l  r e c o g n i  t i on  and  c l :t s s i  f i  ca t  jolt proP’ -run

the  key  w a v e f o r m  f e a t u r e s  arc non l i n e a r  p r o p e r t i e s  o f  t i e -  sj  p s a t

f r e q u e n cy  sp e c t r u m .  A c o m p l i c a t i n g  f a c t o r  is t h a t  I l i i  n - n I n - a r

p r o p e r t y  ma’y not  be known a priori and must  be “learned” f r o

e m p i r ica l  d a t a .  A d a p t i v e  l e a r n i n g  n e t w o r k  ( M N )  p r o c ’ c - d u r e - ; m a y

be usc-d to  s y n t h e s i z e  an a p p r o p r i a t e  n o n l i n e a r  f i l t e r  f t - o ut a

da t a  b a s e - . In turn , these filters are easily implement- cl i r-:

CPA ’s. By way of example , an ALN is trained to estimate a pai’ame-

ter  w h i c h  is known (to us) to be the energy within a c-e r t a i :  ~r’o-

quency ban d of a signal . The resulting ALN al gorithm is cc-rn--

pared  to a con v e n t i o n a l  f r e q u e nc y - b a n d  e n e rg y  e s t i m a tor  t o  s!or ,v

that t h e  accurac ies  an -I  c o m p u t a t i o n a l  costs of t r a i ne d  , \ l N  m d  -

are comparable  t o  a~~~r io ri  c o n v e n t i o n a l  i m p l e m e n t a t i e u n s  eve n ii

the actual transformations are known .
-.

In summary, configurable polynomial networks are appropriat e 1 0 1

the imp lementation of conventional , linear filters (both transversal

and recursive) but are also capable of implementing more gu ’ r t e - r u l

n o n l i n e a r  f i l t e r s . Adapt ive  l ea rn ing  network procedures may i - c

used to synthesize the mathematical forms of the nonlinear fil-

ters from empirical data,
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Di i c - C t  
~~~

- ~iT!~ 
— —  I’c- C U~~5 ive l in e a r  d i g i t a l  f i l t e r s  may be writt en

:e- t r : c n a  f i r  f u n c t i o n s  i n  t he  z—domain

-1. -N
- a + a z  + ... +~~~~~~

11(z) = ~ z )  
= 

1 
—

~~ N 
N 

(9.1)
1 + b

1
z + ... + b

N
z

0

N
~~~ -mla z
n=O (9.2)

N

+ ~~~ b z ~~
n=l

wh ere - z~~
1 i s  the delay  opera t ion , N is the  orde r of the  t r an sfe r

tun c t i o n , and a and b are constant coefficients. This formn n
ol th e f i l te r  e q u a t i o n  is cal led the  direct  form . Hardware or

so f tware may be cons t ruc t ed , as shown in F igure 49 to imple-

ment this direct form .

I n  many application s it is des i rable  to implement  the  t r a n s f e r

functions in different forms so as to improve n umerical accuracy
-~~~~~~ and/or c o t n [ ) I r t a t i o n a l  stability margin , wh ich may be troublesome

die - to f i n i t e  word  l e n g t h s  in d i g i t a l  computers . Two p r o m i n e n t

alt e-rnate forms arc the parallel and orthogonal polynomial forms
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Parallel Form - — With the parallel form , Equation 9.2 is factorec ,

by partial fractions , into a parallel sum of line-ar and quadratic

transfe r functions :

M M+L
v’ a + a z 2 

~~ “ a + a z 1 + a  z
2

H ( z )  = L ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ + ~~ mO m l r n 2

m=l 1 + b z m— M+l 1 + b z~ + b z (9. )
m l ml m2

where the  t o t a l  degree N o f  t h e  c h a r act e r i s t i c  p o l y n o m i a l  is ,
of course , the same for both the d i r ec t  and parallel forms :

M + 2L = N ( 9 . 4 )

The s t anda rd  c o n s t r u c t i o n  fo r  t h e  p a r a l l e l  fo rm is shown in

F i g u re  50 .

Orthogon al Pol , itial_ Form -- In the orthogonal polynomi al form ,

characteristics (denominators ) of the transfer funetions are

written as a set of N equation pairs . For example , the norma l-

ized cr thogonal polynomial form may be described by:

+ + — k u z~~n-i 
= ~~~ n ~ n-i

n = 1,N (9.5a)
+ - -i

— k u  +~~~u zu~~ n n n n-i

and

+
U

N 
X

u~0 u”0 (9.5b )
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where the k’s and c ’ s arc- (‘onsI a n t  c o e - f f i  .-i en t s and tie - u~ and
11

U are inte rmedia t e- v t t ~~i a i e 1 ’ -  1 - : i r c . The n i u m e r : t t - , t -  portion of

the transfer func ’t i o n  i s  g.i c e - n  by t h e  p o l y n u u r n i a l

N

y = a u  (9 . 5 . c )
n=o

These e q ua t i o n s  ( 9 . 5 . a , 9.5.b , and 9.5.c) give r i ce  to the  ladde r

s t r u c t u r e  sh o w n  i n  F i gure 51

9. 2.  2 J o  I~~norn i al N e t w o r k__St r u ct u re - s

A l l  p o l y n o m i a l  r e p r e s e n t a t i o n s  of l i ne a r  f i l ter s  may be imple-

mented  i n  c’ u - nfigurable polyn umi nal networks. Net structures for

the dire i , p a r a l l e l , and o r t h o g o n a l  po lynom ial forms of Equat ions
9 . 2 , 9.3. , and 9.5 are shown in Fi gures 52 , 53 and 5-1 , respec-

t i v e l y .  All calculations can be performe d with two configurations

of e lemen ts , here called P5 and P6. Both P5 and PG are four- input

e lemen t s ;  however , P5 has two o u t p u t s  and P6 has o n l y

(y 1 
= w1x 1 + w2x2

P5: (9.6)= w
3x3 

+ w
4
x4

P6: y = w1x1 + w
2
x2 + w

3
x3 

+ w
4
x4 (9.7)

where: the y ’s are the element outputs , x ’s are the inputs , and

w ’s are constant coefficients.

!/ P6 is obtained from 
~1B 

(Sections 1 and 2 of this report)

by s e t t i n g  w0 
= 0.
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*
Number  of E l e m e n t s  ~~~~ i ir ed  f o r  Each Form - -  The n u i r u i t u e r  of do -

m e n t s , E , requ ired for an N—pole filter is c e- to - r a l l y  as fellows

Di rect Fo rm : E
d 

=

Parallel Form : E = N

Orthogonal Polyn omial Form: E = N +

For t h e  direct  form , an (N + 1)—term series must be c(mput ’-d f u r

the numerator and for the denominator. Since four t erm s a r -

summe d per e lement  ( P 6 ) ,  each summat ion r e q ui r e s  ( N ± I ) / l  C 1 e - ~~ - n t s ,
so the  t o t a l  element count is (N+1)/2.

For the pa ra l l e l  f orm , all characteristics arc- e i t h e r  s i n g le  or

double pole . Single-pole charac te r i s t i cs  r equ i re  a two- te rm
summation , so two c h a r a c t e r i s t i c s  may be com p u t e d  in a s i n g l e
P5 element. Double—pole characteristics re’quil3 a thr ee - -term

summation , wh ich  subsumes a fu l l  PG element. Thus one element

im p lements  two poles , w h e t h e r  s i n g l e  or double , and N / 2  e l e men t s
are required to calculate the characteristics portion of the trans-

fer function. The numerator calculations invo1~ ’? a two—term

summat ion  fo r  s ing le  poles and a th ree - t e rm summa t ion f o r  d o ub l e

poles , thus  r e q u i r i n g  a maximum of N/2 e1ement~, per pol e ’ . The

total element count is N.

For the orthogonal poly nom ial for m , a full element (P5) is

requ ired for  each pole , or for each “rung ” of the ladder. The
numerator calculat ion involves an (N+1) term serie’~, so ( N + i ) / - l
P6 elements are needed. Thus the total element count is

N + (N+1)/4.

Number of Layers ReQuired for Each Form - —  B o t h  t he  d i re ct  and

parallel forms m ay be implemented in two—layered n e t w o r k s  of

elements , but the orthogonal polynomial form requires an (N+l)-

layered network . For the characteristi cs computation of the

149

___~~~~~~~~~~~~~~~~~~ 
L 

-~ —— -~~ —-.-—~— , ~~. - - - ~~~~~~~~~~ ~~~~~~~~~~~~~~ ——— — —  — — —- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- - -



-4

di  eec t and parall e l forms , t he o u t p u t  of each  e l e m en t  di a-s  t i n t  d e p e n d

Upon the output , withi ii a given I te -rat i on of the filter , from any
o t h e r  e le  mi -n t  . Thus  a l l  c h a r a c t e r i s t  i c ca l  c ul at i o ns  may be donc-

in  p a r a l l e l .  W i t h  t he  o r t h o g o n a l  p o l y n o m i a l  fo rm , howeve r , t h e
i n p u t  t i  each  r u n g  of t he  l adder  i n c l u d e s  t h e  o u t p u t  of t he  p r i o r

rung. Thus t h e  r u n g s  mus t  be computed in  ser ies .

( D e p e n d e n t  p a t h s  we re  s h o w n  in  d o t t e d  l i n e s  i n  F i g u r e s  52 , 53
a n d  S t .)  I i i  i l l  t h r e e  f o r m s , t h e  n u m e r a t o r  c a l c u l a t i o n  i s

de-jn-ndent upon the characteristic calculations , so one additional

l a y e r  is neces sa ry .

The m i n i m u m  number  of l ayers  L r equ i r ed  f o r  each f o r m  is t h u s :

Direct Form : L
d 

= 2

Parallel Form : L = 2p
Orthogonal Polynomial Form : L = N + 1

The m a x i m u m  speed of comp u t a t i o n , give n a f u l l y  p a r a l l e l  network ,

is limited by L times the speed of one element computation .

p
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9 . 3  TRAINABLE N O N L I N E A R  FILTERS

3 . 1 C O \ ( ’F P T

In c o n v e n t i o n a l  f i l t e r  design there  are g e n e r a l l y  two u n d e r l y i n g
assumptions . First , it is assumed that the precise nature of the
operat ion to be performed on a signal , is known . Second , the
signal cond it ion i n g is genera l ly  a l inear operat ion. (There are
certain notable exceptions such as waveform hard—limiting in FM

demodulation ; but even in this example , it is the zero—crossing

t im ing wh ich i s of interest  —— no informat ion is be ing ex t ra cted
from the signal in the limiting process.) If the nature of the

transfe r function is known and lj.near , there are many straight-

forward approaches to designing appropriate filters .

However, in certain interesting classes of signal processing

applications , the description of the desired filter may not be
known , or if it is known , it may be nonlinear and exh ibit insta-

bility when implemented directly. If there are empirical data

which represent the class of signals to be operated on in such

cases, adaptive learning network (ALN) procedures may be used

to synthesize f i l t e r  forms which es t imate  or predict  t h e  desired
signal  p a r a m e t e r .  (See the Appendices for discussion of general
ALN methods . )  The f i l t e r s  are t ransversa l  and are t he r e fo r e  always

stable.  Quest ions of s t a b i l i t y  associated w i t h  recursive f i l t e r s
are avoided.

p. The remaining sect ions illustrate a procedure for using ALN
training techniques to synthesize a nonlinear filter from

empirical data. The example used involves estimating the energy

within a specified band of a broad-band signal . Though the design

of a conventional energy estimator is straightforward , this

knowledg~e was not used in the ALN training process -- an import ant
consideration . An after—the-fact comparison is made , however ,

between the ALN and conventional systems .
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9. 3 . 2  D - \ F . -~ RAS F S Y N T H E S IS

The data base used for designing and for subsequent testing of

the ALN was synthes ized in the following manner. The ALN was

trained to mimic the characteristics of an eight—pole Butterworth

filter whose 3db cutoff frequencies , w 1 and were equal to

1 and 2 , respectively. A normalized frequency range of 0 to 10

was used. (So , fo r  example , a 30 kHz s ignal  could be mapped
into this range by interpretin g it as divided by 3 kHz.)
The frequency response of an ideal eight-pole Butterworth con-

tinuous filter is shown in Figure 55).

To form the  data base , three sets of 130 t ime s ignals , x
3

( t ) ,

j  = 1 , . .. ,  130 , were genera ted .  The need for  three sets is due
to the ALN synthesis and testing procedures . Each signal (of

each set) was constructed as a weighted sum of five sinusoids :

I

x~(t) = ~~ A~ . sin ~~~~ ÷ •..) + K
3 

( 9 . 8 )

1=1

where the definitions and ranges of the parameters in this

equation are as follows :

JC~1 = Bias Term : Uniform Random : —0.5 to +O~5

Amplitude : Uniform Random : 0 to 1

= Phase : Uniform Random : 0 to 2
_ p ii

= Frequency : Uniform Random on Log Scale: 0.2 to 10

Uniform random variables were chosen on a log w scale so that

w log~~c,~ would have more values at the low end of the 0 to 10
ran ge and , hence , near the bandpass region .
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The 130 s igna l s  (per  se t )  were generated from Equation 9.8 with
I g iven  as:

Value of I Type of Signal Generated Number of Signals

1 Pure Tone 50

2 2 Component Signals 20

3 3 Component Signals  20
4 4 Component Signals 20

5 5 Component Signals 20

130

Examples of pure and mixed tone signals are shown in Figure 56.

The sampling interva l was chosen to be:

T5 
= 27r/40 = 0.15708 sec. (9.9)

which gives a radian sampling frequency 
~~ 

of 40. Each x
3
(t)

was sampled 200 times . Thus the highest frequency of 10 was
sampled four  times per cycle. One hundred percent of a cycle
of the lowest f requency , 0 . 2 , was included in the sample window .
(Note that t = iT5 in discrete form in Equation 9.8).

The t rue energy in the passband for each x
3
(t), assuming that the

signal cont inued for an i n d e f i n i t e  period of t ime , was calculated
as:

-p I
ej 

= 
~~ 

A~1
2 g(~ jj) I 

2 (9.10 )
1=1

where , Ig (w )I is the magnitude of the Butterworth filter for
the j~ frequency . The factor of ~ enters Equation 9.10 because
power is on e-half of the amplitude of a sine wave . It can be
shown that for an eight-pole Butterworth filter the amplitude at

frequency w is obtained from :
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x(t)

A -

A . s i n ( w . t )
1 1

( a )  S i n g l e - c o m p o n e n t

x(t)

x(t) = 

i~~~ 1 
A .sin(~~ t)

(b) Multiple -component

F I G U R E  56: MULTIPLE H A RMONIC INPUT DATA SIGNAL
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2

)
2 

+ (w  - 
~~

(9.11)

- 1 
‘ - 2

-: = 22 . - = 67 50

The .la  1 a l e a .  - -d o t r a  ii t h e  A l .N , then , cons I sted of two of t Dc ’
- - 1.5  o f  130 w a  ~~

. - m i s . F’o r each w a v e f o r m , the t r u e  e n e r g y

t h i n  t i n -  ‘i ~- F i t -- p o 1 e -  l 3 ut t e r w o r t h  f i l t e r  passband (1  < w < 2 )  ‘

i s  i ’ ; e- : r  ( f r a n  I q i a t  ion ~~~. 10) .  T her e f o r e , f o r  each w a v e f o r m ,
a ~ 1—Ui e - i c - ~ j cii ~ t 1 ~e ) m; n e ’n t  v - ~~tur is obtained: 200 samples

- .1 t I c -  s ignal a r ° - t h e  i n p u t s  and  the t ru e ene rgy  is the  ou tpu t ,
or i - i - ’  ad  - i i  t , ~-a r i aD 1 -

a . 3 . 3  I ) \ \ B \ S I I’ \ k - \ M F  I R I  2 - \ T l ) \

- i Ii .  o r - d  - r 1 .  r ’ - i u a e ’  the n umber of i n p u t s  and , p o t e n t i a l l y, g e n e r a t e

rn- i- . ~- e - e n i n g t u 1  i n put - param eters of  the 200 s a m p l es  f r o m  each

w a ’ , f t -  s - re - - r r ip ~i t -c l .  These’ parameters we re arbitrarily chosen ,
a II (1 th e - i - .- i s  no r e a s on  to D el  l ov e  t h a t  they are t he  best , or

f-V on a ~:nd - - t . The d ’ t i n i t i o n s  a t  the 31 parameters are given

i n  -l c h i c  l~~. The w i d t h  of the 10 histogram bins were arbitrarily

a s .  0 t a 0.01 , 0 .01 to 0 .0 2 2 , 0 .022  to 0 . 0 4 7 , 0 . 0 4 7  t o

0 . l ~~~~, 0.11) I a 0 22 , 0 .2 2  to  0 . 4 7 , 0 . 4 7  to 1.0 , 1.0 to 2 . 2 , 2 . 2

ta -1 ,7 , arid 4.7 o ~~% 
-

I ‘ fi

________________________________________________ 
~~~~~~~~~~~~~~



1 - \ B i l .  12

WAV 1-Fi )R’1 l~\ I {AME T E RS

Descr~~pt  ion

1 200

1 Mean s i g n a l  v a l u e : x 3 = ~ö’~ ~ x.(m)
m=l ~

2 S t a n d a r d  d e v i a t io n  of s i g n a l  m e a n :

200
~~ ( x ( m )  -

L m=l

3 M a x i m u m  d e - v i , i .t  inn f r o m  s i g n a l  mean : d .  = m a x t x ~~( m )  — 

~j I
m=l , . .  . , 200

4 Mean ma~- n i t i i d c -  of point -to—po int difference:

200

d3 = Th~ I j x.(m) - x.(m - 1)J
r n — 2

5 Standard d e v i a t i o n  of p o i n t — t o — p i n t  e l )  f f . ’ r e - r - e c ’ s :

200

= 
m~2 

( Ix ~( m )  - x~~m - 1)1 -

6—15 Number of hits in each of 10 h i t s  eel th e l int —t ee — point
d i f f e r e n c e s  h i s t o g ram : x~~( m )  — x~~ (m - i )

16-25 Number of h i t s  in each of 10 bI n s  of 1 1 c c ’  s i~~i i a 1  d e v i a t i o n s
about mcan histogram : Ix~( m )  — x~1~

26—31 Second , third , and fourth m om en t s  af the two ab ov e  h i s t o grams .

15 7
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~) . 3 . -1 \ l  i~~a R K  R \ l \ I \( ;

The w i t h  i n — l ~~ n d  e - n . - r ~~i c - s  o f t h . -  130 si gna ls c o m p u t e d  f rom
Eq u a t i o n  9 . 8  v a r i e d  ove r a d y n a m i c  r an ge  of  g r e a t e r t h a n  12

decades.  S m e t -  t h e ’  ti e t i o rk t r a i n i n g  ~~~~~~~ s y n t h e s i z e s  f u n c t i o n s

w h i c h  m i n i m i ze s q u a r - d  - r n ’ ars  a nd i t  i s  desi  r a b l e  in  t h i s  e x a m p l e
prob lem to p r e d i c t  t he  s m a l l  e r i e r g i e - - ~ ( w i t h i n  t h e  p a s sb a n d )  very

a c c u r a t e l y ,  t h e  n e t w o r k  was t r a i r ’ - d  t o  p r e d i c t  t h e  log of t h e

energy  r a t h e r  t h a n  the  e n e r g y  i t s e l f :

y ,~ 
= 10 log 10e~ ( 9 . 1 2 )

In the  t r a i n i n g  p rocess , the first set of 130 s i g n a l s  was used to

synthesize the network . The second set of 130 s i g n a l s  was used

to avoid overfitting the polynomial energy estimation model.

The third set of 130 signals was used to e v a l u a te  the resultant

network pçrformance .

A block diagram of the resultant energy estimation system is

shown in Figure 57. The input signal s(t) is passed through a

preprocessor which extracts the 31 parameters. Th1s information

forms an input vector to the ALN , which then ‘-s ’ i m a t e s  t h e  log of the
energy . The antilog is computed to yield the estimated energy ,

e, within the desired passband.

9.3.5 RESULTS

- - --- p
The results of the network t r a i n i n g  are presented  in  two forms .
First , energy estimates for the signals of mixed frequencies were

accurate to within 5 dB on the average over a range of 60
dB. These accuracies are based on 130 mixed frequency signals

wh ich were not used in the network training process .

158

— — —
~~~~ 

- . - .. - - _  - 



it

4
0

C >’
o -~

“C

-5:
-‘3

159 

- . -  -

~~~~~~~~~

- -
- ‘- ~~~~~ - —_ !t .,7_,_. ___ 

~~___ — —_ _a ~_ — t- Sa



Second , energy estimates for the pure tone signals were estimated

within 6 dB on the average over a range- of 60 dB. These

accuracies are based on 50 single frequency signals which were

not used in the network training process .

I t  is also possible to plot  a Bode d iagram of the ratio of total

s i g n a l  e n e r gy  to t h e  e s t ima ted  energy w i t h i n  the  band .  This  was
done b y c o n s t r u c t i n g  s i n g l e  f r e q u e n c y  s inuso ids  ( I  1 in
in le l u a tion 9.18) with A~~1 O . 5 ~ ø . ~~O , and  K 0 .  The  f r e q u e n c y
term wa.~ then varied slowly from 0.2 to 10. The resultant signal

was pa rame tf ’r i zed , and i ts  t rue and e s t ima ted  e~ f o u n d  v ia
Equation 9.11 and the ALN function , respectively. Ideally, the

response would  resemble Figu:e 9 . 7 , except tha t  the  dec ib le  sca le

would be in terms of power rather than amplitude . The p l o t  f o r

the ALN system is shown in Figure 9.10. It can be seen in this

figure that the ALN energy estimator has in fact learned the
ovcrall tr~ nd , but that it is not as accurate as desired in

t h e  p a ssb a n d  reg ion .

T h e  p a i r  of  c u r v e s  ( F i g u r e  58) f o r  t h e  A I. N s y s t e m  i s  a m e a s u r e

of the phase sensitivity of the synthesized function . Th is
was e s t i m a t e d  by choosing s ix  e q u a l l y — sp a c e d  values  of ~ in the

range 0 to 21T fo r  each va lue  of w . Th i s  gave, for  each v a l u e
of w , six single- component sinusoids possessing the same frequency

but with different phases. Then , six values of t’me estimated

energy were obtained for each ~~~, and  t h e s e  w e r e  averaged. The mean

-~~~~~~~ p e n e r g y  p lus and minus its standard deviation ar- c actually plotted in

Fi gu re 58 , so t h a t , for e a c h  ~~~, the plotted uppe r value is e +

and  t he  l o w e r  v a l u e  i s  e -

e

Since these two values are so close for  all w , it was concluded
that the trained estimator is reasonably phase insensitive .
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Upon closer ex a m i n a t i o n  cit  the 130 s ig n a l s  used to t r a i n  the
p o l y n o m i a l  f u n c ti o n , i t  was f o u n d t h a t  less t h a n  15 percent  of

the  130 s i g n a l s  had any  a pp r e c i a b l e  a m p l i t u d e  in  t h e  passban d

re g i o n .  So , on t he  assumpt ion  t h a t  the p e r f o r m a n ce (Fi gure 9 . 10)

was due m a i n l y  to lack of app r o p r i a t e  t r a i n i ng  da t a , an a d d i t i o n a l

36 s i g n a l s  were g e n e r a t e d  and adde d to t h e  130 to fo rm a new ,

augmen ted  t r a i n i n g  set of 166 s i g n a l s .  The 36 new signals were

al l  s i ng l e  s i n u s o i d s  ( I  = 1 in E q u a t i o n  9 . 8 )  w i t h  the  f o l l o w i n g

characteristics :

K . = O f o r j = 1 , ..., 36

= 0

A. = Random uniform between 0.3 and 0.7

= 0.5 + (j—1)0.1: j  = 1, . . .,  36

Thus , the 36 new signals all had an average amplitude of 0.5

and were c e n t e r e d  a r o u n d  the  pa ssban d pos i t ion  of the overal l
f r e q u e n c y  range .

A new ALN was fou nd f rom th is tra in in g set and its perf orman ce
is given in Figure 59. Comparing Figures 58 and 59 illus-

t r a t e s  the  d r a m a t i c  e f f e c t  of c r ea t ing  the  energy es t ima te r  w i t h
a more appropriate training set. The assumption that the ALN

performan ce was dependent mainly on the availability of a repre-

sentative data base is confirmed . The error was reduced from 5
dB to 4 for mixed frequencies and from 6 dB to 3 for pure tones .

.~~

It is of interest to establish the e f f e c t  of add ing  s t i l l  more

data to the training set , but this was not done in the present

study .

The s t r u c t u r e  of the polynomial network (i.e. the net t ra ined  w i t h
the 36 ex t r a  s i g n a l s)  is shown in Fi g u r e  60.  The number of
elements used is 26 and the number of coefficients in the network

is 146.
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FI GURE 60: ALN FOR BAND PASS ENERGY PREDICTION SYSTEM
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\ b l o c k  diagr am of a t n v e n t  i an n  I e - r n - r g v  b a n d  - -~ I i m at - r I s :;hoa ii

I n F i i r e  I I t o r  ~ alicia t’a t I V  C 1) 1 1  i’p I )  S (‘S t o I i gu r e ~~I )  -

h l S C t l~~~I O \

Though t h e  i’i. c i l \ - ( - f l t  i an a l  s~ ~;t -ni i i- ; a more : c i e u r a t  e t n t  i m a t  i at

d c - ni r e d wave form pi- ope r-t y —— p a r t i c u l a r l y  w i t h i n  t h e -  fc~~ - :l a n ( I  — —
i t  was dc - ni g n e - d  w i t h  ~~~~~~~~ k n c w l e d t ~ o f  the tormu l :c for r r:i—
put  I n g t ho enc ’ t -gy par arn e t e r  - The n e - t  w ; i r k  s~’st em Wa:  d - ; -  I e -

by a fully automated process which had no a p r i o r i  kno v. I (1~ ’ - o f

any formula for  t h e  parami-t er. The ne t w o r k  t r a i n i n g  algari hm

sy n th e s Lz e- d  i t s  own f o r m u la  f rom c-ap i n eal dat a - The m a t  t - r na t i r a ]

e q u a t i o n s  of t he  n e t w o r k  s y s t e m  appe a r  t o  l ie s i g i l l  t i c : i t i t  i v  d i f -

f e r e n t  I run t lien-a .- of t h e  c o n v e n t  l a n a i  n y - i t c - r n , h u t  t he r e -  i i  t s

are comparable.

The e f f e c t  ,of t h e  ALN fi lteri rig action can la vi e~~c i - i l  i n  t h -  t ne

domain  in t h e  f o l l o w i n g  way . A s i g n a l  t o  h i ’  I i i t  c - r e d  C I I I  I c e -  g e n  -

crated from Eq uation 9.8 as:

I
x(t) = A. sin(u .t + ~~

) + K.
in

The a m p l i t u d e  f a c t o r s , A . ,  s h o u l d  p r o p e r l y  h e -  w r i t t e n  in t he  ( f in e

d o m a k n  ii; \ .  ( t)  - In t h e  t’requeii cv d o m a i n , t h e s e  m a g n i t u d e s  I r e  \ .  (e~

The e f f ec t  of t h e  ALN f i l t e r  is to a l t e r  these magnitud es as:

A 1(~~) = A . ( U ) ) H ( 0 )

where, I H(w) is the magnitude from the Rode plot of the ALN
filter. Ideally, 11 (U)) would re semble Figure 55 m r  the c-

of inte rest. In a ctuality, these values ar e  o b t a i n e d  f r o m
Fi gure 59.
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In order to reconstruct the signal , x(t), and to observe the
filtering effect , the time domain—representation of AjCe~) are

found and:

I

x ’(t) = ~~ A s i n ( w . t  + q i )  + K.
1=1

One comparison between x(U) and x ’(t) would  be t h e i r  cross
correlation.
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9.4 CONCLUS I ONS

The ALN training procedure is a very powerful tool for synthesizing

a nonl inear filter to estimate a waveform parameter whose pre—

cise mathematical definition is not known a priori but is

i n h e r e n t l y  represented w i t h i n  empi r i ca l  da ta .

ALN systems have the advantage that they fall within the trans-

versal filter category and thus do not have round—off accuracy

and numerical stability problems often associated with recursive

filters and particularly nonlinear recursive systems .

Another advantage of the ALN system is that it is trainable via

a flexible software/hardware configuration . This means that the

same hardware can be c o n f i g u r e d  to extract  s ignal  parameters
and to solve problems that arise from time to time . Therefore ,

their usefulness is not limited to preprogrammed and structured
a1gori th ms’

H
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S E C T I O N  X

NON-POLYNOMI A L PREPROCESSOR FUNC TIONS

10_ i INTRODUCTION

The present element circuitry developed by RCA under Contract

F33615-73—C-1089 is capable of computing the following mathe-

matical functions :

I ’l :  y a 0 + a 1x1
P2: y = a0 + a

1
x

1 
+ a2x2 + a3x1x2

P3: y = a0 + a1x1 + a2x2 + a3x1x2 + a4x1
2 

+ a
5

x
2

2

These functions may be uzted as building blocks for many—variab le ,

high degree polynomials and are thus suitable for the computation

of polynomial networks and for many preprocessing functions.

However ; there are several types of preprocessing functions which
are typically used in waveform processing applications where

polynomial networks are used but which cannot be computed within

the present element design .

It is desitable to augment the computing capabilities of the

present element so that all preprocessing and network computations
may be ’ performed in the same piece of hardware. The fo11owin~
f u n c t i on s  are o~~~en used in signal processing applications:

(a) Counting the number of zero crossings in a time series.
(b) Countin g the number of threshold crossings in a time

SC!’ I es.
( c )  F ind ing  the peak value of a t ime series .
(d) Rectification .
(e) Hard limiting.

• (f) Sign detection.
( g )  Var i ab le  threshold detect ion .
( h )  Dual threshold detection .

This section presents preliminar y functional designs , circuit
diagrams , and timing diagrams for the above functions. All func—

‘ t ions  have been combined into a single computat ional  u n i t  to mini -
mize to ta l  c i r c u i t r y . The f u n c t i o n s  Include processing on two ’ s
complement , 24-bit f ixed  point words .
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The objecti ve of the work is to p rov ide a basel ine des ig n fo r  a
nonp (clynomia] processor which would ultimately undergo large

s c a l e  i n t e g r a t i o n  f o r  use a long  w i t h  t h e  p o l y n o m i a l  p rocessor .

The circuitry contains approximately 3 ,100 equivalent gates.

It is estimated that approximatel y 2 ,000 additional gates would

be required to expand the unit with exponent logic to provide a

full floating point capability.

10.2 FUNCTIONAL DESCRIPT ION

Since  t h e  p o l y n o m i a l  e]emen t  is des igned  to r e c e i v e  e igh t d a t a

inputs simultaneously, the nonpolynomial logic is configured the

same way to provide maximum compatibility. The eight inputs

are word parallel , bit serial. The eight input words are stored

in a set of eigh L twenty— five bit registers. The twenty -fifth
bit , at the leading edge of the word , is a repetition of the

s i g n  b i t  and is used to p r e v e n t  o v e r f l o w  when a d d i n g  two ‘S comple-

m e n t  t w e n t y — f o u r  b i t  words .

The typical computation cycle for the nonpolynomial logic consists

of a data  in pu t subcyc le whe re the e ig ht  wor ds are clocked in
in parallel with a series of 25 clocks , and an output subcycle

where the selected function is simultaneously computed and clocked

out with a series of “ clocks.  The computa tion al f orm wh ich
implements these two subcy cles is shown in Fi g. 62.

In ,general , each of the functions of the nonpolynomial processor

requires several full cycles to process a waveform . With one

exception (rectification), the first cycle on any time series

anal ysis Is an initia]ization cycle and consists of loading the

analysis parameters , e.g. , thresholds or limiting values . The
subsequent cycles involve the loading and proc essing of the time

series data.
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Thti-t’e are five rei~i s t e  - i- s  f o r  t h e  st o r a~~e -  a t  a mc I y n  I S pararn et. - I - n -

Some f u n c t i o n s , f a t -  ex a m p l e  t h e  ze ro -r ssing (-olint er , requl I- u th ie f.

cumul  a t  i vu resu It s  be ma i n  t a  i nec ) over  several ‘ryl- I us’ of pin 0 1- 5 5—

i n g .  There  are fine r i - g i s t e - r s  f o r  i n t e r m e d i a t e  r e s ul t s  s t o r a g e .

Thus , t h e r e  are’ a t o t a l  of t w e n t y — t w o  d a t a  s tor a g e  r e -v  I sters ——

e i g h t  f o r  t i m e  series d a t a , f i v e  f o r  a n a l y s i s  p a r a m e t e r s , and  n i n e

for i r i t e - i ’ r t i e - d i a t e -  re s u l t s .

For c o n si s t e n c y  of ap e - r a t i o n , a common set of c locks  is used f o r

a l l  f u n c t i o n s  and i s  used on b o t h  i n i t i a l i z a t i o n  and p r o c e s s i n g

c y c l e s .

lO .~ LOGIC uJ- :sco,IPTI c-N

The logic- diagrams for the nonpolynomial processor are show n i n

Fi gur es (4 throug h 70 ( a t  t h e  e n d  o f  t h i s  s e c t io n ) .  Descri p t i o n s

of the logic for the individual functions are presented i n  t h i s  se ct  j o . .

-\ t iming d iac ~ram for thu clocks is shown in Fi g. (3 . D e f i n i t i o n s

for  each of t he  c locks  are as follows :

— 24 pulse train to clock d a t a  in to  the  processor .
(The input data are stored in the data input
reg is te rs  on Figure  3 .)

Csb — S i n g l e  pu l se  on i n p u t  s ub cy c l e  w h i c h  c locks  I h e -
in sign hit of the incoming data into sign bit

storage flip-flops (see Figure 4). Occurs
sim u l t a n e o u s l y  w i t h  24 th C m pulse .

C1~~
’ - The 25th clock on the input subcycle; Repeats

the sign bit; Occurs immediately after the 24th c1~pulse .
— Occurs immediately after C. ’ . Is a single pulse.

(Not u s ed ) .

C0~~ 
— 2~1 pulst- train to clock out result of nonpoly-

nomial processor. Occurs after C . ”
C b - Clocks the sign bit into i n t e r m e - l i a t c ’  storage .

S 
out Occurs simu ltaneousl y w i th  2 4t h  Cout pulse .

C l e a r  - Clears logic for next cycle. Occurs immediat el y
pr ior to C. -in
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T h t -  c - 1 - P T  l u n e t  i o n s  s p e c i f i e d  i n  S e c t io n  1 m a y  t o -  i r r ~p I . - ’ ~- e - r I i e - d

w i t h  f i v e -  l og i c  - I’ i l ~~~S.  C o u n t  in g  t h e  n u m b e r  o f  ze ro e - r o :~ s i n g s

i s  d o n e -  W i t h  t h e  t h r e s h o l d  c ’ro s s ing  c o u n t  1og ic -  by  se - I ting he

thre-st -~eld t o  zero . S i g n  detect ion and t h r e s h o l d  del  I-c t ion a re

p e - t - f o r - r i a -~ with the dual threshold detection by setting both

thresholds to th e ’ ~ a m e -  v a l u e  to o b t a i n  t h r e s h o l d  d e t e c t i o n , and

Se t t i : i g  h - t h  t h e  t h r e s h o l d s  to zero to o b t a i n  s ign  d e t e c t i o n .

T h e -  f i ve d i t f e - e ti t functions are specified by a three—b it control

word  as f o l l o w s :

F u r e e - t op Schematic
S e l e c t  l i n e - s  Function Designations

000 Count  t h r e s h o l d  c ross ings  FTC
001 Find peak value FYMAX

010 R e c t i f i c a t i on  FRECT

Oil Hard limiting FilL

100 Dual threshold detection FDTD

l~ i e  l o g i c  c o n t r o l l i n g  t h e  f u n c t i o n  s e l e c t  i s  s h o w n  i n  F i g u r e  7 0 .

1 0 . 3 . 1  CO U ’~i 1NG THE NtJ f - I E I R  OF Th R E S h O L D  C R O S S I N G S  IN A T IME SERIES

‘I wo t y p e s  of  i n p u t  da ta ar(- - required to compute the number of

threshold (-rossings in a time sei-ies : the threshold value and

the t i n e  series samples . The threshold is input the processor

on the initial cycle , and the series data is input sequentiall y,

in groups of eight , on the subsequent cycles .

The initialize cycle is so noted by setting thc- initial i ze line

high during the input subcycle. The threshold is input on the

first of the eight data input lines and the initialize line will

cause it to be stored in t h e  first parameter storage register

shown in 1 -i gure 6- 1 . The cumulative crossing register shown on the

io~ ex - c i g ht port i o n  o t  I - i e ~c c r c  t~~t is iso set to :ero on the i n i t i a l —

i z c -  c y c le .
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On t lie se (-ond cyc le , t t i e  f i r~-~ I c’ igh  t t I n e -  sauipl , -i— i -a re ;  in pu t  to the

c i g h ; d a t a  l i n e s .  -\s sho sn in }i g u r c  ‘ ( l e f t  s i h - )  , t h e  t h r e s h o l d

i s  s u b t r a c t e d  I roo e a c h  of t h e  e i j l i t  d a t  a wo r d s .  T h i s  c o m p u ta t i o n

occurs on the input sulicycle . T h e -  s i g n s  of  t h e  r e s u l t a n t  s u b t r a c —

t ions , w h i c h  i n d ic a t e  w h e t h e r  e a c h  s i g n a l  i s  above or below the

t h r e s h o l d , a re  s t o r e d  i n  a set of eight flip—flops .

-\ s  sh o s n  in  Fi g u r e  ( - 6 , t h r e s h o l d  c r o s - i  i n g s  a r e  d e t e c t e d  b y  a S e n  c-s

of e x c l u s i v e - o r  ga te s  w h i c h  d e t e c t , between one data point and the

nex t , a change ’ in t h -  sign bit. If t h e  s i g n  b i t  hetv ,~~en two suc-

cessive data points does chang e , i t  i n d i c a t e s  t h a t  the s igna l
cr ossed t h e  t h r e s h o l d  b e t w een  t hose  two p o i nt s  and the  cross ing

count should be incremented .

Four three-bit adders are used to c o u n t  up to seven cross ings
between the eight data points. This sum is added to the cumulative

threshold crossing register on the o u t p u t  subcycle. The new

cumulative is passed to the processor outpu t logic for use when

the time seHes is complete and is also passed back into the cumu—

lative reg ister for use on the next cycle if the series is not

c o m p l e t e .  I n t e r m e d i a t e  sums may be read  o u t  i f  so des i red  by the

host processor.

Note that although time series data points 1 through 8 were input

on the first data cycle , points 8 through 15 must be input on the

subsequent cycle. The eighth point from one cycle must be repeated

as the first on the next cycle so that a crossing between that
point and the nex t one in the time series may be detected .

1 0 . 3 . 2 F INDING THE PEAK VA t UI .  OF A TIME S E R I h . S

Like the threshold crossing counter , the  peak v a lue detector
operates on sequential portions of the time series . However , the
data sequ en c e  may be modified . For the peak value detector , the
first eight samples , x 1 through x8, are input - to the non polynom ial
logic on the first cycle , x9 through x16 on the second cycle and
so forth.

t 173

— - ~~~~~~~~ 
gWgg .,...,: - t ’~ - . - -S-t r~~~~..l~ .~~~~~~~



The peak v a l u e  r e g i s t e r , a t  t h e  r i g h t  s i d e  of Fi g u r e  66 iS Set

to the smallest possible negative number (_2 23) on the initialize

cycle.

The peak value function operates in a pipe—line decision-tree fashion

where there are four levels of decision making. In the  f i r s t  level ,
four pairs of data are compared to find four pairwise maxima.

In the second level , two four-way maxima are found , and in the

t h i r d  level , t h e  e i g h t - w a y  m a x i m u m  is f o u n d .  The f o u r t h  dec i s ion

l evel invo lves  the comparison of the  e igh t -way  maximum and the
pr ior  t ime  series m a x i m u m  (peak  va lue , r e g i s t e r ) .

Though t h e r e  are f o u r  dec is ion  levels , the  dec i s ion  f u n c t i o n s

overlap in computation cycles . While the eight input data words

a r e  b e i n g  i n p u t  to  t h e  ei g ht  b u f f e r  r e g i s t e r s , F i g u r e  64 , t h e y

are simultaneously input to four pairwise comparitors , Fi gu r e  66 ,

and being compared . On the computation cycle (the comparison

having actually been made on the  i n g u t  su b c y ci e ) ,  t he  h i g h e r  of

each pairwise data is se lec ted  fo r  t r a n s m i s s i o n  to t h e  second

decision level.

Thc- second leve l  is desig ned t he  same as the  f i r s t ; however , t h e

input cycle to the second level corresponds (in time ) to the

o u t p u t  cyc le  of t h ’ -  f i r s t  l e v e l .  S i m i l a r l y ,  t he  t h i r d  level  i n p u t

cyole - re r-r -sponds to the second level output cycle , and the fourth

l e - ’.-e l input cycle corresponds to the third level outpu t cycle.

b .- n ’ ’ ~~‘ 
t a v  f r u n ~ ~h . -  e - i g h t  d a t a  word i n p u t  to t h e  f o u r t h  level

~~~. t a - -  and c u e—half eye - h e - s . Thus after the original time

- -
~~øfl p t~~ ’ P V’ , t W O  :,d iI  I t  i - t i e )  input — cOl t p u t  cy c l e s  mus t  be

-I ‘~.-t- .r i th. r s r , . l  ‘pu ’ r e s u l t  haS l e e - c - I l  iercecc -ssed t h r o u g h

- 
~~~
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10.3.3 R E C T I F I C A T I O N

The r e c t i f i c a t i o n  f u n c t i o n  s imp ly  inve r t s  nega t ive  numbers to
make them positive . Eight data words are processed in parallel

on each cycle. No i n i t i a l i z a t i o n  c y c l e  is r e q u i r e d .

On the input  subcycle , the  sign bits of the  da ta are stored in th e
f l i p - f l o p s  s h o w n  on Fi g u r e  6 5 .  T h e  d a t a  o u t p u t s  a r e  c o n t r o l l e d

by these sign bits. If the sign is positive (0), the data is
clocked out from the input register as it was input . If the sign

was negative (1), all  the bits are inverted and ser ia l ly  added
to 00.. .01 , to give the rectified value.

10.3 .4 HARD LIMITING

The hard l i m i t i n g  f u n c t i o n  takes a t ime series input and produces
a t ime  series output  which  is equal to the input unless the input
va lue  exceeds an upp er thresho ld , TU , or is less than a lower

threshold , TL.

On the initialization cycle , the limiting values are placed in

corresponding paramete r  s to rage  r e g i s t e r s , .  Fi gu re  6 ? .

TU and TL are gated from the f irst an d secon d data inputs
respectively.

Success ive cyc les produce the hard l im ited valu es from the  t ime
series data. The time series data are stored in the data input

reg isters , Fi gure 62 , and are simultaneously subtracted from the

upper and lower limits , as shown in Fi gure 65 . The si gn bits of the

resultant subtractions are clocked into fli p-flops , Fi gure 65 ,

and are used to control the data output , Fi gure 68. If x 1 is

greater than the upper limit , the sign of x 1 —TU will be positive

(sign bit equal to 0), and the upper l i m i t  va lue  TU w i l l  be

clocked out as y,. If x1 is less than the lower l i m i t , t he  ou tpu t

y 1 wi-li be equal to the lower limit TL. If neither of those

cond itions exist , x . is between the  l im its , and y 1 will be equal to
x i .
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10.3.5 DUAL THRESHOLD DETECTION

In dual threshold detection , the output  y
1 
is A , B, or C ,

depending upon whether  the  input  x 1 is above an upper threshold ,

between the upper and lower thresholds, or below the  lower thresh-

old. The values of A , B , C , (typically (+1 , 0, -1) are user

speci f ied  on the initialization cycle , along with the thresholds

TU and TL. TU and TL are put in via the first two data inputs ,

respectively, an d A , B , and C are put in through inputs 3 , 4. and 5.

The time series data are input in groups of eight on successive

cycles. As shown in Fi gure 65 , TU and TL are simultaneously sub-

tracted from each of the data words , and the result ng sign bits

indicate whether the data is above the threshold (sign bit

posi t ive , 0) or below (sign bit negative , 1). The subtract ion

and sign bit storage are accomplished on the input subcycle .

The values A , B , or C are clocked out on the output cycle accord-

ing to the resulting subtraction sign bits. If is greater than

TU , A is clocked out . If x1 is less than TL, C is clocked
out. If neither of those conditions exist , x 1 is between the

thresholds and B is clocked out.

10.3.6 SIMULTANEOUS OPERAT ION OF MULTIPLE FUNCTIONS

The way the logic is configured , it is possible to perform some
of the funct ions simultaneously. The data from a time series

may be processed once and the following combination of functions
may be computed in parallel:

• Count of threshold crossings

• Find the peak value

• One of f o l l o w i n g  three :
— Rectification
— Hard limiting
- Dual thresholding
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This s i m u l t a n e o u s  processing is possible because separate logic
is used to compute the different functions , and because the threshold-

crossing-count and peak—value data need not be output until after

the whole time waveform has been processed .

As the waveform is being processed , t he  rect i f ied , limited , or
thresholded t ime  w a v e f o r m  may he ou tpu t  by a p p r o p r i a t e  contro l
of the funct ion select lines . After the waveform has been pro-

cessed , the function select lines may be modified on the subse-

quent cycle to obtain the threshold crossings. On the third cycle

after the processing, the waveform peak value will be available.

It must be noted , however , when performing multiple functions

simultaneously, that the input data  sequence be p rope r ly  handled .
In the above example , the data sequence is dictated by the threshold

crossing protocol , where the last data point on one cycle is

duplicated on the first point on the next. This will not impact

the results of the peak detection logic , but  care must be taken
in handling the output waveform because of the data duplication .

Significant time savings may be achieved by simultaneous computa-

t ion of the f u n c t ions.

p
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S E C T I O N  XI

SU M MAR Y AND CONCLUS IONS

Metho ds fo r i mp le ment i ng ele ments  u s i ng a v a i l a b l e  LSI technology and capable

of eff icient realization of a family of multinomial expressions have been

explored. These elements. confi gur ab e in array s, represen t a net-i mean s fi~ r

the hardware solution to a variety of signal processing problems . Re li evi r~

so ftwa re requ ir eme n ts a nd p rov i d in g for  a wide range of h i gh speed , real t ime

solut ions, the resultant Configurable Polynomial Array (CPA) is app lic ab l~ t

both conve ntional known linear transform ations and processing (suLh as the FFT)

as well as non-l inear transformations derived by training al gorithms for t~i~-

rea l izat ions of Adaptive Learning Netoworks (ALN ’ s). These CPA s th ’~r r e p  p . - p t

a means f or performing all of the critical processin g functions associate~1 ~n

c lass i f i ca t i on , discriminati on, modeling , ident i f icat ion or recogn i t ion ty ~~r

prob lems . In the performance of such functions, the CPA is much faster th,in

programmed , serial computers whi le rel ieving software problems assoc ia t r ~ w i t h

complex signal processing.

Al ternative architectural approache s for implementing elements were shown a v id

compared as a function of calculating prec isions. These approache s were bas ica ll ,

character ized by whether they used all-parallel or s erial -parallel m u l t 1 r . li i e~s ,

their control structure (hard-wired or micro -processor), and whether they we

to be used in a multiplexed r fully populated array mode.

Supporting precision requirements investi gation and analysis showed (
~~‘ Ih ~ - r ’

and simulations) the app lication areas of relatively small word lengths (12 to

16 bit s , fixed point) up to 32-bit floating point notation.
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To re i 1 i~~e one of toe inure t lexi b le and efficient element approaches , a

I t sen al — dru te l  cMUJSOS multi pl ier W d S  de iyned mi d fatiri Cd t e l

or u~e in trm~ un .t is s i  ~roc esso r of an ele ment , capable at eva luat i ur  ot

an . one of a fami ly of 5 mult inomi a l exp re~~ ions. Li~j r t  of thes e c i r nu i t ~~
along w ith otne~ I~ and MU~ parts and working n conj~ n ut i o n  w~ th a rt

~3 - t i t  f1uat~rtg poin ~ pro .essor mere assemb l ed into a brass hoard for

deII1on~ tr dL j uI of ~~ CPA element concept. Related software and hardware ,

r intejra t~ n~ t i l s brassbo ard , with an HP21MX was also developed .

The ~jor conclu si u n s  of this project are :

1) C PA ’ s are V~~i’y wel l  suited to signal and image processing
applications. Because of their electronic configurability ,
they can pe r r o rn in  nea rly all of the bulk ar it hmetic opera-
tions needed in such processing, and when used in distributed-
functio n net , :or ks they can provide extremely fast solutions
that would require much more time using “general purpose , ’
1 . e., predominantly serial , computations.

2) The principal functions for which CPA ’s shoul d be confiq-
urable are pHmanily 5 expressions (Section II , Ta b le 1) .

3) Three nomina l CPA architectures have emerged as being the
most effective and mutually complementary for realization
of CPA func tions (Section VI)

a) A fast , very precise CPA having b - 10 us. throughput
and u iriy fixed -point arithmetic with 24-bit mantissas ,
as cdlled for by many real-time signal processing tasks.
(A second version of the CPA would incorpora te floating -
point arithmetic capabili ty). The precision of this
CPA is suitable for networks having five to ten l ayers
of parallel distributed functions.

b) A vet~ fast , moderately precise CPA having 1 - 2 us.
throughput and using fixed-po int arithmetic with 16-bit
mantissas. This precision is suitable for networks
hav ing less than five l ayers of parallel functions

c) A m inimum power consumption, low precision CPA having
vol tage con trol of throughput time (to conserve energy )
betw ~~ r 10 us. and 1 ms. and using fixed-point arith-
netic w i th  eight-bit mantissa s . This precision is

188

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



sui t d t l e  tur n e  L~ or~ ~ h~iv i  fly d S~ ~j ie  layer of  paral le l
• functions , i~ an output a c c Ord of f our Hts is suf f ic ient .

This  CPA a l s o  ~~dy be u~~ i i i i  v e t v ~or~s havinrj two (and
perhaps up to four ) lu,t~r~ i f  u t  Out H i t, accur acy of one

• b i t  is acceptable ,  us in pa i rw is ~ v o t i ny d isc r i n i nar i t
fun ct ioni~ for s ignal  c l a s s j f i e r ~

A si gnal processing concept in which i ~o n f i yurable polynomial bui lding

Liock can be considered as a rn~~ ru ” has been demo nstr uteJ . The avai labi l i ty

of a fam ily of such blocks arid their use in arrays w i l l  provide improved

tools for a variety of Av ion ics  signal processing requirements. T he

realizations of true parallel array processing embodying distributed logic-

memory elements will provide improved problem solving capability in conventional

as well as adap tive transformation networks.

Fu ture tasks can now confidently be addressed in the areas of multipl e

element real izations under a common processor controller to demonstrate

previously unatt ainable throughputs together with ease of software and

hardware mechan i zati on for many impor tant sig nal process i ng problems .
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APPLND IX A

• THEORY A ND APPLICATION OF
• C Y B E R N E T I C  ~Y S T F M S :  AN O V E R V I E W

Roger L . Birron

A d a p t r o n i c s , Inc.
McLean , V i  r~ n ii 22101

Abstract

Ma jor  aspec ts  of the theory  and a pp l i -  in pure sc ience , but in most other endeav-
cation of cy bernetic system s are sunitiarized ors the main object is to creat ’ systems
in this paper. The principa l top ics di s - that work. And in these endeavors , the
cussed are: methods for synthesis of old luxury of treating a n a l y t i c a l l y  trac-
trainable networks to mode l re l ationshi o s table problems can lead to failure .
in their environment , self-organizing con- Ne i ther is it e ntirel y safe to rel y
tro l techni ques , guided random search on l aboratory experimentation . T ’~ arti-(optimization ) procedures that adjust pa- fic i a l  eiv i rnnme’” does not alway s rep li-
rameters in adaptive systems , hardware 

~at~ the comp l e x i t ” s  ‘~f t e  real world.
trends , and results of represertati v e
applicati ons. An attempt is made to pre - Faced wi t h  the challenge 0$ m odeling,
sent past and current deve l opments i control , and adaptation of complex pro-
their historical context . c c s s~’s , it seems that our paradi gn must be

more than a method contrived by man ’s
brain , it must be the operation of the

1 . Introduction brain (or central nervous system ) it s e l t .
The brain , i)ne of Nature ’s more’ remarkabl e

Cybernetic systems are goa l directed , desi gns , is an existence proo f that ultra-
employ ing information feedback to ass~ ss s t a b i l i t y  can work in complex process’ s .
the deg ree of goa l attainment. They ar,
ultrastab le processes , that is , these Cy b~ rnetic s is th~ science of how th r
systems become adapted to a problem env i - brain perfor is and how its worki ngs can b
ronment by acting selectively t oward re- ,al iz e d ii the ir ian i at t part s of ss-~tems .
sponses of importan t variables observed as
interna l parameters of the system are The theor y of cy bernetic sy s t en s is
changed. L8 ,35] s t i l l  fragmentary, althoug h it is gradu-

a l l y being placed on a ri gorous foot i ng,
Realization of major cy bernetic sys- n articu l arly by lvakhnenko , Rastri g in , andt n’s involves a number of important siib j~~ct other investi gators in the Soviet Union .

• areas , chief among them being the mode l ‘NY. Even thoug h the runc t ;on i ng of the brain
control , and adaptation of comp l ex pro- and p rocedures for copy ing th is funct ion-
cesses. Traditionally, in theoretica l ing in phys i ca l systems are on? y p a r t i a l l y
science and eng ineering, these top i cs have perce i ved , there is presently very rapid
been dealt with by reasoning directl y f rom progress in applicat i ons work. Many of
underly in g physica l p r i n ciples , derivin g the things being done today were only
equations that express the anal y tica l con- talked about ten years ago. Cybernetics
clusion s . These conclusions have then
been compared with experimental findin gs , 

i s beg inning to make an i n d e l i b l e  imprint
on eng ineerin g systems . The overview pre-

and where agreement is lackin g there has sented here is an attempt to record the
been a stimulus for new advances in the ijiost important things that are happwning
theory. It is often taug ht that this and to identif y the tr en ds in these events .
sc ient i f i c  method ’ holds the key to solu-

tion of most technolog i ca l prob l ems . 2. Early History of Cybernetics
However , i t  is bein g found that com-

plex processes are not entirely tractable Refs . 1- 18 are milestones in the

It need not be argued that the “sc i e n t i f i c  theory. An essential thread woven throug h
when approached in the t raditi ona l way , ea r l y  deve l opment of modern cybernetics

method’ is wrong, bu t onl y that its domain all of these references is that determinis-
of enp loymer it has been too narrow . Tech- tic  rules of behavior , while they sometimes
nolog ists have mistakenl y assumed that appl y in the large , do not appear to govern

form ana l ytica l repres entations for al l  solving by the brain. At these levels ,
“being scientific ” meant achievin g closed- microscopic levels of ac t i v i t y  in problem

processes of interest. This may be ~~~ the laws of cha n ce irneral l y dom inate ,
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W i  t i c  — j t c t  I~ I- , — i i n ~ c c l  n r t c t I i l i t  h- f e  ing s y s t e n s  on a i n -  r i qo rous foicnda t io n ,
h, p r inc I ‘er han I Sm i n  j u i ~~~~~~ of  The work of Lee 21 — ~~t and G i 1 st rap 21 —

n - i d i n ’s S au l - I c - s  . 24 , 30,33 W & 5 oar t i Cu ar I y no tab le  dur ing
the earl y 1960’s .

t I hi a in is , -  (1 s-i, d w i t I i- -c n o
var i n t y  ~ f Is - i  - or , t h i s  i i ’ hness of ac- Contributions by I va khneiiko [29, 38 ] .

V i  t 000.ir ( rc t I y be i nd t ic ,  ‘so It of u i 1 st rap 36 Mucciard i 35 , 391 , and
0 $  at s t ca II y — toni t ro I led tn r na I Bar ron 37 in t he late ‘60’ s and ear I y
states. T h us , depe dhcq on bias levels ‘70’ s eniphasized establishment of a
c i  t h i n  its in rons and n j  10’ a i c r e q a t e s  , systemat i c methodology for s ynthes is of
the brain car r e i l i z c  a h i yh l5 predictable cybernetic systems . This m ethodology
in o c i ’ - o u t a t resoorise at one monnier,t , and at w i l l  now he outlined.

ic t e s t  I is tant i t s  bchav i c r  can be er-
ie ly s pO r t dnic ouS • - F i r i n g  very I i t t Ic 4 . Mode l i ng v i a  Ada pt i ye

oh- ious r n - I  at  c r ~~~F r p t nvi i ,r~ nc- nta I Learn ing  Networks
f a c t o r s .

On t I c . ~i c r a g e , th ac t  i v i t i e s  of the A cy be rne t i c  sy ten o p e r a t e s  w i t h  a

b r a i n  ar t - gu i ded by i t ~ objective of goa l goal that is to be f u l f i l l e d  at a fat-ire
time . Gi l strap 36’ as Shown t h at thea t t a ~~r -  t .  Withou t getting into the psy- types of functions t a t  must be imp leme n-

- i  ~cc al s and sub-goals , goa l Se- ted in such a sys tem are a pr ed i c to r , artI & r t i 6 n , a iF t Ic interplay between con- objective function for assessment of per-il ct m y goa t s , consider how the brain forrnance of the system , and a decisionor d i n  i t s e l f  v i s - a-vi s a g iven goal. rule for selection be tween alternat ivePa rt I, by pre~ condi~ conin g and par t l y  by actions . The predictor p la ys a v i ta l
‘c c  l t c t  u n  b iasin g , the brain establishes role; it anticipates how closel y th e goaldata tran sfrc r ’ -at i ons , niakes inferences w i l l  be satisfied if the system pursues aa li t its n r r v i r O n c r n t , dec ides between al-
ternati ,es . and i n i t i a t e s  actions , largely give n p lan of action . The predictor thus

allows prompt correction of system actions
i icr th , dom i nance of the goa l at hand , following a disturbance or change in theThis goa l can be . in many cases , simply
stated , and the degree of goa l f u l f i l l m e n t  goal .
u s then si c - p l y  gacieo. Other times the goa l Althoug h many for m s of predictor are
is in c u r-d in g h y complex. But a character- candidates for cybernetic systems , those
i St It o f a l l  goa Is i s t hat t h e i r  mathema t I - of greatest u t i l i t y  are the adapt ive
cal description is of a much lower dimen - predictors wh i ch learn from past experi-
S i c )  al ty th an the actions needed to fu l- ence . These predictors mode l future-
~ i II  r h , - In simpl e st extr rr ’ e- , the rate output vs . present -input relationshi ps
of goal a t t a i r r r c - e r , t  becomes a scalar for the goal-directed system , us i ng

in  (e.g., rate of food intake), recorded da ta from pas t obse rva ti ons .
w h i l  1i directed a c t i v i t y  s t i l l  has very Because the adaptive pred ictive trans-
• a ’ - y  ,- ar a b l i s .  formations can be created d irectl y from

Th~ early • rc y i r ieerin g applications of observations ard are not necessarily sub-

C~~b c r e  tic s were rather l i m i t e d , but the ject to a priori assumptions , these pre-
dic tors are po te nt i a l l y as accurate asL a - i c  p r i n c i p l e  of pr o b a b i l i s t i c a l l y-con - basic measurements permit .t r o ll e d stat s directed via feedback

n~:aSc r , s of goa l atta inment , thereb y cre- However , a powerful modeling meth-
at ing rich , on e-- into- m any, d ynamic trans- odology is required if the full potential
Ic r a t  ions r i  thin art i f i c i a I brains , be- of adaptive predictors is to be real i zed .
r a n -  w e l l  establish ed in  the literature of Multi p le linear regression has been tried
this fi Id by 1960. in many app l i ca t i o n s , but has been found

deficient in the followi ng particulars:
3. Re -ce -nt History of Cybernetics (1) the mode l must be linear in its

unknown coefficients and , there-
In retrospect , 1960 was a watershed fore , its mathe m atica l structure

co r in t~ rc de~ clop rnent of cybernetics .
At that t i c . , eng in e ers began to turn to mu st be ass umed ~ prio r i;
this - r r h r  y o r i c  science for help in the so- (2) the numbe r of data points must
l ot ~~~r i f  several challeng ing problems in exceed the degrees of freedom
t h n- dn r-~~gn of physica l systems . One of of the model;
the f rst p roblems treated was that of ’ ob- (3 )  the data structures used cannotta m ing improved adapt lye control of f l i g ht be multi rn odal; andv - hi d es 8arron in 28, 31 ; Gw i nc n and

• Barron , ~~~ Another was rapid p rediction (1+) the least-square-error fitting
of r n - e n t r y  object trajectories . ‘Sny der , criterion must be used exclu-
Barron . en a l ., 25; Gilstrap, 33 ~ A o ng sivel y
w ith work toward these app l icationts , e f f o r ts
w, re i p t c n s i f i e d  t o  place the theory of Techniques for nonlinear network

o rr ib abi lis tica ll y-co nt ro l led cy bernetic modeling have been developed that elim -
inate these problems . r2 5 , 29,30 ,33,35-38]
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The paper by A , N. Mucc i a rd i  in th is con- c l t n s t n r i n g  a l q o r i t - m  r39 is c e - i  t o  i r
f O r e - c u r e  i s  ar c examp le of the use of these sure tn. t u-ac ’ of t rie ’d- ‘, c i h , t  ‘, CO- - t a r  c5

new tec c c , i  iques . The pri nci pa l s teps  in -i ba lanced re p rese nt  it  ion of t he  t r , t  ~n l

the mode l rig methodology are : dat a base: t - n- c o .  t i t  c e - i t  p0 c i t s  w i t i r ,
each nuode ( c i  u s t e r )  of t i ’  pa , .nrc e - t e r i z e d

( 1 )  a c q u i s i t ion of data;  data  sho uld  he d i s t r i b u t e d  i n  d

(2) data param eter i7ation; ratio among the -, i h r ’.t - t S , Clustering a-al -
y s i s also rc’ vnj.j I~~ i f  t - ’ - ch a racteri stics( 3 )  par t  i t  ion i ng of data base; i f  t - n - id ea s a red prc c - s s  ‘ c i - r i -  - t - i t  ui - a r

(4) network tra i ning, consisting of over time and if I - e se-isors ;) r r iv rin - l nor-

selection of most informative si st ent readir uci- , .
paramete rs , s e l e c t i o n  of connec - Ne twork t r a i - i i - q  tee - - i q ues ’ av’- ’cever

iv  I t y and approx imate  coe fH — been f il I y (1 Sc i r s  eti i ’ t -c- I i ‘‘-rat rn-
cient va lues . o p t i m i z a t i o n  of but Refs . 35 - 38  prov i de a- - out l i - re ~~f a
c o e f f i c i e n t s , and d e t e c t i o n  and procedure that r a s  e ’r jovcd a great deal
avoidance of data overfittin g ; of sjcces- , T n ,- basic appr ’ ,cc ’i is I

(5) la t e n c y  reduc t ion  of network synthesize the networ k - - I t  h i i  Iding-
a f t e r  computat ion of i t s  output block elements , f i r s t  u sing a dete nt- iris-
s e n s i t i v i t i e s  to input v a r t m -  tic algorithm 38 to ‘c r - Iec t  t ’ -e best
ati ons . input parameters and to establish t ’e

connectivity of t i e et no rk , t— en em-
Let us cons i der each of these steps p loy ing a guided random searc 5 al go r i t rc
br i e f l y, to obtain coefficient values that are

Data ac q uisition emphasizes record- opt in rum in the g lobal se nse . Ma themat-
ing of a l l variables that can be econom- ica ll y. tr a i n i n g  i s ‘ciewed as the real-
i c a l l y sensed and that reasonabl y mi ght ization of a suitab l hcypersurface ap
be releva nt to the modeling task . (Van - prox imation to the training data subset ,
ables not needed w i l l  be automatically w i t h  the testin g subset used to termi nate
eliminated later in the synthesis proce- f i t t i n g  of trainin g data points before
Jure .) Standard rules for the desi gn of ov e- rf i tting occurs .
experiments are followed in the choices The buildin g -block element s most
of operating reg ions , specific conditions corm-nonl y used implement the bivariate
w i t h i n  reg ions , and the number of exper- function
iments at eac condition . Data sampling
rates are chosen to preserve t he  I nfor ‘

~
‘ 510 + W 1 X i + ~~ 

X2 + W~ X X2 +
n a t  ion content of si gnals and avoid w~ x~ +
a Ii as i rig.

TreaJng al l  possible pairs of i nput
Data param eteriz at ion is performe d parameters in succession , t’e data in the

to cor”press the d hne n siona lit v of the training subset are fitted wit h this fun c-
oni q i - ’ al data ~~~ t”er,’hv reduce t- e  total tin t ; i .e., the best w is found for each
S y r i t ’ - e s i S  .-ici rk , Ca,~ m ist be t,c ken c u r t  pair of parameters. Then , with reference
to c l i  scard i - p e r t  u - t  i - fn r - ,,it ion . If in to the testing subset, the best M pair—

• a ?  I t’ e or i j  c ‘cal var i,, t les shon iF wise comb i nations are retained; these
he csed , h i n e -ver w e-c t e e  ori q inal prov i de M new parameters for transforma-
-ceasj r n’’e’rts ‘c’- c r i h e  waveforms c f  syste m - tion in a second layer of the evolving
variables , t ’e - Icr i v e d  par tn - r e u s c i h  1 Y network . T h i s  second laye r is synthe-
“ -a s rid i d e  co v e r t  jona l in c - t t i e - s  such sized in a manne r analogous to that of
as measures  cf e’e rq ies in s p e c i f i c  f re - t o  first and so on for each a d d i t i o n a l
qu ency bands , F c .crier coefficients , inte- layer . At any layer the growth of t i e
gra l funct ’ - . in dicative o~ wavefor m ’ network may be terminated . When this i s
shapes , time r h erivati v es. peak-to-p eak I c e , the network output beconces the out-
ratios , mean and rn ’, val e-’,, etc . Wiuereas put of the best element w i t h i n  the last
in linear m odeling t - e extraction of ‘ - n i t -  layer , and a l l  elements not required to
able da ta fe atu res i s a c ru c i al t ask (be - generate tue inputs for t u i s  output ele-
cause onl y t ie input features of linear ncent are hi- ,ca rded ,
models introduce interactions and non-

- . - - linear functions of t1 ce variables), this In general , ti e  outputs of elements
problem need not arise in modern nonlinear in a given layer , L , are mult i no pr ia l s of
network modeli n g: these networks create degree 2t i nvolving as many as ~L input
their own rich combinations of i nputs, parar rieter s uuf the network . Despite t c i s
generating -- in essence - -  an addi tiona l qeonc etric growth in network modelin g
nonlinear feature set wi t h i n  each of their ~vi 7 ., transformation) power with each
la yers , added layer , tIre computational burden

Part itioning of paran-,eteri zed dpt.~ 
increases o n ,  li-roa rly with 1.

i s  done to obtain data subsets for train - Additional layers are sy i t cesi zed as
I ng, testing (overfit avoidance), and in- I o m u q .~~ . the performance (f i t t i n q  accuracy)
dependent testing (estimation of expected of t i e network impr ou.-cs v is- ~-
accuracy) of the network models , A t ie- testin g subset if t i e  da t a , But wrien
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t i c  ,~e ’ ’ t - ’ r ’ - a - ’cr - s t a r t —  I deqrade , i t  is p r n t - t - p e  v e t  •r f rom t1 ’e f i : ’ a I  c l u s t e r i n g
c lear  en I dence t a t  t o  t ia i ni ng l c t  a have and t ‘. - • I t n -  network -a -  been t r a i n e d

i tN- i. , .0, , t a t  the ure t ac -r I- prope r l y ,  t 1 n- se sens it i v it  ic- s are usua l I y
- r ~ u n i on ’ - t on lar ge . Growt h i s stopped prec i en ’ re- f li - c t ions of t i r e  t r ue  ph y s i c a l

‘ c r C  o b t - e  l a - e r  at w h i c h  o v e r f i t t l n g  p rocess .  Not iiq wh ich s e n s i t i v i t i e s  are
occurs . W i t h  t - s procedure , the network 1 : - cr - in c a q r u i t - ’ ’ I e -  and which are small ,

- v be n ra i ce ’ d on a v e r y  snca I I ,ir”ou”t i- i f  I o f t - i c  ~OS S i  F 1 e t i  
~ - i l a c e  cc-an y a f

da ta , - r ’t  possesses a b i l i t y  tic general inn t -e’ m ’ s b y t h e i r  rn - i (-et ne cccn- tarrt s
a c c i r a t e l y on i t s  I i m i t c - -t exper ie nce .

f rinic t e n  X ’ s , t 1 ir u c i i i i n g  t n-e n - constant
0- i c e  t n  cie t~~ r ic- i n i - . t t m c  p a - -c of f e

s v - ’ t  in n is  i s  c r i s p l e t e ’ l . e - v pe ’ c t e l acc u racy  i nputs onl y w hen o pe r a t i n g  c o n d i t i o n s  ~ f
of t o  ‘ m e t - ,r .rL is es t -~it n,- d - jv - inq the t i e  s y s t e n -  are cha ine d from one mode to

indepe ni Fe-c t t e s t i n g  data subset, Sometime s another . I t is sor-- eri ’--e s p o s s i b l e
t c i s  accuracy  is  c c c t  suil ;c i e c u t  for a eliminate sens inc h i l  certain of t - e  i - p  t i

civen applic ation , indi c atin g t h a t  a syn- altogether .
t e s is phase i n v o l v i n g  g lobal optimi zat i on c~ S c - l f - c ri;a c~~~~i c i g  C r cm t r ol
of t - e  netn-;nrk c o e f f i c i e n t s  (w ’ s )  i s  T ,-c ciLlj~~e~.required. A lso , ri- cen t t o  n e t - a r k  is  put

ito  ac tua l  serv i ce as a p r e d ic t c ’ r - , i t  may A c h a r a c t e r i s t i c  of cy b e r t ie t i c  ‘ c y s t - - - ’
be found t a t  its  accuracy i r a d J a l l y dete-  is  that  they us u a l l y  i ncorpora te  a h ier -
n iorates , perhaps because f c i i ar qe . in a r c h y of de cision and c’ cr tro l levels ,
p ro pe r t i es  ~ f t o  p r i c e—s that ca - bee- each .ivinq i t s  own a p p r o p r i a t e  s t r i c t  ire
mode led . I f  t e - i s  e ros i on  of a cc - v racy  ~ 

of -.e cc- ,nrs , e f f e c t o r s , and information

severe , comp lete re-trainin g r~~~ r~
i t be p r o c e s s o r s .  T n  goal for a l owe r level

in t i e  hierarch y may often be to i c- - pl e cc ’e ’-tneeded , ~~ j.i l l y , ‘nwev,- r , pr ed~ c tor adap- e f fec t i v e l y t h e  conrrands of the next ti g e rt o t i o n  i nvo lve -s onl- ,’ t ’ e  c-e twc -,rk coeffi- l eve l , Sometime s , however , o d i f f i c u l t~c en ts, keeping the ident i t i e s  of i n p u t
p ,ic,’c r ’ete- r-. and the connectivit ’ ,- fi,’ect . can arise at a (liven l evel that pre-empts

T n -us e ‘came type o al gorit hm may be the attent ion of the levels a h - e  it,

used i c c  adap ta t i on  as in the final pha se forcin g t It er- to re-organize their pro-

of sy ri t -e s is , a l t i cc ,jq u new l y-acquired da ta cess in g log ic so as to meet the co-ct in-

~~,ist rep lace at least some of the data goody.
u e d duri cc q i n i t i a l  t r a i n i n g .  The specific For exanip le , a fl i ght vehicle may
al gorit hrr that has been found to be most nominally have outer  guidance loops, w i t - - -
suitable in both cases is t h e  Guided Accel— in them certain contro l loops , and inter-
erated  Random Search (see S e c t i o n  6 of na l to a l l  of these a fami l y of s t a b i l i -
t ’ c i s  pape r ) .  Wh en us ing  a search al go- za t i o n  loops (such as vehicle angular
ri t h n - , just as in the J etern ’ini c tic syn- position , vehicle angular rate, and
thesis phase , improvements noted with re- actuator disp lacement and rate loops).
spect to a t r a i n i n g  data s u h s c  t are tested Suppose the guidance loop has a pred ic-
with a second s t a t i s t i c a l l y - s i m i l a r  subset ti ve mode l that assumes a certain nominal
before their acceptance as genuine , set of con t ro l- loop  dynamics w i l l  be

L a t e nc y  reduc t ion  of the - icc . t c-~c ,r k i~. 
main ta ined ;  if these dynamics undergo

the l as t  ac t  in the mode l i r ig ‘me t hodology . charuge , the p r e d i c t i v e  mode l could be re-
t ra i ned . (The previous sect ion of thisTo this end , the survivin g i i c t u t  paracnu eter$

from tc re previous steps are again d l i s t e r -  pape r indicates how such re-training
ed. Ce-c t ro i ds , called the prototype t , of m igh t be accomp l i s h e d .)
the importan t modes in t1- e data are deter- Let us imag ine that  the contro l loops
mined f rom the cluster structure . These of th is  ve h i c l e  nor ma l l y rece i ve a vec to r
prototypes are r ep resen ta t i ve  of the i nput from the guidance processor . This
most-frequented operating po i - c t s  of the i nput c o n s i s t s  of three components of the
system . The network in puts are -,et equal desired translationa l accelerat ion. The
to values g iven by each of the protot ypes contro l p rocessor nor ma l l y converts this
in turn , and for each prototype the net- information into orientation corn ncrands for
work output s e n s i t i v i t i e s  to smal l  excu r -  t~ce pi tch , yaw , and roll stabilization
sions performe d one-at- a-time in  its in- axe s , taking into account the actual accel-
puts are found numericall y .  Mathemat ica l l y,  o r a t i o n s  to compute i t s  er ro r s i a n a l s  The
t h is  is  the de te rm ina t i on  uf contro l processor  may use a moder of the

transfer properties of the stabilization
loops, each of which has the goal of keep-( 

~~~ 

-

~ 

— 1 N; in g an axis of the vehicle pointed in a
‘x . X - j 1 K; constianded direction .

Now , conside r the problem of re-
where ~n denotes the network  ou tpu t  ( the o rg a n i z i n g  the contro l processor in the

j e s t i m a t e d  future va lue  of a sys tem va n - event of a cont ingency a r i s I n g  in the in-
able), x 1 is art i nput parameter of t h e ertial orientation sensing used by the
predictive mode l , and in. is an input s tab i l I z a t i o n  loops . For purposes of d l s-

cuss lon , suppose that  a rad i a t i on  sensor

I
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is used as a back-up in t i,ic cohtro l sub- T i -  , v u - c ’ i n - s  i - c f  SOC development - ave
sv e t ecc  For mea~-urin g t1 ce unc a qnit ci’ b n - , B, ct IlC i’ - i ,,1 ‘ ‘ ‘ m d, I n  b ir th , the SOC ide- C i f  i n - - ,
an o f f - b o res i ght error ang le ( h r c i t  not the t e n  v,-sl iri s , icr at  I ,‘yr -,t tee si gns , of mom-
di rect ion of this error). Nine a—k: ‘‘ It F- - b’ rh (it I r’ cipe n- loop a c t u a t i o n  qa i it “ a t  r I
the a t t i t u d e  s tab i l i z a t i o n  loop- , are los t  oF t i r e - co- I r o i l e d p l a n t ,  usin g t ’ i s  in- f i r-
hue to f a i l u r e  of the inert ia l reference ‘ c d i  i on  t i  c e - a l  i,c s a t  i s f a c t o r y  cont ro l -
unit, could the contro l p rit eS~ ar change i - : , t n  app r i- , ic hC’, u - cc i p tcs y sma l l  random c x c i -
its l o q ic in such a say as to -solve the t n  I O C S  so that, t - r ’cuq b observa tion of
problem-s of vehicle s t a b i l i z a t i o n  and p la n t re- pc ’-ises , t -l e requisite matrix
cont ro l , g i ven  onl y B ( t ) ? u u  e f o r m a t i o n  can be acquired . Ra tes of

At first g la nce , this i l l u s t r a t i v e  change 1 p l a i t  responses are mon i t o red
m d  correlations between ex citation si g-prob le c -w y seer’ to be expecting too much 
‘ is i t’d t i-se responses are computed toof the contro l p rocesso r ,  because not onl y

ast it deal w i t h  a r a d i c a l l y d i f f e r e n t  i F u ’ ’c t f y p o l a r i t i e s  and/or magnitudes of

set rif d ynamics for its controlled object, t n -  g a i n  m a t r i x  element - s.

or p lant, after the failure , hut it must In the orig inal approach , desc r ibed
also qenerate a 3-vector conmiand (pitch , i n  Refs, 34 ,47-49, 53, 55, 57-62 , 65 69 ,
yaw , and roll act ciators) from’ a vinci1 ’ - 7:- 73, and 75 ,  the SOC log ic is partition-
scalar input varIable , B( t ) .  Nevertheless , ed into two types of modular dev i ces . Th e
this problem has a solution; the type’ of first , referred to as a performance assess-
contro l processor that has these capahi l ~cça c~ unit, computes a binary value signal
i t i e s  has been the sub jec t  of c o c c e i d e r~s h!e  i n d i c a t i v e  of the trend in error perfor-
study since the earl y 1960 s. rrance of th e s y s t e m , Th is val- je si gnal is

A reasonabl y comp lete p i c t u r e  of t i -ri - a g ica l product of the s i gn of a com-
c u r - c i t  of the predicted erro r and the si gnt o  deve lopment of self -or ga nizin g contro l 
‘~~ tce appropriate component of the ratetec ’c niq ~Jes , suitable for the above pr ob lem

and for many o ther  app l i c a t i o n s  ( us u a l l y  of change of p lant acceleration . When

for p r i mary  ra ther  than back-up - :I” l tr o l) ,  
accel eration is chang ing in such a way as
t i  reduce tI C  predicted error of the sys-is  prov i ded by Ref s . 29 , 34 , and 4 1 - 80 . t O r i - , thie v a l u e  s i gna l becomes p o s i t i v e ;However , what t- -ese references do ut  make Otl-~~rwise , it is negative . The other mod-ent i r e l y  clear is t ’ Iat  sel f orq a r-izinq ul a r function , referred to as the ,rctua-controll e r ’ s (SOC ’ s) are now be i rtg w i d e l v  t ion-correlation log ic unit , ge neratesaapp l i e d  in con-rnunications systems , mn tenr ia

contro l , electronic warfare , stee l makin g, component of the contro l excitation si g-

- c j u r y  recovery con t ro l  systems , and nal b y forming the product of a f unc t i on
of a component of the predicted erro roth er areas in addition to fli ght vehicle

contro l . A lso , readirig t i e  refere n cc-s , it si gnal and a hi gh-frequency polarity de-
cision si gnal . The decision si gnal , up-is easy to lose si ght of the essential 
dated at a frequency considerably hi ghe runity between the fields of adaptive 
t ran tie natural frequency of the plant ,oredictio - ’ , self-or g an izir i q contro l , and

I ded ra nil ’ search . Spic ci f i ca l l y - (I) is itself t i e output of a statist i cal ex-

a m u l t i v a r i a t e  SOC us a l l y emp loys a form p eri nc ent generator th at is biased b y a
fc i- i ction of the computed short-term cross-of guided random search that a cq iu r e s i i  
c o rrelation be~ ’meen the received valueformation about t i e prr’cess be i ng contro l 
si gnal and the polarity si gna l f rom theled , (2) SOC’ s it - re - r a l l y  act t i c co’itro l 
prior decision time . The SOC modules arepredicte d future States of process re- comb i ned in a controller for which the in-spo ns e s .  pu t s  are the desired and measured responses

This unity is borne out in one on- of the system and from which the outputs
going i ndustrial application r 77 w in - re SOC are the excitation si gnals to p lant actua-
log ic has been merged wit h ’ p n e d ictive n et- tors. For the case of a p lant having m
works  t i  create an extreme l y powerful cy- actuators and n commanded response variable ,
bernetic system . Both the SOC lo i i i c and m - n , t ire ori g i na l  SOC emp loys n perfor-
the adaptive networks in this Sy stc c use Ic i- I r icr i  assessment units and m x n actuation- ’
guided random searches , but the frequency (cirrelation log ic units , each of the latter
of adaptations w i t h i n  the SOC log ic (wh i ch c orre sp i r i ding to one membe r of the acceler-
repeatedl y interrogates t i r e  netw o r i- ’- )  i s  a t io n  i;~cin matrix ,
conside rabl y hi gher than in the net wo r k— The ori g i nal SOC log ic desi gns iden-This i l l u s t r a t e s a f i r t h i e r  princip le : tif y polarities of tIne acceleration qainin hierarch i cal cybernetic systems , a’l ,r n- ‘ I , t r i x  el ec ur ents . A recent derivation b ytat ion processes usuall y take place mOst 0. CleveUh nd and L. 0. Gi ls tr ap . Jr . r 7 6 ,rap idl y in the innermost decision and 78 prov i uh -e a mathematical foundation forcontrol loops and progressive l y less rap- ii l e c i t i f i c a t i o n  of both the magnitudes andidl y as one moves outward . U l t i m a t e l y, pol - i r i t i e s  of these quantities , and thisthe level of an inf l e x i b l e  objective func- newest tec lnnique has also been realizedtion (goal) is reached; t his Outermos t  in working hardware - 78’.func tion , wh i ch may or may not be e x p l i c i t ,
is not adaptive .
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i t , n r t  - i n ,  I i i , ’  t c u ’ n c  (1idf ) t h c  n ’ij~ ,c, rn ,
6,  ( n i — b e r t  h i’’ i h ~ i’ ‘ ‘ ‘ c  - ‘ I c i -  r u - c a t  vi’ i n c u r ’ u t  t u r n - spec - ’ u rn

P c , i c r c i l c i r e  ‘ m i ’ i ( - d  is c i  ,
~~

I (iiii, u i  ‘nc parameN-r I -

I n’ ‘ ‘ - ‘  i t  c c t r i - i - , 0r , - ,it ‘ ( n i
I c i i ’ ,’ d u g  ‘t i SciiSsio’r ace - I  t h I C  l i t ’  a ~ ‘~~i i  - -  ~~- i  i, ’ - -

erat i n . ’ i t  - - c- n t — re ‘ i o S  i—I c r ‘ ‘ i t  C l u e  t r i e S  ii -, ,- n n ’ i n c i  tn’ d i i ,  no C’ Imin c c ‘ w i t ’ ’ ’ ; - ’, ,r’ i’
t a t  pa r  a ” entec Sn- w i ’  Id-5 i t i  c c ’q c r c _ c l  by c - p r - c t -  hi - u r i s t  ic  r u l e - - s .
d a p t iy e c v l i n r - c t c n i - S t - ’ - SO i I - rn -~~i I i ,’ i-  I - d i r - - a -  h u r i  ,u iuJ ~~d a udi o a r -  un’ s
nO i~~ — a ’b~ ris t t of t r : I 1  Fit’ ‘cl v I cr , It i s  - i -

p l~ v Un i o i- nil h ‘ s ‘ CI i ‘vi - rn a en I ’ - r I ’ - I
0b t c h i n - C  en-,-- a r y  t - - ut I - - - ‘ - i -  sea r - ‘-s ‘cCI vc- - - - - -

a q I r I n it  u m u  za lion p r F Ii i I cat i n I u I I t r u a I ‘. I cc i 1 n he it n r’c
— - - d i ’  i I I i- ’r d i s C  r i be ’ i I Ii - I s I a - h  onl y in ‘ lie

tb ’e lien — t r ’ — t rev rn I r i m  micic -i g “c a l I i c  n p e r —  - -

fl ’rc’ ,c ’ ’e’ ’i ’ r hn~e ( h i l l  or val I n - v s  I , l un  i
,

-
~

c -  n i n e - i -  s t  a - c r  ~ F ‘M I’,, t,fr r rwari; the c l i

n ea r l  ‘,- ,il 1 cases rapid c I c l - i - c -r qu ciL n ’ i s  re— IS SI c it l i - ’ I to  c a s t - r i  i c’ ni vn - r- nr’ n t ce Nc r e a l

U d red in a ‘ri i ‘cy ‘ci I~~~~~ ’ I e’cv i c - ’ - - -C c l  a m - ’ ~ol at li- iri s anirl , ccl t - - c c ’ - , 
i 10 c i  (- I a I s o •

f r - n c i m u l t , i c i e i i - i s  ( ‘ ‘ r  n e a r l y  ‘c i m ’ j l ’ - i ’ cn - c ‘c) 
l ri t i ’ i i , T b - i n , as the -, e a u c l n ’i n - ,ir - corn- —

ad ; is t I if  il t i p l ic r it  i s  ~~ 
C c  ni the n r ci pa rannie t 1~~, be i ni

s ernu i t r i ni c-nius l’ ~ ,crchie ’l is ‘, i n s
S.-si- ra l types of se-arc In lo g i c are l owered ‘rome the n - - n i l  nu c- hn- r id p a r —c -- -—

t r e a t e d  in (lien I i t e r a t u r e . T I  ii - iitjor types eI i-r s in the s e a r c h  t ’  Socre I rci c t ion t br r-r r--
are s-,str -ma ti c , grad - - n t  (s t - c ’ ;  ‘- t  rlui ’sno nrt ~ 

1 , ‘ - I e t t ” d  at c ,mnidr ’m F c u -l i t r i a l .
ant ranudom searche s . [2 5 30 n~~- ~7 -“9 ( ci) , -

98 tOO 1 l5~ 
‘ ‘ ‘ n l w -  ran’dnn, pc i i t si of r A y S  - -  ay err’--

- - - p r is”  ‘ l i s t  i net St  ra t eg  c r - S su i n  i - i t ,  he  Fç- ir
y- v , t r - - a t i c s e a r c h - - ’ , eicip luc y air e x ha r i s —  t i c  openinu , m i d d l e , and fina l sta - ‘ d c l

t i ye su rven ~~~~ 1 1 [Or-; tile pa raunue te r t r~ sea rch , In t he i r p e c  i c r , , ‘ l a - I ’  , a
va l ues and a - c- , t h e r e f o r e , capab le  iii f i n d -  un i f o rm  pdf gove r ns  ‘,~-it c T T t i , c , , , so as
i nc h the g loba l extre r- ’ruucr of a m u t t  ‘noda l tn condu c t  the e x p l o r a t i o n  w i t fr equa l
per f rc r c ’ rance f uoc t  ion . The drawback tn his pr obvr h I it y t l i r c c l q l e - ’ u r  the parameter  e r - a r ’  -
type of search  is  that i t  can be much too -

‘t i ‘-r - r nns u -’ i nc r; in practica l app lications . , 
In ttn e m i d d l e  staye, t i-jo techniques

Also , the s ’ystnc’r cw tic search ‘c over l y no ise  ec~ i’ ~ in bARS by which the standard de-
s cn rr - , i t i v e  and may have an u n a c c u - n n t a b l e  v e a t i c c n i  ~c F  ra~,dn,ur steps ma~ he reduced so

sear hi lo-, (low ave rage per 1ornniance during i t t - t i  ~~~~~~ i .e . ,  qu icken , t~~e f ur t her
- -  t r I a I s T I- i - - I i rs t c-I these t tic hui i q iw-  S

t’ i ’ -  s e a r c h )  because - i- does rio t dwell p rin -- - produces an exp l i c t t i di- c i t i r l c a t i o n  cif
cu p a l l - ,- n n ri- co ons c it  good performance un -
l e- ,s such rriq ions encompass moSt of the the mode s of the parccr - -c- t c- r space . 

- 
Fo r

par a m e t e r  ~~~~~~~~ 
t h i s  purpose , results of the ope ning
search stage are clustered numericall y sri

Gradient searches are- often an effec- as to reveal reg ions of hi c che s t and l owest
t iv ’ - way for see k i ng a loca l ex treu nu u cnc , par-  pc ’ r f o r~c’ance and to c h a r a c t e r i z e  these

I cu Ia r Iv for ‘-
~~

‘ a i r - -, cit low 0 imens i coa l i ty , g ions i ri tern ’s of the i r cent ro i ds and
but a r - i n i itp ithc l r -  c - b solving the c c i u l t i m o d a l  v a r ia nces  w i t h  resite - i t to each of the
a - d n e b r  prr ib l u ’ i :  u n le s s  coupled w i t h  othe r pa raluceters .i - 11 )- n ’ T hc’ ‘econd techni que se-

- - t r u s t - ,. G r a d i e n t  searches  nniay a lso have l e c t s  some br-s t  t r a c t  ion of th~ t r i a l s
c- t ie r d rawbacks  , as imp l i -i t  in t ‘en ~~ -cirJcrr t o r t  in the opening s tage and m i t
f - i l  Iow i -ry disc i — e  o- - . ~it - s further random tria l s  that are bunch-

- - -o ~~ 
ti_ _ I about the points i n tha t tract ion .ba nu c- ’ i n a n e  ccc , -

- 
- , o- U ) , are of These f u r t h e r t r i a l s  are c o n d u r t r ’ d  w i t h

,-4 (  u~ yt ac- ui d
~~e

a
~
d 
1~

u i F r ~F 
ex~~ 

a relativel y ‘curIa I I  step s I ze s tandard
—

- - - d e v i a t i o n  and have as t h e i r  purpose ,
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ id e n t i f i c a t i o n  of the moda l s t r u c t u ’ r -  of

searches a fn ir-ve enhanced ra tes  of conver- t Fcr ~ pe r fo rmance s u r f a c e .
n - n m - - via p robabilistic control and c e r t a i n  The fina l stage of bARS is entered

I c r u n i s t ic p r i n c i p les , as w i l l  be d iscussed , when the b e s t - t i - d a t e  perfornua nce reaches
Random searches of both types are inhe rent- a leve l near to the asymptotic performance
l y s u i t e d  for  mul t imoda l search  and opt imi - expected of the search . I nn this stage ,
zation problems ; howeve r , onl y the gu i ded the step sii r -~~ - n a y be c:r~ i t r o I l e d  p a r t l y
random searches are of p r a c t i c a l i n t e r e s t  by t h u - icr cc-i ’,ii ri’d b e s t - t o - d a t e  per fo r ’ cca inmnn -
in mos t eng i neering applications . inc su et - c a way tha t the magnitudes of

A a rt ’ c I I b f f search ,teps sh r i nk  to very smal l  va lues
gu ided random sear c h known as the c,u ided as peak p~~rforman ce is neared . Add it ion-

6o ,7i ,9i ,iOO , f l 4 ~~~i5j , conL ins~~t wo~~ hases :  
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~w i t h  co nt ro l  of the search s w i t c h e d  back

and f o r t h  between these phases as ce r ta in ~~~~~~~~~~~~~~~~~~~~~~ 
( i l t iV r  r t i n i g  the

events occur . In the random ~ hase, art in- exp loration involving a l l  pa rameters toformation gather u uci ; phase , venues c-f Param’ a more near l y sc- q cn r nn ctia l search inv ol vinqeters in the searc h are chosen at random a sma ll f r a c t io n  ol the para m etn-rs in anybut subJ e c t  to a mult ivar iate prrubab ilu ty
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- c r c , ’ s I - ;  - T lii ‘c I i ~ t Curl s ran rh i - I y ci’ — t n , ht- i’’ ,,- m c  ‘inure •‘ I i - i en . 7 i ,0 y
he t ‘ii - ear Ic lO i c  t r ia 1 . t Fia t - or grad i i- n i b  -ccc ’ c c , n c c t - -, the r r r I I  - t , , -  r

- - . . C r i t ’ - r i n ’ n r  eva I uat ~~ c , r c  n i ’ ’ , - ’, ir , p m .-
In n r’nni’ t app I t n a t  i r is noise i n  u i _ _ i -  i t- c r r~’ — -

- ‘ pu i r t  c on N- t r ~~ ’ s ’ ; c c a r - - - n he ‘irji’ ib- ’- r I
“em i t s  nil - - , -  t u ’  ‘ i - r  F e c - a r c - i ’  ~u ri  p roduct -  - - -par ‘ I n ’ ( ‘ ‘ fl ( N )  m c d  t h i i- ’ cc c - b a t  c,ic t i n
dec’-; t c ye I r ‘ ‘ ‘ c u l t  s for  any rliie - n .  - - -, - -

- - - - - n i ’  r EU ses  a’~ ~1 isl i l~~ rri- r t t m , c ’  a- Ia n’ ’ - -a- -

r’c’ri ‘I . T ri a v o i d  C Fi n’ r u s t  l i t  spurious - ‘ - - 
-

- s t e p — s i ’  ran ’ Ini ’ - - P  ‘ - C- i n 1,. ‘ c - i - - c r n-bnmea s ur - “ ‘ u ’  i t s  l ock i  rig the sea rc f r  c r c  a fa 1 cU’ - ‘ - - 
- , , ‘ -

so l cit ion , the random phase cd IA  l i - _i p c - r i  ~~
- 

eva I ua t i  ii , nc  - -  rca - , in p report lo in o 
- ‘ , t I , —  f i r s t  ( i c i e r i N au i ’ i  t cm’ Cm~1- ;  i i , i b

i cal l y arc c nes the per fc rmance i - , ‘ - I - , - 
~~~~ ‘00

ite hi r’ vti s at the ~ u;r ;c c i - s n - d  b e s t - t i  -date 
t i ,r,, ~ a’, - , (-,i s t r a p  c i t  J in

U i n  of  ; ,rani ceters Eac h new m ascire 
s t a N  s tha t n r p t F nu 1 r r n

u r n - u t ‘ - I pe rt c r e w  nec Ic r t hi s ‘o t t  i nc~ ~ 
te r i on eva I uw t I i - r i  

- 
Ic - r i-P ~ , d i v I bed by

- - I t - r u n  nun - F i r  1 0r a b i n c - c - s t e p — s  u ,r -  Ste’-c’”’ I
use’1 to ref i i i , -  the e s t  i l l  a t e  of b e s t - t c - - , -descent ven t  Fin d us app - - m c ’  ~~

c
Ia te po rIot I c r o i n c e e ,  F ur t  Icr ’ r i - n c -  , to c r c r c - p u - ’ ni-
s a t e  ior no n-s ta t  c i r a r i t y  of  the pe r-
f c c r ” w n cc c- su rface , contro ’ of the search  

~~ 
loq bs

is retu rned pe riodicall y ti e the log i c  -

fo r  the ;‘ rev i u rus  sta In ’. For N � 3, -

A 0 . , - f - ~~l he u r i s t i c  p r i n c i p a l used in ‘c sumnu’uia r , , iii’ advant ,s i - s  of
tc , ’ - rari dc c’n ;‘‘iit ’,t’ of OARS is called ‘ re- -;ri i ded - -i c - b c ,  seei rm i i - , such -s i,ARS ar’-
var - -’ ci Isbo -n iev e r a random exp n r-r mont . - -

- ( I  ) t i -’ sea rc fi u s m u It c ‘c rc - ci I
produce a per fo rmance c rc rprovement - 

‘ ‘ -

t n )  relative to t Ice prior be t- to- Conve r - ‘ ni , 5 , 
i o n - c c i  of

— - i n i t i a l  c i i n n d i t c — u c ,-
d u n e ) ,  a s tep of equa l w agn i-  -

- - ‘ c i t e  direction is taken (2) very rapid c o nv e c ; ‘a i - ’ n  a--
I rig the b e s t - t o - d a t e  para lc ’i-t e r ac- I t i e n s - e d  - even ~or a lar i-

to c f  inc the po in t  of d e p a r t u r e ) .  riu- t ’ c ’r mi- f pp na ’c’ter s , - -au n’i
- tep in the oppos i te d i r e c t i o n  is  r e a l - t i - c  adap tan ii, ‘i’ ,-c~~,F 1 .

used in the expec ta t ion  tha t a per formance fo r  r nc ajc r s ’,- - , t e c s ,
i c - r i -  ci - - r- nct  w i l l  o f t en  be found by moving , - 

~~~~~ 
‘ - -

exact I -~ oppos i te to an unsuccess fu l  ~~ t u r in re re no o r  i Cu t~ Ps ~ I

- S t nc c ’ - - s i Z e  c o n t ro l  ‘ c a i n  ‘ a m  m r s
a I re c t i i~ni- i . - -and tc r ’ - l i k e ;

Th in de te r m i n i s t i c  phase in GARS,u sed - -

in a l t e r n a t i o n  w i t h  the random phase is ~~ t b ’  ~e~~rc Ii is ru ’,a ive l v i n-

‘-i ct ered wheneve r a new best-to-date per - sens i t i v e  tc nod ~c Co~ rur t i m
forniance va lue is obta i ned . In the de- of the ; , r b o u r - i t n c c c  c r u t e r i r , n-

- - . - - ‘ nieasurenients - andt r - r n ’ , n u s t u c phase , a d d t t i o r i a l ba s i c
heuristics tha t speed convergence ace em- (5) any c u e - - p  i r s  b le  p r - m o - - “ - -ce
p loyed.  These heur i s t i c s  act  to exp ln i lt  c r i t e r i o n  ‘ - av ts r ’ used .
the infor m ation ga i ned f rom a success ful -
random en- p --n il e -nt . The heuristic prin- 7. ~~~~~~~~~~~~~~~~ b±~~ dwar c~
ci p les used include :

- 
(1) Repetiti on - - A successful step The e” -;ineerin g applications of cy-

is followed by anot he r in the same direc- bernet ic sy- - t e c r ’- are , in a vn’ ry l i t e r a l
tu r in , sl’c i ’,e , nearly as old as ti- c ool - c c -  - (For

( 2 )  A c c e l e r a t i o n  - -  The mag n i tudes  of examp le , Hancr ’ - -jra hi , k ii ii ;  ‘ c i  Bab y l - i ” in t-
fu r the r s teps  a re lengthened in an a r i t h -  20th cent iry B.C ., devised a tec’dh ,scL
- “ t i c  or geom n i etric p rog ress i on . T h i s  pro- nuechan isn t  t ’ ra t  n - c c - d a ted  l ’s- - - , - t - - r  l e v e l
duces rap id  p rog ress  even though the in ant i r r i g a t i o n  s y s t e ’ - ,) But s i t  r 1 ate ’ :t
i n i t i a l  successful step may have been ten years ,rqii . there wa, l i t t l e  coniscicijs
quite small . The n , whenever an acceler- ernp loyu ni er it of nnoden rn c- ,hic- r~~m ’t cs t b m r i ’ n

aCed step produces an unsuccessful out to aid in realization of goa l-directed
cam e , t-’e search cubacks up ’ to establish systencs and exploit a tion of I n e C  s y - t e ” ’-

e approx imate  locat ion of the maximum in d i f f i c u l t  m o d elin g, contro l , and op-
cnn rid ge t a t  Inas been t r a v e r s e d . T ine t i m i z c i t i o n  ta - , Ls , T i i , Icu -c , however , t — e
d e t e r m i n i s t i c p’ rase is e x i t e d  once t h i s  ca t a l ru q of a p p l i c a t i o n s  r e c e i v i n g  a c t i c e
d e c e le r a t i ’ r i  i s comp leted . attention (with in the modern io n t n ’ - n. t ) is

Rap id  co ’ cver g en nce is important for large and is  g r I m i n g  r a p i d l y .

searcb c tec 1 rn ique s used in cy bernetic sys- Tire accompany i ’ li; table and t o  c i r c - iF
t c - r c -’, . Rastri g in T89 has shown that the refen c n’ ncces l i s t  onl y t h o s e  p r o j m n c t s  of
mean rate i - if convergence of a random- wh i ch the aut lucur hit ’- L c o w l e-t qe ; no claim
direction search w i l l  exceed that of a can be maiden for the cn ir npl ete n esc i f  t ’ i s
fixed-step size steepest descent procedure enunrerati mmn r , I t is seenc t i c - c t  crc nrde r n i cy-
W ; , O ’ c t n ’  criterion function is jnin-,odal he rn i et ic s y- t r-rn ’ are serious candidates i n
and t o  numbe r of parameters e,cceeds four . nunnerous areas if application . And ‘c ard-
An adap tive-step-size random search as ware  for these -i cr ’ ss - -tenns has ‘ r ’ e cc  or is
been shown by Schume r and Stei g l it ? non bei ng developed ri many areas .
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A i  re n a l  t f l y - l i - -W i  re SOC l i i i c was iii F l eLc x,iL~cciii~~
s u c c e s s f u l  I - F l i ght  t e s t e d  by AU DI and - - -  1 ’ . - I
AFA L. in 1969, 

1 .1 Pd ‘ c-i l a L ’’s

Al A hrasshs-,s r 1 f l i ght t e s t s  of I ’ )  kri e i I
~~c

S
~ e~~ni;~ 

A l  a i n i n i n i i~ ,

a b i p t  u s e  E c N c  equ ipmen n t are t,c L rug p lace ,
~~, si-s - - 1 913 , up- 1 5 - 3 5 .  ~~~~ 

it t - -n’ p re sn’-c I t i c e , arid AFAL  is also (2 Wn’ , ’ r -- - ii - A - Iii hi n - - ~“,,I J i’S- .- ’ -
c u r ren t  I , - p r  i - icr ing i ln -sm - lopment  of b r a s s —  ‘ t i~” r , i 5 i e , , ’ - Pu rpose , a-~~ t m - i , ’  Hi - c-c , - n i-,~ - I’- -s
bo a rd  c~ I i[m t i v ,,- ES M equ Ir e - n t ,  fl ~i , rdc ’ i - ~ S yste ms Re’ii’,~,Lc- S ir, r knt ’ a , u ,

W, Sni e k inr y rEd i,  A t c l i n , e  Pu b l . C u e . ,  nS ~d’ :~ - . 2 1 n -
AMRI has s u c c e s s f u l  1 y de c ’n - -ns t rated 226 , )

“e- d r bl c ir ,mc h SOC log ic developed for the RPV (3] P-ic Cul I c - ’ , , W , S . - and W , P1 i t s , ‘Ii i c c ’ , , ,, ’
ma n - - a c - Ic ‘ce- i n t e r f ace . cat cc ,tus o f m- - - - intn’a~ , n - ’ n ” r - ’ - I  m n-n “ c - - a i i m ‘la’ -, i y, ’

~titLL. rr! :‘j~ c i3j f~juh y c , - V S . 5 , 191, 3 , çmp, i c e - 1 5 .

A . El . Zeqen presents a paper it t h i s  ii HOn,,- ’ l  i i ,I ,- r , A . S - - and H . 0. Lan,da’- ’ - — 
t ie - once on the  AMT I  p’ -ased  a r r ay  adapt i ve  emati~~’t t J5’s-iji~ . j1.s~~,!. !c-~~~ c~~Ft c-’,c-e~~~~~’ -

anctenna i n -i-w-miobi I i za t  ion sys tem , now e n t e r —  P n c n c c p i a  P m ” , ’, , b c., ll i ine ’ rc ”- ~ ny ’ , lii , n j - .- -

ing a breadboard deve lop ivem t stage under ‘ 5 We ’s’men’, N ,, ~~~~y - ’ n - l i s c , J rchnc  (I i i ,- ,’ & Sc”,. Ii ’ s ,.

A FAL - nicns,cm s 1 n p. TIn is sys ten’ i ncorporates N’ss Yo rk , 196 8.

a for- ’ - F OARS search in SOC l i-p l c tic min i - [6’  Hebb , D . 0., J~~’ ru~’s’e e- -d ’ c - - . ,e’ ~ - 
~A. ‘s’~~”

i rn cize Doppler c - l e t t e r  spread of the radar W d l e y  & Sons , nc,, S c - - ,, I r ,~~ ‘ c-- ’.

si gna ls . ]7] Wa l t e r , W . o~~~~~cs mach i ’, t5 an ie a-’’ ,,
Ame u- ica i-c , Vol . 185, N, , 2 , Aug t95 n , pp. £(‘ - cr ~~,

One p a r t i c u l a r l y  i mpor tan t  hardware 18’ A shby, hi. B., Din ’.JjA Ii, - c i’ m, i  ‘n i- u i - ”  iey S
t r end  is t o w a r d  custom l a ng e - s c a l e  i n te-  Son,’,, in c., Nei-. v ,,,t , n ’ y 52 .
y n a t i o n  f di g i t al  c i rc , I i t s  for  a d a p t i v e  ‘9  Fa n cy, 8, G ., an d W . A , Cl ,r n i , ‘cN,,,a r a t c , ,, a’
l e a r n i n g  n e t w o r k s.  D . Harnnpe l reports on se l f-orya ici z i nq sy~~teunn s i - i  d i~~, m i n c ‘ - - ; i , n ’ - - s . L’E
N is AFA I  p r o j e c t  in a pape r at the pres-  ~~inns . 0” lrn foncnn . Tfc ecc i- y ,  Vns i , P A l l - - - , d Ie ,, iii- ,

ent conference , Hardware development of
adaptive learning networks has also been ~~~~~~~~~~~~~~ 

~~~~ 
—

supported by Armco Stee l Corporation .
Armco u s r s n n g  p redictive control vi a  an 

~~~~~~~~~
‘
On,~~) ref 

C o d  
A at 

n

adaptive learnin g network for the f i n i s h i n g  Shanrconi and J , n- l i - C an n y lint ’, . ) ,  p’  ,‘m~’~ :~,, Press ,
of ‘ - - ‘ t  s t rip steel and is developing an Princeto n . NJ , t9Cbu , ;p ,  253 - 2, 1-..

app l i c a t i o n  for contro l of an impor tant  [12 1 von Neuu imar r - r , J ,, I’ i a l ’ ’ t i s t i c  Iog ’c s , ” ~~~~~~
me lti n g  process. Stud ie s, op. cit . ,  pp 6 3-98 .

( 1 3 ]  ___________ i r : c c-~ s-: ~ c-Lis’. ~~~~~~ 
-

8, Con c ludi~~q Remark Un i v . Press , New Has’e’- , CS , t c ~~r ,

114] R o s enb ta t t , F .. j ’ P~~ri’nj1tr - , - I B e r n -

An overv iew of the theory and ap- n a u t i c a l  Laboratory Re nt , V5 -l lie-I,- ’ , Jar-. . t956,

p 1 ication of cy bernetic systems has been 15] Newe tt , A ,, J , C. S u n,,, and mi A , S i n - - - ‘c- n es s -

presented Because of security restrictions 
~~~~~ ~~~ 

arn d
1

t 
2 O c t t i  in p p 3

~ari d the p r o p r i e t a r y  nature of many aspects
of t h i s  new f i e l d , and al so because of space 1 161 Bar low , H , B i c 5 ~~f l5,s m y r-,,~~n J . y ~,S , the re ,t , u( n

l i m i t a t i o n s  i t has been necessary to omit z~~t o c t T  ~~~~~~~~~n ancy si g nificant details. It is hoped ,
neverthe less, that this Survey has convey- rt 7) lee , B . .1., L~~~LcS.i dIcL -

ed a feel  ing for the promise and v i t a l  i t y  t rim 1 [ciuif cnu ’en ’t, M e i p a r , i- ,, i -u - ‘ - 5 5 , i -

of work that i s  taking p lace in cyber netic [18) _________ , “Ge n er a ti ’~nt r , r ~ ’ inf I c a - - ic, rn a

systems , Machine , t i ltS NaI l , Meetic c y ci A ’.n, ie f u r  C” - c u - - ‘ m g
M ec h m n e n y ,  Sep 1-3, 1959 ,

9, Acknowled g ments
10 ,2 ji a s ic P m i r c c i p les (Post-1960)

The a - j t l c c r  gratefull y ack now l e d ges ‘ - -
(19] Rashevsky, N ., Mat he m atica l B I oDhmdsncA, 1 5 c r

guidance and support received from many PubI ,, New York , 1960
sources , particularl y Mr . C. W. Gwi nn , [20] Carnnp b e l t , 0. 1., c m b l i n d  v a r i a t i o n  and s e t e c t 5 e e
AFAL;  Dr . H. 1, Oest re  I cher , AM RL; Or . survival as a genera l .,trat egy inn know l edge  i’’ --
R , El. Boni , Armco Stee l Corpora t ion ;  Mr . S e i f - Q r u a r n t s a c m c c a  Sm ist e ic, ’ , .  h-i. C. Yo~~it s and 5, ‘s~~~- - ’  )n__ W , H. W i l s o n , Te l con,, Inc . ;  Mn. 0. Hampe l , (tds.) , Pergainro n Press , Nncm- , York , t96 0 ,
RCA Corporation; and Mr. A . El . Zege r , [211 G i t s t r a p ,  1 . 0,, J r. and B . J, Lee , “Le a r ni ~i .m

General At  ron i cs Corpo ra t ion . ~~~~~~~~~~~ i ;6o , pp , s 3 7 - 4 s o . 
- -‘-

The author likewise expresses appre- ( 22 ]  ________________________,
c i  at ion to hi s co I leagues at Adapt ron i cs , t i-m a t  l ea rn , ” Huma n I aczton8 in Tec-hnoiogy . t - Br e n t ,

I nc., among them Mr. 0. Cleveland and Dr . J. Denjari , an-nd J. Sp ie g el (t ds.) , M c S n a w - H u i i  Bic i ’ L

A , N. Mucci a rd i . The contr ibutions of Co ., i nc ., New York . 1963, pp. 459-462 .

Mr. R . J. Lee and Mc , L. 0. G i lstrap, Jr . [23 i  __-_-__-____.---,-_ , - ~~~ H .
- . Pe d e t t y ,  ‘ Lear ncnug automata and a r t u f u c u a t  u n t e l i i -

in earl men phases of the Adaptron I cs work genice “ Hum~ n Fac -ton s in c Techrn obogv, op. cit., pp.
are also sing led out for special mention . ~63.i,éi .
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~~ I , 1 966 , 40 ~~ Qt IS?.

‘li-V . 49] ._ , ‘Sei f-c. mi i i n c i i z i n n g  and learning
2 9  iyak 1 ’ui- e ic ko , 2 , 0, ,  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

Con i t ro i s y s t m r ” r s ” , A 0 ’c y i i  255 , ‘n C y b e r n e t I c  Pnoblen,, s
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, Ti I c c  ctvo I V ha Ii S ~ 50] Sm uth F B Jr et al j

~~ , _  I no I I

‘-- 7, F l i g ht Contno i 4 p p i i c a t i o u ” ,, ruc-v i , ,e i , nc ,, i i u i Lu,

30 G i l - -tra p, L . 0,, J r ., H , J . Cook , and C. W .  TR- 65 21 6 , May t966 ,
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Learnin g Networks Improve
Computer~Aided Prediction and Control*

Roger L Rarron

Adap iron ics , Incorpora ted
McLean , Virg i&a

-‘ quiet revo lution in s; ir eauli ng in the w a y  that engi- i,l,-nlntie n ms lu n c h a n n u l,- — i i l , ,m — m e , ,  Ii, ni l  .1 - — rn It,.-

t un e r tIn i rik about manmi factu ring u r n  men’sses , In the past , l,eli asto r  c uf a I t , ’ ’’-— nc ’ t c . ,, — In’ - is II ,,-— . - c l i  1.1.- .
these pr mc i - i - San wi —re itesigneil and operated on the irilc’ra, -t p ith eai - it , ,ih,’c u mm —u i - m u m c r ,  I c Ii’ ’ ’  I s  rn I-

t uasis m,f ,-il l in ’ r ml ,., t t  irm,ii cr eng 1’meer ing cnnncepts. Ana. t n—m im ing ju st w hat  t In,- ‘ u -’ ’’—’ ssm l l  ml ,, l i i i — tIn.’ ru ’ ’I c, ‘ c ~ I,

Is st ’ c and engineer’, have attempted to write instructions li,mirnts the mm us Ii ‘p in ,  ,mlnrc c m i -nt I c c ’ , - , - . I c c  I c ii I i ’  n - c l

f,,r cnmntr ,, l ,‘,mml mmjtems nm t he same ms :n~- that they in— nnnnil,’iirng s s uc r k . 4i 1 r -tu, .n lis , Is - ii,,- r m , - I c , , . n i  ‘ in, ~ ‘ ‘ ‘ c  1, 1 I i , -

‘ t r u c - t  hnirnan . , l c n - r a l nc r ’ . t m how tnc perform appropriate n1,,st m u ,  n ’ ut ,ic n m m — i c n . c l _  id .1 ‘1 ,’ ’’ —— , l,’am i uc c ’ - ’ li u . - ’

manual i- u n r , I r mcl f c i , m c t i c  ri— . ‘Il ium . a luplii—atin nns of ri,mputer— m ire _i ts fa i r l y  c s , ’II mi nmcl , ’ i—I ..i,, ,u— i ’’ n — t .  . I~m .- ,, c , u~. ,
a in l ,’c l mart u fartu iing ii tiring t he first two decades of m i n i m  d im ’

t he n’omlmniler era hame rc,r isr i icmi ’ . is’ mc r unn—uinsc iot,slv la’ariuing r u, -I,s , IL. t tm , - r t is ’ ’l m m , , nr c  t i E r .ini- I I n ’ - - I i-
taken t In.’ ( c n n  n,f - ,,n,- -m ,u r.,,ne rn’iuiau’ennernts of human t r u s s  ti n-has i,mr m n - n m  i c  c m i  u u I , - l  5 I ii i~ c - i i i. — i  I’ m ’ ’ ’ I mc

c - t m ’ ’  r . m l c ’ r  f uni-li, ,n-m lu~’ e.lui’ .d llenit cn,mpuler functionn. t i m , ’  n nm ccc in-I ’ - , ,‘n c c i , - c i i i , ’ Ins ii ,, ,,- c ’ i - - - - ‘ i c ,  ii -I

-l mi ’. ,-c ,nm u n i l  c c l  rel,la (’,’nleflt li i- . maintain,’,i or es-en ri,’n-,’-,- .,m r u lp un irr , -a - .,’ ru irnimi lal is ri~ a mlii nm ’ r n c—m I m e) ’ I
r ein f’ rn-i- il trail it inur na! r,’t ianee on analytically tie . forecast interval s. Also, they can a, u i- I I ’ - c -I i i  c i , ’’ ,,’ t i
risei l nr,,itelcm m E  c i  c m — se — cesni characteristic s , keeping themse lves nm Ii- .1 i n . c’ i i i - . ‘ m u ’

- fnn nw em cc . im,’n-,l . memory, and ,lependahitity of requiring lunirng m r  renlemign i’s lnninn,in ’l-i ’ c _ I

computer ’, at ,- leading i’ fresh approaches to model- Perhaps mi,~ n’ s m i lnr i f ,  I.’,i t mcnn i c’ r,, -i c , , - ,i — c i -  I I ,

irig an t , m - r m t n n c l  of manufacturing prie-esses , and a to pred ict from data tint are tn , ’’ lu u - - i n ’ m t i , i .,llm ’’

nnjmtie r of i’s ’ tO ut , new- mellno,ls are receiving atten by processes— int’ludnng r , ’ ,, c ,m I.- ‘i f ‘, , , m m u i , I— sr s m l’, -‘ I
ti’nn, mime of whk’h i’. tine ‘‘ learning nets’,-,, rk’’ approach. suhj eetis’e evaluation s , mf product t h at it s - - n . , I, ml

Net w n,rks f,,r in mml,,,t,-r -a i,lenl pt-e,iiction an,t control, ever var iables are readily ac-,’,-ss i id ,’ I
wh ich may be impl.’mcrntenl in computer software ,ur measurement, It is only necessary that II ,, ii m l i i ,  ml

peripheral hardware , ‘-an learn ti, tiredict trends in a variables, taken in i- mut t -c ml , i’nnr ,la ,rn iii. - , in ’ ii ’ - I ’ -
process from the natural data it pr ,nliiceni. The process the inferences or predictions I,, be mail,’.
ig characterized entire ly from its observable variables In other words, computer-ai,li-nl nni i ,rm u if. ic I ’ m n i o i ’ ’ i

rat her than by a set cf theoretical en lni ali ,inni its true sys tenis need not rely on iri’mlrum,’iitati,,ni , mf l ,cI, s i t u

,-hararterist in’s i i,- embodied , im the natural stream ,c f ables and other n -inn me n i,- inn’ ,’s of olnler II ‘- ‘ ‘ n c ’ ’ — cl - -  -

data that linums-. fr,’m ii . The pr,,l,lem is thins one of n’ ,c nlr,uI. Often there is no pa’ .  to niusl n m im i - m i “ - c ,  Ic
generating a ‘n ’ ~~-’.-. min ,lel from data rather than one
of estimating what tine cl it i w ill ‘i- . . . -- ‘ , This irtiele us Inisenl cm ’s a pniper ‘nc — n nut c- - I l~’ ‘ml u I l.n u n--ni ,,i it,.-

At the very cast . linus p i~ if thnnking can aug lu )75 I 411/h ‘mM C,nnf,-r,-nm-e of the h,,,-~,.1 , cmi ‘ml m . , mm i , 1 -
ment tra dit iii nal approan-heun. ‘lb.- learn tug network ~u nm -n r— . l,.’l~t in I Ii i , . n ~ c . - Ill.
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Basic Element

I ’ -i ni- tm- - u k  c i  Is.,, I,,’.. — . 1  ii~~— — n m  ‘I n- ’- I - I —  Training the Network
I , mc 2 , , .- . c i i, i t m l ’ u m l . , , I. ’ Ii ,,- n l mu nmuu i , n t i  ‘ m m ’ ’ .
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Fig 2 Two-layer netwon ,m Three inputs co ’nut c i n i ’ nt,’ -

three pairs at the fin Sb level of i ’i”cmin’,iIs Sm ,, Ii us that 
I c im t m m . -  m u sl im ‘I t.. t m m uim i u ’n’ ,u r inu g li’ tuut l’ut fu ,snn tin,’

of 1 m g  1. At the second It, I , outpm mts of the im rst , ‘ t , l m n n ’  d d s ’ l i s , c l  is .
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di-m;n,,o an~ nals Th eore t mca lly, later stages would uu , m ’ i ’ m ’ ’ ’ —~ l u  Ii,,- . I nt l i i- ig . i~ imimhiu’s th at at l m ’,m’.i

~~~~~~~~~~~~~~~~~~~~~ 
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m l  1cm, n n , ,tu g mmm l i. ‘ m u  is — . (,,,,m ,I f u i t iu  l imc um m , l ,u li lur ,mninmn mmli,un is or more mnputs wore hypothesuaed as contributing
tm II,, - 1, 1 1 m m , , ,  h ut ., —,,Ic.,-h. nuii’.l Ii,’ mml m t m n i rnr’ ,h that ai. , to the pmocess coflb roIle d by thus network , only

I c . . - Is u I’I’ ~ ni mat,’ tin ,’ ii mit,, ii, tIm,’ -i -u sa m’ mu te s.’lem ’t ,~ 
o u gh t  Su rv I v~ d I he I’ uI nh ng process as cont mm huh ng
sngn uficant l y ho the output. Fum lhermome , only tour

‘ii i,-a ’t— t i m mu u— . II,,- ru n-I’.’. m u ) .  — i-mit, hm,~ I;, nigh t I’m gm’ ,m - ot the eight required a subnetwork more than one
, ‘r ,mh m, , - ~c u ’ ’t’.- In ‘in tI,eir i-sperie,nce inn f itting the poitnis level deep. Typica l ly, learning networks have many
inn thIn - lm, —t —mi t —n- ,— , .s , th,m t m ’r rccr  rmilecn in later u.ves more elements than shown here
wi l l  lie lu. ’ .’ . , If  u , ’ .e r t u t t n n n -  is riot ‘a ’ .m ni d em h . liii- netss-(, rk
; d r u ’ s l i u s - n ’ — ni ,’ m’ i’ l mt isn ’ ls -  —i um a ’ , c-u ,, ’ , ’ . mu m , t m l mt . c \m t mi mu l u llg it

I,r— l ‘— m ’l ‘f m l mm l mu ansI tiu ,’n , mu nnmint u- a—i- ’.. ml,,,- ’ . j n u n s m r l v
— u mI c— n ’’j u m i’ u nt neSs cimm l mu , t)ft m’n, h ,s ’ mmr , i nil are emt mi niu’a i

nnmcs i ,-’)— th at uu Im Iu Pm ,r Ii, ha s,- mu,,’lu pJ’nslnnise initj ahis- h,nnt
ihat It ’’’ iii , ,’ ,u u umn d ’d ’ e l n l mm h m l e err,mr’. ‘.‘.he,n l)reseuuteil wit h trmn nt ”mn nitii ’ ul t h ur iuu iguu , u ’ t u n m i l , m r s  Is ’ tint’ u u r dud i- m hieing m mmi.

tie’.’. data~ iii nn,’st ,‘mnse-m —mi ,- I, l ,n ’ii m m ’ .i, , r in, the result trs mhl eul ,

uif o~ er fut ti tng, By using tfmr ,-,’ i tum le l)em ndi e il t ‘.n ii m ’ . , ’ t s m c  f ‘lIne ‘.n’c1 u mm - n mm’ ,’ m m ii be u n’ n mc,Im l ddit. ’ sl mu’ i ,fleu n ,u. ii”’

the anmm ii., isi,’ data—-taking (-are thu at can-In i’. statist in-al- v i rn-mi mn, ‘.1 m ,Items Ic mr a l crsnc ,’s_ li , ,ut is suhijer t t. c ft . -

I y re;uri’ ’a’mut mm l i ’ .,’ ‘~I tin,’ whole datum base, the problem q un-tnt du’ .t m dl I m a n , ,  -m ’ s - (‘ dims m n  — ‘ ‘Is , the nn, urn’ a im -u n rat,’ th,-
if ,,‘.m’t t ill h g  is n-irt unz mll y eh imim,mihm’ul annul gd sumc l a u .  iu re mlim’ti ’ . m - rui,mmhm’I . II,,- I’’—— Im , “ i iueu,l ls - line “ s— I , ’n,, nnust
ann-c i-st imates u if uu lmr ’ r mi t irmm,m , l error levels ,,f tine rem ’mik-mm Imite ii- ’ mu  r ut usl l u’s - i — ‘‘ nd — -

mm .dul—  ‘ann ls,~ ,ubf mm jru m ’ ,i , Sr’m lun’liiu ’ —n - _ u, ii i  l nn i _ ’u u’ is mm nt inn -u ,’nu m - m ul ,d l i ti mnl i /uit m d c , ,

If a nrsu’h ,’ l nn ’ ,,lh,,’s i Id ’ . ,i Is-n o ting net work can be algor ithmtn s- imcc s. its l i umt i’m mm imr eul iu ’ Ie, l si’ sct, - d’ c,ttl t dim lm ’ uI

guarantu’n-ui m i s t  I., lie .ss,’rf’mt t r,l, 1 p- ill he a smoothls 1~Y iser f isrma nm m—e m i .— ,’— .mni,’l m i I,.m -’jn- . Flu — — m- , , n i ’ nnan i

t ut t , - c i , funm ’ tmm , ri mm l atuI’rs •nim .,tiiun, %lm,thematicalhy . this vlsI — u mn i ’ i s cf t l ue t t iact , utdncl , - .,f ti,, am i t fnnm et mm ’ huller.
apliri ,xnunat m,miu us mu i’n sum t imuim ’ ,, m. m m m l  ,Iiffereuniia imle luiuw— n-nun-c betpen’mn thu ,~~ ,l m —  iresi t,n,,l s ,ulu,’ ui in ~~~ ‘s ’’’-

lion, den s m ul m m- a of pl um — u m’l mu— . ’ ls mifiproxinuale the nj un m i n - n mmr iu m bl, ’ a u u u l i t s  jir ,’ii m i i.’,l f un ,,, 1 ‘, ii ,,,’, inn sm h, i,’h mu m .
tut m i t un , ’ si ,’ri m -a tmn, ’ hu ,’lim m s ‘mr of the real l~r ccs -i-’.’.i’— that stmmrmu ’, the gisal c f  t ini ’ —n ’ , i t c  l u I ’ m — i ’ - is to t’umu ul mu “i-

mur ’ ’  n,im ,hi ’Ie,l , I , u r t I m i .  t i - _ i — s u n , , un urtnenieah p iu rlial .1,’- ‘10m m,, m ’ t lmmu t iii, ’ .,’— ii,, — ‘ - s i , -  I s , in - n , ,. \~ lu ,’nu Illum ililml.-
rim muti n ,‘— m m m i ’ . - ii,’ m’m ,umu l miileil sm b in-h reveal the qua nt ita— 5 m i r i m u l . I u — ’ .  i t ’ ’  I,, l w ’ ’ ’ ’  1,1 rcs l l , ’ , i  I~’ ‘.tsn’u i ti ’ ’m l thu , ’, 1 mill,,’”.
t i ne — , ‘u, .it i ’ . uty sf t h e  uuiinih,’Ie,i ‘.mu nial,le u y l  mumn ni thun. n mf the si- ,,,,’ fuu u nm -t m ,, nn unm m ’ . in ,-  mu ss” ugl m ie nl —umurn c i  lire .

tue jmr . ’ - n’’— that Ii,,— beer, ,mi mum in ’ ln’mi t,, sur , m , ll s mmrimm l ims , m .m mhsti - s l ,il ,a ,lum tu’ firm ,, ) ‘‘nu t- ., un m- , h i m - h tin,’ In,, ru ’ im-
in —~

‘n’m h fm m ’ n I  s m i lm im ’ s s~ f time mm et p s .nis, iuilnut n-arj ahles. h m i mrt mmu, t f in m .u t  5 ,un 11,1,’ — mire g u ’ .m- n , gri’ .il~’r iiumi in’n i i i
“i” w ill I’•- —i’ m-nm , a iiiiity ti, i u ut m ’rr ’m g mit t ’ learm uirn g unet~ 

wm ’ ig i mt— t h um mn u tin,’ Ii’ ”. ,m ,n lnusu t o ut  un , ,uh i lm ’ —’ Oilier. nnn ,,re
i_s i n  is’. at mu r luit r iry I m . m i u i t .  Is ’ . ithin, t h is-h, region,— of lit ‘.u ’I dld u— t n , mt ,’ ,1 a cc i ,’ lu i ui.’ ti ,, i is t um , u ’, lit’ u ’ .mfln t iUlt’i l m i  i’S

Iii pr, ’ , ‘I t m  i . (liii’. t,umulm,m,u t.rc,lict,’,l ‘ .mi l~u, ’— m m m l  s,’r,’.h i m u m ’ ~ — — m i  ti ‘ i u,mm , , m i,, i — u , , - -. as s i t u _ m i t ’ . s t  ‘.t,’mu,l’. -t ilt’

t i ’ . h t i , . —  nil ,‘‘‘m’ ’’’-~ r’-—ps ’m,’.’’—. is tin t ’ k,~’. is in’.,’ of tim”’.,’ pn’ rfi sruuim m unu- ~’. tu ,,m ,— u ,- n , i , ,‘ ‘ ‘ . s s e r  s fu .unu dc — Ic , , i ’ m , , s ,- — . or
net w , ,n is ’ . i n n ‘ im n n i n uter -,uiul, ’nl u l , ’ shgt i  mur u,i urn mmn n uufm ii ’tuninig umulin er,’uuce t,i inmt n i ufmm i tmnr muig , u ,,.i , ail i t s . If Ii t ’xii mh e

t :  \ l )  . ~\l m st’ mu nm ’ i, l s • g us  s u u, - in a’, ‘ m gnmmiln ’ , I  t m m u i s i . c u u m  si ’ . i , s h i  mi l m , z d mI m t h m m m u
‘~~‘ “.-“.‘ is u .n’s1 . s ur tnnall y mu ,,’. n’.cmun jsnm luuhili -’ n i i ’ s m m ’  fuunetion may

lit ’ enn inhii, ,eul Is~ goverum tim,’ sn-m in i-li.

Use of Learning Networks Whil e t h e  ssm j t eh I- m u  ‘.,-ari ’ii m u , ’ 1’ - , th~ lear nu ing
mn t’ t ss ,u rk n , Cr,’ m m l i i u _ s n .  mt , ’ , 1  mit mu %m ’u s in u gin r ut,’ . t~i~mk imng

A he m u rni uig ni-lw ‘irk in , ( . -‘t \l jn u i il rmen ts a pu eil ict is ’e it 
~

m m ms ’ .ihul e to t r y  unum mn m s Ii s I” stbietical sequences mm- itlnj in
nim,t it’ l for tI lt- I’ m ” i’s’. being t ’ ,n nirimii rt l I F ig. -~ . A a short period of 1m m,’. i v j .ii ‘m i l l s  , for — ‘ft mm are mwtmm imrk s
separate netwt irk I’. used f u r  cam - l i isr ,’ , iie t , ’, l variable , hunving approximately ‘ill eletneunt s , mit l i -mist h t $ t  iiitt ’rrs ’ga.
Inp uts I,, pat h net smork art’ mem u nimr , ’ m i hur m’ i ’ ess mim ir iahies ti ,s mu ’ . can he rem,lizt’,l, Ai’inies-ing a high interrogatiomi
aund tr ial n’ nunmi r ,,I m ari abks . When the vms itch is in rate n i - . t i u i r - ,-s t h at the t i , ’ tw - ,ir ks be eff ic iently ~urtngrm, mme d,
s. ’mm rch Iss m-Il i mmn i , se u lucl ,,-e search logic n-inn rapidly inn- l” uur the mr,s t demauid iu ig application s , per iphera l corn .
terroga te the ~eiworks to ul iscove r predicted cuu nse- pute r hardwar e may ilIsi5 h m m ’ employed to inuinkmeni
quen es of hyp othet ical ,‘ ,s u m It oh act ions , When the th e net ms- ,,rk ,s . I )e’pt-nniI ing isr i  liii- m mnhiiuluit of I.mu ralin ’ I
vms t in-h is movrvl to co ntrol , ibm ’ iwsi se i lueuum -.e of con- c ircu itry use,l in the IM’riPherah h ard w are , a Ii ui fsc l m l l , m
t ro l an-h on foun d by interr ogating the network s is th ou sati ulf o ld i m , i - u , ’ m ,s , ’  i,m speed may hi’ realized ,
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¶ j Fig. 4 An appt icat ion in

I I ~ 
computer-a ided m a nut ac -
tu rmn g . Key elements, Shown

___________ ___________ fl color , set up an optimum
sequence of Control actions
in search moc’e, then ap-
ply these act ions to the“

~
“1 _.

~ 
process when the switch

1 I a thrown to control modeD~~u~~~ I I 
~~~~~~~~~~ I t  necess ary . th, system

~M I dA Iim SJ C can return to trainIng mode
for mInor retraining from

tn-oem lime to time
L__. wabmcrto sistumi

When the predicted score is satisfactory, perfor- between some of these variables, and the response to
mance-asseasment logic switches the control system from a change in any input variable is delaym’ml by a length
search to control mode Ithe system is in contro l mode ~.f lime related lo the velocity of tIne steel strip mov-
most of the time I , at wh ich point adapta t innuu or retrain - lung through the mill and the physical lm- rmgt h of the
ing of the predictive networks may be possible , using mill its elf , Yet modeling such a process is extremel y
some m . f the system ’s computer resource ’., Adaptation i’s important , because it offers t he best way to redu n-e
a t ine tuning of network coefficient values , keeping or elim inate substantial economic I,isw”s suffered when
the conn ect ivity structure fixed , perhaps us ing a gradi- eit h er un uan imal or con s-entiona l automatic c, .ntro ls are
ent or gu ided random search algorithm. Ret rainims g u’ ,im- app lied.
pIe-lid s restructures the networks and recalculates the Learn mm ug unetworks prism ide a new method of model-
coefficients to modify the w ays in whi c h network j mnput ing thi -’ process. Them- ,-ro v ide accurate , read ily co rn-
variab le-m, interact within the networks the mselv es. putable relationsh ips with which—as the values of
Adapt at ion alone is usually sufficient , adju st i n g tin, i um put and ci.m it ro l m,m s r iables are chanuged —outputs can
coefli cue nts in a backgrou n d mode of contro l computer i’m’ pre(liCted. itecau.me the y take time delays into ac-
ut ilizat ion—-tlna t is , wit h a lower pr mi mrity than t h e  count , they are h unt s luggi s h as are linear contro llers
control funct ion , carr ied out only when the c ’smpu t er for tran s port delay plant s , and they therefore avo id
is bri efly idle. Sometime s, adaptat ion is needed so in’ prod u ction ,s f u suineb off-specification material resulting
frequ ent ly that it can be performed entirely olfl i une from the - large amounn u ,if time that sun -h controllers
at , asy , month ly unter~ala, require to reach th eir In u ma l slates afte r input changes .

Sensor veri fi cat ion logim- ----an important part of t h e  Al s o , un like some linear controllers th at mire too close-
learning network sy stem—-e st ablishes that can-li set , ,f ly coupled , t hey do not become unstable,
process measur ements subm itted to the network s is ~,lnce it does not req uire that major nonlinear in-
reasonably s imilar to the data patterns with whi ch the he-ran -lions he prec ise- In known in advance , the learn ing

V networ ks were train ed, If this similarity is not lire-sent , network metho d us more successful than previously
the process or sens,,r may be malfunctioni ng, ‘cm per- app lied linear regression technique s, Also , unlike
hap. the system require s further training, l’rtn gram s class ical regression technique s, it is unlikely to go
have been develop ed thai perform the si m iha rit ,, tem,t astra y with real proce-sa data after having been made
automat ically and deal with each possibility that n-an to work well wi th a different set of test data —-be-
ar ise ; these progra ms use a u iata -rl umiien im ng a lg ss n ithm cause ov erfi tting i’s m.v oi de d,
to synthe size the test. A typical hot .strip finishing mill consistm, of s ix roll

stands , a runo ut table several hundred feet long w ith
water sprays both above and below it , and a coiling

Learning Network Example device at its end, A steel bar about I in, thick and
heated ho approx imately 1900°F e-nt erm , t he first roll

Control of runout table cooling sprays in a hot- stand , w hich squeezes it into a somew hat thinn er and
strip steel .fin mstmi ng mull has been achieved, ahhu ,ugh wider bar that is moving substantially faster thai1 wh en
this is a difficult industrial process f(,r which to build it entered the stand (part of the steel displa ced by
a mathematical model di ffic ult because it has many squeezing gunes sideways , pa rt of it moves forward to
process sarjable., strongly nonlinear intem-at-tiu,ns occur ,‘uunitrjhut ,- to the velocity of the bs r h , The other roll
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‘— t ur n ,1- ’ c -
~~

n - c i  ii, , ’ ‘ i ’ ’ ’ ’ ’ —‘. in n ‘,u us ’s ’m’’,’, ici ni . ‘— us t hiu nt lii,— Conclusion
s n n t t t ’ i n t  ~t i I ;i i’ l u n - n i u _ n l u s  l i _ I  t i .  t l t i s k , c ’ u u s c l u ’ c I  i c c  i l c I t i  I-

I lint —liii ni ’ , h  I n s t c ; m n i c l  n n umsmu l ng  ml in ; ’  t s ,  21t14 1 ft nti mn i, hfn’ — im l l . f u r  n s s i m t u , , I  ms f  t hu ,  s ’ scsc l uuu g ~t , i m s —  ‘ sum t i n s -  r i nu m , n u i t

it u nits 5 -. c I s c, II, , n inuts iu nt I_ mInI , - , tin ,- — in i t ’ nmtus t I,,. t i l ls’ n s f .i bust st mn~m —.t , - , -I -lu tit s l mtimg m u l l  m u—n i l ~ ii, ,- ni t ii i t s

n- s in - s I Ic ,, ii i’ ’ ’-~ ’ t , i s —  I s ’  - i - ~’’’’ il l s ’ t i ’ i u i ; s , - t _ i l t n tu ’  l it -f in -  m s f  t i n, ’ I m’ ~mt t o n g  un u ’ t ms or k , s i i i nri ,_ ui’i n , ‘ ‘m u ’uu mm t In  c c - t i , , ’  n u t s , , t s i l

it j — , i’ i, jl ,’ si . ‘— s -ti — ncr — ,. s it u , -  t sn ’t ss icr k ’ . n - - nti is ,- tr ;u i mu c - c l t u ,  unm .m k,- i—. ’ ’

I c - u  il l in — ’ i ,, uli mn ’ ic inr t ’ u ~~’’ — - t , i l l un - n  t lt ,nn , ‘. I issm m in ng huc c m ,, tin,’ ni ti , s ui— , t h at mnr,linn ~m t ntns , i h s - lit s.i c t i c ’ - , — ,  l i n t , - — ’  ,,t u s c c t  n i c k s

n un , -t l is , , l  nt i.u ’, i ’ m’ , u I c I c I i , ’ c l  tin i n , i’un t lr s ’ u , s l l u t s g  utnill . sme n mucnnc , s un m i ’ t , t i c c n i , m l  si-ni- — or-, rni i gh mt l,~’ in — u — f i m l s n i s - ~~s - i s s - ..,- n tu j l

i i — .  hm u ’ i ’ ’ c c  t n I v it ’— ,n ; c ; s lii ,il ic s ti c c i , ,  n i t r m s l  s f  tc r,’ .sn ri ~ m’ul inn usth i ’r un; i l i li u ’Ii ti suus . ul,’uinu ,n n ’— tr ~ut oig t in , ’  ; i i c s s n t  in! ilu,-

ss ut ’ -u  —.~
c t . , s - — t n— ,’ il I s ,  , , s m , l  t i m , ’  l iu s t  ‘t ,’,’ l sit i;n ,mftu ’r it Ii i— i,’~ii t i i nsg nt ,—t ms n s rk a l it sl ns_ un- lu u ’ m ,— nt nt n t , ’ ’ I, , n t n , , m tn s ,iIl~ ,

c _ i — —n- s i  t i n -  I,,.t mu ll ‘t ,iui, i . I l ii’- ’— , - ‘ l u _ n m  i u m n - i c ; n t i ’  tilt’ ~‘~n,f tv suarc ri—al izations of ln ’~irt ,mnng ntu — t ,,ss mr k— ’ l m r s c m  c i i ’

— tr ii- I , , n c u c  i i iu i ~_’ . I ~, ts i s i s - i l  m u l l  s - , c t c t I i u t s —  u t i.mn i y iic h auh—m tnuat e t i m nu lm ut iung — I ’ m- n - i l inn nn ,iui ,, s i t i i n l m s s n n — ’ . l’~ , fin -
— l u _ i ’ — . I s ,  slim , i t t , i t c g , ’ ,i inn , i i n s , s n t  I’ discretely i-ion. lu mr m- applicat ions requiriiig faster iun f , ’ r s -n  c c - — or ; c r m ’ s  hu n ’-

tr ,s ll ,s i ’ In ’ —~~‘ is hi ,intk ~: tIn ,’, ,i i Iss l  . m - , , - r u I  ic ,irlilnnu’ti’t’. iti t u i c t i ’ — , lang ,’ ‘-calm’ i ntc’gr u mtu - i l unit s - t i c  i n c - u n i t .  i t s -  I c n - s t c g

tIns’ .1 t u i l s , i i s i , ~ i i ’  s , i t uc’m ’ mI , m, It i’ -i i m aim t~ikm- .u’,,er~il Su’ ic s t i i l s  ult’vu’iiipi’nl, ‘l’hese will lead to ser’,- Ile xi ld ” at,’1 p s s m s m - t  -

i s ’  ~
,,s.. ‘ m u t b ,  i, i— t n i l  —i _ in s1 i s ,  t ls i - , - , i l inug iii’s tn-c. fnu i t c i— ri t’ hu u- ta I des Ic,’s fu,r the i- ,’t i tr al ; n r s c ’ c ’ — — c  nn • t u ,

I ti tin i — u- x ,mnu n ; cli- , t i m,’ i n , dcl , mm In in - in is Icr ’ p rammed our ms- in in-it th ey a ri’ attached.
I It’ I : c l i i  I c n c c m n - — — s ’ ’  nu t  i ii s ’ cc m n l inmtu ’ r , t sre sh ii’ts the ntirn — Although ( A M applications iii 1,-a n in inug u m n ’ t ss s i t

is.-r n sf —j s n .mm • t s - p u t ’ ’ ’ 1 t i s  ;m n ’i ni es , this ’  1,-sired coiling have u s s r ,  u’mphi;m’ izu’il h er,— , ( Al) ajs;ci c a l u sct u . n i ’ -  ni—u,

t s - tt u l m -t. m t i n tu’ . It  I u , i — — ‘- ‘ s-ti i t s t c u i t — :  s ’ cc l l i n i g  ,nr nn l l’unn i ’ — hning rn—s - u’ is m u g  a lteunti rn. \~u Iii ’m m ’: n— . inn (1\\l thu us - h u m  k I.
t s- ttu I cs- i ,, I u n i n ~ tin ,’ — I i  i t s

_
s — ; ‘ s - n - c l . i l u i c - L n , n - — ’- , msi , ht h u , anmi tr ;uiunv ’ml tim a hig in degree if  accinm a s -v nm- f cc, ’ - Ini-ing in.,’!

hi~ir,lni, - —— ’: in n , ! ~l it , u s t s t ’ - ~ — un t s’ i F’iu ii .I si t, ’.i l , ’uun t im ’ r _ l tu iin’ oui li nim’ , in I - \ l )  it In-ar m —u msi t ln i- as hi — i n c -u - , - . —u un

it t h i s - l ist m c c l i  s t a ins1  tim , - ,h itler , ’ i i i ’ ,’ l nu ’ t w , ’ , ’u n t h e twi, ,-m,;iertmu’nt , aunil sm it h sear—in l ss i~im’ it ;s u- rfnirntt s , a—

l s ’ l t i ; s s - n h u m — t , ’ ; u i s - —s ’ u i— lii ,- h i m - i t  th u ,, t mmn .t Is ’ - ri ’musvu ’il ii,- ngn ,’r mum sei’knuig ‘tnt the best cis’ —ng t n .

is ,, tin ,- .;cr.i ’5 •. I ( ) n n l t s umt ~ s r i ’  n i , n uuih ,u- r ann ,! i - mn um l n g urat is , uu
cf iii,’ — p i us— , ‘ l u — s- nc frimm u - i g but ui ’ s,m,’ t h m i tah ,l,’ irt il

n-mi n n ntll,-n 5 ,- nil . Bibliograph y
lts’.n i ticcn n nsf th e’ liar I,, tim ,- ss i c c .m ’—.s im u’ rolliung ‘~ti’ li ’. is -‘ - -  -

- H - I., lt arrnn , Th,’or~ an,l A pp i us -a i sun , - I C~ csn nc -t n, - ‘-s  . u ‘- c ci ’ -
toll ills s snts I nnul liii i n  is ire Inr e et smhi eun the An I) m u  w J r  einngc 1) I JFtF \ nft si n! r , I
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INTROD UCT ION

Mucciard i [1] has developed several pr ocedures for aug-

menting cluster c lass i fiers with trainable , pol yn om ial ne two r ks .

The networks transform the x - input data into a y-doma in

where the class es ar e more easil y arid accuratel y clustered.

The classi fier proposed here employ s the same concept of trans-

forming the x data into a “more c lus te ra b le ’t y domain . With

the Mucc iardi approach , at least one ne twork is required for

each class , so in many class prob lems , the numb er of ne tworks

is larg e . An attempt is made here to reduce the number of

nets required to pe rfo rm an adequate transfo rmation , so

c ’assification problems i nvolving many classes , e.g., twen ty-

five or more , become more tractable .
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A NETWORK /Cl USTER C L ASSIFIER

THE PURE CLUSTER CLASSIFIER

When the cluster al gori thm i s  used by itself , i .e.,

w i t t  no network augmentation , as a clas sificat i on too l

i t is “trained’ as fo! lows: The traininc- data (the X
vec tors) for the K classes are separated according to class.

For each class , the cluster al gori thm cons t ruc ts hypere llipses ,

define d by means Xkn and standard devia t ions akn , of data wh i ch

clus ter closel y. The subscri p t k denotes class and n denotes

the component of the X vector . The loca tions and dimensions

of these hyperel l ipses , ~
1 ong wi th the associated classes ,

comprise the i n forma t ion used by the classifier in the classi-

fica tion mode.

A block dia gram of the cluster classifier is shown

in Fi gure 1 . I ts operation ,-give n an input vector X, is
to generate a normalized distance nieasure indicating how far

the vector X lies from each ellipse

N — 2
-m (x  - x . )

dL V 
n k,n 1ki L.. — 2

n— i

The subscript i deno -’~ s the ith cluster within the kth class.
(Table 1 g ives a definition of the indices used in this
note.)

The unno rmalized probability of be l ong ing to that
hypere lli ps e is
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T a b le  1: D e f i n i t i o n  of Ind i ces

subscri pt i n d i c a t i n g  ci 1 r - ~~ rium~~ s ’ r

i total numbe r of el 1 i pses ruc’ r c l a s s
subscri pt ind i c a t i n g  class nII -l - )~ - r

K tota l numbe r of c l a s s e s

1< s u b s c r i pt ind i c a t i r i q  c l a s s  nu~~her

L total components in the y vec to r
subsc r ipt indicating y vector co~-~ponent

M tota l numbe r of e n t r i e s  ( i n  the t r a i n i n g
set ) per c l a s s

m sub sc r i pt indicatin g entry numbe r

N tota l components in the x v e c t o r

n subsc r ipt i ndicatin g x v i- ct or ci~-n ponent
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cxp (-d~ - )  ( 2 )

ari j  t Hi’s n~- rma I I zeJ probabil ity is

~~k i  K , 
~ ki  ( 3 )

L I ~~~ki
k=l =1

p i - L v ~bi  i i  1’y of belong ing to class k is the si of a l l

t he class k clusters .

1’
p = p

I~. L ki
i=l

ihe d a i s p r — u i / a b i l i t i e s  
~~~< 

f o r m a class probabilit y-state-vector

( P S V) .
S e v c :~ i 1 p rob lc ’ Hs may occu r u s i n g  the above cl assifica-

I On I C / ~ t I

1 .) If any of the vari ables in the X vector is
totall y random, i .e ., independent oF the true class i-
f j C c t I C nl n hi, rr rtati on , seve ra l X data points ( w i t h i n a c l a s s )

i c -h ~‘) (j ’ j  I d - - t  he rw i se c i us te r , wi  1 1 be art i i c Ia 1 1 y s e p a r a t e d
in hyp cts p s ’c e  due to variation on the random variable .
f , C t ’ ~~~ clust e rs are introduced to handle separated data ,
so,1 (-)rri comp lex c l a s s i f i c a t i o n  log ic is required . Furthe r ,
new d a r a  ‘,-1it h va l ues of the random variable which do not

fa l l  ~‘~i t h i r j  the t r a i n i n g  set reg ions w i l l  not necessaril y be
cI~~s Fi i -U properl y. An examp le is shown in Fi gure 2 .

2.) II variou s X data points (within a class) do

not fall o i t n i r l  e l I  i p t i c a l l y shaped reg ions , seve ra l
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x 2 ( random v a r i a b l e )

true s e p a r a t i o n  l i n e

o new datum here is m i s c l a s s i f i e d  s ince  i t  is  c l o s e s t
to cluster 3

F i gure 2: Ar t i f i c a l  Data Separation

-i
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e l l i ps es mus t be us ed to app rox i ma te t he reg ion . This in-

creases t he comp l ex i ty of the cluster classifier , of ten
introducing l a rge nu mbe rs of c l u s te r s  per  c l a s s .  An examp le
i s  shown i n  F i gu re 3.

3) S i n c e  the c l u s te rs fo r  each c l a s s  a re  c o n f i gu re d

wi thout refe rence to the cluster structure of the othe r

c l a s s es , c l u s te r s  f o r two d i f f e ren t c l a s s e s  may ove r l a p
even thoug h the x vec tors  f r o m the two c l a s s e s  a re  qu i te
sepa rab le . An examp le is shown i n Fi gu re ~~ .

L+) A problem arises with the use of cluster al gori thm
wh ich  gene rate ellipses withou t t i l t  (i .e., the variance
terms are allowe d to va ry bu t the ç,Qvariance terms are

res tricted to zero). Data which may cluster nice l y with the

use of t i l ted e l l i pses requ i re the use of several sma ller

e l l i p ses or , i f  one e l l i pse is used , it may subsume more
space tha n the data leg itimate l y occupy.  An examp l e i s
shown in Fi gu re 5.  (Note : a problem w i th a cluster

al gorit hm wh i ch pe rmi ts “t i l t i n g ” is tha t the numbe r of

,ç~ v a r i a nce te rms per e l l i pse is N(N - 1 )/ 2  w h i l e  the numbe r
of varia nce terms is onl y N. Thus the memory and computa-

tiona l requirements increase ve ry rap i d l y wi th i n c r e a s i n g

d i mens i o nal  i ty .  )
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-4 A NI ~ OR~ /C LiSTER CL A SS l~ ER

To Lu - crc//n e tf~~’ ab ve c- n t oned d i f f i c u l t i e s  in l in b i -
d i I I c n s i o n a l , /]/uuy c l a s s  c l a s s i f i c a t i o n , i t  i s  p r / u ~ u / ’ ~ed that
th e clu st ’~r cla s~~i fic r  of Fi gure 1 be mod i fi e d as SIiOWfl i n
F i gu re i~~. a group of L networks , (N 1 ,N 2 N L) i s inserted
b e tw e e n  t n -  X input ond t h e  d i s t a n c e  n /edn ur u rne//t f u n c t i on ,

and tHi -re is oni- ,- one ype r e l l i pse-distance -detection per class .
i n c  purpose of t i - - net orurks is:

a) bu n reduce the dim ensiona li ty olr the cluster space ,
i .c’ ., to t r a n s f o r m  the N di ri;ens ional X-vec tor  space
down to an L -d imens ion a l  (L — -~-N)  space , and

b) To trans form X in a nonlinear fashion so that

) t i e  ‘y’ vec to r  group in a s i ng le c l u s t e r  per c lass ,
i i )  each of the c l a s s  c l us te r s  may be adeq uat e l y

re p rc r s e r l t ed  b y a non-t i  1 ted e l l i p s e , and
i i )  the c l ass  c l u s t e r s  are w e l l  separa ted in the

V space .

h~ ,.~~r f or r in g this transfo rmation , cluster discrimination is
s l i d e r  (—fti~~ t~~- l owe r’ d i n e n s i o n a J i t y ~~~nd the existance of
onl y u rIe c lust e r per class) and the problem of cluster overlap
h as  tuc’c’ ’ - r educed .

t1PEH\ T IdN OF THE N ET W ORK / CL t JST E R CLASS IFIER

In its classificat ion mode the netwo r k/cluste r classi-

fie r opor~ t u -s according to the following procedure :

1) Conput i:’ the Y vector F rom the X vector w i t h  the
use of network t rans fo rmat ion .  Each component

is a pol ynomia l funct ion N, of the X vector .

2 )  Compute the normal ized d is tance  measure , in y

space , to the K class clusters:

L 2
2 ~~- (

~~ v )
k 2 5
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The y data come from step 1 . The c la ss mean and var i ance
data and ak,~ 

come from the tra inin g process , exp l a i n e d
la ter .

3) Compute the unnorma l iz ed  c l a s s  p r o b a b i l i t i e s :

p (< = exp(-d k
) (6 )

This compu tation assume s that the class probabi l ity -

densi ty-functions are Gauss iar , i n  y space . It must there-

fore be an objec ti ve of the t rai n ing function to generate

networks wh i ch map the training da ta (wh i ch may be i r r e g u l a r l y

spaced in the x domain ) into G a u s s i a n  d i s t r i b u t i o n s  in
the y domain.

1-e) Compu te the normalized class probabilities:

( 7 )
K

-
-

k= 1

The las t step produce s the desired classification

probab i ii ty-s tate-vector.

NENORK/CLUSTER C L A S S I F I E R  T R A I N I N G

It is the objective of the training function to

develop ne twor ks wh i ch map data in the x domain to the y

domain where :
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a) all the data f r o m  a g iven class k forll a s i n g le
Gauss ian  d is tri butio n in y space , and

b ) the K c l a s s  d i s t r i b u t i o n s  in y space are s u f f i c i e n t l y
separated that in t€-r - c i ass amb i g u i t i o s  are mir ,imi 7ed .

The classi fier synthesis techn i que is to select a set

of L pol ynomial networks with “sufficientl y rich” gene ra l i t y
that an “adequa te ” transformation from the x domain to the y

domain can be ac h ieved  i f the prope r c o e f f i c i e n t s  are s e l e c t e d .
The c o e f f i c i e n t s  are s e l e c t e d  us ing  a GAR S a l go r i t hm.  The
performar.ce measure for the search is mathemat ica l l y cornp Ie - ~,

but i t  s imp l y measures how wel l the netwo rks  are c l u s t e r i n g  the
wi thin-class data and separating the different-class cluster s .

W i t h i n  each c l a s s , the means and v a r i a n c e s  of the

da ta in the y domain are

= 

~~ m~ i 
~~~~~~ 

(8)

and

~ ~~ k~ m 
- ) 2 (9)

m=1

The “separa t ion ’ , wh i ch is a uni tless measure , of class j
from class k is g iven by the Mahalanohis D2 metric: the squared

difference s of the means normalized by the “spreads ” or
variances of the class data around their respective means

(summed over all L di mensions ):
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2L (~~~~
., 

- 
~~ )

2 -~~~~
djk = 2. 2 + 

2 (10)

j~e. k~.

The aggregate separation S is g iven by the “parallel” combination
of •~

jj
~ 

the inter cluster separations:

s =  K (K- li 1 ( 1 1 )2 

d~k=) j=k+ l jk

The parallel combination of d2 p laces maximum pe rformance
benefit on increasin g the smallest inter-class separations , wi th
minimum emphasis on increasing separations wh i ch are already large .

The p e r f o r m a n c e  assessment (PA) function for the GARS

al gorithm iS to maximize the aggregate separation S.

Note that the PA function p lace s no constraints on the

location of clusters in y space . Any network solution for

which the ratio of the cell sizes to the intercell distance s

(see Equation 10) is small is sufficient for unamb i g ious classi-

~ i ca ti on .

Once a sufficient value for S has been obtained the

values of clu s ter means and var i ances are obtaine d di rec t ly
from Equations 8 and 9. These values are used when the

classif ier is used in the classification mode. A matrix
represen tation of these data is shown in Figure 6a.
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Als o of interes t is the separation matrix , shown in
Fi gure 6b , wh i ch g ives the interclass separation (from E~ ua t i o n
10) for all  classes . This indicates wh i ch classes are lik e l y
to be confused and wh ich are not.
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AP PEND Ix ~

ELECTRONI CAL tY PROGRAMMARLI L51 ARRAYS

D. Hampe l and R. W , Blas co
(A Advanced Corrr ,unications L5horatory

0- CJ ev , ’l,nul
Ar !d ;u t r~~,u ci • lOC -

A / - s t  r -)ct and the - u - i  j L u - n / S or we l gl, ts uI i ts  m u t t  i—

j uar iw u r , - -ipproauih has !-,-en developed fu ’r the nomial terms are all cent r- - l ,,ruie - The ,,,- fea t . ,,r—s

ru’a117 - , uun of elc u t r o n l u O l y  programmable provide an ,ur r uv of r;uu -li - lem euit,-, with a h ’g t

ar r,-,v -u u r use in a variet v of signal—pru — 1,-Cr,- - of fl ,xibi lit ” ;,nd ~i I l w ’ , such an array

cessiuu ~- f unu tions . Such arrays comprise a n e u w - r i -  to be ,,lt,-rnatelv pr -~~ir-u’nm* d to solve a u~
if e 0-men is w!uu s, input~~~utput re lations luip , int er— variety of problems )- ,‘d ,’ , sue/u an - u , ray can ho

c u’ u uuu c - t i  vi tv and constants may all be con to> tied t ra in e in t ’  u I It can - i~ idly a, - ept di f f -  rent

- ,  var /s -u! te solve particular problems . s- -t a f weight s ,un / connection commands u n t > l
r ep r esen ts a t r a n s f u rmat ion accept ,! i~ ’ as a

- ,‘- h element will be flven the capability of solution to a ~‘~ vt-n pr et ’/cn . Alt /n ugh limi ted
val uu u,l ing m v  one ut five pol ynomial expressi ons vers ions f such u r r - u v s  h vu - h built in hard—

ru , -
~ ng I corn a linear combination of five van — ware hen luav e be,-,, a imul atu-d , fr,r the m u’ , part ,

able Inp uts 1u the complete mu ltin ,um inal in softwar e Thi s has lined the ,mpp ltu- at i on
of twu variables . The basic numerical format u t  such a r ray -~ to - I t  —l ine pruucees ing or
f u r  all inputs , - u / p u t s  and weig h ts may be exper ime n ta l work .
-1,-s i w’, u t e d  as fix,- ,! or floating point , with up to
a 24—b ut m an tissa and 8—bit exponent. With the u , I iect jve ot e f f i c i e n t  array rea l ization ,
11 is shewn how such an element can be multi ple xed an anal ysis of pruiruimttuuu hle arr,mv -a rdw are  require-
tn simulate layers and then nets , or how a whole ments has been made , tu- , ’le O fs in jr- u imp lement utlon
layer or net can be populated. The latter con— have been comp leted , and an optimum architectur e
fi gurations provide higher throughpu t and re l ia hi l— has been determined. Based on state—of—the—art
it v at the expense ,,f a r i t h m e t i c — c i r c u i t  c o m p l e x i t y .  LSI techno logy ,  r r u - l e c t l u u ns  as to array perforunaru --
Factors u f  up to 1000 t o 1 in speed improvement wer- derived . This derivation led , in turn , i,
are real l ~ed with the reported hardware approach the definition of a custom C2IOS/SOS LSI circuit
when co mpared to using general—purpose computers , wh i ch would serve is a c ey ingredient in  the

processor of the element. This circuit and its
us,- in programmable ar r-u v s will be descr i l,ed .

PROCESSING ELF,MENT AND ARRAY_ STRUCTURE

It  h- us ~‘~~ ru ~huuwn that  arrays of  calculating A basic elemen t is dep icted in Fi g. 1(a); the
ele ments , prov id ing vu ,rious fu nctions of their f igure s how s i t— u major contro l  and input and
in put va n ab les c luu’ used as general —purpose

1 4 - out put si gna ls. Such elements - i n - , in g . - u c r a l
signal p r u -ess ors . — Such e lements could in -st ruc t ured  in mult—layered nets , as shown i n
g ui ral • p u - r a t . ’  on binary , ana log, o r n umerical Fig. 1(b ) .  The in ter e u n u rre ct ion contro l , which
inputs - N r t w u u r k s  or a r r a y s  composed of  ele m ents is part  of each c lement , b u t  which appears
in e . - h  of  these domains have advantages in functIonally between su ssive l,uvu rs of elements ,par t icu lar  applicati ons . The numerical pr ocessing

has inpu ts which can route the output signals ofelemeu t and Its use in progra meab ie arrays is the -

P -
~~~ub 1 eu -t of this paper. u . - ,- --

The maler potentials of such a rrays lie in the i r  
~~~ - ,., ..>~ - ,

alu i l ity to perform reliable high—speed processing, ‘ , -and t t ,e i i  u t i l i t y  L u  be used In adaptiv e con t ro l  -

sy steme - 
- 
‘ *5,,, -5 ‘uI,SoS cue t ufMrses

The f u nct ion repe t o i re  of the basic elem,-nt baa * +
been def ined u, a fami ly conta in ing bot h l inear - ~~~ — $and non—l inear  mu lt i no ml a l exp ressions. The - - S - , -
part icular f unct ion of the ele me nt at a given + , 

- -  -
time , Its Inter—connectivi ty witI ,tn a,-, array, 4

+ 4
ACKNOWL EDGMENTS ( Page 8) 

.- 
- —

Fig. I — Progra,,m,abit- - f,mu - t Ion array st ructure .
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, ; e m c’nt ’ u , ’ u e u , e , I i u - u i  tefut i f cut, u I , ,- uui i t i s - - c - ’, s j - , r r ,_ ,! i , , , ’  a r r a y s  - i  rip to t~~t’ .‘ l u u , u r s
u a /  a u - - n ,  Pu,,!, t’l~~wu’i’t a t  In te r - - ‘u ur t u - ,- t (on C~~u : i , ’ , 1 - i u t )  ,- ,,,td j r - 01>1, ! ie ;uu ’r u c e s s l f l g

t i c  ,t ’  u- , hu,,; u/ i  i,i. _ ~uit  im’muury j u t  c ,1 1, , uu  1(5’ I ‘ - ~ V as t  ,i-u * i L t y  ‘‘I -I(p l t -  a t  t u r ns ,

- u t o u r ’  t i u r u  te : ’’ it 18 tO c - u u m p .u te , ti n - tic - u >- c - t t I c s I t -u - mirig u - u / i - c - n th u - r u t  j g ,u ,

u
_
u, - e n , ,e’ ,  _ ,  i ~~~~~ - t  -u n ’ /  t i c  i c’ ut t  -u ot i t s  funet i , u u u  - It, - i , ;  - 2 ( u  , (u - ) , u _ i l l  u - c  ‘ lu , - - ap~u, I - _ t u r n
,, ul tb u , :  c- -.- ,, flu ,’ : ut - ,  - Pu - u , , -  — 

u u p - _iii , memory e x i r u - r u  -iii r i -~ u i / u ,  - - i i -  u - t — - o f  up t o  _‘ ‘uP

muu i - a > r~~ - Ca,, tue c , ’t r r — i u l e u u - d  i -  -i h u t  t i l’ u t ,’d  c-i t -mu- it/ u . Tau’u— c- u ,u -  w I I • in pu - t u e n i l , t ue

I u> g - r u  u i ’- p ro u ’ u ‘ i  c i ;uat u Ic ‘i C u p f u l  i t- — lu aded and C - u t - - I l e t  by -, r u t  ulce r , but may haytu

,r ’tr’ !,-u :at r u t :  ru u - u i  u I _ ,t iu’ i, - t comp lex Ii, 1 , ,t f u , l p t si p: u ii u / u u  l u s t ,  uS u _ u - >  I • as ‘,Iu’rSri u

I i  ns f_ e r- a L L - u - u s .  in ~~~~ I As s u b , the u u : g r u n r u u t u l e  a rt s - u , ‘ 5/u

he cons iii ,’ t - -d u.s I ut5 , u - - nc- u u ’ u I i go, it le u p u ’ u u

Its i t ’  jot/ c vu u-t nt / the element ie 1 cui remeim t ,, and ,u rtuu,u,,ut , I, i  high—speed p r ’ ’ c e s s i u F .
aru ’h- i r,- cture , i tt- ‘ I , -  t r i e s i / ic con f i gurations - ‘, - , , .  ., 

urt  p i ’  -,;i u cr-:,.,hlc’ in ui- u, u - i l l  I t , - x~’ l u u i r uc — d ; these  ‘ -

c,infuj :t ,, tti u - nru u n -  shown in Fig. 2. Ii, Fig. 2 ( a ) ,
S t I  t O t ’ ’ u L u  -u r u ~‘ Is showt , ful iv  populated , - 

— 

* ,
u~’ i :t u Crud - - i u ’u u r t a i u i i u i  an rn--b i t  s tore  for  

u 

1
‘u i ’ u ’ u” , ,s r v  lun ,’ t i , ’ :u  and u ’ u u t  r u - I  - 31,is con f i gurat ion
C-i n rru u u C s u  (ri ’ triu u -u tuut i t u t j/2 inputs at a time  - -
.u i O  u hi’ ’ r,,t — uf In a p ipelin e mode so t ha t  k - 

- - a -ui dat , re s irnul c um uue , ur is  I y itt- r-,t cd upon in 
..u u ’

‘ i . t e r c ’t:t 1 u t r u  Fi g. 3 — Programmable array envl ru,nment.

Iv F /g . 2(h t , a s t u g ic l aye r  u t  elements can be
-J t 10 > - n  -d to u, ,u ul5 t u a whole net. The memory L~L*~ 

l )EFi i~ il  lit ,’, Ablu iEhI gjl ’Iit)N

- ‘act-u ru t cru st now have km bits to provide
uc t r o l as the processor of the The b a s i c  numerical ut ucensiop ’. elemefl t of I l u e

e d r~e I 5utG , i,, turn , Ii, realize each of the k programmable array will have t I e  capability Lu -u

i - is ’ i s ,  I- ut inn s i n g l e  prob lem. the speed Is tt ,e perform the foll ow ing funct ic-ns :

- mm- -~~, to  F’ ,,. — (a ) ,  iu u , t  p1 pe l ing ej u, flir t be P1 y = W + W
1 
X
1

-- I;: ~ 2 ( e ) a ~ ing i e processing element p~ ~ ~~~ x +~ ~ +~ x x
• ‘ h i c r o  - 11>- , of ~ t u r a g e  can be used to pr ocess - 0 1 1 2 3 1 2
inpu ts s,1 G i r ,  a l ayer and then s,,ccesaive layers . 

~~ y W FW X 4W X 4W X X 4W A , +W . A  
I

I u - cisc,> ,,-- a,ust also Ge made for storage of u I 1 2 2 I I , -- - -

1 u t - v i a - u I :  i t’  i c r - s I t s  In Figs . 2(b) and (c); P4 y — W i

p t -I au - l u Ic ) . Ii ar-c- 1 / j  the speed of (b)
4 : , 5+ 1 h ’A u Tt4ROOG,-4PUI P5 y W

0
-s- W X

1
-+W X ,W X f W  Ic u k

- Functions P1 , P2 , and P3 ar c useful for general-
- “ purpose linea ’ and non—linear hyper—s u r face cal-

- - - 
- , r - 

; u u l a t ions or t rau,s formations . P4 w - u ru  p r r ’ v i ded  1 , 1
‘~ ‘1 ‘ 

- realizing division by a recursion tormula , P5 ,
a l inear c,nsbin,,t j , :j, f f ive variables , us 1 uIc-uull y
suited for dig ital f i l ters and linear transforms ,

- ,-u , ,, such as the FF1 . Each of the f ive functions could

I be realized by specifying u n i v  one element. For

- .- - - ,, examp le , P1 could be used twic - t c u  realize i’2 ,
- - etc. Howev,- r, sui,stantfally greate r speed and

- - A r E  U S  t i  S f 1  el i i i itti, y Ii, ac h ie” ed by providing a micro—

[ ~~~~~~~~~~~~~~~ 
progranmmd con t uu - l  to optimally evaluate each

- 
function .

I , Time element w i ll hr- c given t he  capability of

~ 

t u ~~- operating on 32—bit floating—point value s wi th a
cu ’ - 24—bit mantiss,, and 8—bit exponent. It will also

-. ___~~ - 
- 

Sm ,, be capable of operating oui fixed—point values of

- - I - up to 2 4 — b i t s  w i t h  Increased speed and lower

1_i_Jiii ~ ~~~ r icing.> count .

I tu, ,, M t  ,lARi rwARL ‘flue basic elcunent iii shown ii, 1-I g 4 it consists
of an arithmetic prou essu r , an element controlle r,

- and random—access memories ( RAM ’s)

Tue arithmetic j r r r , c o s s u, r  pc-rforuus additions , sub—

I tractions , and multi p lications of the input
- - 

var iables and weightB to co~~ ute the various po ly—
nomlals - lhc-se operations may be e I ther  fixe d or

- fI,,a tin g poin t , depe nding on tI,e requirements of
J I g. I — i’ , u s u :u i l l t -  array u ,,,it i g u u l . r t  I u u u u s . the arr ay to he synthesiz ed. Use of an iteration
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ii,’ pc- n/ n t / - u  d i s u - ,i’ i r  t , ,  he sim ,, l -u rr - - i  .1> t : Iri :’uI (;ti At ’i’g’)tur .Iil -u ;
< - - - u  i : ,  e lu -n a’,utr, , — — — 

Civ,’n t hu r ye, J i r u u ~ u ’ j u e  i u t i n .  I c us is t ra :  u, t s - u_ out

- ‘u’ ’ -
~~ : 

I’- the tic -st re -h urt- ‘‘l:’. ,d ,r r i,ile ctr ,r , ’ r u ru -d de
uu. ‘u- ’ -— ‘ 0 “ - a g u I  I,u u lu ,rr , u - hetwu - ,- r u -, j u t  and cc, ’ t i j u lu - x i  I, ‘i

- 
-
~~ - ‘ 

‘‘~~~~ ‘ ‘* 5 C r u S t ?  rtu c- its, ur I u / /c ure - i - r u t  - ‘ -r rut; - -  - i ,’
1,  ru, c r I t e r l u u  15 the multipl i er epI u - r - ., , : r u u t io fl ,

— . , ,ua r e - — - - - . u u  
- ‘

‘ Tutu major organ fzatiu ’tu— u l l u m p’ s n t  c - I r-rs’ r um ’, o u r -
_
i - - - 

* 
- investr gated , u -i , ’ - u sing a hipt u — s  un -n-  m n  I,

mul t i p lier (wi th and w i / l u - u> ; ‘ p e l t r i n g l  and i t
— -  ot her a hui gh—sp u-ed s e r i , u i / - , -t t- ‘ 1 0 - ’ — u / I  ip l ie t - .

- 
‘ 

Est imates ‘is to / u / al chi p ennui ! cl spu r-- i u_ 
I made for u-u ,, , ,  u n r - ; u r u < , u l u  c u t  l u - u  V / ’ ., lc ufl s w i / r i - u

- - ,, each approach Av , ,i lable Lii. m l  14, t IC ’s - ru-
- - “ ‘ - u ~ - ‘  considered along u_ m i th key l,al mnul ti p rn r

I - - which would have to be us- -s lu rped I ‘n t i uc Vi, r i  i

I — - element re sii z a tinn .

— 
I : Fbi necessary IC ’s to make the desired program—

Fig, 4 — Basic eleme tit, mab le arrays un viable pro cessing scheme can be
realized in a variety of emerging t u r u m - l e c  or - .
Very —h i gh-speed LSI multipliers have j, en d c ’ ,

Tie c- lu- mr., it , - ‘u r t  n- ’ ll er consists ur~ a ,t-,,,t - ‘ u t t l u ’  u i  are in development in both b u p : i . u r  ,anul ‘ P.’ /SOS

memory ( F u r / - I t u ‘ ‘n ta i imi iup ml c ro— ins lnuet io r i s  for fo rm .U, ~ The choice of lu l te u -luuu. l u g y  f t  eaci-,

imp lement.~i i m t  of th e desired polynom ial section of the element is d i c ta ted  by as’ ,uu labil i’ ’,-

ei,u’ rt - u i - c- ,u nuI ass ,, i,,ted 1 4 : 1 , to t ratuslate and performance of e x i s t i n g  c i r c u i t s  ( p a n t  i < u i  ,r - -

these m ic ro—ins t ruc t i ons  rut ,, c ,,ntro l signals RAil ’s) ,  as well as the best rca lluust u r n  u t  ,,uuv

u ’r t r u e  sri th me t i u pr c e s su r r  and address requ i red new LSI devel opment. These iii to , -, led

inf ormation for the ~~~~~ 
to the definition of a CMOS/SOS serial/parallel
mul tiplier chi p compa tible in speed and lu ’m ~i c with

The R,Al-I ’ -u con ta in the p u l ynunm ial function selu’ u;t i u un associated control and memory . The serial t u t u - - -

and element interconnect io,i information , ~u 1 ~~— 
of the design cap italizes on tb,c’ ’r r-c hi p advan tagc s ”

nomial weigh ts , and inp ut/output variab le storage of SOS , and the i ,lg hi pack ing den niu t e of CMir;:l - ‘ -

for th e element. Ele ment interconnecti on is results in significan t package—count savings .

accomp lished by spec i fy ing the R.AM address of each The parallel multip lier appr oach wan, based on unu

required input variable. Output variables are expandable 8 X 8 CM(i S/SuuS array . Alternate u r u l l e l ’-

stored in e- 4uential RAM locations . If more than mu tip l ie r  a pp r oaches we nt c cr,lsu,uc ti d 1~-- u’ S / n ,

ire’ ele ment in used to simul ,,te an array , the or no t a good match with t u e  test of the . i u ’ta ’ u ’

inp ut variables might  be sto red in the RAM ’s Although there are ha u t e - n multi p l iers , ut Il i z . u t  ton

,,,r - s u u  h a t e d  wi th anotl,er element • In th i s  cas e of their np -c ,t  to achieve aubstaui t i d l y - , c ’- r

‘ru ,- or more inte r e  leme ru t b uses are provided t i element th u ur ugi uput wucil d nequi t c n t .  claP ’ t i m e

exchange da t a between elements. S i n u e  any con trol lu u ,~ic and RAM ’n..

element can access any previously gene rated out—
p u t  in this manner , comp lete interconnection For highest speed , ,m 24 X 22 bit 1 , u , , i i n , I  , t r ’ u’,

f l ex i b i l i ty i~ a ccomp lished. Art in tra—ele me nt multip lier , capab le  if 1ui ; ,i ine ( u l t n r ru ,utclv )

bus provides flexible da ta routing within the referred tu ’ as rum—i locked uu i s taged ) ,‘~‘c ut

e lement. In operation , a u omputer “programs” can be used. The developmental 8 Ii 8 M o s s ’

each e l e m e n t Er~; loading the proper polyiuornial mul tip lier with a 100 nan osecond response time

selec t codes , i n p u t addresses , and pol ynomial can optimally form the b u ilding clock of stu ch

wei gh ts i n t o  the RAil ’s via the intr a—el eme nt bus , a multip lier as we r i as alternati appu u .m I ,, nu .U~~~

The computer then loads initial input variables
in to the variable aemury via the intr a—e lem ent
bus , and provide s an “execu te ” signal to the A 2—sta ge pipel in ed m u l t t t l i u ’r appears u u ’ t imum
el ement controller, for that unit , with inter mediate u_ i  i ng.’ p r u n t

b y avail able > M (u P i ’-g lmuie r s . The u - l / u ’ u t Is’n-
Each element cun t r o ll , - r will sequentiall y step uti l izat i,t n “I such a multipl ier depends on a
th ur n uu g lu the previ ously ‘rained ‘un / ions of its considerable n umber un gates i - n  bus sw i t - E r i n g
aasociated memory , performing the desi re d element for it s access from the RAM ’

~ and f u r  sc aling for
operations and storing the re sults In the variable floating—point j u s t i f i u s t i u n n .
memory . 11,iq execute phase is comp lete when the
element s de tect a polynomial select cutde equivalent The se ria l ,r,, i u l l e i  m u l t ip l i e r  ,.p lu ru uu t u , buI5 lC~~1l”
to s halt  instructIon . At this point th e eleme nt -, I X 24 ac cu au ula t ,r t , iuvc-nc ,,mc- - th ese disadvant ages
u- u n  rn ’ I lu-r u . w ill output a “ready” signal to the stud also at l uws f u r  t h e  real I rat I on ‘-I elements
computer. Upon rece i pt u t  the ready signal , the ove r ii relatively l a rg e  ran ge ‘i pen t cn nmance
computer retriev es the . u 1 u u i t  data b y providing factors b y m e , ,uu -u ‘i mul t ip lier dup li cation . ‘tm
output addre sses d i rec t l y  l u  the ele ment c unnt r l -  t i re other hand , the parallel—array m u l t i p l i e r
lers and receiving the output data via the Intra- locks the u Iu ’utg n In t o relative l y h i g h  speed and
element buses , cost .
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This mui r u a L p u r - i l  1, - I mu uit l p l ic-r  i m p t u u uu I, w i l l  6e Cl,, S pit Hold lead in ii Et ’  5 inserts uu dd l t iuin a l
lu -u - r t t ’ n - ,t , and p ,’rtonm uun ee’ f - ,e t ’ ’rs will ti ’ sign hits into the two ’s comp lement multiplicand

sutmmiar i - c - u I  and cun mpared t u’ t hi- paral le l  mul t i pli e r .  I t / put  (c-u 1 u uk- a l u- tu t in> iris,’ ct i ng ze mr s in front of
- ,  s ig n—m uu gn I tude ,un im i ,, - i- I  , uuuu l  uuu , isu ’ s the most

st SE RIAl . MlrLTll’LIFR _CELL significan t pru nduc t bits t u -  be s h i f t e d  ‘ the
O u t p u t .

The Lii ‘ u , -n is l  m . i l t t p l ier cell currently under
du n,- I , - 1r mrnu - rui is  mul uu, wr , in Fi g. I.. The cell shown The cell can perfor m tither f u inu t i u r u s  in aul ul l t ion
e S l c U l , u / e s  t .  mms u -f the form ax + b , where a in, tun t he bas ic  ax + b u ’p *-nation . By p 1 -ci ii g t er n,
t he  ,,ru u l t r 1 ’ l i c u u - n d , a is the multi plier , and b is in the multi p lier regist er , the ccli functions as
t h u ,  ~ul ,t ’ , ’ru ul. The u - e l  1 shown can handle addends the register input . By p lacing
ui ’t nn uu / i p i i can ds In  t w o ’ s—co mplemented form of O1000000000000I)OI)t)f)ll0000 in the mul t ip l i e r

,unv de sired length , and a mul ti p l i e r in si gn— regis ter , only -u ,,4:,’ 1 will function as an adder
magnitude form containing ,m sign bit and n~ t o wh i l e  the other u. tuugc-s me rely shift , caus ing  the
2 3  si gnili u -an r bit s . Cells may be cascade d Lo cell to function as -u serial adder and register.
lu -re i-ig l n- n— rr rcin- r terms nn r u  handle larger Placing a I on the Negate Product lead results in
-mn , ui m u p / l u - r u . , a serial sub trac tor and reg is ter.

M n u t 1 / u l i - u t , u ’ u u  is a c co u ut l .t s h ed  in the 23 adder/ The developruental cell contains the equivalent of
I utch st. ugu’s by success ively adding the contents 450 2—input logic p l i e s , and will be fabricated
0/  u t t i -  multi p licand. The ou tpu t u of stages 7, on a chip approximately 170 mi ls square by means
L , and 23 arc -  broug h t out u_ru thu,t thy cell may of  double—e p itaxial silicon—on—sa pp hire CMOS

c - ’ f fiu ien tly used with 8, 16 , or 24—bit process. Expected max lmn,mi c l o ck rate (base d on
5 U l t / / r u i t’ r ’ (the first bit is the sign). The c~nmpu ter simulations) is 25 MHz . The cell

‘ui t put u r t  st age 1 is used to gain issnediate utilizes sing le—p hase clocks , a si n g le power suppl y ,
ar - cess t ’’ the product sign bit to facilitate is static in operation , and may be moun ted in a

- ‘m np lementin g operations on the product. lb—pin package .

The multi p lier register is divided Into three FIXE D PO INT ELEMENT
serial—in/par a llel—out registers to provide a
good c oinprotmise between multip lier Input leads and Fig. 6 shows ten mul t ip lier cells arranged as a
the tie r- required to load the registers,  processor to imp lemen t the gene ral second—order

mul tinomial (P3). Cell 1 iunction s as a 23—
Thu- t u_u , ’ ‘ mu comp leme nter will comp lement the mul ti— stage d e l a y  register , cells 2 through 6 funct ion
:l i u  ‘m u ud If t’ue multip lier sign bit is a 1. This as multip liers , cells 7 through 9 t ui,etiuun as
ump e t - u t  j r- ri n - - u _ u i / m u  in a product which is in two ’s adder/m ulti p liers , and cell 10 f u t , e t i u n t , s  as an
complemented form , as demonst rated in Table 1. adder/register.  All six terms of thc’ multi-

-~~~ .--n ~~ nomial are generated in parallel , and delays are
-  ~~,‘ u  ‘un u~ n . ‘us u ,- c , u ‘ matched so that a single clock Is used for the

sw. ’u. ‘ c- u_ s ‘u,, .- -, - -,‘. uu , -, ’ ,- , - ‘ u . . ’ , , ’ entire processor. The ones complementer is
• . , , ,. , , , ,, used to convert the processor output to sign —

magn i tude form before storage in the X—Y variable
- ‘ ‘ - 2 ” ‘‘ RAM . Only the 23 most sig n ificant bits u r f  the

, , , ,, , s , , -. - .  output are stored . (Truncation of the leas t
significan t bi ts and use of a ones comp leme n ter

• r ” “ - ‘ ‘‘ for the conversion to sign—msgnitude form will
result in p lus or minus one LSB error in the

“ - c , - ’,-. C r ,,- . ta ‘-‘, ,‘n ’,u ‘u- , ‘ u ’  - u, , ‘- - 5  stored urutput)
1.; . n , ,* u • c •  5 ,5, ’, ,,v i ?,. ’- - u , , ’ns , s u u t u ’,,

T~b 1e I — Tun ’s Complewenter Operation ~ , - -

r , m -

:~ ~I ,,, H
~
1j_ Lf~ l~ U —if J

I

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

-

~~~~~~~

I s e
t 

t f _  ~ —~

Fig. S — LSI s e t -l a l— m u l t ip lie r c u - i l ,
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To imple me nt  -u general—purpose - u r t - ,r -., gating Imp lementation of the floating—point element is

mus t t~ - added t u ’  route data f rom e lemen t  t u ’  e lement  shown in  Fi g. 8.  The manti ssa processor is
The elemen t - ,‘o t ru ’l l g hu ran t hen cu’r nt r r’ l  the similar to the processor of Fig. 6 except that
t u , t , ’ r - u - ,’ l I  r t , t . u  f low  tu r I - i  any give n polynomial provision is made for scaling of the te rms
i n the repertoite . u rn- fore addition and for left—justification of

the output .

-0 O~ ‘ ‘‘ ‘ “  .., ‘u . ‘ ‘u ’  -S . . ‘‘‘u ’ ’ ’u ’  
* u.s. - - - , - 1

L
i 

- 

:~ ~ 
-

- -  n ’ ’- . - - - -  ~ ‘un’ u- -
~~e • u ~ u-

- 
‘ . Fi g. 7 — Serial floating—point proces8or.

FIg. 6 — Serial fixed—point processor.

The exponent processor performs the following
operat ion ’u

a) Calculates the exponent for each term
(e

1
) ai~ i stores the largest e

1 
in the

FLOATING-POINT ELEMENT e memory .

A floating—point arithmetic element is shown in b) Calculates (e — ej)  for each term and
Fig. 7. Floating—point arithmetic requires hand— transmits this scaling information tc
l in g  of an exponent , scaling of mantissas so that the scalers ,
bits of equal significance are added together ,
and left—justifica tion of the output mantissa c) Adds the “number of overflow bits ” out—
(wi th corresponding correction of the output put of the overflow position detector to
exponent) to retain the desired floating—point e to form the y—e xponent output (corrected
format , for left—justification )

mu u c u u u ’ u~ 
-

‘

Ti1m 1 : 
r 

_____

- 

I 

- 

I

L 
~ 

I L ~4~ I 
/

2 ta~~u ’
~ in ’ I ,~ . 

E,fia uV,StA u , L~ 
1

- - - - u_c-,,, tm sum , n (inN/Cc-c
(4Cc - nuts ’ n ~~

ic  C,, , icu,, . u

Fi g. 8 — Floating—point processor.
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t u e  0 n , ’ t -  ‘I, I n ’ / Sc- , I , ‘ , 
~~- - t u, ,- Is  1 LI t t ’ui gi u 3 ‘On ’ ‘ ‘ - u _ / u ’ ’  m r u n t  l u _ u _ u, is then (‘nc-s complime nted

ii’ litr e tup f l u , - man t I nu’ as ’’ I t he I u r u _ i , t utu - r t e rmiu and mu ’ , ru 1 in t hu e S - ‘1 un r I , / t  - I -  memory at orig
u t ’ t l u ’ - u _~ ’ o / t ’ n ’ -, c , ’ ’ti-i - ‘ n - I c  m t,’ n u uc - . hr ,,ci , s u i t wi ti, the -‘ u t  i ll exponent . Ax in the c ase of

pt wi ic - u (e 5 
— ‘ ‘

~ 
) utdd i t I u ’ii.~ I 1 ’’ , p luses. the f i x e d — p h it t 1r r ,ru ~‘ u_ ’ ,u u r  , t l uc -  ‘i n ut  mantissa

f- ,,l, . , u i - l l t t u ’ n t , u l  p itl at - _ u ,us n ’ ’- th u / n ’ u’n, tn m I n ’  w i l l  ‘ u t - u i  - u i, ’- t r - r u i  ‘ 1 I SC .
- — h i / n - - I  r i gh t  - - i n -  p u ’ s ’ u u ’  n n it - l u - u  n u ’ u — ~, - — , t h u ,

nu pol l i~~. r u n ’  , ,f n t ,  l i t - — In t I nt  tern, Ins ’ ,, f , c u u , M j ’ A R  r ’ ; ’t ,- IF ,U’l ’Rn iACihlih
ot  tr.’ ’ - In t ht. the m u  ri/tm-u u / n ’  mlii i I / c’u I 

- -

m c  l , u t i ve r u  - ,,, b n - - t , ,’r , uu t i t u t  b / s  - n f  - -qu at lu, ’t ,r 1u.d 
~‘~~~~

‘- pu- cu nt ,mt n u t , f  speed n-- u t i m ,r tn’ s were
o igni I - .n mn u ’u- u / -cur it ti ne vu / - i - p a  u t I lu- I adde r made lu r ii, ’ u _ u ’ r I — p .- rra l  lel /b i t—st-n i al processors
- - ; _ / m u .  ‘I I I  p ’ - and ii toni I - - r It - it ’ll ’ fixed— and

l,n u /  ini p, j u i t ru n- - n - o r ’ , by u s i n u p  a w n r d — s e r f u , h  /

TIre ove rfl ow - F i c - rn can be to I - - r u - u t ‘ ‘tI hun assumi rug b I t  —l it ,n I I I  ,tpprc n -a c-h w i/ f, -t 2—s / ge I J i -  t ill  ‘u I —

a f’ti n uu rv point ,, f /cm il,’ mo s t si gn i i f i - , t u t b i t  of p ipel ine n rt il t l p ti u’r. i’hose i’’ ; t i / r i m t u ’ S  - ‘u ’
c -ac -n i man tissa. All m an t i su_,-r nu ir , ’ then e q u i v a l e n t  - u r , r m n n n , r i , ’ u ’ r t  i n  Table II.
t , - - unit ’,- i- ’, ‘n- /vt-en u l u - c j rn,il I and decImal 2 .  F u r
tIn,- u’ ‘ rn- u 1 —, - ‘u ’ I - - rul e r mult ui -/c- i ii , It - ni , m u -
u _ u , ’  i,-n m ’- u~ t he m,ixiinum is  -In ’ - r u _ i l  44 , 11, is r- ,r ,p u-

‘ t t ’ s  ‘ ‘ - tun I s  / , a u_ ’ r i - u t ,‘n of s t - n  bitt ti-u pc n sI t ‘ ‘ t i - , 
~~ue ru-c u / u- u - u I ru ’w’ u in the table i l l u s t r a t e

In r u
- n - o c t  t u rn  , / he - l u !  ‘-il i- m i  t as,-, ‘-li- it , m t  e r r -s t  ln~ t rends in the word—p a r uu l let and

bi t — t ’ar .u l let appr ’u -i ”iuu ’ nm . Wi th the serial multi—

‘- - ‘‘ nt p ’ 1 -5 nun I I —- -a is sh i I / n- u i  ru t - I r 1 i n -  In’ nit p l t e n , t u - r  examp le , u i / u  ‘l it u urmp l u _ i  i - u’ varies

- I ,’ n i i i  i r i -  p u’ u _ u - I F I C  loca t i , nn u ’ f  t hu , ‘-l it is h oc-an -; uli th the size f the mantissas ~ ‘ui le

lo u t . - I it, u - c - I  I 10 ~ : ti t I.’ rem.’u i f l / t t g  pos sible the p r - l o u  / r l - c 1 m  rate (based on a 25 MHz clock)
-
‘ - c’ / f t  ,,i.’” I - - n , -

~ uu _ in tin,’ vu -nt low I’ - ‘~ / l u / u  ‘ u ’ s -u - i  depend direct iv ‘mn mant I u _ u _ ut u _ i vu ’ - The
Iu-:u’ - t,’r. This ‘ n t c ’ c t  r u’u,’’, cunmh i -~ u r ~ n - i t t  trrp lu’ x i/s - I a p ’r r alI n -l mul ti p li c’ n , ‘ii the u t t e r

L i n t  nr i ’ ,tu~ ! u m in ion - the M’,5 p u s  r / u - , tind t - n i l , u- - i  r u n ’ ’ , with the number of pa r t  i - u i  pr n u ul uu / mu

u’.’ rt n ’r  Ic  a b l u r t ’ . - ‘ r u i n  t re p r n - s . ’ u - u /  i i,g this u _ - h u t ph , In t u t u , , u _ i n n as the squu ;u m u - ’ I tfre

‘,‘ u i t iujrn . Tin s b i n  nv number is used I”,’ i i , ’  m a nt j s s - ,  s , , - ’ . The speed f t he  ,imnlIel n u i l t i —
f/~~~ - r u -  / run ’ - ’ -  u _ s r  t u u , ‘rr - ’’ I ti, ,- , - u t  ru t  p 1 len I-, l imited F’,- the 1urunpagation 0/  carries

u / l u _ i t t  , u I  I v  ‘ ‘ ‘  lu ~It --j u t  t i l e r  / , u when the in I ul pr u l u u u  i -, inc added to form the
‘ ‘ - ‘ u- - c u t , -  t he uu, I c l i t i n r i ,a l  s h if t  ~ m m I ’ u ’ - u  to le t  t - i - i - u I  r’ u l t , , t - min i thus also va r ies  w i t h  t Ee
ju isi l i v  the uuutp n,u t ite,, - L i s s a .  Il u , ’ - u \ r ( ’ r t l , n w  sq uare of  tine mant issa  s i ze . (lu the tab le , a
c i , u n u / t  t~s e r / u _  the - u t - u t  sign l i t  i,t l , u u  u’ ,nt lOO —rn anc tse cunnd cvu lc- time is , u ’ ,n uuu r ,un ’d 1u ”  h r - - m it

t ire - - i t t ’  nit M2 It tu i  comp le te  the t u r y u n i , , /  - log mantissas whi le  a 20 I1— n;u n n’ u_ eu- uu u iui p c I,’ time is
of the ou t r ’ ’ u ’  , u ‘ - - u t m n t u t  i,rr ‘4-- I it mar, ii  ss,-n u_ ) -

“:~~ : ‘
~~‘:-~ :

1- : - , ‘ , ,~~~ - - - 
- ‘- ‘ - ‘

0, PZ m n 54 ’u~

- - - — ‘ ‘ ‘ -  I

-- , 1’,- — 0- , 
;~~~

‘
,, ,“ 

n 24 - u

I ‘ - -

a

/ 
U

‘I tin l,’ II — i’ u uc ka g e Coun t and Speed Fan jrn ,,tu - mu for
Va r i ous Prun ,-u sm-u uur s
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In f I ’ ’ ,u / up ‘ nt uupc’ r ut I’ nt — , 5’  -u l i t u g  on maot i s ’ - - , - - t u rn ’ 1  rt ’l ii ‘g iuu’ ’u j d u n , u, ‘nu ,u h i  ; .l Le n u ‘~~‘ re a t
i -u  acunomp i i-u , , -u l I n  / I ~’ Init - nu n - r i r u l p~ - ’ ’ - - s t ~~ wi th  I ,’,uu_ t th n , -, t , ’nu- g r e a t e r  f r t  thu . -  p a i a i i c l —
a into imium mum I ‘ u u n S.- u re ,u I / Ii,’ ’ - si c- us ~‘ u’ i  5 ; n n ’ ml - muir I I I I i-n ‘ u - u n  - , I n -, si-c u,nd nut’ - ‘ our 1.51 I , ‘ ,. ‘ -

Sc.ii ing in (I,,- h i t  — n- u r  , l lel /n r u u ,  u - s s u ’  rn-u - u - un-- u’, ‘-n- I s’ is  st’n’ ’ i f ‘ ‘ uI , / ~~~~~~ - u m ’ u - - t ’ ’ i u ’ ,n’, -. I / t u  i iuu~- .~- , I .I
t u - ; ’ u l r u - ’ l  l i t t l e  ni’ , . ’ , u ,,,~ ‘u i u 2 r u t i I C ~~n ’ n  4r , m ’ l u . u t r , -  is m u i t i 1 n h i n ’ n  w rn n uhui  ‘ ,- ni t l m , , u_ t  7 i~~

, 1 1 ,- i - f h o a t i n ,,~
m . -q u i f r u -d. pcn i n t and t i _ r u - l i -  . . u u / l y c - ru’  , m n r  ‘‘rr f l u ’  d—p- l ot

el ,-n ru ,’ ’, u r s .  Cnn -t i-I ’ m ing t b - n  - ‘ m 4 , 1  m l  t u L.

‘Fir e t’ ,nrj w.ut ,- Cons/ i .u i t t / u -  f - -n he n ’c ’,- ’ u l u ’i ut /n r, u , - nu- .u ._ uu r ‘ ‘‘‘‘ - uil It , r u - u - n -  - hetween ml, , - t w ’ -  u / - p / / n r a -  I n  — - -

t u t  u - i  then - np /- ru- .r c- ti / n r t r d  t o  h nii , t n u ‘ ‘  . u ,- bi t_ c n . t u , l ire n-tn m pensuuted I -  / , ui ’ un-u- ’,’ - cii tel , iuv usi t u g

m u m lu - us a i _ t u t u , ’ —  - - ‘ i s  ( s-nitl, I - n - n- u- u’ r’ ’ -u-- - s h u - u p ,  t i i nm , ’ ’ u  ‘ r u  a lt - n On - u - ru - ’ - of paral le l i ’ t iu  i t ,  net u u m g u t u t i . u t~
-pe r t p ru mt l require tine ‘u ,i l j u u -,- Hf ‘rtn,,t’ u,ir 1u ’r -n I l  b l I p. 2), / S n  u _ i n i a l - m n u l t l 1- ’ u c - r  aj’b’ t -a’ ’- —

t,’ m u’t— t n  u - u -  n u t  l air Ic u -u - i in ’ inn- , ru_ mu - in be u, lulu  u l 
n/n//i, Ii l u , lu n lu ’  i. I ‘J-nr u ’ ’rt - W i t h  ‘ lua l u~ - _

u.u h u i l e  the bit - p m n u l l e l  min nt iu us’~’, p m ’ u m m n l r s  (mmm d— fi u u r t i n g  point I lu — b I t  i t . , ’ -  ti - s - i , it —f I n  eu- ,1’ - , n ,t nm n

I ing tir e terms ‘-o r / ‘I ly)  cnn Iv nn-u -~u ’ ire t u’ scaling - ,u1’ ui’ ul i  / v and a / ‘ / u I of  I’ m ‘f ti ’ , Cus t , ‘tuu ‘ 1

tn t - n rm i, u t ion f - n  -nu n ’ term at a i mt’ , al t 5’ m p h  t he I Mm’s! u~, 5 -~“ i-i 1 - v/-u’ tm’,,l t i p l i n -  t p,, .-u p m’-u

- u’’u ’, u  - u . t m.- per te rm iv ~iu ’ t t e r .  s uppu ’ rt , - u I b y 15 p a c ka g e s  a u u ’ ’ t ’ - n c i a t m ’ ,~ u n ,st-
c urt r - I ‘ l u  ips , a I tu ll ,  s i x- / n-rn, u-u ‘ r ’ ’ u r , ’ ’ r m u  - i~ ol

The u’us , - ii c- u I  Mi-, I / S S I  I n  itlu _ ire is  u - l u - a t  r I u ’r / , 2 - , r upu i r u-u , ri, ‘c eva lua ted  un 5.? si’ tu tu m i s ,

n l l u - 1 — l u t n n ’lioe multip l ier  ‘ ‘ ‘ u t , , ’ -,, uu i the ~~~~~~ 
n u n  II , - l u i t  I i y,i’ ul p / / i t - u~ ‘ ‘ ‘ i l lt y  ‘‘ ‘ ‘  ~~‘ , I-u i  ‘ - -

to  , ,‘u~i n ’ -I this- I I -u, ‘‘I mani’ /r u n - u i  lel b i / s - while rc’d n iu c-u to  twu ’  , and / l u -  comput u i lu_ mn , r i d  r en h - , n- u -

tr u e need to u- uc’r Ially s h i f t  data  i,,to the c u - n i a l  to  2 . 9 r n l u r u ’ s c , : n r n d s  . The random- ,~ e ,  u _ SS memc t-~’ 1.
m u / t ip ! ier makes input ! - - u t p u u /  and scal ing “ccupy ‘- ‘‘P”’~~ 

4. - u I, u -h r - nt - nt w i l l  depe n d - rim t / ‘ u- u - t e e  u - u
s i - r u , I Icair t por tiu’nsu  u i  t irt-  tot ri l p ru ’ ’ u’ u-u uuii ig tim,’ mui tip lexing . Fu’ t a f u l l y  ru ’; - ,~~~u ,- ’ ~~~~~~
in i - t n -  h i t — s e r i a l  pr u - c -~~’ — ‘-uun ’  ~ 11AM ‘ ‘ - ‘n ,ugc ’ n- uin ,i hd l u n / u’qui r i d  per i’le ut - m r -

‘Flue t In  / l , u ’ Itn mmtt , u’ f iu ,h le II il ln ,st rates  the The .u u lnp ’,,/ pu’s of - u r i c  I, n m us — inn lu- ic -
re u l , u u l ion inn r,’usuu u’ i nt -cl f - tSr /Si / i p in’  ‘ i l t r v  lu’ r  e a r l ,
approach i f  ui, -pr tm nn tn - ,.- , u LSI u - l i  ~~~ - I ~~u- ’ - u_-e n , - h . Hig ir—s peo’d u’a pa lni I it~ lurr pu,u i r ’ -n al  — n . ’ u m  - ace

‘- 1 .- s - ,- i ~~i 
dlgir  il p r u u e u - uuu - u ing. Ih u n u/ -c .u- u.I c mii I—,- t,, , n— u t- u _ uI
pn.us’ fuming v i n c i tip ‘ ic -gr een u o r  p u r r u l i e l  S am of u

‘i I i’LMARi’ ~-\~~~~~u~~~~~~~~l’N ‘- l i - m ix - m i t in an a r m  u t ,

2 .  C~ p u iu i l it v  l u - n  r~’lievir’m g c , u l m ’,,’u r /u’ p ,un l ,ln ’ -
I- I ti n i- u  in r ruse in r n ui/m m ul le t t ,‘, h ‘uve lire ar ray  can he u_. ns i I i I as f i r  ‘i-. ire tm a
been d r- l i ned, an I design urp~~ru uul h, u s amud p e r f o r —  of c o ef f i , - lu’u, t and m i - n - n  u r n -  nn ’u / -; r s  lutr ’,, i u p u uum
m,u iuu u m d ,  u - u n ,1 ‘ ‘n a l te rnate  ‘m i n i’ - u - u i  ions . 8y lcnturd , u -n are known , f - c -  r, p i t t  t u r n  u - n .u~-p li - u t I  nt
giving an e lement the capabi1it ’~- o f  u- v a l t ia t  ing 

-

one m l  five mult inomial u- ’i1’ ru-- ,clons wi th p re—set b. C apabili ty I - n  pro viding l a u l t—n i er -m , - u coin-

- ‘c- f f ic i e n t s  , u p ,  - ,‘ rnn u,nt u l , and by I’ ru-vi njin g means p ut ing. In gen e ral , al t e m -  u ’  c~ ef f I~~i c ’u - and

f - c -  int”rm-onne - / iu g arrays of elements in va n ion is i nterc - um nn ect m/, , r u n s  exist to n t -al i t -n’ ‘hu_~ cane

confi pum r .t ~ I - t i- -u , -i trumhner of S~ goal I ‘ ~~~~~~ 
t ransfmnrmat iuiti , lien- -u ’ , if an ei ,~i’u ., n iii n f iu l  lv

I -in u - t i - o s  can be real i zr -ni - i l --c- i ‘i u - i n - t i m ’ :  popula ted -u n i t - ,- is l u,, I t s , rn-pt u-u - i/u-c- Ln~, 01
array is pu’s ’ _ i lule l’v lnm’ -p .ussi i i , ,:  aiim’ t

i i  u s’u L I i u - a t j u , n  ,n, l  (m n n , t r , u l  element Is ) .  Tire ufu gree t i wIn ’ I m l ’ -’ u - u n - p  - - ‘ ‘ u i

bi v l ,u ,r_ r ,, rm ac-c’ t uu rnp u u ’- u ut ~~ 
i s done will , of coin c u i n / c - ~ - ‘I .Jp rtl the number

Di gital Filtering 1 u - ~u ’ - n ur uu ‘ -u , , i n u ,  ‘“ r u _ i l ) ‘‘I elemet its av ,n il  I- l u’  ;utnuj the t, ’I~,i’ lux t i, ’ u - i  t i n ’
Trans ‘ -r rur. mr ~ ,,,,u_ t r umnsform at I ‘un

The , ur ru u v s  can , in f a ,  t , l’ u ., l i - c ’  to ut clv and rapidly
,,- -,r ’ nif / p’~u n- -’ I i - u ’  do ann - I ii ,,- ,ub ’’uv e t vpui mu of tasks . t (uW M i u

in that n I n ’  trans n - , r - , t l ’ ,n , , u n - t  I i  u i  ‘r u / -. and mni It I —
nomial degree annul fmn rm u - _u n ‘u’ n - -a nillv , “n tno lied , 

‘rhe g u l d a n u  n’ n r ’ v u u l n ’uI f u r  t hi -. p, -cr/un l’ s

an in n- i’ , can be train-i’ d i n  suit ti particular H~’~ II , Gw-i run of time U.S. Air  c - u n  c’ A’,-iont ,,- LaI- .

s lit , un ion , is apprec ia ted .  Many hit’ i 1 n f uui s ungp ,l’ — t i -i’s e, un u
centring the material iii tt n lu - m paper nil ‘mr - - of

—~~ 

-
~~~~~ : -_ - ‘ u  tV 1) u-c  u~ I r e-u i pii ,u u r ’ n ’ ,tu l ies wi-re st tid Ied for tIre backgroun d ri nk l ead ing  to th in repunrt cr1 con—

realizing the m , ur ’ tw. , r ,  uI a i i-  . u p t  az*nable c lement , 
.-e p ts  in, ’ due to tite e f l  u t  t t u  and u - - p.- t -i t ,un cr1

one based itt a p ar a llel —p ip tul un e mul tip ) b n - r  and Mr . R. Barron and Mr. 0. 1 In c - c- l and ‘1

‘h ut ’ othe r on a mu c -rI.m l—t yp e m u l t i p lle’ - . i n-i each Adaptr onlcs ,jnc. nnn r l er nu, ,l i t ,  u - I  i , n k i - ’u.

- t sr- the mu l tip li ers would be r e , l i ’,,’d b y
.up /m n - ’p n i a ’e ~-~~- ‘- r n  l ’ ; l , ‘:1* 5/SOS mu l t i 1uf l er s ,
u i / r u - i  , ircu i requ i re me nt s ’  arc - g Iven , “ u u n - e d  l n ’ n t i u  tb- l u-l Rb ’Nb I-~~
on a sec ond LSI ciri p itur c c-art no! l u - p h ’  and on 

—

avai lable IC packages . Alth oug h a p unu r . u m l l e i —  I, Cilstrap , 1 .0., Jr., if. .!. l u - -I .‘nrd
p ip e l i n e  multip li er can provide imp rrnved speeds C .W. A nui,utrcnng, Study of l.an,~~~ ,~ e ,uru _ u—
of frn mm 2 .-ti n— I to 4—to— I when cnn mpared t n  the mime Networks , Adapt rnum n i cs , li m p . F i n .
s er i a l— type  .ulti pller , p- n , iu

~~,i,’t- count,  we re Rept . (ontr .uuu ’t AF33( b l ’ l ) — 5125 , AF
eorre s pon d i n n n l y  greater.  It wax ‘,hn,wn that the Avionics I.ab., Ah ’S ( , AF Pu L— TR - iu l -3 l ( n,
IC pat -kage totaI~ l u-n ‘tm , element , i - .n - n ’ i ‘no at  1 Afl# 824 470 , Inn - - 1°’,?
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AP PLNLII X E ,af’IPS — (‘.o bene fice Pruceedung s
Vo lume 4-4
A~ IPS PRE’~,

~u4n,nt’~~I• N , J 07645

Design and application of electronicall y
pr ogr ammable LSI arra ys

h) I) lh-\Mi’i-lt
111 - 4
s, , , u , n u u / i u -  \,‘uu I,-r ’,n’c

a,,d

i-i I . IIAR R(uN ,r’uu~ I) . i’I~~,\ i;l.A ”.I)

u i . , In,-
‘ui u.,- . , ,  l u u ,,uu - , u .

I \ l ’R( iIfl ( i l l  t ’-’. I’HO( ‘ESSI N(• El.l’MEN’i AN I) A R R A Y
i t ’ l l Hi-i

it hutm’ un- n’ tn — tun ,w it that -, r r,u’. — ‘ m l  c,uI in nulit t t u g  el e tu ieru t u-, , prru-

mu m c ’ ,u r u n ’ ’  is fuutu-t ,nun,s u - I / itt-i r input u_ uu run hit’ s , c-an he A I ‘ uu s i m - e’ic’trl(’ui/ is depi - t u ’d it, Figure l m a I tht- I ugure
u-_cd urn gent-rut ! lnm u r p n msu ’ -.ugna l t u ruu cu-ms nmru - , . ‘ i’4uch element,- shu usm u- its nuaju, r c m m tt t rnnl  and iuiput -anti nnutput signals. Much

‘ umu lul iii in’nnu ’ r u !  - - ‘p, rut! u m i, In na rn. - mu rual i ng, ,,r no utu t- ru -at u-Ic-ntt- tui s art ’ , t ii general - u- ni t  uici mu ct-ui tui nu ul tuia’u-ered nets ,
n tu p u u t m ~ “u_ u’tx ’ ,mrks tnT / t r r , \  n - u u n l u / mu st- i l  u i  eic - t , ie tml _’, iii u - a m it un- s hnm a - i u ui i”upi ur i -  It m i  ‘The iuitc-nI’onnet-t unun (inn/ rn,! ,

I I,u’ .,- d’i rt iains havu- ,u mls / u n m i  ut- n- -u in pnrttcnular appltc a- which mu - ’ lu-a r! muf u’ uuc- h element, tutu! which appears func-
t t i u t u s  ‘rhe iintm er iu-a l urn ,, c -u- usi ng eI,’meu,t and I/a nut’ un tionally between suiu:c -c’s nniv u’ layers’ n i  eletnents, has i nputs
p:nugr ., n u u u m m , u h n l n ’  ,u r r ,u’ .s  ., the ‘.,,i i,- - I nu t  thin, paper. which c miii r u n e ’  tire nnutpul signals ml any one element tum

The niaj,ur potentia ls u,f u_ r i ch  arr iuv— Ir e in ilm u mr : n h u l u / s  to ihe desired uuuput of at r elt- nuent in the next Iu uv , - r  Each ele-
pen f uuru uu rt-ii,thl,’ high-siueed F m rnuc - u ’ su _ i i i g ,  und their ability tiu merit and untercumnnect u- .w utch in the array has suffucuent

- un,,- m I ii, ad upti u _ n- c’i untr,nI u _ u  ~tu u/us ‘0-ui itlu- i ri m ns- I n c  -utunrung the funt’t in ur type it is i’ u cnurnpute, the
The firn -t mu nit re-m u- r/ n ire u i tIm,’ h ruuu. u c c it -me rit I, ins bet-ti tie, i’m’s . rs wu’igiii u-n .mr n ‘u, Ific ic - tm hi, of its functtu;rt , and the

dt-il, u, - nl as a Intu it m, c - u,im ! ,u flung b,,tI’, ui,,- , r artd nn, ml /uie ’uu r untc - rc u nt unu’c- t data. He’n -i’ - / hum ’ prungratu rnuable array can he
inu it t n ,ur rut a l c-s ~. ru-sm’ , u u/us - l’he pa rtie uul ar I u nu’tiunn n,f the ’ c - u n  ‘.ini, ’ red ,us a m I nu - ! rt bi ttu ’ul lungi. - utr e uu ,n urn -  prune - esum mm r c-ui pa-
ele’t t tctut at a u men t ime , i iu- . i tutu- r-e’ m tine-c t u ni / ‘. w ut hun an a r- bk ‘,I rut n m n i ru- u - mini gil nat un it ,,ui,i tmuk ’ul at uu ,n ml con’tplex
ruts . and th e’ t’oeffic u /its mu r weight s u n  I tm , rut ,iltin,unr in! trans fu, n/uni t ‘‘rm m ’ -
term s ic,’ all nun / u/ru .11 am ,’ ‘i’hpw’ feat tiren, provude arm a nra-,- Be’f,,re dc-su n Iii rig thc- t-le ’nuent requu reture iui s and ani- hi

I, u’lr- tt ,,-i,is with a high degres- ni flex u bil u/ nu- ~u r td Ic-u - i nun,’ , / he’ three pu m nu st in le c - un,,1 m t -m i t/ i! nu lls ni progranumablu-

ill’ s — sum , Ii art ann,, ’ , / - , I,, aIIu- r /i t /u-b n. - itrmu gr’autur ited Ii, ,u r r / u S w i l l  i.e ex i ul auut, ’ei ~ / lu -se- u - m u u u l m g n r r u ! u,,trs ire shenwn in

m nu I ’uu ’ - u tarp,’ , urn -r n. u I  p rn nhl e’ u ru s ,\lu - ,mu , u-, m u ,- h sin uurr utv u - arm Figu re 2 In E’ignur e- 21,, I uu tnt-i u i  diniensi,un j  ~, I,’ us sh,,wr,
he ‘‘ r ruuu n,-d ’ ’ tn / tu , u i ft au , ra m / i l l ’, au C(- 1 n i dt i i en ent c u-is uuf tu ulIv peui inilaIe ’1 . w ith u-ac -h e le uui c - r / i u’uu nia unung sri rn—bit
u_ ten t - l u / - n i t / n i l , ,, un rmu - ,  l I n t ,  , u , t i u t t m , u / m n l u _  t n / n i  ml r u- ~u ru-su ’ tn is  mu c / u t , ’  i uur mu-u n-s— cur’. l u u ni , - !m n , t t nut, ! u - , n t t t r , u I. ‘ I’his c ,unftgur a—
t r a n s i ’ ’ r i r , , u i , u , r ,  a -cep tahlu’ u — a snu l,u t n, , r , ii , a gu n - c - mu tm n .ir un, pr~,m - n--n -~ n u t  l r , u , m u _ hu , rt i u t j 2 inpcit nn at a time and

i ,ru ’blu ’tn Al l h igh limited n. u’r- . i n u m nr ‘m l suuch t r o ts - u-— h u m— ,- u u ui hi.- j ut-ru/ u -ut iii -u im p . lit ,, ’ i t . iim l n - so th mut k ‘c-ti- .ut data
iu,-,’ri iuu rl h in h uunulw,u r n - they ha’ ,,- Iue-u ’ t u ‘ . t t r i u , I , u rn -u i , i , u r  iii,’ a rt’ su iu i nuh i , u ’ , , ’ - , uu - ’ I v  - ‘ n  r ,n , -d iup ,mri ii uliiierent Iave’ms

tuu um - _ i ~.un/ . t in u_ u t /ware .  ‘l’hus Im ,u,-i ’ m f/ u _ /u . , ,, i,,,,-ut ii,.’ u u $ u liu I’ u t - n i r u ’  2 1 1 , ,  _i —uni t - In Ian., r n i e ’ I u -u , u, ’ un i u - ,  C/i/i tie
pl ic - , i t unu t u  nu t ,n u u t, a r r u s , ,  t,, ,,Il In t l ,  h r  ,, - ,- -,m ,tuug u i  u ’ x ~ ue r u  uu t ult i ;u lu-n n -,t t., u - , ui i um u lat , - ,, ~~ t i u u i u -  / u u ’t Ih u’ iuueilr ,,m%’ u .f ,-,uc -l m

ru,u’ i, i ul wn,rk If’, tb ti,, ‘u tn j u ’m hu m - c - ‘ml n-hi, , nt-u,! ut e ru s nn ,ulu, u i-l,-it ,,’t it 111,1,.! ni- a lu _ us, te,n bitt, tut j i m  ide the necessar’,’
n un,,, ,unu ,u rm uul ,rs of pr nu g ruu numa b lu’ a rot ’ . Fu ;ur ci w u ure r .-m m n un ru m ‘ i t t  n u t  a— /1 , . -  I’~’~~’ ~~~~~ - ‘I r u ,  m ’ Ietuuu ’ t ni au- i’., iii t u rn , I,’

n u t ’ —, li t’- leien iu iade , t r . t ul n-n , iI - — in ml’ , urr , j n I . - u n u , - m m n _ . I i m n t m  ru’ ,ilm ,,’ eu. It ni u - I~ I, I;, is I’ - t , unun. siurgle’ t .rnnhlen the
have beeru cuump le’’_ed , a ru n! u/u ,uptt to i let, mu t’chtteu’t ire has — $5- n ui is it,, - mit tunt’ u u/n 1’ u t - u m n n  .‘ mS I u mu / m t rwl uning u’auun,,i
Inert ,l n- ru ’ rt ,uu,ru uci . Based ii , / , u / c -  ni l  the’ a rt [.SI /,-n ’h iuuuln ’g ’ . - I,,~ mi n ute I t t I - m t - u n ’  .‘ ,, m a -‘ u uig le urn .n rss m m n t - element with
Iur. i c - n l n ’ uic as I,, areas 1 ut’r h ’ rnrim,,nuu- n - a t - t i -  n l,- r , ’ .,-u i l ’lrus jkrn n i t ’ .  ,,l -./ .ur uigs ’ ‘ r u n ’  m u ru- n ., I u 4 ’ S  inip Ut nu within a
ni t - m n  u/mint, led , tin tuirn , t u -  ihu- dcf int t t ,nn u, l ,u ,‘in ’ . i umtuu  h , u ’ . u - r  . u t n n l  / b , t - t n  u_ , , u uu ’ s— u s - ,  I , , s , - r - .  I’r,,m u- _ i nns flutist also he

‘.M’ tt’ Si ll’, 1241 n - t ee itt w ht,’h x n u , m b , l  Mu’ r’ .t- aiu ,n ku’’. r im ,t ,:i.i,- h r  ‘, h n , r . , g . - ’ -  I , t u t , - r r n , u ’ n l , : , n , -  rn — u i/ s  i/n l’ngtir n-i. 2(hl and
gru’du,’nt in ii,.- Iirnn n- u-ss. nr n,l thu e l ,’T t i ,- uu/ ‘l’h m ,, ( m u  (iii u,t td ‘‘i . _ u / n / n r u . .uu hu , ,  , wi l l huu _ ,- ti/c sju,’u’u I ‘h ‘1,1

i t s  1’!,’ nit preugran unnalul u- ,, r r u u s - - ’ wi l l  I,, described. Exu uuit It u’. , ‘ i t mnr , u ,n ruu ’ ,I t h u s !  i n n u n .  n i  nil’ t,, 27,1, e’lt’iiients lt,r
t u t u ’ - . ’ i urn,,’ . umpplu’atiunnr’ in .uu r nnn I) i i ( u u u ’  , r u ’— . , - tu /u - n i  equms- ui , ’ i t /  I . ,, m n luh  c- ’ ’~ m m  I lu, I r a  ,‘sm,nrig u u t l t ,uu t t m, Imu r mu
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PROGRAMMABLE ‘ FUNCTION AR RAY ST RUCTURE tug fur, n I nu n s
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—---B’- 1’!, y’.- it , m WX , W,X 2 14,X, I% ,X , u W,X ,VARI ABLES ELEMENT ‘——-s- OUTPuT y - f ( t ) -

2 “‘~“ ‘  I l”u m m u u  t iu u o s P1 , I’2 . anmi I ”! am,’ m i- .-ful fuir general - 1 nuu r ~
FLuNu TTlnIn ~ lin e ar nund n ,m n ltnear hvpe r -su r f ace  c a l c u l a t i u u u m ’ . nuru ()p~ IROI. ,,uisl u . r/t)ah iu urn s /-I u_s u. , p m nn v t nl ed In ’ r real men ng d tvns i,,n by

ARRAY OR NETWORK OF ELEMENTS - u tn- i m r - m u ll formu la. P5. a line-an combinatitin of five
INTERCONNECT ION n,a r, , lul , ’ u_ , is im l u - uu l l v  suited f,mr digital filters and linear

CONT ROL / t ,ut ,s i u - m r / u - - u_ rich uns !he I-’FT. Each nil the five funct,.,ns
t’n,uln! i,, realized by s pec -mfvin g nnnly nine element. I - n m

4
’ 

u’’cnm n !m l. - . P1 ,- n ,n m l nl be used tw ice tim realize i’2 , etc. H,nw-

- - — 
uc - lu mn’ nd  In’, pru nvidi nu g a run am , ,  ~nmimgramme d cont mn .t tnu— u —

~~~~~~ ~

— - —4 ,- “ n -n , sni h s tantia ll y greater speed and efficiency is

- 
- ,j , 

- nnpti mallv evalinat ,- ..-,u .-h furo-t,n,n.
- ‘ (+ 

~-+ oulpul ‘[h e- eleomerut wm ll be given t hu cainahilitv of nnperating on

- 

.12- hit ii ’u uuu urng -p uni n ( values wuth a 24 bit manhis,sa and ~
bit e51 u - u u t n ,-in/ It will aim” , he capable uuf uuperating on fixed-

xn
x
-

~~~~~~~ 

L
1 

-~~~~~~
s- r point vu, lume nu of up t,~ 24-h i /s  with increased speed and

- I,nwer puuckage cu ,nn uu t.

Flue basic element is shown in Figure - 4 , it cunn snst s of an
Fugrure i I’rogruunnm.utc ’~- l n m~u.’i.on array ‘i r r ,nu ’t i, re uur,t hmetic processor , an element controller and ratudu,tnu-

uu,’esmn memories (RAM’ s ).
The anitlumet in processor perfmnrms additj,,ns, suht rat--vast majori ty of app lications. Hence , t he design , m n u - u irm g

i u,n u ms , and multi pl icat iot is of the input variables andeither the configuration in Figu re 2(h) ,,r tc), s-ill have the 
au -m gh rt ’u / un  crnmpule the various polynomials These eupera-ca pacity for memo ry ex panstu ,n to simulate nets of up t o i)e either fixed or i’Ioanitug point , depending onu ,nuun s i/na ’.256 elements . These arrays will , in general , Ia’ l,,nided and

controlled by a computer, hut may base input ~~~~~ 
tire requinemen hs n _ I the array to he synthesized, t n,,’ n,f an
iterat ion scheme permits divi siunn to be simulated withs ignal interfaces as well , as s hown in Figure 3. Ar; -iii, bm , the-
several elements.

programmable arrays can be considered us firnuwn ire , me’- The element controller consists of a read-only memor-v
co nfigurable upon command , for high-speed prn ice nur uung. (ROM) containing microinstructi ,,ns for imp lementation

ui t h e  desired polynomial repeu’tuni re and associated logic
Element definition and descript ion tun translate these mi c roi ns truct iuun s into control si gnals

for the arithmetic processor and addres s information for
The basic numerical processing element of the prograr l i- the RAM’ s. The RA M’ s conta in the poly homia l function

mab le array will have the capability to peni ’murrn t he follow- s e lectinun and elrnent intcrcont tection imuforma t ion , po ly-
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u - r n ;  u -i ,, ‘ , 1 munn s , u ru ,uI,i,”, u n g i r t  b, ,mt ,ur ,’ ,i unn uhu i 4 . \ \ l ’ s ,,mu mo,o,n ,u/ - ,- - — -.- un,or~~~~~’ : - - -

u’..’.’ u/u ‘I us /I n ui /be t n-In ’ u m u n - n m r  to ibis c u—,’ , -m u ,- nun nu, u ,m ,’ u 
‘., ,‘. -

ti lt r I m n r ,t I ur r s d  I t n t  xu Ii ut mge I I

I~ -Iss , ci, n- i ,  u - u  t u t- / “umm u u - r e i n ’ .  , ‘ l,- u u - , - u , / can nm _ u _ u’ s— run ,’ . )mr,’ I
nm ,, iu _ l ’ . ge nre-ru/c-il ,, nm u t n t  tn I bus tr i o/min I m . u ‘ i n , n l ,’rn -  u n u /  ‘ u  ~~~~ - “‘P -

u - - u n-u n-u / Im nn I1e~ n luulu/t us un n - u / i u plu u t -u i  tn - i / u t / n  e-l t— rt,c ’u i i — -

I,,,’. ~n n ,,’ .. -I , ’. Ii.-’. rble ui . u / . u  m u - ‘ it m u g  s-m t h inu t In,’ c-lu- nut- n ) - I rr - 
u

lo- rattu n . - ,  u n u t u l u . , / I  ‘‘ i nr.u l/ m .,i m ,’ _ 
‘ nm lu ele un ,u ’unl hi’- lunar ) -

ri me u -I ,, I u ruu l a r m u - i ’ .  / u , u / i u , / i a l  ,,‘I, ’, / u - n i , - — , iti pu nt uu id m i-s su -—— . - — 
- —

nuid p sn n rg ht rn/n  the ii \ \ l  sun , thu tim etc I

ti ns— nt m m —  ‘I’hc c n n i t n ~m /u r th e— ri I , , r ,u)s i t t i t m m u l  n i / punt  ‘ . i n r u r u l i l l ’ u - —  u- - u u-u m tn , - .,
mn tum rIm , - v. , r u . , In l r -  u u u , ’ / / , u - r ’ .  su , , thu nntr ,, cit-tune-nut (inns , nunu l

~‘r ’ u s unju ’ ’ - air i’s ,’ , u n / c -  — mm _ ’ m m ; c l  t,i ti ne n-i ,-nt, ,’n/ n -iu, nrm -uII&’ r

I-~au h p l c ’uu mu ’ rn/ , , u t n u m u l t , - r  u _ m u  s e —n i t t euitiu u ilv —_ /n ’ )n fl ir u ’ u ig!u

/ hu’ pru-’. ‘ n ’ -1 ’ . m m r u nu ,, -u l pumr t m nufl s ut i/ s ,ussu ’ c - u r u / u ’ i I  nu, ’nuu’ms 1.51 aimd \‘li”/ l l( ‘‘s um,- r’ , u r i m ’ m ’ l n - mu’ u ’ ;ulu ung s , t h  k,’ . 1. 51 tunul-

pe.nlnnntruing t t n u ’  ni u - ’.,renl u-lu-m i ne- m it  n n l m u ’ u ; u I  m - u n m ’ . atun i - . /nu rutng the- lnp la-r t-hipm . whelm w-nmu )d h r,’ .-, / ‘  u Ice’ di ’s u- I ’  - m it t u n m  t in ,’

r,-’.m niu s in the sn  r , , , Iu lu’ rni,’ n ,m numv I’ lu u s e’x e e- u,te t nlmasu ’ is t’n m m,v ,’mnul I c-h’tu nerit r u ’ a luz t u t t nn t i .
plete’ whet , hi’ e l entm u ’ ru / ’ .  dete,t a ~nn u s  mu ’ u, i i , r , i  select rude’ ‘l b, ne ‘-ss;n rv Ii ‘‘‘- te I tim ~uk n- I hi- In’ ’ - , ru- i l  )m nnmg ran i ma ble-
u -m i m i ’. ;u lc ’ ntt m u ’  a halt nums /mnuer tuunn . ,‘\t /hns puutnt tine el u - n nm n’ r , r r,m mrn vs :n vnrnb )e )ur ~u u-u ’ s- - , n ug  -u h -mime c - ;unn be’ re’a lnied no a v;u

n ‘tim m u ‘I in-cs wnil nusrtp m~rt a ‘‘ te’;uni\ 
- - mmmgl’nrut ni the dim/n upnmt er II (‘/ ut emu’rgt ng t u-d’nn um I n ug n u- s \ cr ’ . - high -si -el mI 1 2’.) flu ultu-

puun ret-eu p1 ni the ready signal - t he cotum puter re/ rut ’s-n ’s I hn - u I mu- r’- has-c be-n-u n 1,-sc’ ! , , ~ , , - m I mr un,’ uu r develnupri me-nt in bent h
nnu t put dat liv prumv din g nnr ut prim nuid ru’~su- u- du rca-ti u ‘ u the Ii ipiul o r at _ nd ( ‘ ‘ li-n /‘-/( t i n I u r n  u u - u I’ F m , m - Iuun ici’ it  I F -

u- l u—r o e- rut c ,nnn/ m u !  in-ms and ru-m u’ ,’ . rig mImi -  u , u u l  1 , 1 /  l u / r n  t i m  th u tee’h ui nninm gv f u r  u - r u m  h s c ’  / unnn un u tue e l i - t rue-mi t  n- d i c ta ted  In t

n/u/ri , eienn eiut ht is ,’— ,,v a n ial r nl, t v utid i u , - r l u , r n n u r u ,  m u ’  ni u - r u — / m u g  m n u - nnut m. m u m / m i
lori s- l~ ,t~nul s i . ,‘— au - il u — /hu - n,-~ t r u i n  , , ,cn ni any ru-
qr iured new .5) ‘ l u- - n n ! u ~~un m u n, r I u n’s,- f u e /unms led /u , t h u

1) u-s n~ n u I [ .J ur ’ ,m i ~ nl einnii t jtun ‘m l a ( ‘lull li-n ‘nt t”. u_’ m a t  r O ll , -! tum u lt pie r c-hu n

- - c-nn tn lnatiluls - in s~ n u- u ’u!  ur m n t lcugun . ms ’iul, .,— ,‘_ ‘,u m, uted u , u nu / ru u l and
t ,u su’u, the’ u nru ’ u n - n l u u m g  uu lw ra ) tnurn i u i  n- , , i ts tman nt s , what is /1, , -

- - ttne /mm ,ur s lhC s i’t n _ ui m i _ m i n i m , -  nt t h u i c- — u t - ,- m . n~ - ur ,c i n ~ t-u_ on tru e
l~~~t tech tuu ,l uugy nt, , I arch utect urem tn prunv ide’ a good hal ru / u t , -  - , - - -un c-hip ru it ’ .-iumn / ,ugu-s - u  I i - III ’ s . ii, ,) the’ high pau ’kum ig
1 m e-u see-mu u_ 1,c-e d and e’n,m p1 exit s- m m t-n,st The’ tim uj mr

- - - - - density ml I MIlls ~ (Ils u-uu /um i m,u r e ’ e l  u n  I - i nc - h um ump leruii’nta-
hardw are e u / m s nh rut m n  u mpactu ng / Inn-s t criteria mm ’ u lie - - -

- t iu nmms ) m i -su i t / s  in — r gn n ui n u anr / luau k ug,’ , ‘n ii t i t ‘-a vung . in c
mu ltip lier untip lenuentatuunn. I wnn nia)umr uurgann ia/ mnnu u ) m, ~)Ch - -

- - - parallel multip lier approach s,’  huased Inn amu e xpandable
I ele-muients were in vestigate d, nine m n sing a high- speed - - - - -

- - . . $ x 8 t MI li-s Si IS inn,, ’. Al ternate  parahiu’ i m,ihm np iter ap-
liaral el n_n ult ipi ncr I w it h and wtthuu t i t pi l)el inn tug I and Iii,- -

- - . - u n m an-ii i’ s were e-u,misidered to ex u ne-ti s u s u’ m r  m i u n /  a good
nnth c r a high-speed u- ,e ’ rn ,ui parallel mutultup huer . I’,u-,tnnn ate nn ,, -

- matc h with the ri-st nd th, n’ie’nu,’ rmt .‘ m u hunen gi n there are
to ten/ al chip enumnt and -,pi’e’ui were ma de In nr I ni hi iiu -

- faster nt ul I ipli,’ mm’ . rut ul i / at mu - in u I  t lieu r speed tic achieve
()rrnau’ h and I ’ m vnnia ti umn s wit hun s-itch ii u u r n m ’ n i, hi - A’, u uiuu i n i  u - - - -

su bmit a/it nal Ii’ higher ~‘i u-ru re-n t t hruuu u ghput win mId require

mitre ela b,,rate c- ,n nutr m , i luugui’ and RAM’ s, For highest
speed, a 24X2 - l  hit iunura lle l arr ay muiltip hier , capable of

PROGRAMMABLE —ARRAY ENVIRONMENT pipeline (alter iu: i/u-ls referred to as re,’lc,cked uun staged )

euper at i c un can be used. ‘I’he nlevelnup ment al $X 8
C,OP~S 1ANT5 lNTERC~~NECT,ON CMOS! SOS moultiphier with a I tX) tuanouuecetnd rcspmunse

— 
‘

~ 

- 

- ~~~~~~~~ t ume c-Sn optimally (nu t_ ni the building block iui s,uu’h a mut-
t-~ t ___-_ . _1 t.~ tiphier as well as alternuat,’ appr,uaches,””

I 1”i I A 2-stage pipe-lined multiplier appears optimum frur that
n~~ UTS -1L~L 

PROGRAMMABLE ARRAY ~~ OUTPUT unit , wit h niut,’mmn ediate stuura g e provided by available
________________ 

( MOS registers. I he effective utt h iz at i nun of such a multi-

~~ 

phier depends mu a ct un nmi der able number of gates fnur bus
switching tu ,r its st-ce-u-us frc ,m the RAM’ s and for scaling for

r ’  i — r ;~ AL 

‘

~~~~~ 
floating-point je iuitificatieun. ‘flue serial parallel multip lier

L CO~~UTER — ‘~‘~~~~ n ,~rrp~sct apprunai- h , basically a I x 24 ae-c’ unru hato r allows for the
—  n rea h iz a linu n ni e’ lu ’mem uts ,uv er a relatively large range of

Fsgur, Ii l’ruugnisuumahl~ ,, nnu , s p,,snr, ’nctuent perburnnisne ’e’ ) a c - tnn r s  by nueuuuis of nu ult ip hier dup lication ,
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Fuguri In 1St su’r,al ,ui,uI/ me- I or u-elI

(in t he- u,ther hand , the para llel array multip lier locks the in- parallel-out registers to provide a good comnprom nise
design tnttu relatively high speed and cost , between multiplier input leads and the time required to

Thi mi si ’ rua l  paralle l multip lier approach will be load the registers,
described, amid performance fa rt iurs will be summarized The developmental cell contains the equivalent of 450 2-
and cuumpsred 1c m the paral lel mtu l t ,p lu er input l ogic gates , and has been fabricated on a chip ap-

proximately 170 mug square by means of a double-
ep i taxial  s i l icon-on-sapp hire CMOS process. The

LS! serial multiplier ce-U maximum clock rate is about 20 MHz, The cell utilizes

The 1,51 serial multiplier cs- Il that ‘as been developed is single-phase clocks , a stngle power supply, us static in

shown in Figure T’ The cell shnuwn m alt m uia t c ’ . terms of the ul peration, and may be me,unted in a 16-pun pa kage.

form ax ‘ tn where a is the multip le-and , x us the multi-
plier, se nd I, n— the tuddemud l i-i- cell shown can handle ad- Fixed point eiernent
dends and mu lt t p lu -andmi in mw i c ’ c-cu ump lemented form ut f
sny ‘Is -s ired length, and a multip lier in sign-magnitude Figure 6 shows ten multip lier cells arranged ann a
form co ntaining a sign hit and up to 23 s ignificant bits, processor to implement the general second-order
(ells may be cascaded Iii form high er.nrder terms or to multinomial (P3), Cell 1 functions an, a 23-stage delay
handle larger multip liers , register , cells 2 through 6 functi ,un as multip liers , cells 7

Multip lic ation is accomplished in the 23 adder/latch through 9 fu nction as adder/mult ipliers , and cell 10 func-
stages by succe ss ivel y a’~u’,rg t he contents of the mult ipli- bonn, as an adder/regis te r. All six ter,tu s ,,f the multi-
c-an d. The output s of stages 7, IS , and 23 are brought out nomial are generated in parallel , and delays are matc hed
met that the cell may he efficiently used with 8-, 16- , or 24-bit so t hat a single clock is used for the entire processor. The
mu ltiplier s I the first hit is the sign) The output of stage I is lines complemente r i~ used to convert the processor iueltput
cu ed to gain immediat e access to t he product sign bit to to sign-magnitude form before stora ge in the % Y variable
racil itate comp lementing op eration s on the product , RAM Only the 23 most sign ificant bits of ‘ - - tput are
The multiplier register is divided into three serial- stored, (Truncation of the least significant ‘ - I uum.e of
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I)esign and A pp licatiunn cuf F lu- n tru enit ’all y Pru gramrna (ile l,~~l Arrays s7 I

a ed nes complemen te-r for the convensi,un to sign-magnitude values are adjtnsted in ru-spuinse- Inn mc-aslnne (1 chatuges in

form will result in plnns or minus nnne LSB erre,r in the- the input/n ncr no the outpniLum.
stuired output. In many tmpc urtant app ltcatio ns , the inputs I n , -  - the’
To implement general-purpose arrays , gating must hs- uihmiervahles t art- n l iff i u ’nmlI tn, nit-sc ribs- analyticall y . i’he-

added to rutute data fruum ele m ent ten element, The element best n,r even a good structure fe,r the mund el c annot I,, is--

control logic can then contrnd the intercell data fl,nw tmn termined a pr iori In thus case , it is desirable to have a
form any given polynomial in the repertoire, minds-i strene-tn.nre- that c-an adjunu-it to r€-prt’sentatnve- inputs

That us , the mode-I is tr a n nabl, ’ huuth in Its strn jc- tnJ re- arid in
it s parameter va lni esFloating-point element It us therefore desired 1 mm imp lement a general I usm na lly
nonlinear) funcu ‘mn n,f certain lnm pni ) variables which weA floating- point arithmetic element can also 1’e imple- can i-a ll uubservable’u- . ~ m um& -e little- may be- known ahnmuu themented. Floating-point arithmetic requires handling of an cha r ac/ u -nn st e -s ,iI the ’ n,hservah les , the- parameters ~ni theexponent, scaling of mantissas so that bits of equal signifi- netw trk are nnut kncnwn a pr ior i  i’he netwmmrk will have tm ,cance are tudded together , and left-justification of the
he trained wi th  re-prest’ntat ivu- inhiuts. The q/ nu”-t m mnn- , a re

outpu t mantissa (with corresponding correction of the necw:output exponent ) to retain the desired fluiatnng -penint
format. 1, H,uw should the element parameters he adjusted?

2, Hnnw should the elements he interconnected and what
TRAINING ANt) ADAPTATION OF shumuld their cn,mplexil ’, lie., num ber, he”

MULTINOMIAL NETWORKS
Tn make the ideas clear , 5LII)pnnse t hat thu nu npuit u - uu f l s m s /u - -  of

We now consider the methods for training and adapta- N em hserva hl es , x ,, x ,, - A lsnn snn t n h nnm u -’ u- uhat the- mn n it )m n n /

t ion of multinomial networks that are constructed from is a scalar whemse value may he cm,nsudered as the u’s/lu/ma le

the elements described above , ” “ This is done with special of senme preuperty nuf the input process. In general , ‘, will he’
sea rc h algorithms , general ly n,ff-line , tun spec ify network some n,un linear f u nct i ucn nnf the x , ’ s as follows:
conf igurations , App lications of multinomial networks

v =f (x ,, x~- - , - x~ Igenerally invo lve operations with sensor data that are ob-
tained as a result of “ observing ” a physical object ,
process , or phenomenon . The classical approach to design Polynomial (multinomial) approximationo f computer models for inferences arid predictions from -

observations has been to determine all the relevant charac-
Under fairly general cnmndituu u ns , a function ,nl Nteristics, deterministic andior statistical , of the process be-

variables may he expressed in an N-dimensional Ma-
ing observed , and to use these measurements (and

claurin series as Inullows:assumptions) in design calculations, Very often the struc-
ture of the model is p*sumed and the design takes the ‘,‘ — fl u + a x , + ~~ a,, X ,X~u — n  1 — uform of calculating the values of certain parameters, Even a,,,, x x x . I (2 1
if the nature of the observed process changes, t he structure m - u - u -

of the model often does not change , but t he parameter In the mnnst general case , the c ,effieients, a,,, a, , . . . ,  are
functions nuf time. hut i nnr many cnuses enf interest , the un-
derlying charac t enis tm cs umf the x’s dum neut depend mn time
and consequently the u- nmn’f fi c iu’nts Sri- c unstants.

Two questieuns which aris,- nuu the use uf Eqm iat inunnu- - I i n
stanac enxe - D - Po n p~y psocrssop and (2) are:

Q ~“~Z ‘~i~’-’_’_] 
* . me co*. - , 

~~~~ ~~ 1, What sh uuld the nnlmmmt’ rvahles or measurements x, be?
‘~ ~~~ ~~~~- “ “- ‘ ‘ “m ~~.’- ‘ “ f 2, How many terms in Equation (2)  will prcuvide an at--•o O•

., —1.
_ _

’

_

~,- i

•1 

, ~~ 

-

~~ 

~~ 
cepta ble appr oximati li n to the desired Inunct i nun , even

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ o- though this (true) function us not known?

“ _
~_,t l ct,J ” • The answer to the first question is: All th ,,se ’ that are

.5

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

, ,- - u -- thought to have a bearing u .un the desired uuutput are - u sed
- initially , and t he ones which trial shows Ii, be cuf i t t i l e  use’• —E

l’ ..
c~~~• are d iscarded , The second question is answered adapti v ely

by using a trainable non linear netwuurk whose co mp lexit ~
determines the number of terms in Equatic in (2) Thep - T— —

‘p ‘P tra inable network consists nuf intercuunnc’-c’ted ,-Ienuents ,
Fu~ur. 5 Seruul Iuceui-pu.tnc pruccesuor each of which imp lements a simple non l unuenur tun c - tunumu uif
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‘47 2 ‘— c i  ,,,nn.,) ( ‘ ;;, l mn n / ,-: ( um i t i n  ‘ n i l , , I , , ,

‘~ 111:11 Y
~~T~,,, ,ij z f  

Fut iog~ :h ~:t  

,i~mr

/ 
m ? hm-l eu ’/.n m ,un s, n ) m sm- n

:~4~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
I u I I, & run in lii, Ii ,, , m u I

~~ 

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

I ~r

’

~~~~ s 

:

1

, :
m - s a l n i : n u , , , i m  s,mh ’— n - m ,m m - . ri -i nnse’d fu,r / In ’ / ss ’ , rk  ‘is , , t ) , n -  . —‘ . t)~.I’ m~ - , u - - - ‘— - - lu- us- - ’ ,’ rn m~

, - ,, - I n-I ,- , , ,n - , , m — , -t nu- r ln , rmn ’ uu l m i- no t ) , i —  u - mnn) m - ,n-/ Is nH ‘,ucu- u r i u / n ’  m - ~l i / f la n ’ -  i- i
‘ u - I the- m , ’ta ,, rk I , .u- , -u -  ,m ’ r ,m l i , n -  t i  nmn ’v ’ 1, rn - ’, n , , n m s ) v

‘ i / I5~’i’/I iLmn u

i s- mnpnnt s . i t , ,- i /al m u m ’ s , ,  rk m - :,, , ),,‘ n~amu ie’,l . j ,  r,’s mit’ a u m
act—p m _ n i l -  ~jmpr nm x n nu - a tinmum I ,, I’. m 1 ’ nu m i , n u  1 2 i ,

- - I m u m ,  ‘it: (In , nm,-I ‘ ‘ - iA basic ‘ - in- t a-mit m , t  Ihe’ n ’ I mr r imrug nc-I- . - im ’ Ii,- is ’, tr n l mmmt -

si ngle- m ’ut ltut nI,’vi, m - , t l l ; i s t rat ,’d in I-’mn ,’’n ru - I I : e m m m l  pre- - . -
- I )n- n-) u ’m m-,m / , ,,, ‘IIi, 1 /1/  , l n -t u ’ ruu m n r n a / ,, ,n, , u - ru- hasod , in

s-ncmnis lv dc-~ n - r i ) nn -m l  I which inip lu -u imn’ nls the- 1’,) m u - mwm u mg linui u ’ - —— 
, ‘- ri - il pu~ni ;u l u - I n — i  - sm / ma re i m u i ’ m  a m)c ’s, rc d mmnmt l t i i / .  Othc’ r c-r n-

tu ’nn I Pb  of its iuq ’’ It Z u. ~ , - , -i n rum ui,,- nut , , , m ; r—n -  m ’ m s m ’ m l n l u -  ; n u mc l uru -  - u - h i - n ,  ‘ m s / - m I . l’.uin~ci~~vnu mg

— (4 ,1, - /. ,J , - ;m ,_r ,u , U~ .u .  - -( nm _ u ,. 1) a ),‘ n~,n - sm / , l u r n ’ s  u’ l’ m t n - r n ’ n, ,  the n - I c ’ n i , q  I I — . urn- Im rs / u,) j,nu-,/ed Ii’,

a tna/ m x  ni grim rm  m prunt-ed ii m u- mitud / lie u, Ins a re-c U c—I

sn-arch i n. , ’ ., mi l i l m illHml u iun m fl) mr - ,, , ,lnnre . , - \ m m ,, 1/ linus - ml the’
“I’,’, rk,, of it” ha.sw u.’h-me ’nt —.1 ‘p’ loll, ‘‘~ —

- ‘Fine’ fut/nng tud — c -l u -n -u m cli -,n nl , — ’ - t u -- u - c m ’ ’ — , - ,  I ,u )tu ’u ’um a/e’l m n un
S n ip t S m u -— c ’  m m c ’ s v_ u- mu ns nnle’ u’ Iwu , )u - , se ’ rs  ‘ ml  ‘ u - m u tt t i n -n , , ,  mI / u - , ;,’, - - - - -

- — tr~,nn m ung ~‘ac ’h ) , u s m - r I hi- l i / t m u i g  s mn ) , ,u ’ l  n - ,nse’d ),rsi tnu C’s-
m) ,,l — t ru t ,- ,) in I’ n)gnnrc , - It c c i  ) n,- ~~’ n ’ ’ ’  n ):;iI ,- n, -), z , ‘ 1,1 ,1 mm ’ — - - -

- - i , , t m iI s h (u - n- i ’,’ Ilm , - , ’ ’ m m ts I he ‘‘-u ’ I nn ’ , ‘ ) n- , ,- rs,u lnl e - u-, i,, lu,
pair-a I— u- /mmn ,ullnr ’ts n Il to ‘I ,-~ r m- ’- ‘ - H r  \ - ,t , -  that / 1/u ’ m n - i  - -

mused m u ut tm a llv h~~vc ’ n i ru  m is I n n ’ m ’ im n hn i— u ’ , m I.e-i / hu ’ u-a’ be’
layer (‘n m / m m : .  al l ~,m.s.~ h~lu - pair s ‘I hr,-, m / m j n i n /s  x ,, x ,, x , . , -
- - - de-sngu m~n/ctl liv , - - a ,. x,_ - _ c -, I li e’ ,su- urn- ,ur ra/n ge ’nl m u
I’, urnpl& - ru~c’uuI a -,t n- /n, - r l i l nmmvmllm n u u r umi a)  II u’ . -~ jm m ml \  II,,ni,;;,I iii , 

- - -  - - -
- - m u i r ’-. x,, a ,: n, ,j I, . , ‘s I h - - i ’ -  ,u rm ~~~~ ‘ — i i c - l ,

many s -a ris hles I xii r -—s m m , i m - / he ii ’ ri In &’ t m , t c-i e’cfl ents iii - , - - -
- - / uanr ’ , I bus , the’ /m msl tr ,., l  a-n il r , ’ m 1 , u m r e-  ‘s L’s I I  2 /r u - uln,.ul n l c ’

eac h ,us, -r s’,5ild hav&’ tm gm m ma ,us ‘‘in ,- nr ’,cc’u -ds 1 n- -’m, ’ r u i /mm - -
- 

u n’ k-uii u’nm ts (semrh us that s l n , ,wm , um I’ m g ’ir . - I)  .-~ pair ut ‘‘lnse ’r
/ hu- r m e- / w e nr k I l - n ,  ‘i-! . 1/ :s I n n , )  n -rn pm rt calls tb- mt nc— - -

- va blc ,- i~ st-/ it m m  each ,‘In- itien/ . I ) t  n - m e-Il ,, me - t m /s  ‘ u - i  the etc
c-eptatule a p/ m r ’ :e m n m , ,u ’, ’ - r m s  are- ‘,lntaiou ’n ) a -/h unt this gr aIl, , -

- - - - i ns-tnt are (leSt-rn m m uue-d u sing a ru-c m r - -I ye’ ‘,u’.u ru-li prnn c c- miui re-
in f u n  t , /1, , nunnbc-r m ,t el ,-/,I. ’ n n/mm in sImu c u ’ s /n I s m ’  is e m —  wi l l  - - -- with a I m ast sq us ru-s ‘ - r / u’r inn/i - lb , pr nv_ - n—mi ire- ns repeat ed
s,s,ri I aI ’u’r , ‘,m,\ is,, or three- la’.-er’-b  n ie -c re- is,- , t i / u / u i  nnn l’,’ ;n -

- - 
- ‘ I mm r s-ac -t i nil the’ .V)~~— l I 2 u’lc’ItIc’m , / ,.

few Sr, is-it a— nopuits It, thu Final um e ’ tv irk (‘nurut lenru enit ‘ - -
N i l  all nuf the’ u m um ran /ne’ u ’ m , umm num /n aii nm uus lure’ u ,I u-, igt i i i  ie - 1umn/(which Is an adder ) - - - - -aid no ,‘x~ nu n- I m I n ~i I In, ’ de ’s ime ’ui miii, - mm m u /  m utt .  I he se ’ l n ’ u /

I um n mc-c ~~ , is m m n - .c r/e ’ nl  u/ i l , ,  I n ’  first lmu ~ e r , ru—suiting tim
‘f t c -  t’i ’ u - ’m:~ u-l mm f mn sn -I i~ Il? I) 2 pim m c - ccl Inm i m m mns n/ut,,  t Int- 11) 11 1)  2 initial ele’u ttemmts

unf / lie’ se’,’, r um I m u m . n i  ‘ l ’ ) m  c m - , , , -  t i me m u m / s  nni e-at -In s - I s - tune- ru t mum the
Now au t o m I’, the ;n,i~ u-r ‘it m I m I, ‘ ‘ilomi un g th,’ n- ncr-l it ‘,e’u ’en tm ei lu - u v , ’ r m ire determined us in the f irst l~u , c-i ‘l’hc’um the

cienti, of eat-h u -m ,- t’s mm r k n-lu-u t ,,- ’ , ’ atim i the- ru un nml u,’r aid,) ut / I c- i - - ,  In’, I, ,u - c m  snat),-met is aiutulue-ei u Ihe .u-u momi  l m u s u - r  ‘I’hnu- , sill
n’o nn e( -t umcn s ‘ml the elerne n’u ts , ‘ ‘ ~ u - I m m n m m ~ In- the nun ,; , ,  u u - I u l .u ) n l c -  m u i r / n  Irnun c I he- —a -n mu,, ) layer

‘t h ese tasks am, am -m u - nni p ims)i cml m m/I’ ~u 
- kr n nn nn,n ’ ’  

m t i m / . u -  im m ~unt t s  —

base; that in., a data base- fuir a-h mm-h th u v i i i,’:. ,~i tb. tic’ ‘l ii,’ prn mu u-s/n us re-peat ,-c i auth ..m in u c-, ’eiu mg a\ - e ’ r u-~ um nti i the’
pendertt v a ri zi u Ie ’ are knu ,a- iu. ‘I’he sm -Jo- iuus - ,,lse-d are- , crr ,mr  rate ui the- se le c ti n ,i m —m i t ra l is nuuntmuzc’ d. Aithunug h

fnjrther re-duc’ tiuun s iii the ’ u - rrmmr r ule’ cm the fitting sunhse’l

- Optimizing the ‘ - ‘ c— u i, I u’n/ , — in c u - cm-li el eunm e-nm u m t  I ht- ar, rea lizable Itt tnc’ eurpumr;uling tuunere ’ layers , ten dn sum wucuild
first layer , pru e d u nu’ . ’ umver -fi t t ing of the fitting d ata , Eventualls ’ , a single

2. Selection m ,f th ,usu ’ elem,’tuls ut’b’nM’ nu mnt l ue nt us Iic cmutptit re -u - u - mills frcnm can-h nu t several m lis jnu iu mu ,tubnetwu urks ,

ceptable t re-j u’ u -t tn ’n - -I Jac cn r perluirmems) ‘I l~ -u-.~- u- uu u ; t n nts uru ’ ad ded Icc preuduce a single output.
1. Repetition nuf the 1c rc s ’ u-- .s f uu r each ia vn - r . ; uum nl An .‘xamnp l.’ cuf the’ ru ’s cni / etf the trainIng pru s-menu- tip t m u -

4. A ~ obal optimi zation (au-biptsttuunl of all , ,u n-l t m, , , ‘ m ,us thin, t’untnt is shown imi Figure 8. In this hyp c ithetu eal
in all layers based Uponu th e- final n nint ;unnl  .‘xu uiii i i le , m l m s imp l ni- u i that at l e- : ist  to candidate-

Iunm n i mite-I. - ms a n-r i’ i mutt in ll y I tms ,’rte ’tI intiu t Im& ’ first I ave r  Orul~’
Th~ known data b,.- ,- is m lmvn n le  d ,mtmu three in td e- p c -ri u lu-nit .u Ic’w cn rs u s nil , as indicated. ‘I’he figure ahutwue that pair
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Ii - - - l u - a m ;,o,i ‘_ ; , j m i u -~ cli ’ , , ‘ I I- . ; ’ - , r , - m ,, - i l _  l ’m -’ ~:’ mm’ , r n ;, , ( , i c - l ,t — ’ l -~,rr , -s- ’- -

ii ,. u- a n n m / c - r u ,  n ’  u - s j l l ,  u - c u - n  mI t, c , . h i ,; u - i mr -. It ., x,l m m m l ~~~~~~~~~~~ rk - - ;,r,- ri ’ci - - ‘. , - u - t , t t e ’ d  is m l , ,  I c ,  m that ll , n’su’

,, ( ,i tin ,  t i ,- /  i u c t n - r , u , ’t mc m l ,  - i, ‘(Ii u m , r ,s , i lm nh, u -nt1 ,, - : n u - , m l - - i ’— arm - ,n i m , u - m , ; ) ’ I v h u m - u - I  I t,, n i ’ , n m a l  ; , 1 m l , r  ‘ ‘ , ,n l n n m , u - n ’-
Juai ms 1 m m - ’ l u - u - r n -  .ur , ’ i : r , - ,  Im u - — : ’ , t u - , i  - u - i l,,,, ’ vu- a s —  ncl ’, - —— ,-  I- mm u - I ,  i l , u - ’  u,, ,,l ,‘ /u - , ;c l iu ’ i u I — / ; l m , u - i J m n m m n i / , ih,’s -i

~m n / I n u - u - l ’~ n r c  u - i ’ I , u - I  / ,, 
~

- r  ‘t u - n~ ,’ a - .1 
~~;‘ 

m m n i ( / i m /  m miii di l t m - r c -  n ,/na ’u - ie- n ,, m ,, li e-n, - ;c mmd P m , m t c - r ; , ; u n n ’ ,  u— v u - i t  tIn ,— —’-

I l , , -m , -  is - , T i m , , .  ,-l , iti t i n -  t r ; m , t i u - m ,g  m r u - ,-e ’..s ‘I I,,u -— is a ‘ m i mi mem o s ;,r, n - i ‘ - — c- -c i 1 m ru - - s e/ni - e l m o /i s im , I bm- u -I u - ni cr l/i ’;m / ’’ n-

I’ ~u - - m~ -’— — 1 su r l i e r  ,u ’ t i iu u - — t , i me-,,I _ ‘n ‘‘ ‘ ‘ u - mt . u-~ imI i m1g - u - , I  I tt c - , , , n —  I m m s n /m s ,— (‘‘-I, ,’, i ,, r - u- I  Ii,, - re .icl mr ’ mm ‘ 5.— u ’ s / 1, ,r c r c ’  n i - ’ ’ l m - I m - ’ l
t i m  e m / s  II 1,, - i n-n -~ I ‘ m m /111 ’ , s e-t m - u - u - h , , - ’  ,,,,‘,,n i nn s  1 u- I—o r t h u  n’ - ‘m n , ‘ u - i  n mi ;c ’ ’ ’ u u u - r n i n l u ’  mm , n me - mm , ’a I  t c u m t m a l  ,ln ri.

u - n-u - m u - i - _ c 1 i,- , - , - I t , , ‘mo/s ‘ - I  - i ,  ‘ - u - ’ - u - i ; , - i , ’ I’ n e- u— li e—u’ ;, u - / m i ’s -I u - l u - u’ u- r u - ;: , m m  u - I t  ‘I I ,,—— .. u - In - n , ’ , e l m - u - s n n — ’ , c ’ ; m I  n i _ n .
u m l i , i - , ie- m l  i /n I),, ,,l n— ,-n,,, . , t i n n - n,,, i, ,,- , wi/li ‘ i i i ,~ ‘in - :,, n, r - , , ) m m _ m , a , u -  e l m s  n i s i l l \ m / y  ‘‘ t hu n t m , u - , I , - l c—nI  ‘ , , m r , , u Iml , -  IS i lufld

I’ ll ’s u - u - ’, tl ne ’ni mit lu - ,  m n - t v _ u - r h  I I u- - u - u -  I,n i u i nnunm ‘ u - n - i l  mu -~~n -,m l  / h m n ’ - e l u - I , ’ ’  mu -’ ’ u - s .  that lu - u s  Inc - c - r i r ,, ,,m l u- in-u - l i, n - nih

m m i i , - — t m , , ’ ,  Ice - dm l t , - r ml v _ tin-tm , l u - , - _ ’ -  m r u - l t - r ~u - I n ’ ’ t mu -— ,m , i’ inr y . m r l , m t m ’ u - / , —. ;Ii~~u - i I i  s)i~’’ h tml u - f l u - i ,- - cci ’ ib ,, ’ nn , - ta - u - , m~ i m p , u - m /
I t , u t , t / ,n , 1 .  ,,, mm t — u I, ’, /t cm ,m — u - i l , — ,  ‘i n m c i —  ‘ m u - - e d  I ’ m  Ilims ‘ u - t ,:m l u- urn , l n ,-s i n n , , - ,- u- u i n ’ , - — —  nu- . r u iu nde —l e ’ ni. u - u - c  ,n c - u - m r s i -  t - ~ b-u -

m umI J , m s n r u , e ’ / n r  Ium u - m n - s —- ‘I’h&’ sn-i/oe m , m - l ju u- - / u m/ i. a , t m _ ui m - n i n n i l u m t - ’ ni _ u- m i t  h,~~, l b u - n  ,;,r ,Ia,c re- c - In  r , mn - ri/ s u-

— - nt , bu- ,m u mu - l r ,m ,u s misc’ ,u r a t udem mu m .‘,u- ,,r, I, 1 , - tm , ,, ’ , , ‘  / m u -  ‘‘t n/ inn ‘In—u- - , mu - b , , - u - l  cr ,- ’ . ‘u - — I n’ (- ur , Ins- e m i u - g r . n r n u - n r i n - u - (  t ’ , r  h igh ,  - pc- . -
me I , ,m, u I  n. ,, i , mn - ’— ‘~I tli n- - u - u -i’ l l ,, m m - l i t — , II,, s,n u - m m ’ -  g I u - m lm:u l  — , - , , n m I, I n- _ mi u - I l L ’  e%5) ,u :u -m,. ,fl - I t i , - ~c u - t _ n u- .,

_ c ni p ii u - _ I di e -nI nin as lie i i s n - ,l I uu - r  ‘— u - i l n s m - u - 1 u - n e m t t  ,u’ lIcp/ uu
n e- ma rk 

AE I, i c - b  s I .  \ ) ‘ l - :  I’  - S l i m  m\~A l te— r II,,- hirisl adj miu - ’  l ’ ; n ’  nI l u - m t  ,,,n’ Il i ’ mn-u-mI:- . ‘h u—s a l ’ ,; m n, m rm

—,, m )csc-n is use-ti l m , n ’s/,n,: m te - the j c e ’ r l n m r u u m - u m l m u- nI I t , , -  c-nil mr ;  -
- \m ru-u s / m m - c , u ; c I clm u m tm cun u — ‘ml ~I m ~ ur i s t m , -n  u- c- ,! , ,  i .,,, m m /-

in s-i a nm rk
- u - rn’ — , ,u/e’d s)m nrm t luct ’-\ s u - u - I m l ucte ’  u - j l  ‘ u - s e - r t l / / n u u g  is a n,,’s u— i cm I m m 11 , . mr , u iim n img u-~ I

‘ - m i n i m / mg m m u - n v _ i , r k~ ( u - m u - m i) t i iu m i - t i - u - n miu l u p / u -  u - ’ , : l , - , u - Iimu fl i , I’’ /1, ’
ri m : , ‘ — m r ’ uu ’t u me-- , ,,— ./u- e ’t ’tn’,tm u - u - I  “ I / u - u - u - l u - i / a l  i ,uT/ -,

In tt nm u g dan,, simbns,-/s ,ure’ ucitanned that cc ,- ml-, I_ m u - m t  Up- 2 n r i t m ’ ’  I’ ,r\ 1,0 11, / mm ,,,.
m m u - , X m l n , , / m u - , / m ”  l u - u -  the , i , m / ; c  in the s, ’ J u - ;mr l u?  — i n ’  /m,, f l  — nm ,, - , I -  - -

- - n ri_— u - I — - ,:/ ‘ ,,l m m -  , I ,c - _ s m I u - m  ,,l li ii’,
I hims n t m t ’ a n i u - -  that tIme yns-twm ,mk , are- mu - u - u -_ h i I’ I r , u - u- , m ’ r, ru , i,/n, nnmn le-n, ‘ ‘ , r r c ’ m T I m u - l i ’ —, r u - m~m c r i,  ‘ m u ,  thei r u— x j n em n e unc e’ n Inn ing It , i , ,,i l’. mu m l u - , - — —

u - ni ‘- u - - n , , - - I n ’  u mum ’l e’ ,ur c /n i / Il , -
lu st ‘, u - i l e s u - / s  arid) that  ermeir rate’s c m, later u- , ,- , . ‘-‘- m u  / l , , - r c l, ,r’- 

- ,, -
he suum, uli WmI h ’mm i t an- c m idi unce m l  , ‘m ’e ,rhi/ t ntm g, ~~~~~~~ - 

tmc m m u- c l . n  J u r c - u - m - -.mni g

rn-i ‘ , I m , i u , ’,.,ctu - i n- i /image- J mtmu - u u’ s — l O g
would gi n-c- t iet ’e-pt im e-l v u-,nnall e ’ r r , u - rs  n / n : u l u - l m r ’ , : t t u - ; u t l f l g  I l u - l i t  - - -

- - — u- u-n - i / r u - m n, , , ’ ‘m - u r lin n-iirs u ,e’ts cu l nlu - u i~u a nnm l  /I m,-nI mum in m, , sI ‘ u—m u-— m l ’  p- u - r I m .  ‘ u - t n - —~ ,- it ’ ‘ mm ’  — n/it ’ u - r r m i atm n- , m ~ s/u ’ uni s
se’cJnuent tue-s d ata ~~~,- has,- ;,ll ‘ u n : ,  u nr l m , ’ ;, r u - i  ‘ ‘ I  u- l , m r ’ u - r : m  ;u i  -

it u ,mn b,-I s t t m u u t muppeared In, Il-u ,-,- uuitk-h p r u - u - / u , n s c -  m nnI: ~n I i s - , limit . -
I,, s?~e/,,s ‘ m l s ’ ,. u - rk in sn ’ ’ ,e ’ r i ul mm l t l a - — - m ’ ,ur e’ us sill n r m ne he-t hat m r m , m l , m n  n - n t u-mi , , , , , ,  1mnahle’ n-r u ms whemm u - il - — c - m m / c - I

— ,  i n, , ii mm n - I  lermu- l i m.
new il, / a i ni mum , s t m ,i~ u - — - .-n ,, - ti Ii.—I, m m. -n ,, r is u - Itt r n - — u - u - i l  u - m t
m u - v . ’ n i u l t i u , g  i—tm. u - nsnu ,g tI, r u-e - i u m d e J e m - i m m l u - r l n  ,- ‘ I Im . c ’ / . -  n,I II,,’

u m . a i l u-,I,he mid/ mi / n k m n , g  m u t ,- tha I i ’ ,u m In is u - , / , m / i u - s / m n ’,ullv , \ , , p m , Im - , ( r i l m -t m i e  In.s~u - c ’m -( nm u nn
rcprese-ntnutn s-e- ml tIme - a I m m u - t e -  m i d  .c i,,usu - II,- t m r mlulu-cm cml

‘ms ’u’ m )m/ /’ng is mmtn u a l l s  e ’ l i t u m m u m , , / c ’ u -  ,~~,,I I _ u - mml ,,u -I’ ,;, u - m , n - - — n i  I m p,, - m l the i ;,,.- I r e ’1 m r e ’ s e ’ nmla l n sc-  app lut-atme ins / cm , u c - r m m s m, uc - c-

n- — u - I , u - ie - rat tc , u m a ) e ’ r mn ’ r i , - ’ , u - l -- mu- I  tm , n m m . - , i I,- l- - a,’m ’ u - l’ -.‘,‘ti , , , - _ u - u - b the urr ii\ ne lwnerk c’m cmu’epts presented un thn’-
I ,,mr, ,’’i paper mu - I h,u/ cml nnunde’su-trmicl us ’s- iums lds -e’tiOn ‘it n mU

A u- ,u n e , I l u r u -  ‘ u -  I),,- g u - u - , u r , u u - m I , - i  h u T  nm ,u d€-i s r,- ,nI,, ni b I ns ,/ r,n, / i im mu l m a r l - . n it a urcra lts cur n u u nss u l es , ‘I’he m ’Ia.,ie ml
priu bleun in t i m  eu ’n ’i m, m m , by such nmeans as tilt rasucn mc / u’ s / I / n g
is Ii ,:m I son all ‘ ic- tm- ,  / s suc h as fatigum e- undue-ed tun mu -r u - n - r u n - In’-

— _
~~~~~ . 

~~~
‘ 

__ —_ ‘_ ‘_“
l m u ’ ,  I,,- mime - In n- , ) Icy refl ec ’ t m m m g ,eurIa(’es snnrh is t~un t ,-u, ”m-

., ,,, __,,
~,,,_ _f - mn, ’ I u- ‘ - i l , t ’ ’ u - t i n  mI —i ,r l~u cu’ s A lthnuu gh muc h ihecnr u- l ut - s l  a r k

- I m , ~ l ’ u ’ , ’ um l u-mn , -  t un a lte ’ni in/ t m c harac ter , , , ’  the iu~~is,’ en , I“—
“ -

~{ u - , I m i , ,  , n i , ’ m I  I rcut t n r tuic ’ m nc c - rac - kms mind cuther deiects , in ’’ a ll e r r ,

- 
,_— 

~~ I I ir ; nu -im m g ImIu- ’ , ;c ’ / uc ’ a I  f ,, rmt ie i latimmm m exusts at thus tim e- I b,,
- -~~ i adapt s-,- tm m u i /ut ng t mf a moult mnuntn int l network ‘ftc-ms amm at

• -4 _.
t ’ 

I I r u m - I i~ e’ ;, Im l cmnmmiu ’h ten the Jcrnc c’,’ss mn g cc l pu i lse eclm c ct— u - . mm , tb,
- —- — I n -n e ~ nple’x u -- ,g u n; c I  e-nvircunmnent ty pi cal n n l emIt ramucunic mnspec-

—- - , ~‘. ~ v tt m nn t l d l iinc m ui “ ‘tm - s I)ata may first he gathered on test

I- - - i s ;a’nmmens having known properties and used t~m train the’
Is __ J nc’ twnur k in a,- -eurd tt nee with the procedures outlined ah,ive

~4n uch wcurk is pmn cgr esmeimmg at the present time. It has al-
- - —  

I reads been de’m um natr ated that the -adaptive learning net-
- weur k can Ii.’ trained In , class i fy correct ly flat-b ottom h,ule

29 1 - —~~ m i e l  e e l s in 7O7~ -T6 A l um i nu ,m n test h l ceck s , using
Fugm ur r tilnu e t r a tm ec /eannu .u5 ‘ “ — u - - n m. ummctn s,) mme c -ms  cut var i umu s di nu eters and differing band-pass

— — *~‘a ,  ‘1 - ‘ , “‘~~~~~~~ ~~~~~~~~~~~~ ~~~~~~~ — - -a• - ” ’  , - - _~& ‘ -



s74 \,IiI,, l i u - n I  ( u - m f l m i~ l n t c ’ r i u - u - n , t  ‘ t ’ - ’ , - , - 7;’,

c h me r su te - rn s lm ,  • t ’ e u m t c ’ r c - u - I  in m l ’ , , -  u - n - , ,  ‘ - 1 m b  n, ,., I - t  c i s c  tuu- , ’ g l u i,,,,, t , u - - , ,- ’ ba-c mu ‘ i m  u i  t i n ,’ m ‘ u l n / m n c t m . , ’ s 
~

n - ’ -  ib u - u - I  ‘I , ,- b ’~m m- ’ ’ I

bert , u-\s r c ’ / m - m t n ’ u - I  in Ih e - I , - r , ’ t u - ,  c I u - - ~ cm mm t u c u -  e u - s n ’  ‘dp i i ’,/ i— , , ,  s c - u - n  ./ r , ic  t m t r c ’
flst -be unt ,mnm hn,I, b e I c - ,  I s  )d ne , ’ m , ’  u - i / u - u n  I n  u- ,c sm C m , u - u -  bm.’

t hms tec hnmq iue An mm mn I ~~u - r/ ,
~lu - ’ .c~ pc - I u - nI  the’ u - n— u - I  he- -

, mm n nl t m n c enmmal m e - / a u - u - t I n  r ,,c- nh ’ mml m— that Im m s fl u- I ‘,c-m ,.-~~,r . i’ 
lm j/’ Cu’t . ‘‘  ‘ s r  , l -i’s , / iu - u - nh ’,’,,,

s ; s’ c In - a ; , n ’ m u - , r :  the— m -l cs-.,I,n ‘ mfl~Imit - ,n r,-~ u - m n - l u - m e  1 1 a m  c r ,
u- S / l n ’ l , L n e t l  is lu ’ - ’ r mg  ru - ’ u - ’ - ; u — u - m m g l s  u b n r , - m  n , - m I  / , , m,,, , r m l  the ’ e r - .m m — I  m n i c m r n u a t m u - c -  I ’ m  S I_ -In-en, , m p / m l u e ’ac mnn u’u 1c m ii,,- n _ c — c - mcI t t , ,

‘ m u - a i i m  m I u - e s s n I m u  , e t n ’ , u m  - u- I , u - g n - i  s u - g : , a l e m r m - s I r u - ’ m t ,  u - u - n m , g i u -  m , r
i,l/ rmu s ,, mm i,  nn,uude’sl m i m i / I s , -  mn nn~~,- lu nc h uc~u pli ,, m - u - , ,  m e ; c me - bm -

l , , - u - i m , , -le ’ -‘‘-mt /n e ’r~ -~ m i u -  s m u l ’ u - / u - i n ’  ml this v_ ’ , r k  I —  / h u t  u - I  cla.s :date sav , - I , u - r t n ’ ,  pa r ncn ,,- t e -r ~ a c - m e  m u- m nm - , - u - t , - r , - , i  ‘ n u - m r ’ r m g  u - u - c - I
l%Ii ,m~ I b m ’ -  —‘ ‘u - n m , u’s u - n t  g r ’ m mmn d s n } u r , , l  i_ un - ,  m ind mr cm ‘ ‘ u - u - s / i twn,rk / ra ,nui mg I’ ifte c’rm ml I lmu- ’ - c -  pa r -a m/ m e te- i . -  au- i , -  I ‘‘ i’ m I / . - -m - u m , , - - -,i- , n m — — to . ‘ u - - l  m m- , I t i n s,-m m’ - u - u - r — h / I  air u - b r - I ,  - r u - I ’ m c u m uID,,— rele ’s -an l tn the’ fl i t  b c - u - T / , u - l , -  hmc l, - m i m i - — i t , ,  m u / m c I ,  T hu -c’. ’ -
‘, u - r ’ , /‘ u --- r , ’ u - -_ l r m g me-s i l I t  - - c r , -  ‘ml, mg .u - cm :’,, ,) no ‘ u - u - u - i n  —sparameters are -thu ’se - t in- a l ‘ he ’ ’ -, r ube ’ the- ‘ v c - r m i~ 

n ,,,1,,.
cnnnteot ‘are - a l u - u - I  ce- rtai tm par/ c ml t a -  sc u ’ , , - l , u - r r m  u - — u - - u -  mmu ~,n m t , -m l
from the - pulse ec’h,m was- e lunrrcns / hu n I ‘u - u - a i r  ‘Sn’- urum ,cr , i t  i~~ j ,,

,
u - , -’ ,’ Tr am ’t ut ’u ’ i n - I ,  m ‘ u - , r r m - , - I , m u - ni,.-

i / s  Imug E , , i u rmer / r , u m m s b u - m r m m m , the- ( ‘ eps /m unmun I r m u e - r n - . l I r , , i ’ ,

m axut mm um nm amo plutn ide ‘‘I the -tnt, ,,- au- i , ,- t ’ u - rm a;,- mmnut t ,u - u - mm u - u - l  I - ( e I . - r u - - r tn ’ i ’  I ,  : , rn- s n ’l u - t - mu new- mit i l mr u-mau ’ h tc, m l’,,- ; u - r m u - I m I , - u - , ,  - ,h
to he— a dts cr mrtm unat ing parar mue/u ’ r a- Ins - mm t ime-  I r , n , u - — ’ i ’ m n  c - n  m ’ i . r m n ~m n m / m rug bu - , - mg b mu u - , ’ r m n ’ c  e ,,,~, h i m  ;um m c ” , mll ‘it u - t t, , - r u - u -  ) n / n -m n
and or tran u - u - mmssmnmn n m ed m nnnm we-mn- .-- mt , u - e ’, I Ic , s’num n u r n , i n truce In c- c l  I,’, u - m i r iam ,- rmcd ,ur — i’h, n - h nmu - ,,, liru- u - - n - I i m r n -  a- lou-n u - m ’
‘rhe mn -s u -j l t a nt neta -n mr k s / r u - n ,  / ume- fecu nd Ic r  I’l:u/ bnmtt .n tmm I,,-Ie’ i rm g LIt,- n n , n l tnnne rnmmaI mi s - tam u - r k  - c/n / m m - u - / u - u ’  rat,’ a m’ ’ n .c Iu - n’ruil ‘sn -
defect classi fucat nucn c u - u - o s  n/nm/n m u - u  13 elenie’nts -u mnt a i/m m ng ;n am ‘u r ; m I t I 1, _ e l I-’ eq in u plu s-ui w u / hi mim i au mmml i i i , ’  tad lu r tilt / n!,c-c u- n
tot al nit 7M i u - , e ’ f l I i u e - t I / s . and unu l nle/mie - nmtmn g art engtmth nl. ’ g n u ’n - tim I t , ’ ’ — , -  re ’ -,~m ’uns ‘ml a i r s / m I c e , ’  Ic , t  Vu - tI,t’bu - the- ri,.- , , l r m t c i d e ’ s
func’t mnmn nd the’ I - ’i t mpii/  s,u mt ab ,ic— s unknnu- a - m n m , , r gn ’ / s  urn- - u- I,’’ ’, b m / n l m m c - , I  ~I bun- u ’euemp c ‘mi tts ’

If app 1 cat inn ru- i  time (mu tiglie e rnst - In s / n ( ” I m’ruen ’ls i’ ni. - ,mm( 1,, rgn -l is I racked �uiad arm adapl in-c i c-Ie t’n nu u-m g ne— nw , mi le i- - ‘ u -u - i

i c—s i_ Inn1 , the adapt ivu’  Ica mnuun g n e - t v _ u - - r h  sill j u - r u - u - v i b e-  ‘n Il iii - In, um mnedel lID,- rCl i,t t ,,fls hii i b mu u - /w s - u ti u-m )n ,c - r s e d r.nng.— , - in-’ -~u

spectuon l u-u - ,, i of great value- tm i the Inmcmn tt ecmmmu m-, ce- of au mc ra I t  / inm o anglu’ and me , mmo ut h imnglt’ . a im n l the i t i ’ i c ’ u m u - m u - n i c ’ r m t l s
and missile— in the nnpemat u,nnal m i S ,  nI  - u - t m.  Tt,m ’ .c- u- rh / mu - nnu n’ ,is sired he- mg b t / nil the- c ’ ’  npe-mat m m. . , , Ia rge-I II is the - mm
date bar. me l re-ad dem uunstrate cd that the h e w  mm ’ - n- i l u r n - - - mii,s’.n h e -  / u - u -  u t i le- rm/igate - t he ’ ne- Ia ,, r k s-c -m m. - q in irk Is a h u m  u - i - V.’

mel lrnw - u- m,e’ / u-u- su -, nI hesuze signal tim u-n u’ u - s ,m N that deal u-n m l in the true- hemgbuu u - u - I  atm mink nu,’an t l m r-g ’-/ ir. / u - u -  I u - c - ,,,nm ~ n/ n ib
wacu -e fnn mnm ns irnim the real envn m nm nme mn t and that ii ’,mn a hitch ‘l’he- nnlnuts ti the- tne ’ Iw mc mk hee’ m c t , , u -  the appare nt mange e i c ~
parameters ‘ u - h thu-s, w as ’ e ’ t u - i r nn u - .  are- the minst relevant , w hi le va tini mu and ~ui,nn mnm th of the- nnnk rm ,nwn large-I , ;um , m l / I me- Inn-i
ctum hmn iun g these para mete r s  in t im n m ,  ;eda~m / i ~ i l’, wn,rk un mi t p t it mu- . Ii,- eslmrniuted I , ’ m ’ -  height u- m b that i;cmg e - u
t rain s-ui signal cla ’.’sih, , ’ m Uther m e l c l , I t c ; u t I ’ u - m m s  has-c l ie -c - t m ‘I’he s to i c / o re  ,un~i t- c ue -f tn c t e r mm / s  ‘ ml  the’ n e - t v _ u - u -u-k n rc t i d Ius / u ’u - l
suggested fenr the meth nudnn iin gv in the - reluited ate-Ins tnt adapt i’, e l y as a t r rmmm s p he ric c n m n d u t i m m u , s  change.  ‘l’hs-
au nm us tn t Cti/ i ssul ’/I testing. ( u - , / r , l , i it , ’m cir ier i nTmanutat - Iml r m ng, rele’renct’ / mr m ’ s t - mu - /s  a compamisimmi b ,, - I a,-,.,, II,,- un m m / m e ,  s - u - mt

nipt n in, mzst neuri of meta l re-ni u - , vn rug p r u - u -  e’ssu’’u- cnmnt m ci cu t femr g- thus ap~mriuac h a mini ¶hnc / u-I t hn’ t’u,nv,’mut unn r , ‘i prumm’ u-du re -‘l’he-
nng and casting , infe rs-nt-c nit material I n h y su m-a l  props- i’tme’s bm e- mght e ’ rr imr , t i s i ng t h c-  ne-v. ap rnrcma c h, us mupprnuxnmat els -

In mum micr u- u--,t ruc tn m rc data , anni fnuree’ast ing mcf m namnt s - t ma mc e’ u ’  of the’ ,-rr ,’r mmb n t timnt- d a mth the l c r m n t r  slate-i -b / he’-ar l

nerceu,n,ttatcd buy suru’ss c ’ n rm ’ns un mnn dete rmeirti tu ,mn nut flight vu- nmet inm ,d
hid e structures - In each instance , the he-v p/dint is t hat r:~ -/

wn,mks can Is-u rn I ’ m tnfer or predict frnunn the- natural data- - - - .  I ) , - t u ’u - ttn ,n of re’niu’- m m ni - um - lu’am - 1  c m / n
that are pmeuduced liv the- p r -u - c - u /nsf ’s I he’s,- natu ral data
may be records id Iim uc’ s-ss su,tm mud mn , vubratucenm u-. de’teru , ,raticmiu -ll , - lu- r c- n , n - , ’  I ~I I mr u ’ s , ’ mmms r ,-— mills n u t s ’  rim l ie ’ ml , - r l t i , - m I
due to corrosion, s-ti- anyt hu- ng readily ucc,-e - -,smble (cur cc-ni’

~~~~ 

- the- an u’i ur ,uu v u - b  ci , ni uptts’ e’ le-a mn i nm uc t ue/a rk u - I c s s , t n , ’ r  (mum
ne,mmca l mnstrum erntuctic ,mu cur res’omdkeep,ng

nI us, r ,munat , , m m i  l,,’t sc- -c-i: remncu -/ .e u- i  mm mbc-r g r cne m nn l nnm u-I e’ ,u r

eve/its anti i c - c / u - u - u -  mc - emu rthqt nmuke’s i a-hmch unuus c1uierade -as
mnuc i e ’ m c r events in mans- c ,,su ’sJ ‘l’hc- re-stil ls — hc u -n c /1/ ill’mjeetory p re ’dwtwnmu
muear ly ta ’mte ’n t t i n u - a - rurn u - mn mu t iemn I uu - /  a m _ c - m m  thu. ’ lace c’lasi’n ’- nmt

ru -m u mm t e ’ c -su I t/s us ‘u- l i la , ne -mb
i’,uceet,sful R&D has lies-n c,ummdut’ted (cur mnc ,re tha im a

decade for app lication of mu lttn e,mia l ne-tweurk s tn the- I,ru’
diction of aerospace vehicle - tr ajec tnmrn c’s In sun inuar~, t’mmn e- c - data J u - u - t m i c - ss im’u ~,c

these investigations have emetsbllshed that the netwc ,rk
methodic are capable of inferring vehicle- para mete rs , snit h ‘T he- iuppliu’al ucmtn of aciuu;it ive - l enurt u un g ic-I v .n , rks  I i ’  the
as bal listic coefficient s , quite accurately - Additionall y, the- u eie ntmt i cuu t ie n n ‘ m l  spoken language-s is d i scnu u - , s e ’ d  in
networks make extremely fast , accurate - predictions o f cub Refere nc e- 19 , w hm e’ h presents the re ’s,nlt,u- ,, I aim investiga

ject trajectories. These predi ctieen i . mere comparable in ,uc tinu rm u / m t , m t j l t unumminal netw crks us ,-nl to ge-nerate
curacie u to the ciunvent iumnimi l proc edures whc-rn’Ity equat iuuims m ui mn l uri c -nu t Is-stun ru’s ‘I 211 phnnn men iu- mttid 1mh ,ns- nne’ like-
of motion are integrate-d in serial tn cmput e r uu , h u t  are ver y parsniete- rmm cuhtam,,e -d fr,cm s t ie ,‘c im wmev .rfncrm m.. ‘l’he- net

24 J
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I t c ’ s m g n i  .,n, u - l .-~ / i / i i t n  ,,/u ,,/i ‘ii Elccim umnme ’a lIv Preugr ‘mumab le I.SI Arrays 147;’,

wor kem are trained t i m  discriminate betw,’en each pair ‘ ml t u- -pe niu l tm pl m e r In eat- h ‘ use-  the multi p liers would be-
langu ages in the ’ .u -l of langu ages tm he identified. ‘l’ht- rea lized Imv apprctpriate- u ‘‘-m n/i LSI , ( ‘MflS SOS multu-
outpu ts ‘ml the- neiwnurks are then input tem a decisluin leug mc pliers,
t m  iden tif y ahn ch lan guage is being spoken, In the case- cc i (‘ en nsndernnig that scmniu - m m  all muf the speed differs-nrc-.
five- langunagu’s t m  hat discriminated , t his means that a between the tw ,, apprcuachenm u -an be- cmnmp ensated ic ir . when
grcuuip c cl  nmnn nlun ea r transf etrm ati cuns us pruedmiced by 1(1 m d i - me-qmuire’d, luv iLsing a greater degree emf paralleltsm in a ne-t
n’ nd m u  m m d l  s’, u - u -rh . - - u’ach ‘ u - I  which nm, ;. the- 29- d imer is immna I ‘mryan uzat mint, I F ngmu mu- 2 1, iii,- serial - m uu ltipl t ,-  m appretach a as
input sleau e- m m / n t , ,  Ii cuumpe,cnent u - I  a I (I’d u ruuensiu,nal tuut limit recccn i mm i e ’mmmi c- ri fuir deve lenpnime’nt . ~~~~ ID a full 32- hit fl uati ng
slem~~.- The- structure- of a typical trained ns -twnerk is shown peuint i 24 l int manitussa , $ - i unt  s-x pcuneu nt l capabil ity tm uta l ‘ch-
in Ftgure 9 The results tuf the cited nnvestigatimun shuns- that 1(1 of the cust nmni i LSI ( ‘Mt)S SOS serial-type multiplier
sugnnt’u e - ant /  nmlmre ms- en me nt ms ncbtained in the accunracy ,,f i)aC kligm-s sulipcurled liv I u-’c packages accommnuda tu ng
Iangn~age- identificat inen and in , mmsn ’ m n sn / mvm ly tnm diosyn- cust,um LSI u’ ennt m nu l chips , a full six-term multinnumnal u - mI 2 -
n mac i,’.- nmf individual s t n . u - u k e rs  uruputs n-an he evaluated mn n~~ microseccunds , Fuur 11,-hit

i ixed point capability the c u m nt rt u l (‘hips reduce let twen , and
the cuunmputat iumn perinud reduces t cu 2.9 micreiseconds, The

Sl’M~~1,-\l lY AN I)  t ’ I )N( ’L t  Slb) NS -r u  mu il ium , - ace ’m -s s nienmnury in ’ su ppnu ri each s-I c-me-nt w i l l
- . depend ,mn u/s degree nd mullip lexing, I”nmr a lulls pnmpulated

i~le-nmentuu- lnnr ‘ / . - u -  in prnugrammahle arra ys hi-ave he-en de’- array , imp tun 1 RAM -k:uges wceuld be required per s-Ic”fined , mind design apprneachemm anti perfnemm aocn- indicated nuent
fn cr alm,-rnat ,- nn rganmza ln i nns l-(v giving an element the- ca ‘I’he advantages id such arrays include-
pahiIui~ u - u - I e-salniating u - u - m m I inn ,-  n,multinmc nnial expressions -

wit h 1m m, - s.’u n- imc ’ flu ,- ne - ntts , upon cn,nmunmm an d, and liv prmevndin g I. High-speed (-apahilitv h u m  general-purpunse digital
means I ’ m  mnte rt - un nnec- t t ng a r rays  tc f  elements iii va m umm m ns processing The speed can be taikered m m .  prnes- idung

u- r i b m g , u i u t  u - u - mm— - u mm ’ ,  rm , l , , - m  m l signal l i rm u ’ u-ss n m m uc lunctouns vary ing degrees of parallelisnn cut the element in arm
t a n he’ r e - u i  u - i u m I  I u- .-.. mn , ii in i c’ array.

2, (‘apabilutv t i m  relieving su ftware prunhlems. ‘l’he array
- I mis,sn tin .1 m u - mm . I’ m ciii , t i c ,  mu m u d  ( ‘‘nu t run l can he cmcnsudere’d as fm rmware mu/ice- a se- I ol cnneff i-

IIs- pvms m irt au u’ I c / n i / u / a u  l u - m m ,  cu e -nt aiid nntercmenm me -l vect ,mrs have been fm,Un(i . mm
I ) igu tal i i u , ’ r i m m g  ‘ Pc - i  u - , r s , n  - . l’ r.urn. -ve’rsmil I are knemwn, fur a part icular application,
I r,u mu. l ’ . r / n , , u /  mu- mn — 1 (‘apa hulntv tiur prov idmung tau lt -tnn lerann cecmputung . In

genera l, a lts - runate c’uef lmcient and interccinnedt nu-c- c t u ,rs
lb.’ ,u r ru -us s m uni iii I u / Ice- ui / ‘- m m ,. , / u-is ii intl ma ltd  y mc -, ii t i c’s sI tu, realize the- sanmn e- t rannnftnrmatiuin - Is -nec , ml atm
lmguircnl I.’ ‘I ’ - ,u mms ‘ u -b I lie- .ilc’ ,’, ,- tn /cl’s -‘ I i u.k.- In that the- eleme-nt in a full y pcmpu lated arra s - is fa en l t v ,
/ r ,u m u , l u - .m n ,, ,u / - u - i ,  m - - b t , m  ,u’ t,ms anti mn ilt inncn mnal degr.-e’ and rep rccgran ummng u f the array us intmum.sible by hs’ -pasiu-ung
t - u - r r t u -  u / u i c  re’adnls- m- u- m ,/ r ’ u - l i c- ’I c m ,  , ,rm us mu - i/n be’ tma,ne ’rl In , ut , ’ ,  liuc i llv s-le ’rmm et mtb sl I’he degree’ ten whi t-h this IDs’-
nu uu t -c /~.cr/ i - ‘  i c r  s itu - m~u / ‘- ‘mm Imas_annig us dmmne ’ will , ‘it cumurse , depend upon the
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APP EN DIx F

AP/’ l ‘ u-S i u- iN Th’ENlm5 I ‘ u - h ’  I :I,i, u - I I ’ ,’ lT h i  ,\l .Lm - . ,,u -i ; ;u-Ar-l~h .’,I1l,E Alt_HAYS

Ii, il . i fl u- ’ u- i

RCA
l , ,u - u - ’ ’,u - r nn m , ’n i  ‘ ‘ u - u -mn tn , m ,u - i u -  m l u - mi ni - u - .ill ~i A t  m u - n u - , , m l e ,’d vst  . 1u - u-’ , l,iivislon

‘ u - - ,u -” r v i i l u ’, : ,

11 , 1  , Im , u ” r , u - n u
A du - u 1, t n’ , ’ t u - . u -  ‘. , line .

ABcTRA C’I- comp ls’x im ’ ’ . flu-~- ’uu - Iv u - tt,l_ cu ,u - , s mu - (  - u-~~~u- u- u - n m
. - -n,~u- ,, r m’ -’J I - Iii u - u - ,. J u- ’ ,u- I eumneunt rm n i 1_r J 1~~~1’’. , : , , —  j ude

In I I t I m. V I i gui l u - C  ‘lO t I I u- I, ‘ I p ss ibi lii I hi~~I th r gm / n nu I
been u - mu - u ,h ,’ in pa ra l l e l  . u - m  m’ ; u ” pmou-  i - u - -  i lig , p;mr r icu— to l’ - r ’ , ’ i u - e
lar iv in u - n ’ /n.- , ’—i hinaensional pru - u - g r , n m ;c .’mI~ l m -  .ir rays -
‘I’I’uese ,d m - r , ,s - s it,’ I ’ . , u - ,, - u- I on s - I  , - l u - u - , , , , t  - , u- u -p u - m i le u - - t  ‘I f’s n it  r,u - u- - l u - , i ’t - of m ’ r u - c V s  15 u- u - , ’ m u - , ’- , I .-u - r u -- u - I n - - i  iu - u-
evai,i, I ; , . , - u - ’pu - ,m’ r i m - ; mil y , u~nia d r a t i u -  m , u - i t j , i u - u - r n ’,.- u ls  Fig. I , wl ,ich sin, u-s.u- ’, m ’x ’ . iu - u - ; u - i nu -,m u.u - f  u - u - u -u : — amn,i
u- - f two v ,m ri ,mt ’Inu - s , “p e u - i i I  cal ii,’ , a u - I u - ’ g r m’ m -  o f  two—diuu nensl ,,mm ,c1 t i c - t v  - An - v u- . i i,,’ - I a
,md’,u- ,’m, ;,c’d LSI t,- u- hnnoi~ u -’gu ’ has I- n -e u - u - app lin- , I  to  ~I,, ,f i mn , u - ’ , nu - u -j onat  u - n r r  mu ’ - , ‘ m’ t ,nI I u - u -r Si.,,- ,, ‘rm_ - u - .’u -u - -, u - ’ .,’,
i n ; ‘ , , u - e - t i c  unit of -u- u-nd , .‘ i , ’m, iit ’,, mind i’m - u-t i ’’ 01 is a tu ’ a uns vm’m u - u - , m i I i l t - . r , I i g ,  / (,mj . In t u - m i s
t he- control  niu, u - tu- l ,’rs’; ~~‘ m - m’ addressed aund design u-upp lica tt u - mu - each Input is m nult iplied mu -v a
.l p ; ’ r - ’ a u -  u-c”. deve I~~ped . A number of m ew ,‘upp l i u- - ; itiu - u - , , w n - ig ht  (tine e , ’ l ,’ mmneun t i t un em u- On Is uuu e .nl ti p licat i ’ ’u - u - i
,u m c m ,- m .,-7, m , I, ’u - u - t i fled ami d w u -’ r ’r, u-,u- , u - ’, done t mu - ’lsu- m l ,, u - — and tlu - e u - u - u - u - t 1 u - - u t  a ,,ru sunnm~ ,d .  The I n c  t tim at the
st ra it’ s u - u - I u t t u - u - n i u  n ’ i t l u -  I f s - .mr i.\’ J . u - ’ i t m l l q u -.u- m’ s . In p u t s  are f m eqnuc ’ nt l y  I mu, ’ ‘Is layed u- m r i les -

Th u -c ru , it jninsb’,ip ‘ u - ’  m, w,. c-m u t hu - u - u - .,, polynomial r tu - u - u - u - im ’ i~ g ~‘t  yen W, ,v m-I  -r I,. I mplc r i’s the ,,,Imt h - u- u - ’ mi , ,l rmu --,/ui m , -—

m m m i v - , no ‘ - ‘c , - ,  parai , m I ‘n - r u ’-’ pr~ cesming ~~~ ‘ . , —  
ms- nt u -m u tb,, ‘ -  i s ’it u- c - , , r  . - t  shnjf tiu,g . Su,,Im ‘‘ mcr r ,n ’u-. ’’

- ‘ n- — is  ,- - I 1 ; jshed , ‘ l ’ I t , - , u -  • 1 1,- u - o p - ’ , pts  b m u- i , i nd  ‘ mu - u - Ku - n ’ i i  c c l  I y CCD’ s n Turf,- - ,.’ A.. - ‘ -,s l i ’

t I n - u- , - - ,  ,, - ti,~~m ‘1,-al ~ ; tIS ii,,, i r use in ad.m pt -,-~~ ~-‘ c vm (SAW) devices ( f o r  .mci~ ii’ -~~ ‘c i  5J mI. I ~‘u- 

mmu- , I. - ’. cs u-. , Ii u - n — u- u.n more,’ , u - - , ; u-u - u - , , t  u - , ’ , , , m l higlm— ~~p n- - yu - I  binar , u - u - r r ,- Ia t o m u  ,I u - u - r  u - i  mary - I ‘ i f  p;u -~ ’ - I  - ‘ u ,,i, ,

S t e - u - ’,, ’ p r o u - m- s s i , mg  ; n r s - dis u- , -.su’ u - i ,  u - u - -u- - l e e s  ~~~ 
o r , m r l t t , i m m s ’ t j c  uni ts  u-is it. m. digi ta l  f t l r” r

In ,mru - J mu - , , r , -  u - l ,  n i con u-c app l I ‘-d in simul.,m ins annl u- p t ’ m m l  ‘ f l u -  on “ m/t )  , ,u-n vn-’rt ~~d 5 ,  u-’t~ i l ‘, -

impleme nt ing  l I , n ’ sm , ’  arr,i ’,s are  S l , , u-W t u - ,  Concepts u - in ‘l u-u-,,- , c’xaunmp les of t u-.v - -’J ime nsi ,u- , ,  u - i  arr ,nv m - ’ r v u - o t u  ,r,-
miii ii plex im ug,  A I’. I ‘i lu - u - u - I ’ d  memory and full paral— shown ii, Figu-. - 1(b) ,u- nu - I I ) - in n I. ,- b it -st  m u - u - ,
Is-I p r - u - - i - i_ s ing u - urn-  d iscussed along w i t h  appro— the ele- imt ,, i ,ta i re  a r m  mu - u -g o d u n ‘. ,s’ u r - - and it ,  m u - .,m u,n t u.mmi’i
pr i u - n e  ci rc u it— i , ’ , u-u- i~ u - u - i u - u - 5 u -,v urn /m m t ,  Etc u a ll y I - ‘u-_ u-. ru -- mt t i u - n -’ i m np ’u - t dan ,, su -’ t  t t n t t u - , ’ ,, u - t ; ,  m_ u- - ‘ a u - i ,
app l i u -  u- u / i o n  ui’ , ;,,, a i m -  5 u - V m - t u - . , I s , ~u- , u - u - m ‘s n’ut; ,’:t e u - u - n - u-- t o  , , , ,  I npu - mt  in the- next

INTRiu-Enl:m .IIO’ ; S ‘su-SCKKRUI ’II l;i’n’ n- ’r - A n  n xamnp Ic- mu - I th is tVpt’ mu - I ,ii’m dv ii- -

; m , u - l s ’ m m u - u - t n .m l  cc,, l,u- ,, I ,’r not n. u -~ ,i uu - ’ im-n ’e- .’ m l u - 4  desigi ; au - u- u - I
Thi s paper u - lu- ,u l s with ,,rr ,m s - - (p lmys ical ly  re a l i z—  deve lcnpmen n m u-it li -‘-P u ’ t a l  ill ci r , u - u - i t s ;  1 1 , 1 ’ . met is
able as u - , , ’ —  • tn-sm.,— , or tI,ru -~e,’-’dlmen’, In -mmi a l ) u - u i tin e umma in sub I u ’ I u- u- Ib i s  di ,,,- use ‘ u - u - ,  on p.c n- - cm In - ’ I
computing elements which can be /m u- u- u- gramnuneu-d m u - ’ array pm ’ ‘ ‘ u - - n ’s~~itu - , i _ A l / u - / I , ’  ,‘ twun—d im en sio nu -m l stru ’ - --
solve or model p a r t i c u l a r  input—output  r e l a t i o u m —  t,,rt- is tht so—ca l l ed  u - n -  I lu lu- u r a rr ; uv -i ’  u-p c ’ .. I
.‘, t u - i p’,, V m a r h u - u - u j s  te rms have been us,;,,, l a t e- t i  w i th  ,‘j,,.,ts- t m;u5,. J m r u - u - u - , ’ .,l u - g, W I,, ,‘ “ , ; In s - Is -m u u - I  u
such ‘di ru -nv ,-, including: - “11) s’omnm snn m I m t ~ -u -- w ,t in ,-mi u-’b m .,urrouuudin5t - u- I, ’

d u st ru - i  .,t,’,I l u - u - gl m / mmn,.’ m u - u - i v  p u m , l ,, ssiru g i Da ta are ma ni pmnl .m I ’ - u- I m u - u - u -  m A I m g  i, ‘ ‘- m , n r ’ ’ ’ , m nd

u -us-u- . ,, lu- u t I ye p ri~m n - -u - s i,,g - pu-i t t e r m s ” and u-i Sm m u - l ’ ,.’l hI u - u - c ’ u- u - I  -u l gorl I:. —’

u - l l u - , l u- mc r , n m r ; n v - ,’ ‘ lnfo rm ec tn c u- , ,  is cn nm ’nu ’d in m u - .u- , ’— -’ u m ,-’inu -m t o,, u - . .ini -m ~ c’-

p rogramuuna b Ie u - cm r. ,v-. - - u- ’ c,’su-m ,’,I mi t~ ’u - u -— d irn ,.-iiu - , i,,,,. ,

pa The element (or primitive I 0mm ’ - tion) is , ii, s - ft m m  t fl u - nc r ,.’ is  , ‘ m ,c ’ mu-Ire , l uuu~co m m - ‘ t , u-
~~~

i-.- u- I u- . o  I am i o’u- s ,

the basic build ing block ‘1 such a r rays  u-ti n,] car, be whic h has in fa,, / been responsible i much --I I lie-

given any m,ne of a va r ie ty  of c h u a r a c t e r is l  i, ~ 
rc’s ,’ , , r s - f m  c ’ I b u - ’ r t  t u - i p e ’ u - m mhn’ I  t ot ’  the ir lmple’mcn ta t l c ,

(‘.enerally, il ,- eleuu meru t cont ,uins lug i c and memory and appi m c d l  ion , ii, is  Is t h u - u’ ’’ “1 e’ tu - t 1,/ I t a r  I 1 u-~~g

u - i  rcul is such that the output is u fumuct ion u - u -f r,’,- u - uti l i gu-mr e d tm u suit -c numum lu -c’ m oh ,Ii l i nt ,  u - u - i  pnen in ic’ ms -

s tored c o e f f i c i e n t s  ,u,- well as the input data u - u - u t .  or , when used b r  . u give/n t , ,u,m .e,,r rs .nt iu -’,um , to  be
They u- an be given t l uuu - ab i lIty n ’ ope ra te  on ‘a dapted  to u- ’ bm, u m , e-’u- ’ , in tIme u-mv] , ,‘ , , m u - a ’ ,/ ‘ v v i ‘I us- u - u -I

1) bInar’; variab les ,” ’ ~ 2) numim arrical vari abln’s I ’ m ’ i u , g  all,- m m ’  imnm ve th eli wei gh r s  c’r - n Iftc tent s

(binary encoded) ”. 5,6 or 3) analog variables , modi f ied.  In deci cr t h ning t h u-u - u - n p u - u - u - m o m ,  n’s if ,,’
i,e,9,’io Numerical elementB restricted t m  e v ai—  array type , m t  Fig. 1(h) w i ll  he used u- ann t’i u - u - dn u -l ’ is

m is t i ng a given type or set of expressions , such , u lu bmm m ’ u g b m  annuluigles ,‘x i s /  l u - - u  ,ml l ‘yp es u- u -h amn ,,v

as pol ynomial expressions , will be the top ic of It ~~-, assumed th at each element ’, tnmutp sil V is a
discus sion in t Im I u- , paper , 

i,,,,, tnmu m n c u- f  its inputs (X
1
’s) u - u n n u.u- ‘ ‘‘me cotnatmcd/ ta

F,ach of the t i uree types of ele me nts can theo— ~u - r weights (Wj ’s), amid furthu e rmore , c hat eac h
ret ica l ly  be structured in arrays of a rb i t ra ry  element in a layer can be iin ter c’onn no c l, u - h tn n any
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- I N , - I-’ ,u ’ m v , n u - - l , ’s , x~~, ,,‘ • ~~~ 
a re m,hntaiu ie- ch w i t h n u t  / I m i u - u -  g/’. u -w!i~ ; in fa ct ,

A -u - . ’ -u- I m pp u-- s -  t hm, ut tu - u - n ’ - ’, u t / u - u - m t  is ,c scalar w b , u - ’ s c ’  tIne nuimb e’ r u - u i  c - m uss-ntis in ‘ c i s c  n - u - s i  vc.’ l .uyc-  rs
v .u i,n s - may 1’, ’ ,c. ’mnsi , I , - r . ’ ,I us / i m u - ’ estimate u - u - f some w i l l  soon ( a f t e r , perhaps . l w ,  u - - r t b , ree i-uv -’ rsu -

‘ i - -;” i - t v  u - m i  f l u -  h /pu t p m - u - u- . 5 5 ,  In  general , v decrease , until onl y a I s-w mmre i n - f t  ;cs lunputs

I i  f - c .’ sm, ms’ nu-’nnl , u - u - c ’, c r  l u - n i , ,  t m m  ‘f  tin s’ x 1 ’s as t n  the final r m t ’ t w m u - r k  - , - tt u - p , u - i i u - ’u-u- t (wh irl, is -in

f - - i l  - ‘w n - :  adder ) .

v = Ix ~~. u- , , ,. ,  us ,,,) (1) f~,- KNOWN DATA SET

“ u - I Y N u -’t”TAI (MUI,TtNi’t’ITAI ’ l u- R u- S I M A I u- p ,  The matter u - u - I  d e te rm iui lng  the - u - u - e f f  m u -  i - nt , ,  ‘ u - f
- each network u’iement .sncl i f , - -  mn ,mt ,ube r and inter—‘ mu .],’ r I c , ”  Iv c’’ ,,,’ ru -u I u- , nn,l i t  m u - u - t i m , , -u I un /u -’ t I in u - u - f ccn nnec-t  ions u - u - h t ime elements m r s  now ‘ - u-u - tn sum j’.’r - ’,l ,

N v,uu u- ‘ i . - ,. may ‘ u ’  s p re ’sss- u-l in u-in N—d imensional
Theeme t usk s cr c- .c u - u - u - m plished wi tb m a “known”

M.um u- u - u - r u - n  ‘— c - n  i’ — us I - I l - m w ’ - , ,
data t , ,c , u - s - ; t hat be, , a - l , c t - c  u- - c u - u - , -  f r  w h ich the

a ,, us - u- I I. ‘e , x x + values of tim e depemident var i ml, I n - - u r n -  knmuuen .
- I iu _ i  i—i (“1 1 1 ,j 

The steps involved are :

+ - - - (2) 1. OptImization of t f m n ’  u- - u- u-t’, i i mj ic u - n ts  in
i 1  b- I  ‘

~~~ . 
i l k I ( ~~~ each element of the f i r s t  I , nv m’ r ,

In m u - u - . -  mtn, u- ’.I u-’ n ” c’ m- ,l ‘ . c .sc ’ . tI,. u- u-’, ’ ficients , a , 2. Selec tion of th ose elements whose
0

mm , ’ f ’ i n~ 1 1,1,, ‘ I  mum. ’ , bu it for many cases output is acceptab le  (rn’ u.-ct m u - n  of
u - t u - t n - r ’  ‘.1 , I l u - . ’  ,un,her lv ing ,-fu - , ,r,u m - te n s t i cs  mu-f the poor per formers) ,

x a dc it ‘u depend u-vu m in,” and  consequently the co— 3. Repetition of the prmmcess for can t
I i i  u - c - ’’. t ‘- u i - c’ c o ns t a n t s .

layer , and
A I r , u i m ’ ,ibu- ie u - u - c - m w -  rk may In ’ used l u - u -  imp lement
Eq. 2, A u- n — i -  el ement ‘-I tIne network is the 4. A glinba l optiunizatiu-nn (adaptation i

- - ;flp nnr , singl e— output device illustrated of all c ,nefficients in all layers
in l u - s .  2 i a i  (-and i’rn-”,u -iu - u -us lv aliuded )to which based upon the final output .

; mm’ i c- ”n.’m ,m-. ‘‘u - c ’  b u - l l ’u.,u-,g function (P3) of i ts  The known da ta  bass- is divided into three
‘ u - :  . ‘ x 1. n-. : independent but s tat i s t i c a l ly simi lar

V — w 4 w
1
X
1 

n- w X , + subsets:
u-u-

-
~- n - u - x. + , 

2 1, Fitting subset
5 2 

2. Selection subset
“ I  PS- Fl ’ ‘ ‘ F  ~ F I~ m A N I C  1 I MF:N r

3. Evaluation subset
u- ’,,nsl 1. -n nuns mu - .” mui r-u- u - u - I’ s ,,cl , e lements as
iII u -u-s r i m e - u - f in Fi g, 2 ( h n ) .  The f i gure shows The f i t t i ng  subset is used to determine
t h a t e . u u - f u -  con t ;u i tm s pa irwi se products up the coefficients of the elements. The
I - -  degree f- or, N - t n ’  that time f i r s t  layer select ion subset is used to reject the
- u- mn m , a i t i s  al l p m i s s m i u - l n ’  pair -, u - u - I  three inputs poor performers and to determ ine when to

x~ , 53. Tu - ’ implement -u general multi— stop evalution of the network,  The f i t t ing
mnnumi al expression ( i .e . ,  .u polynouninal in and selection subsets are also used for the
many s ’a r iab n les) .  the unu n mum iner of elements in global optimization The evaluation subset

is used to estimate the overall performance.
1 u- __’_—~ Since the evaluation subset was not used for

network synthesis , the performance on this s ub-
set is an accurate estimate of the ability of

m l  the network to generalize t m  new .previously
unseen d a t a .

TRAINING ThE NEN ORK
‘I

The element coeff ic ient  deter minat ions are
‘2 based , In part , upon a least—squares fit to a

desired output . Other cr i ter ia are , of course ,
‘I possible , and are often ueed . Emp loying a least—

squares criterion, the elements are f i rs t  adjusted.3 by a mat r i x  algebraic proce dure and then by a
recursive search ( i .e ., optimization) procedure.
An outline of the steps follows .

The fitting and selection subset s are uaed alter-‘,
— nate ly in training each layer . The f i t t ing is used

ib i  first to e.t abli eh the co ef f ic ients.  The specific
observables to be used initi ally h ave already been

Fig. 2 - (a ) ,  Bas ic element ; (b) , 2-layered network chosen . Let the se be designated by x i , ...
“I eie m p ,uts .  These observables,ate arranged in pairs . x j ,  x i ;

where I, ,j - 1 , .. .  N . There are N(N— l )/2 aucI~
each ksye m would have to grow as one proceed i pairs . Thus, the f irst trial will require N(N— I)/2
deepe r into the network. Howeve r , i t is found trsinab le elements (such as that shown in Vig . 2(a)).
empir ica l ly  that accept abl e approxi ma tions A pair of observables is sent to each element. The
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E L E M E N t  must be Iuu corporated. The first

—, 
ing approaches was limi ted in app li-
cation because of the relatively
large numbers of components required

OUTPUT to populate an array. Hence , mostiNPUTS ~~~~~~~~~

,

‘

+)_
_. 

generation of parallel array process-

work on arrays has been done in soft-
ware simulation of tb u n - - actual hard—
ware concepts.

— 2) Control. Ilium problems of data entry ,
reconf i g u m r a b i i m t y ,  supervisory contro l ,

In) and sys tem communication must be
addressed.

ELEMENT 3) App lica tIon. Many of tine problems which
can benefit from paral i e l  array processin g
are frequen tly . In essence , re—stated so
as to fit more conventional solutions .
These problems must be examined in a new
l igh t to effectively app ly the new

INPU~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 0 

realization of such arrays , and applications will

UTPUT techni ques .

Thc.- methodology for training, tremmd s in hardware

be discussed,

T R A I N I N G  AND ADAPTION OF MULTINOMIAL NETWORI(S
(bI The methods for training and adaptation of alge—

ELEMENT braic multinomia l networks that are constructed

~~~~~~~~~~~~~~f 

f rom the arithmetic elements described above are
n w considered. U ,~~’~~

t7 Th is is done wi th special
al gorithms , generally o f f—l ine, t h a t  specity net-

_______ _______ _______ work confi gurations . App lications of multinomial
networks generally involve opera tions with sensor
data that are obtained as a result of “observing ”
a ph ysical object , process , or phenomenon. The
ciassica l approach to design of computer models for
inferences and predictions from observatiomus has
been to determine all the relevant characteristics ,

_______ ________ 
deterministic and/or statistical , of the
process being observed , and to use these

Ic) measurements (and assumptions) in desi gn
calculations .Fi g, 1 - i’ac,cile i array types : (a). l—d imensiona_ ;

(b) and (c), 2—dimensional. Very often the structure of the model is
presumed and the design takes the form of
calculating the values of certain parameters .

el ement m u - - m pr ’- s-ding or succeeding layer. Then Even If the nature of the observed process
t l u - n ’  mmvera ll ,crray can syntluesize a wide variety of changes , the structure of the model often
tran sformations between t Ime inputs and ou tpu t ( s )* , does not change , but the parameter values
limit s - -b only by t I c- c’lement ’s primitive are adjusted in response to measured changes
func t i ,mn and tin e t I n ]  nuuths’r m l  elements , in the inputs or outputs.
The fn - u - u - u t ures  of u- sn - ’ igl u - m  v a r i a b i l i t y  and i n t e r — In many important app lications , the inputs
u - , u - tnlmc- , ’t flexibili ty u-u llcnw suclu nets to be 

(i.e., time observable-a) are difficult to
t r , u u m mc- ,h or to  f i t  a desired input—output  describe analytically. The beat or even ac I,,cr,u , m e r i s t i ,  , as wi l l  he described later,  good structure for the model cannot be
Pu-c-n , -c given numuu uu - r u u - a l processing array , determined a priori. In this case, it isf u r  examp i .- . u u - u - u l d  evaluate a known trans— desirable to have a model structure that
fmu - r tmu iml no n aut h as an FFT , an- we l l  as Imeur i s t i c ,
nu - ’ tn lm nt - ar  t ransformat ions found by search , can adjus t to representative inputs. That is ,

the model is trainable , both in it structure
algo rithms , 

and in its parameter values .
-

‘ The 1u- mmmb -l ems ass o cm ,m t n-uI w i t h  parall el stray 
It Is therefore desired to implement a generalpro easing inn lude : (usu ally nonlinear) f tam ction of cer tain input

ii Reasonable Ina rd w ar e implementations , variables wh i ch we can call observable s. Since
‘flu- c ap l t al i zu’ inn tins - potentials of little may be known about the characteristics
such ,u rra ys for hig h-speed signal of the observable e , t he parameters of the net—
pr ucces m uin g, la test-technology LSI work are not known a priori. The network will

have to be trained with representative inputs.
0 1n ge ncr ,ul , nets may imave more than one output . To make the idea. clear , suppose that the Input
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n t - c u t , .  u - ’ t  t i u - s- s’ I c ’ r , m ’ : u - t  u - m n -- - I ,  - u - - m n , , , - - )  u- n s n m u u e - f ,, m u - , ’ u s - ’  - w i t  I cu-cu’ , ,’ -‘ m b, m f u - ,  in u- n hi ,., c m  - a u -nm I

In - u - u s !  —m- u -i m u u - cm n ’mu c m n c u ’t in -in p t u - u - u -  n - u - l u , , ,- , UI,,- ~mr u - - u -  u - u - l u - - c m  u- u-n-p m v u-u-f rd f l u -  f I l m y  u - f ’ , ,  u- nm rc-d sa~dan ey.

i” m u ~~- - ’ , m m s ’ u-I f _ -n - ‘ u- - ’ - - u - I t u ,n-, N t,!. i)/2 clem u ’ntt-, . ‘1 , 1  -
- ‘ - 

l u - u- I t r ’ u - t anul ne - s n  u - u - c -_ t i ’ m , , c , ,Im. , u n , ’ m nu -1 u -m ’, .m ,’mu m — m
— m l  I u- u I m l , , - p -u  I ‘ m. i t - u - c ’ ’ , ’ ~ l u -i  u , ,c u - u - u - i f S  _ nr e u- - I St I I ’  t I m - ,um u-

- ‘ m cmi  lu-u ’ I mica r u , - - I I - - ii -mu m 1 , ’ u- m n  r c s - - f b u ’  r p - I - m u -  - tm u - ,
m u- d n nt u- i ,t m ,m , I u- n’ u - u  des u- m m -  - - no formats inn - Tine , -

- - m sud n’ l nng u - u - s u - u - ,s- mm r ,, vm -u - u ’. II ’ - in - - ‘ I - - n u n u - m u n u - ,  m ~‘ u - n I . - - I i on, l u - n u- ’ u- u - ’ ’ ., ins m o g tb mu’ Se 1,’,’t u- u - u - , ,  suhsu,’t , -

- ,n ’ - i w , m m , m m ,,] t ,~~u - ]  m , ’r ( u - _ ) w ju ln u - t m , ,u - , ’r m ,i s - t f  u- ] ’ ’ ’  l — u u - u n l ] , ’ m m
~I m’m u - c t c’u -’ u - n i t - - s . ’ c,’i c ’m ’ t s’t, ttu - m u - l u - u - u -sn-- 1’u- ’ m f ’ u - r t , v m m m , n-’ is - ‘ , -

- ‘ ‘ I l - c  r’ - g t s t u ’ m s  and - ‘ u - m m - - u- l u - u -g i - f m - I s  fe at u n’ -
ml,’-t - - ‘ P 1  a f u - l u’- . l u - u  ‘ ‘ u i c u - u m u - nu - tu -- ,- may lu-v m u - , u - ,u - ’— u m  u- I -

- - caun nap r- ‘v u- ,c - u - b  m w , m m m - m u m  It (p l y pm m t u - - u - :  m u - u - ”
- s n u n -  — ‘ , u- u - r e ‘ :: , ‘ - , ‘ n m , u - c  nu- , ’ ,’u - , i tm u de, N,n-’ I m n - - r u -

- u - ’ - - - u-i’s H Ci u’m ,u - mu- , t ’ u - wln i , - f ’ , - u - u - m i u - - u’, The pr i m - i t ’  f r u - ’ m  ‘if) m u - u -  u - i lm m t m mnuc’-s u- f - ‘ ‘u u -m ’ t ’u -- f i l u - e ’ nun I u - u r t um m t pum n- ’ c

r- ‘s- ,uR’,I m ‘ t  t h c ’ ’ u- n-’ u - u -- i t u - i  l u - u ’ -  t- , T h i s  I ’ m s ’ u- ’r l m f u - - c u - u - p r o c e s s m u -r mr rninl~ u - m u - u - m  u - ’ ,-,- ) .  Nc tu- ’ , inst -

- 
- ‘ Is - - i  t f u -  - R1 t R— 11/,! u - i  m,’ mt u - n-’u t- , - l’lw tm ‘ - ,jug u- I t r u - mu - ’- ferr ing a s ing  I u- mul ti p t m  - ‘ r  ic-I mci u - I  I —

S I ‘ ‘I , u - l  - ‘ m u - ’ ’ u- - u - -  ‘.,m - m ’s t r h ,  mu-u - I  t u u - t l , , u - s cu -  m u - l u - m u --u - , p lican m l to t I n’ ham u - Im . cr , m u l t u p i t c - r . -,:r - ‘ u - i ’ - - l

‘.uc - ,’i,,’,- u- m m u- u - , -  m m - I  s ’ - ! , - u - ’ t i c m n p u n - u- u - n -us , is i n s m ’ r m u - ’ u- u- numbers can hi- l c u- c ,m s fc - rr , ’ u- l l u- m r c - v u i - m n t t o n  - -I a
comp le te pum l y u t , mm iu - c ] ex pression I I) , m i , m , u - - u -  sf u - ’ u -r m u ’n u u- .g

m :m m ’ u -  th i ’ u - c - t l , u m ’r , r esu lt n ng  ut i R ( R — 1 ) / 2  ,u- v n- - rall m r u - n n - _ l e r  per iunds . In t I t h e ,  ‘ - u r u - u - n ’pt .
pa l ,- ~~~~~~~~~~~ (“ml, ’ tl t c’ R(R— ))/2 im, i l t , , I  or more mn , i t ip l ie rs  c - m u - ,  be used. flip - 1 . - r u - c - , , ’

- - ‘ u - , -  ‘.u- ’u- ,u- ,t ml I ,uvn-’ m - Then m I n - ’ is an vx t e t n s i o n  of t l , n -  poIyno~~~u- u i eva l u - m u I r , ,unuf
‘, n - ’ i n - , t  u - u -’,’, so, ui- I is u - t I sn r t m -n - f  inn to the Ii , St is defined as being capable u - u - i  eve I uu- mt I r ,  it any
I,m s’ . m ,  u - un-f tin,, ‘- n - i c - u -I u - u -m u - u p u - u - u - - c - a s  is a p p i n~ - u- l nmmn mh er u - - f  pmi i ynornlal ex p ress i om ms l’., s t - u - r u - n u - g  int er—

‘ m u  - - ‘ u- u - P u - I  u - u t .  l~~ns p c i  c’dure will media te  r e s m u l t s  and usiog thus - rn in a preprm mgra mmed
c u - u - u - l u -  u - i ’  t b ,  u - u - :- , m u - , .’p t,u fu - ie p . u i r m  m u - u - u : If ,,- mrs-to ner. The ari tftm eti ,’ unit u - u - f  the elc-m m uent f —is
,.ccounuJ l u - v i m  u - u - -~ u- , u - t - , a num mm bm’r of multip l iers to  ex p e d i t e  c a l c u m l a t i s u n m u - ,
Ti,, pt - . c’” . u - — , ’ ’ - ;u- i - ‘ ted with ,s umu ’ u- ’ n- ’m ’,f u - , m g l , u v n - ’ m  s imn i - ,’ a mimn imurn of time is necessary f u - - r  c o m p u te r
, , t u - t  ii l u - t u - m  t I I’ll,,’ u -mm ’ m t Im - - se t i’ ,’t u - - -u - m ,-,u lu- snu - t i n t u - - r f , n u -  u - , The element has suffim ’i ent storage f r

nnltn u - u - c m  its-u-i , A ) ‘ ‘ - ‘ “ u - s - l u -  mu - n l u - u - r teduc t m u- ,,, ’ u - ,i I the inpu ts (x 1 ‘ s ) ,  c , u- - f f i c  m u - u - , , , ,  (n-u- ‘ ‘s I o u t p u-~ ts

it, tI; - r n - v  r i m , -  u - r u  tI ,n -- tts ng - - u - : - ’ .u - ’t  mci (v j ’ s ) .  and - ‘ u - t m , , , - ,  t i u - u-it Pon m r , ’ Is  I ‘
~~~~ it ‘‘‘ ‘it ’, un it

i t  eat, i n - -  - u - u - u -  - c ; r u - I u - m -
, v m u - - c ,  I - u - - u - n ’s • m - u -  for an arraY u - u - f  a g iven n-’apa u-’ i tv - Ti u- c mm iumnmm rn

u - In -’ ‘-u- ’ w u-u - u - lu- i p ‘u- ’ , I , n , n- - , ‘,, n - f i t t ,  its - n- if the Impro vement i,i speed provided u-v m lie s - i s - m ut t - nt  sa
t m t t m mng u - m c I , ,  F v n -’ mm tu a l Iu , a s i m m g lu’ u - u -u-u t psnm about 1000 to 1 when u - u - u - n , 1 ,  u - r ed tn -n sot tu- . , u - , e  on a

mu 1 : - u - mu ,  u n , ’ ) ,  - u - u ‘ u - c- u - -n  m l  d i s j o i n t  sub— high—speed l u - c ’ ‘ u - - n-’ u - s r
sm - u - - These - ‘ - : s  mc, u - l u - I n - -u-I tn i I _ p to Ut is degree u - - f  u - , m r d w , m ,  u- I - ’. )  , m simp le I / O

p 1 - i O u - i ’, • e a mng i e- output  - I l u - u -- m  n- us a I m . d  Inus sI ruc tu m re  can be m m sn -’ ,h to comnm unmm ,catu-’ bs-twn-’,’u,
u ’ .- , mu -- t Im,, ’ : n . u n t m m : u g  - u -  , s 5 , 1,nit, is -c m u - u - s t  prm + m ’m -ssu - m r and t h e  m m n u l r h p l i n -’r . poi yn u- .mial
p r n u  n s a  u - - I  ,n ’ r , , , - - r uu - i lu stm enm ’ , u- -c I ~u-~ ’ n - v ,e i u - , , m m m ’r , ,,r n- -Is -m s -n t , Frnr c n- umnce pt ’- (5) u - c  ( ‘ u - f ,

- - - ‘  u - u - u - p  1 1 f u n - u - u -’ .- I I nc i’ u - it s - full in n  c i t e - I  array p r - m n ’ mu s u-u- ’  g is p, u-s s h i n  In ’ - To
- ‘I, ’ ., a pr - u - , m’ s s i s  ‘mu- ’ ’ ) ’ -  - eel • -t ‘c hone n I ‘ut f i t m,,) e u - l u  i eve t lu - is , 1w, , techn lqunes are reqnnired: I ‘‘ - n-li u- ne

it y mu- ,nmlcuu t c r  a I n : - t - ‘ u -’ - . I - -n -  - - nc ,Iw,i re , I - ‘m nu- n IS and ‘swim , l u - i , ,  it, - Fig .  I ,s , u - u -  mw- u - .c mu l ti— ‘ u - n - n -’ red
I cr s - u- ,’) el,,- - ri l e d ] u - m  - ‘ u - u - i  ously can he p u- ’graumnnued st  m u - , -  lure u - u i  mg I u - u - m u - l i m b  f rom - u , -tm,, - - ,, bus f-v m l,,’
- u -’ mn - - , ,“m-’ ’,’ u - , - c ’ -b  u- u - u - ’ ’ , - , c- v u - l u - u  m i l a n  - - I  new

c m  u 
LA SER I LAYER II

n j - m I-, -‘I ‘.Yl’,’n ’n’ i u - - u - ’ u . u- ’,fu - i I
- ‘u - . - u - c u - - u - I - n t  m u - - , ,  ‘ u - m u -f rn-’ ,u i m , , m n  t u -mu - I u- u-nt ,’ m ’s 

I ‘~ ‘Ti - 
- —

- u- ’, , , .c f u - mu - - f . ’ , , - e ’, u - u - m - m s. t : , n -’ : ,  s-~ ’ - - c m i ,

u - - m t  - lu n rm (n u n-I ‘ nu - s u - ’, na t e uj  ‘s~ ’ u ‘ ml imprm u - m v u - ,  I) - -“

MOOt C OSTROL
I. A l l  — ‘—- - f t w , e r m ’  s imu la l fO n  — __ -_- .- ——

I I  I
.~~, Hst-fu - . t r c ’ mu ’ t p l y  ‘

~~ -—,-._,

s , I m c : u - m :  (tw’. u - m r  more 
- 

-1-
-i

: ‘d R r in h m hardbjarn’ 

LOAD AND _____

‘it ‘ .1 ~- l  I I u-u ’ u- . u - u - - r k, m u -  - date , in ar ray  prnucessln g I mNSTRUC TION QEOMETRIC
- , -- u’ u s -en - f ’ u - , m m ’  in  ‘ u - u - f  m n-u - m m -  ( 3 ) .  Whether l u - mr  [ BUS CONTROL

‘ u u - u - n n i n g  u- mr l u - n  m u -  I ual m u - - m I t  r t u - l  and classil hat iou •
m m -  n - ’  imp - “ m u ’ m , t  u t  ions ru” u - u , l t  in inu- -urul inately co~~u’tta

‘ - n ‘ u - f’~ u - m b  , u - cl , u-n lu - u t ion and hence cost.
I I .  i n , -  - wi , u - r h  is i m u u ] u - r c ’  n n ni Im ur a l l  b,snt the ‘ig. — LoadIng and control  1 Lo g a parallel array.

, u- ’.ns-’u- t ap c - I  u - ” , u - m r ,u l  probleom , has mm pt mrred the
descelopemn t of ,, , , n ’ l w m r , ’  to n- - I I n ’ i t i v e l y  dea l wi th

mm -- lu- i ‘ u - u i ,  ,u , n - i I m c m i ”  I u - - r m , , m  l u - nm, u r m u - l u -  li-ms at host computer. Layer I outputs are awl tched to
I - -u-u- ’- c costs ,snd - m ii, c v ’ ,, I time . in , csm cnr se other appropriate layer 2 Inputs under the space—divisi o n
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s n - m u c h  ru-n- ‘‘ mu - , ’ r v  - - ‘ ‘‘  , m n - I  (,ala ,u ~u : u ’ — i , u- , c ’ f , ’ u f Im,, ’ u I0 1 . - t  w i n E ,  r ime t- lu-mis-m u- I, w h i m  t ; u - p r - ’ p r I~u :e  con t rus i
t i m - u , u ’ u - ,t u’r I , u-und m c - m n u - u - ’ r v , s ‘ u - u -  I f u - , u t  imi, t i m ,  a r r , u ’ s  ad ‘ i t u - u t h u - u t ,  m o - h i - ,

input dat ,u are paired and eleme n t u - s --mg I -m rs
The- u ) - u e u - l i tlmp r u - - u ’ ’ ’ m entmu - l u - u- ’ u - u - n ’ - f l u w i n ,  n nu ,l m i— u ’ln ’m n ’nt -u-nd j eta m ‘‘ml aun mu- Ins , t n u a I I y n t )  r u-up I d I y • t mn u-nm , s-f fortar rays  c- -sq-mm - u - h m m  ‘.si m m u - u - ”  m u l t I p l e x e d  elc’mmnent
, , m c-  pm - t ’ - m~ i - ’ t ’ ,cl IC’ I I , , -  u - u - u - m c I ’ , , m l i - I n - m s - n m - u -  ]m ,,p,,  I - i t —  to m i m n m m n m z e  e u r , u - m s  , u - e ’ I u - u - .’ c ’ I u -  - n u -,cv’n , d r ’ s n n u ’

log ann A m es- u- im nm l de m e - u - u - ,  m m m,  -,.‘‘ u - n - t he r mun u ml t  i — i n s - u- -n  respo mmS es and n tm , ’  c - n , m, I a t n - - ’ l  - u - u -  m t p m u t  t e - - ,~ - u- f l 5P5 ,

imp is-me,, m m t  hons “an be used in a p i 3uu’ l m m ,  mnuiu-k’ • 
~- 

‘
~~- -  i gb s , u - I c - c l  ved I m c .  random’-nun~~en R i - m u - e n’ u- m’-

i - , rmh , ’ r  ing rm ’ u - e S u ’ l t r u - u - , g l,~’ t m t  - W b t l u  tmm m u-i i , ’’ in, e’mp i u - m v - - , ut, he m n m u - m n - m u - - r t t e - l  u - - r  u- I n- ,  rcm - n - n . ’’ l ‘v g ’ u - c u - n
met, m u- nI LSI m u -  ti m ’ e)n - -m n~m nl rm ’ , u l i z a t lo r u , u - e p p r u - u - m u -- l u -u ’-u - amount-u- c u - - u- ’ r ’ f i m m g  to ] u - c , - ’, i - t  r m ’ ~ u- i p u l_ :e nl

(SI cli ; i ’ )  cce c- ’Imnn - ’ v i ,n h l c ’ u I I i , u -  , u I l i t ’ u-’S f r  t mt m pm ’ ’’ ite’ u - I— St a t i s t h c u - c l - b n s l m ’ i b n m t i ’ - m , s , i ’ i , ; -  ‘‘ -‘p’ -
- h , u - r , i —

- rf , ’ m nm n - ’ u t -  c ’ u . u m e l  ‘-1 m, u -m y p r - u - m ”.s u - u - m g .  S t m u - u - u ’  m u - l u -  s r s- can n- - ’.,’Iu t ’ u -  c i t y  fc ’ i’ ,u n , i u - I i - ml t im m ’ ,e u - n t -

n -u - , ’ me -nt In hue ,nn- ,,-r’ ri  ml p u - u I u - ’u - - - n u - u n l  prim u - - s i n g  m ns , ’ I , f tm ,  n u -ug me r u l h, ,.l I — ,- l f — a d j u ’ : ’  m im ic

‘ ‘ ‘ m m , ept  can I n u - u n n i l ’  I v , ’ iu- ’ pu ts , l u - u - -  nm,nmm uin u- - r  u- u - I  t ransformu - ut i  u- m m s~ rep lac ing  unme ms’’ t ’, t m m i

e c -tne ’ n , t , c in a layer , - n maximum — ‘ p c - cu-d , : - , t s i r , s - I -- a l gi’rithm.s.

O’ u- r p m nt  It -Is , .1 - ‘ p ’ u - rtu - i s ito I f  u - ,  m u- u - l u - u i -, ‘ml ,’, ‘‘I IIARDI4ARI-I FACTORS
- ‘f uu- e~r v a f l e m u -  u- -n s’’nciab les ‘- ‘ ‘ -m u- u - ’ ,’ on m l, , - pr m~hlc- m ,
di vt - l - , f lu -s- :~~,- - Mm ’ ~- :  p r e ’ V i u - u - m u m u -  app i i c : m t u - unc f d , u V n - - ‘l’he u- u -vi ral, imu - n r -I-s ,mc , - c n - ’ u - ! m ; i r u - - n m ’u - , i s u - f  a pro”
i t mu - i t ,- ,c tu ’ u - b  a ,mI,’n xit mu ,m um, r m ’ u - 4 u - u - ;  , ,‘ ‘,u- - ’ u - !  - ‘ I  2 1’ n- ’ i cmr u cm nt s  h~ 

t- r,mmmmu muali l ,- n m-c - n y - u-cpah h- - u - f  cu ’tmmnp l u - - x p,u- ly m u u m m m  ‘ m l

,- f i r s t  l u - n ’ s -e r ,  t o  I l m u ’ d iS m r f l , , u - t i , l  element cu -m is c- , rmm u ’d el in s -  will depend ott t I u - n - ’ u - u - m . I ’ p u - m l  m’ ’-’, -,n j m n -,-m-c r ft- , ,

5 ,,,‘u-) I’), the I - ma ru-” ruu- u- my requi ru - r n - m i t t s  -nc,- them fm,’ ruther fact u - m r ’ u -  inlluenc ltng hardware cost-’-

mu- u-urn,’ na I - c mt , , mmm l l i p ] u-mxe d ‘ u - c time ‘,l u - ,u -red case , ‘‘XI tY urn - :
em , ,

~~
u -tm  t u- ,,,t the mim i - t v , , ,  u- is physm , u - i l Iv p a r t  i - i. i’ s- n-- , Ision imf n mmm er ,’ a) u- , i lc ’ n I - m tj o n s

si n-mI a l - u - m u g  witbm the a r i t hnm tne t u - i u -  f,im ’m u- thin .
l ’lu- is  mm m in,u- i ’mmuen t w i l l  lean- I to di I fr- r i-mu - I  2 .  Ft u - i - u - f —  ‘u -c ft ’ua tI tup - - ,’ - - , mit  mt -c m t u- fmn

m y -‘r gu-uu ntz u - nt tu- ’ ti s , 3. i- u- m I mn mu- ’c- ,  re .quir n- - u - - u - n c

For - ‘ x ,m tm u - ] u -  1 , - , u - .(- u -c u - ,nmu - - , mu--udu-r et e sit’’ RAM ‘u- - I , n - ’ ’.’n’ I u- 1 15 applied
w i l l  be used wl t l , m sing l e- t l m e—, , lm ,u - c ,’d
c l - n u t , s m a i t u - c  cn -- g is n er ‘u- n au - ks ‘ su - i mum i d o- ~~- ‘ ~~~~~~~~~~~ spi’~ ”b
pc u - u - u - - u - u - led w m t h  u-n d i s t r l i n u r n - n - d  ‘-lens --m t strum - - S hall ow nets wh ,cl u r e i - m t i v e ’ m l v  f,’w - ,‘,‘ - - r ‘ m u  Is ‘I,

cc , c, pa c’ of their — ri  t ‘ .m v u- - t m c tin I ‘ ‘s. ‘m t  rn-u- ~nm i ru - tine pc i- u-- is i omn of - I - -  --p • I - ph iy cnn ’,’-
This u-, ,n uld l,, r ll-i- r s i n u p lil v I - umn ffn - ’c i u - ’yi and linear nets , and can us’’ 12— t m i ii’u b it , ( I x e u - d
inte mu - u-)nnee- t ions - point numbers. I u - u - ”n-’ n - ’ v n- ’ c • i - - c  t i m u - I r - I n ’ S  sit u - I t  h,,t,’,I, ,

ADAPTATION Al ,- ~ u - llI TIll-I FIARLiWA RE al ter II ,, ’ t imi ru-i or f , u m nr m In i ,’nvu -r , 2 — b i t , f l u - u ; u r  l u - m i -’
po int  r e p r n - - s n - m u t a t i o n  becomes mmn] ’u - ’r ’ ’ u - u - I .  U s-au--c’,

An . n r r , iv  - m l, be considered a Iu1g ~m ”mu -p ee d an ei n - ’u - ’ ,m ’u - ,r ‘ilth u- crying c a p ahill t m u - ‘,,‘ ‘ - u - , I - ,l
I u - u - r u - n - - r u -  - - n I - d i ,  u- u - l a  m u - - n  fo r  dcl n- cm;n , us u - h i’ ‘ic - si t m - u- I t m  opt imi me Its use wi thin a,, a r c - n y -
I ‘.‘pe ~u - r ’ ” u - i’m_s (problems wbu,’,-u- e’ m mm ;’ u - u I - - -n - nt put Since I - ‘ .m’ Iing an ,,r c - m v  ~s nnem’a.mry fr om ” I’” him-i,
cn - i a tl - u- t ms r u - i PS u - ’ r  trans format  in-uns sure knmuwmn pr ’ u - u - n - -ss- mr - ‘ mn , c , u- rns ’ ,muu - I .mr g u - pn- riotl s ‘ ‘I time , the
a p r u - - ’ r~ ) . m\~, FFT is an examp le o f a known • array~~s nmd ’p,, , ‘cv , whir tlu - ” r I “u  1 1 v c - u - i n - ’ on tr n ,! I’
u - u - s r - l u- f l I : I n - ’ u - u t  I m , m , u - s f  - ‘  r~~-, m u m m m n . M u - ,’ - i , i t e r es t — s i n g le e m— m r - nr a  u- u - r  dis tributed 1. -c u-n I n - c i ty
i og iy ,  and of g m u ’ u l i u - t Imporrance , Ih,- array pu -m pi n l a te m ’I mc ’nv of s - l m ’n’u’ u - , I — , ch, ’,uld lnu- u’ s- i- lu - v

--m u - - ’ pr u--an be used 1 - -  nu-ynt f,m- size turhi I ran ly u- u - c p u - u -  II v l u - u - u  us ntnu -nttv prob i n - m s  ,‘iu- u- t l u - i’ mm :’ It wi 1 1 hr
- u- ’ m u~~lex linear ‘‘ r nonlinear express inins amid t u - u -  ‘- m i l e - e l  unpoun ti m s u - u - i v e ’  in a g iven sva:em . I t
help linni ( in a t r a i n i ng  ,‘r u - u m l u - u p t u - m t  ion mode) c - x ’ump le , tIme su -umm ue’ u - r I m s ’  might s a c ’ - ’ - ’ u-ms a ci amu-m i-
u-c suitable rel .ati on sluip het wn - ’n - ’m ; a set, “ ml fl er fmnr 1w,-, mu - r mna’cn-- problems , wl , - c n -- time c - e l ”
lnpm nt  u - I , , t  , and a known oentput rn--m. u l t , fir tents i n t ’ l  e leumn em nm itm t s - r , ‘‘m i tmu ’ ct Lvi I v  ‘nun m u -  all
th’u-i~ r u n - i  pm -u’ iousiy. mince u- u r e l a t i ons ;  ip u-li f f e r u ’o t  - I f  ml , , -  arr m u s’ ‘ -u- ir s - m u - I -  I uu - c d ‘nil tfu - c
is found • m u - , .- .,rr, uv car, be used In its Ii m m  c - ’ s s . n  cy values S m mired I -  r m u - u - r b ,  m r  ~u- Is-usa , -n
d. m -mmml , m i s t  ii ’ urunnde - ‘ i t t -  c pu - u mt c’Iy m u ” u - ] ’ ’ u - l m u - l i f l g  sI ng in’ m’omtmuand u- ’ u - ’ m m l m l  Imave the in r i’s- pu -v
t i m  u-~ . w se t s  -f d,nn -u I rm ’m tIne mu - u - um nmc- p lmys im-a l  c ia ss i  f l u- -d l k u - u - n  fo r  e it iu- , ,’r p r - I -  lu-m m wit ’, ‘‘ u- c’tcu-c 3
s y s t e m in p r u - ’ v i u - l ; t ’ g  u -fm -m u - , c u - u - I  outpunt s . In ml ,, ’  uno u- cdde d de lay u-ms u-in re snult u’f p m u - u- l’ f ’mu - ’ ch - u - u - u - -  -

a dap t a t i n - mn mnmci n - Ic’ , t he lmu -urdw a re m ’ te mmmn -’ mnt  (a )  wm,ri’ u u-uver - 

-

V , - r v  ci u - u -sc’ ly with the- m ost compu nter , which has
been p m u-— load e i l  w i  t f u -  . u l g u- u -  r i tlnms for random I Nm } i , u - , i , t ,  I iINIu- L IIERAT I u- m NS

—~~~ ._ P ”  search ‘ ml  tine d i s c n i m i n n n t l m m m ’  l~v p u - r - u - u - , r  f u - u u -  e , l u - u - i  Wha t t n - - m ’ I u u , , u - logy ‘u- luuuuld pu- ulynom l u-u l m c m  u - y m.  u- nmu-~ ’
examp le. f i n-c , - n l mu - c- Is-me-ott . arc- used as u-m n aid lu-mr u- npt lm um penfum rmance ? I’l l pe r m m u i m ”  us to
in speeding up the - m ’ l n p m uI non appc~~uu - I, wh ich consider full y pop ulat itm g large parallel - m c I  m u - s
I - ., b a s i c a l l y ,  - , t r Ia l  c m l  e r ro r  proced ure for hig h throug imputs. Unuwever , tine p.-i m t t t i - ’ n u - u - : - e
ru-- , ,ih rIng a large mnm n~~u er of u-u - u - t lcu -m l at le ,ns ti of the- array n--Cement m m ’’ Its c,mn sth n ’ ’ n -u , t

‘mu- en ” mun ,m d e q i rm-m I  u- ’ r  SC, u - - ; u - t u - i f u - l t ’  re lat Ion— Immnct lona l ~ma r ts  mmnst be based upon a r u ’ c l l q t  I-

assessment of both available and de v e l-p mn ~~ u - m t cl

V ar i u - m m n mu -  aimnunts ‘ u - f  hareiwarn- can lie applie d to technology trends . This it s particular ly tm , ”

the an-Iap tati ’mn ,i~nde to a l l e v i a t e -  t he- ~-mump uts - r - fmnr the memory and an itlu itnetic pum rt lons of the
elemen t cuuurwn mm nlca tion s problem , where , after c l ement. Time’ fctndamental prod-eases u- u -f met it I-
each t r ia l , mf , u -  m u - m a t  computer must determine plicat in - nn and addition mus t lu -c ’ e f ficientl y

a new Set cml wel gbet s for use In tlce mm cxl trial , implemented and matel ned t o  support imug me’m’s ’ rv
c ’ t u  - For e l i - - m u - u ’  types of alg enrithu m u , random— for accessing niata and i “effici ent s (or
nmumher ge n en-d rmmr .u - uan be provided , - u s - m u - m m - h a t e d w e Igh ts ) .  ‘ It was s l u e’~~n t h a t  the mm ‘ ‘ I  u - m ’ .i,’mn
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~ ne network fu - ’r fla t—bu -m tt ’’ :,m ho l c ’ .1, t n - ,  t m u - I n -’ r , - i u - u - c- In f u - m t ’ u n c e  ‘ ‘ I  w~~u’ m ’ f - ’ n ’ f l u  m~’ - m m I i n n - u - u - n c  p a r a m s - t e m s

cu -u - n s ns, s ol 13 elements c n - ’ . t a in im ,y , .n tu - , i a l u--n  ‘, u - - n l i t , c - a r  pr. ’u l t c t m ’ ; c . u- um d ing
u - u -u- n - i  f t c  j ents . TIne nit- I ~ u - ’ r j  im3n lement s nun e’i gli I

‘ In - g t e - n-- f , nu - c  m ion u - u - f  t h n -- IS inpu - n t var iabl c -s . By n- n-imb m m , nag th u - n - - s i’ Ipre—p c u - u -  n - st. m ac) u - u - n’ tw ,u - r k

fun ,’tl ons w ith ‘this-n nn.- tw cu rue l u- in , t l u - u - m u - s  t h a t
c c  Is n w pnocutdlmng on i n h n u - r c - u - , u -’ n- ’ of tI ,e ’ ‘- iz i- ” 1 l mmtp i~ ’t nu - ’~mt tin e- mm,ai,n c l a s s i f t c a t i ’ u - u t , predf c t l u - mnu - ,

d l igu-u s- — induced u- r .uu -’ks u -flu - m u - u - u t  i u - t g  1 ru -mm fasm ~‘tiin’i u - l c ’cls iu,n , and/ on u- u - m i t  rol logic , the fun, t l u - u - m m a i
hi’u i n -’s Ith spec :  tiun- ,,,’ n e pcu ’ m_ i’ u - ’l I , m t  lye u - u - I  w i tm g - .1 rmuu - lures , 

pn -u - ssibi lit is-m s lue-ramu ’ h , m u - m m t ’ ;  less - 1, 1 ,- un ly , the
l’I,n ’ p ru -m bi em jun tint, u - isn’ t’ u ltrasonic m r-u -p c - ct eu -tn its I re-nil ‘s -il I be c-ward rn - i n 1: za t io tn  of  ve ry isbn ,
timat ‘u -mill ,In - ’I ect s , such u-n fat igue ,r,i~~nu- ncnacks , III ,,n ’ c, ,u,’ ’,; vi ’ that mhn- - ar m ay lu- ,,rdware can Ins- mu - , !  - I—
mu’,’ ‘n- - masked by , f  IC’ - t mui g surf c it - i s of tine - p 1 excel rap id  iv to mm m l i  z n-, p u - u - u - u -u - - r h u l  p c u - - u -  n-- m s s u - i u -
t ,u s lnt n e r mu - mu - , thn-’ part itself. Adapt ism u ly tna imne,1 

-
r,-tv - -r i, ,’ u- u -f f~ c u - un a tt  c-n , t lye .nppnoach l,ecause 

- -
I ‘ u - u - v  u- i,’ nd - I  r n - I s  n-un time -on ,’ - ical  formuiat  ions for  TRA Il- I lu -L I lY PR I) DlCT lmilniu -

l u - i c - se ’ cn -m mp ln -- t u- — u- u-u-”-’ I , - t ,s ’  - ru - -unments . su- u - u - u- i-rust - i l R&D has l u - n- - i t ,  c u- m u- n - l u -u - u - u -  ted I ’ m  more than

-‘siATFB ‘AL rF’u-J’\m’I u- ’i,,u-i u u - In’ u-m d— ’ by app I ic,n I l u - u - u - ,  ,~ t mull m t - m t - u - I .ul t’ mn -’ m ’ ~ . - ru ’s
- to  prediction u - f  ;u m ’ r u - u - s 1 u - ,’m, c vehicle tr,n u- ect ’’ries,

Po r n - -u -u - t e a l  ,mpp l m u - tmu - m n s  u - u - i ,ndapti vc l y traitned ,mu - m, n— In su-,, ’,mu - u - ur y , m fmes e invest i g,-u t i mu - ns have established -
lu-near :u - n -- I u - . o u  s-s In ma lt - u-  i , m i s  t e u - u - I u n u - u - i o g y  includn-’: t h,nt t lue i u - n - - ’ ,wnu - r k  methods are capable of

I l u - ac  ii te ni zatmu - ’m i u - u - I - , u- ’ pn-’ ct i e s  of c u - u - m t - u - u -” u - t i n - , -  i t u f c ’ m n i u - m g  veh ic le  parameters , such as b,tl—

“I ‘ u -f adhes i s’,- Is -— I u - u - u - m u - -  len -I assem ln l I n - -. l u - st ii c in- - f f i c i en ts  • quite ac,- mmnatn --l y , and
t l u - , u t  t l ,e :,, ‘ twu - m nks can make extreme ly fas t ,

In fe rence  cI  m u- nte rm ,, L pl m y s i c m i  pc pu- - n t i n - u -v 
‘ - C u r - d I e ,  p red ic t ions  of Imall ist ic t ra jecten iea .

from ntu-i u- -r o stnucturu -u - data Tl u-~ -se uiru’ d i ct im ,ns  are comparable in ,uu-curacy
In-,- t Im , - ‘ ‘i_ u i ,’, ,) i u -’mn ,nl procedures where?c ,’ , Iuu-. t m v u - t v  nnoi l e lu - mu - g
eqmn , u I t , u m m s  ‘ I  mmt u - u - mi , un  sure in tegrated ii. - r u - a l

M~u - n n t - ni~,g and ,i;ttiml , u- l i o n  u - t t  p r u - u- u - -s si ’ ’ - u - : u - m m p u l n ’rs , hut art- - u-n -’ rv muclu faster b mrmause u- - I
b r  material cemn ,’u’ ,m l the u- ’u-’m tmnp u - n ti m n g speed of the parallel network

Pred icti vm’ u- u - ’m ntro i n—i m e lt im m g , l u -c p u - ri g, s m r u c t ’ m ce,

, ,ns ting ,  ext rud ing,  and rolling pr ’mu -’ emnsu ’m . IA hi ,I- ,i - -Im ;NAT URF LASSIFI LA TION

F - ne, u-- ,us t ing of mmn a i n tn -u - , , n t u - c n - ’  ml ,’ , e s s u - t , , n ut d by ,,‘ m m . m m n -  and / o n  ,uu - - ,’us tic  w a v e h - ,,rmrms lu- u- mm remus-Ic -
conm. ”u-ion m u - t  f l ight is ’ s - lu - h u- is- Str uct ’u -ruu -s smn u iu - ,u - ’r i, ‘mn t hc- Cr ~~~ can  u -- c - mn- n- -u- I w i t h nonl, :ru- e’ar

I nie c c - r ,  c- mu-f ’.DI’ n t I n - - - t j - ,’ u - t m u - ’ ’ ,mu - u - u - I  l ack  l i t  ,-‘s 0c - I u - .” ’ ,  u-’ — to  di ti- u- t and c l  a ss m l v u u- u r u  t e l y  the

by t I u - eu -  in  perlor mmians’ nu- cn n tes t samp le I’m- - s n - n- e ot d m 1  I n -- rem i t t ” 1 u-u- ’ i ’  u - I f  p ru - ’ mu - t u - d veh icle - s

- mm  ru - u - i t , ,imnd of p c - r s ’ ’ti ne- i -
In cin ch - f th n -u - ,n - - ’l m u - s t ’n n , n - ’-, , t Ime key point u - s
t lmat , u - c - t w s - r ’n- , m, u- an In - u - r u - m  I n - u infer or pred ic t  f r - ru- R’Al)All_ RF FRACT IV E 1M)l’ X CORRECI! , m .’,i-

m ’u - e u - u - n m  ura l d , u t u - n  that am - ,,r,” ,lm ,u - s - u i by re ,a I A nn,n hi , iean adapt ive  n e t w o r k  can be used to ~m
p r u - - , . ‘ s s e s ,  t ’l,,’se “ndtur., u- - d a t a  may be n e c o c u - f u - ,  radar metn i ,  da ta  on time ru- un pn-- , e le ’ u-,’ . c t  n -u - , ,
ci sm nnnd s , vi f , u - a t m -  -r, s , ,- tc - — — . u , mv rI, Log rn-- u - n - l i  1Y a zimuth , and tnnte lu - c ighl u- - f  n c ooperative i rget
u- nc- u- - ssjble for , ‘,onm ’mt- ,s,, , I jns tn ,nme ntatieun u - m r  or targets , A f m n -’n fi t t m u - , g  a u- ,n ’ t w’ u - ’ c k  model to
cm- - ru - In - c - ep i f l u -u -. t lnnu - s eu- d a t a , the model nay b,- I u - m renno ga ted t~
i’hli :’)II L(nG ICAL .-im u- l, t ’ l ’ I R I N I,  n- ’s t i mat e  t rue l u - c - n ghu ts  o f any - ‘ m l,n,’ r t a rge  ts

ohnserved w i th in  the bounds ‘if l u - u - ,- range , n- ’ l evat  u u - u -m , ,
Adaptive anal i n c - u - nc u - u n - - l w - c ,  modeling techniques and ,,zimuth training u - u -b tIn t’ m in - -t y n -mn im , By taking
f u - , u - ve ben - -mu -  s ucu -  e - s s f u - n i l y  u - p u -u- l i ed  l u - u -  .iutoutmatic u- - d r ,  flu-it t, ‘u -v n- - c I it the mm tmd . ’ l  during Its training,
in tm- r~-r n - ’ t u - tlm on of , u , mmma l and human EEC ’ 5 and i t will be u-n smu,u i u - t h i y — f i t I e u - I  fntnct iona l approxi—

l u - u - n -c p f u - v - , io log iu-  uI  I-mave lormns . It u-s nat ion. From time ma t bme ma t i ca l  s tandpoint the
- ‘ r u - u - n u - ’,’- mhi e that futu - ,r e’ manned sYstems w i l l  mmd e l will he contin n-tous and d i ffe ren t iab ic ’ ,u- use t ra ir iab le  mult inomi .n I networks tu - u - a l e r t  crew mmmd i t s  d e r i v a t i v e s  w i l l  be c l o s e ’  appru -txina tiu -mn s

members and u- u - . r  ne- mote medi al personnel m u - ~ subt le  to t lne quantitative derivative behavior of the
‘i ’ s ’ s  m a a le r tnes s  and psv u - im o l u - u - g I u - a l  and p fn v s m u - u - n l  pru - mu - ess (i.e. , ray bending as u-i result

pb u - v m - l o l c ’ g m  al r n’ f m u s s  u - u - I  r u - n -  c rew , o f r e f r , n u -  I i o n - — m o d e - t i  g rad ients  wi thin lice at mos—
I 1AI  I( ; ,A !  I’ll, ’ I u-; ’ .INI ,  phere) .  Nume rical p a r t i c i  de r i va t i ves  of the forum 

- - — - ‘~~‘~~‘~ - 

- 
,y/ u- s can he used to determine the slope ot the

n’,, n - u - t e d  , ‘ Is ” - ,m nene in l i m i t s  paper , adap tiv e  ray ,ms it traverses the anu malous part of the
primgrauiwsah l c ’ : , , ’ m w ,  ri’ s can , -- t m -nu t  i c I l y  imp lement atmosp bmere , presumably the part that has been
u~u- e x t r ” i i . ly  w : - I u -  v u - u r i e l y  u - - I  l inear and nu -unl lnear adap t iv e l y modeled. Knowing this slope , the path

a u - e u - u - cl prom t-’- s u - ’ u ur f ,m I , ,  m m o n s ,  These Iumm , Icons of the nay beyond the mn -mde led reg ion may be
in, I n-ole: estimated by conveuntional procedures .

A u t m u - — ,un,l , t , ’ , s - ’ c u ’ r r n i a t m o n  l u - m m , ,  lions Time re-suits in rn- -1e ’ u e’ mm n - e 14 show t l ,a t  a substantial
Fast f m u - u r i u - r  t r s n s f u - ’ r m n m  Improvement in accuracy of target imeig ht deter-

minations can he achieved using the network
Powe r a p e - u -  t r , c  au-md cep s t r s  model iung unethn-nd in comparison with the usual method
Di git al handp’iss filtering for refractive—index n-um rrect lons .

f srra ctmon - u - f  tIme d u n  u-v ,u t l vt ’s DETECTION OF IIF,MOTF! NUCI,F.AR EVEN TS

Tran s versa l  f i l t e t m m u - c ,  Reference IS presents resul ts of work performed
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- I mn- u - I u I’ I I  .u - I ,,,, u- , m , ’,- n_ i . - u- v , cu - u - p m m u  e l  l u - u -, - mm a, —’ - s .
i.~~ p - u - ,  m u - u - u I  ru -n - I , ’ !  u- on- u I_I l u - , - - . u - . - e mu r pl e—

u-i ,~ u - u - m m , I  s t tln , nmnmin ci r u - f  Ll! I s c m  , m I u - ’ 1- , u n , , I le l  . “  u- u - u -  MuLTupLntR/aoottc

t v l - t -  mcu- lt  h p ! hens in -d l u - i t  sem i al s- u - ,  -l pu -mu - al In -’) 
~he,,H

1 
~
, J u-,~ ~~~~~~~~ ~

,j 
—__________

I n i ’ i u - i ,’nfl n , c t I u - , ’ m  t I u - a mm F;, ! Id ,, rr,,s’ type - mult I— - - ‘

p 1 m m - i — SI, - I, , u- s- - ‘ - ‘ u  ‘ - l u - u - u - u -  1 cu- ap u - a u - n  s’ , u- 
~~~~~~~~~~~~~~

,.‘. ‘,n ld n,,,vt - t- u- n- used in a I - m t  para l l , - I — s.,,, ,‘ 
I

s u n  u - u - u1 ‘ hI,’ ,, Ii, Is is, u,’me m m  ‘ - i ’ )  - f m ’ ,I - c minimum ,~ 
I

c,, l, mu - ut  i inn n u - ’ u - - , ,, mmi ! ,- u - u - u  v u -- i - I u - ’ m  u-n arch i t t -  — I

tu rd  I m u - u - u - ,  m u - u - - I  mer i t  I • ,_ u - , i Ic m u - i l  u- u - u - ,,u ri I’,’ ‘ - m u - ’ , , ’ ‘
~ *, mu- I

u t t -  I ’  . u - l u - l u - u - i -u i  5 ) - c u - i s  - u - n  u- i l l —p a n a l I t - I  m u l t i - - - ‘ - - : , - -- ‘ 
~~~~~~~~~~~

p I I c’ F u - I _ I  ~‘ u - u - u - ’ u - u -  u - a m m um, -. - - 
[Mc~j ~ 

ss~ j  ~~~~~
Ii,,, iu - c  r u - a l  u - u - ,.u I u - u - r n -’ I u - nit- ‘ ‘ u - s i , ‘ u - u - u - I  m u - I  l u - u - I  - — - - — — ——

su m p l;I u - n - s  s d  , , , I ’ m  t i , , u - t u - , mr-~ ) u - i ’ u - m u - t  ~n- -X i m u- u - u - u - - , m t  - ~~I) ~
, ,

~ i i  ~ u- 
m l  c 

w il mmm inn m mn u -  i u - u -~_ “u~~j”j ~~~ ~~
p m n - s i m u - m i m u - . n i m l l y  “o r n-- c l m ip ’’ , l , n t u - n u ,  u- f the mul t i—

u - c a t iu -mm , , ‘ -4 ’i, (,d , I u - u - ,’ ,n - u - u -u t~ u- . u - I, , u - r i ’ u - u - - c  . . , u - l v  VA RnABu - is
u - u - p re q- u- m u - f )  - l u - - u  u- ‘I’ ‘ ‘ - - ‘ u -  I ,  ‘ ‘ u - u - - ’ I ‘ ‘pV ‘ I  lu - - i u - -u - i Fig, 4 — Serial  me mt mo ry— bn- nm uk 0, garu- izatlon l u - u - c

nm ’, u - d n -- , l mu , , I I u - , m , f,~,m - t i m -  LSI lmp I u - u - m ,’ u - m t , i l i u -’ u - m m , i ts  programntuumab le a r ray,
rn- - I - n t  ivn - , ly  u - i l -  m u -  — inur ‘ I c - i , - , u - t v  mmmd l,’mw u - u - u - u - n -n- c
disr u- i j u - i t i rum u , ’ , ’ u - u - l t u - ’ n-j u-~i , u  i ’ u - l l  ., - I ., t m ulti p l i e r - ‘n - ’ m l u - u - cm~umm , ’c- spvc t rum u- mr parallel ar rays can be

u- a t - u  I - ,,i’m;c l . :- - lii am, l u - mm 4- h) m u i ,  mu - I  a t m  u - mm, m implemented .

u- - n, ,u - m u - l v a l ul l — l u - v  I lh b—u r ,i 1 ‘ u - i ’ - l u - - c - u - i m p  r u - u - m m n
_
u - -F u-’J’h’LICATIONS

s u - u - I - s t sun t m,, i , n , lJ i I  mu - u - ,,,, ! - ‘ pu- , u - u -n muxi munry p m u - u - w t i m  
—____________

- Ic S m  m l !  s u -  - ‘,‘ ‘ , t -  ~ u - thin u - u n - -  cn - u - , u - l m u -u h u - glu- s i n - l u - I  
Ae rospace app lications of the a r r a y / n e t w o r k

l u - u - , , , ,  u- ‘ ‘ ,‘s A l i t - m m  -, I e I , 
~~ lop ies could i n u 1 u - r , u - v n - -  u- u - u - c u ’ p I  s presented above include:

s iin ’ n ’ I  1 ,c ‘ u - p u - u - ru - u-p u- u - u - u - u - u - I  ( c o s t )  , , u - u - - I  power Ninn u - Iemmu -r cuct ive  e v a l u - u - , u I  Ion of s t ruc tu ra l
‘ I is s , ,- , m :  m u - u - n , ,  An 1.1,1, itum p l n ’ u - u - n c - u m l s u t u - . u m  ~ m u - u u - I u - l  u - u - 1 - tu- ’V e ~ma r t s - ’ ,‘~~

Ia, u - c ”  of u - lu - m i- n- t , u - l u - v u- , u - n - u t  u - u - u - u - p  l u - u - u -
~~

n-’ I -
, u , u - - l  , d u - e , d  co ns u m u - u - u - I s  n- ‘ l u -  u - m u - l u - u - u - u - u - u -  Lime s u n -- u - h  t l u - u - ’ ~~c t , r ia ls  i ’  I u - ; u - u - u - . u - g y’

mn-ul tl pu - u - ,_-r to , , t ’ u - u - ,u - I  i,’ u - . u -’ - u- - u - n  l u - - m i s’s- b i t s  ( i t u ~~r. mu - 1 Ph y u - u - i u - u - l o gi ’,u I u - u - u - u - . r u - I l ’ u - n’ ii’mg

‘ ‘1 .l —. I m u - u - I  m m~~c J u - J n -  i t ’ ,’  , n l u - j i u t ’ s  t n - u . ,n- !,I - u - —u i’ ’ ’ ’ u - . , F n-’ u- t

l u - u - n - cu t  ry - 
1,1 M au md I ‘Il-I — u - u - u - t e a s

Ann , then , , , m , s u - , l u -’ m , , t i c , n n  tii il,, - ~, u - n u- u - c — m i t t - u - I  u - m e  
IIt~ i I I , m l signal pm ’ . i m e s s u - u - i g

u - S  m l , , -  l m - m l u - , m n e d  r r u- - ’ rn , ’ rv ,umu - , f I t s  int - c r n - ’ l , n t l ons l mmp  l’ru- i !,’m ’ t - u - m y pre cli m I i u - u - u - u s ’
u-u- u- tin - -  mull i p i ,‘~~n in u - s  r i n g  t I m ’ p m u i y t u - u - u - n u - m . m I  ‘ -
‘ u I - - u - l u - ’, -- mn ,, . m l ,  eletse ,,: tim - mu - , c c ,  mu- ( p u - u - v s m u - , uI 

l u - u p ,  t s mguuu - u tu re  c I , u - s s u - l i m . m l l - - u - u - ,—,

- u - n  - u - ru - u - m m u - ~~) mus t i ,u- ,v, ’ u- c -u i ’  m u - ’ m u - u - n t , , n n u - , m g  u-c l! Radar r , ’ f m u - u ,- L l u - u- ’ - - i , , , f ,’x  c m u - r c - u - u -  t iu - , 1m, , lm
m l, , ‘ , n - ’  I f t c  r u - m m , , , Lu - I m and , iu-mmn msunds it u - u - i l l  u - u - , - , ,  I - iS- ‘ - Detection of remote nuclear evetu -ts
1 - c  a g ive- n  t i , n u - u - , , I , ‘ t u - m , . , t i - _ lu -  u - n  v u - I  u - f  t n u - , , u s m u - - r —  

-
u - ’ i . m m n ’ u - , ,s I - m m  m , u - 1 , u- mI m n - ’ , , , l I  at t f u - n ’  app r l u - m i a l n -- tiSe , 1,’ u - I~~, c -  d,, m , ,  pm ’i, n,- s s u , u - p ’ ’

1Pm , is I ’ m ,  Im, u - u - c ’ -’,, s a m ’ v I,’ min ima u - n -  “u - u - nu ls ide, Re cn -uum mnn -n iss aun ce inmma guu- processing
r I d  u - t m t e r  u I I - ’,, , s i m u - c m  t I,,’ m u - ’ ! , , r u - ’,m - I - ,- s l , ’w

rates at win,- u - u -  host p m - n - s i ’  r u- mm, l u-.,,) new Avionics Itnfornma t Ion sys tems

s e t s  - u values u - m u - i , ’  tIne array s - - u - u - l u - I  d e l - m t  t Im e ’ A number u-ni thne~ e areas are br ief ly described
pu - mm l i_ - se ’  ‘.1 t l u - e hi gI u - — , _ 1 mn ’ u - - m I u - m - - ‘  n-” ;s lng u - u u - u ” Ill ty be low.
‘ ‘I

NONDES’rRlJC’l’tvE EVALIIATI ON
u- - u - u - I - ,’ , array lu’s u- u - u -’ - ‘ ‘ urn - -  i - , ’ u u - u - g  l i _ u - s n - - a  mum ,  t I m ’ ’

us , ,, t  n-
~, m ’ , iu- ,uii ’ ts , pr u - u - u - l u - u - u - p  , , u - r  ,,~u- times In tine’ It Inas been shown that an adapt ively tcained ,

‘ u - - f , -  r ‘‘I l u - m u - u -  u - u - mi ,  “ - ‘ - ‘ u - u -  I’- - f u - m t n u r , -  I c c ’ t m u - l s  w i l l  nonl I mis-ar , molt inom,ial network provides
- n- u- m u -  th,’ ’ u - s u - ’  ‘u - f Ccl) ¶5Cc u - u - i l , , n - ’ u u - n u - ’ m  u- n - , , , , wbm ,mse m u - u- m u - m u t e  inferences of f la t—bot tom holes sizes

- F u r , , ,  t c ’ r j , , t i ’ s will u m p u l m n s u l jy f i t  ml ,,- array in ul trasonic nondestructive evaluation of
archi ’ c-  I nrc - - ,d t I c --  n - u- I ’ , l  cost I ‘ n u- um e ma cv cii tel. t spec june08 . Tine waveforms analyzed were
c1 u - u n I / i u m  ml,, - cost - ‘m adv aun ced RAM ’ is , - ultrasonic pulse echoes obtaioed from two

art my nmr g an i i’un m u - - u - u -  f u -u -n i , uu-,I u-co Lime u - u - s e  ‘I u- u - ,  different sets of 7075—Tb aluminum area—amplitude
memory ma stu - ,u w mm in Fig. ‘. , ‘ u n - I ,  n i l - m u - u - c u - I ’S t m - s t  b lu - mi ks and three d i f fe rent  transducers .
memory ‘ u - u - I - I  Im s- I , u - ,n,l e,I -,u - u - Ll t u - i l  t i n -  a’s , ,  w i l l  ‘lime e-Iglcm , flat—l mottom h ole defect sizes ranged

m m c m l  m m -  u - u - u - - I s ,’ t l n e p m ~ -m ~ lem(- ,~ t iu - a t  the atray will from 1/64— to 8/64—inch in steps of 1/64—inch.

lu- i’ used I , These- w ’a meta l ‘I cu ’ unru ,e be p m c - -  TIne 15 input parameters found to be most  in f o r —
l a d ed in tine ur u - ’1 u - - n s e q u - u - c - i u - ,  n by m l , , ’  I, - - u - t  munative were thoc,mt’ that describe the overall
cocltpnl ter. Int c r l ,n . e ’ l u i g i .  and l u - u - u - l i e - r i n g  -u - I u - n j n ’ mind co ntent (area) of parts of two wave—
requi [ m m -  u - u - I s  u - c m t -  flu - f m i m i  - ml i- u - c - u -  au - n a n - -  the s c - c i a  I forms co mpn- mte n- l fru-ntn each pulse - echo waveform :
nature -I r i m , ’ m c i l t i pliers and mesun -urle s u - rn - - the power spectrum and its log Fourier transform,
- . tm pac I t  I , - - WIth man e u - mr two chi p n - u-- pm- v - ‘n I tIme cepst rum.  Maximum amp litude of the echo was
I - u - c  mu lt lp i u - c , t r b , , n l  and as . o c i ,u - m n’ , I  i - u - m u l l ’  I - di m -I u-.’ l m I u -  found unu - ut to be a dis criminating parameter when
avai lab le , I ‘w u- -u - I , mt-umxnrv u- u - r , , n u t , u , a wi ,’ ,- tine material and /or transducer were changed .
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t o  - u - S i ’ c’~~S the u - u - r u -  ‘- ‘ ‘l u m u - ,,, I n p t  1s t  - ‘ u -  ‘ u-u- ru- l u - n  -‘i n ’t I ‘ . ‘ ‘ lu - n- ’  1 ‘ ‘ u - I ’ - ’ ’  t ‘ u - I  a s u n -  emi m e’ hnoi’- ’p’u-
c . c s s u - l i e t  m l  , L u- ,- .l f r  - I l s - ’ r l m m h n , a t l c n o ‘n - lw,’ , ’ , ,  in umne ummory m d  i p I u-n- us t l u - n ,r me , l , u - t m ’ - I  t o  t ine
,,-r- , - t e  mu-n d e r p m , m u - n n d mnuc i u- . u - m c-:,’ n u t s  nnl,l ‘I u ’c’~u -- ’  ore  ~ r i_ u- - ru- c u - , ,  - I i - a n - m c i ’  u - u - ’ . ‘ m’ u - , i l n  , E m i l y ,  a number
e n ’ ’ ’ : ’ ,  c k , -s  u - n - u- l u - - f m , iu- ,ns u-,u - , u ’m ,u , t ,  us nun- u - - m r  even ts  - ‘ I m t u - t u - l i c’ u t t mr n r c - u - u s  w e - r n  ‘f n ’ s ” r i h e - d , ring Ing
u- n  ‘ii,,,’’’ n’ - ’- - u- - The m e u - s u - u - l t s  ‘, ‘‘ - ‘n. m t , u - I  u - u - m a nly  lu- rem i nnu - ; p u-  I u-,n u- i f s t  m u - n ,  t c a l  i’ ‘ m tim to  hl gl m
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Roger L. barren
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I&Lean , Virginia 22101

Abstrac t

The performance evaluation of a six-class , single The data ixise u- - u nn sm n -u- n us1  n - u I 171 u- ,u - -lvlnleu - :t~d aeouu-vt n- lu-
target classifier tunplnmnentuu-d using adaptive bxlyncslial s ignatures re l ’ reu - , m - n u- m ing - ci, “u-n J (nr t u-eru-”t (‘ u - n - tm - i- I
netwarks is presented . Thur n - lu - mu--sit n-er was designed to Each S ignature’ u - - u - , nr u -u- i u - t -s i  , I u- c mi’,tu-u ‘- ~‘mmu -h u - m t  I’ a ’yn ricls
dlscrizntnate bc-lu - u - n - n- nm six tu- u-cg n’t c1’ass,,s: tracked ye— duration (tha t is , 10 suns l m. n -n ’ s u -u s  ‘,ecuu-.n,.L~, l,,r the
Mcles , wheeled vehicles , fL’ed wing airnu-u’u- u f t , rotary seisnic and a m -m um ms l  iu - ,u- waveImu -m rrl..I , The su-urnpling rate ’ u-non-s
wing aircraft , persunnel , and nuiSar,cn-’s, This disc rimnu- 2 ,000 Hz for txnth waveformmau-i,
Ination is based on signal waveform features ‘ tssputed
frtmi ~~—1ocated seisnic and accxmst n-c transducers, The Data we re recorded at three sites Yin - - AR -

thstri,xnent package- is rEm ote- ti-cm the target and .sig- Grayling, MI , and Ft. Bragg. NC , and SIn - rm tu - u - t u m ” - - In-- ru-
nals are duu-’tec’ted on each channel passively, as the Classes 1, 2 , and 6 were ava mlu- i b i ’ -  at a l l  Ihrecu- I’~ ,:u-~
target lou-we-s within a range of signa l detectabi l i ty , tions, Aircraft data , Classes 3 and 1 , cmm’ r ~u- available
The data base used to synthesize and to t m - - n  the only at Ft. Bragg, and Class 5 d.-mta war-, u - e s’ u - u - t l a i u - ln - ’  cu-nly
class ifier consisted of field—rec orded sm ,rm ’au-ls, A at Ymzmma , Historically, the rost dill cu- u - I t  cla.n-,u-- u- ’n- to
principal result is that the feasibility m u - u  designing discriminate’ have been Classes 1 ann 2; the ‘ ., u - ’ u - r l ’ v  of
a f ield usable seismnic/acoustic signal classirler has records in the data base were lu-r u- r h - s m -  tw ,  ,,u - I u - , ,.u-,u-u-’c .
been dunonstrated, It n-u-,, shotun that an ann-rage over— 338 of the 671 signatures ( alx miu- t u - mn , n.e “nt l cur - mu--
all six—class accuracy of 85 percent with ,z. ’xI range 1, 28 percent were Class 2 and thu m’ um’uu - ru - - m , - u - - u - f  ‘ m u - ’  data
capability anti reasonable site anti speed independence were spread arming the other ion-j r classes , I ~u- m .mo ’m , ty . - ”u-n
is achievable. percent of the Class 1 data u-en--re recu- ’u-u- l,,J uI l u - u - ,  -

Introduction ‘l’he signatures gc’nn- -ru - u- t .-d by u - l u - I  fui-rn’nr 1 m m ’ ,” ts arc’
a function of rainy ‘.rariabl,’,.. II prinaum-n’ Ixr,:ertu - umu -m- c u-Ire

A nejor Army requiranent is to be able to classify target speed arid distan- -e Iu ’i’ru-u- ,n u-n s ’r ( u - c , , r n- u- n-I’ ‘
accurately remite targetu-i via passive means. The M.-uny caumbinations of the-sm’ two ce uuud mm m u - u - n t .- s m - r n ’  u-uv .iilable
classifier systumu is pare of the Army ’s RF2.IHASS (Rur— iii the data base , Thc’ n-peed v’ ”,u-u-a, u - u - u - n - mu -  ci i - , t r u f m u - ’ lu-si
mutely W,n itor m ’d Batt lef ield Sensor Svst ’ at ,) pro,je ct , for  land targt-ts n- uru-’ -d tru ru-, Ii ‘,n - m ,6 ‘u-u-ph arid tru ss 0 t m
U~ aally acoustic (miero~hene) and seisnic (geophene) 900 f u - mc n, -t ers for Clan-sn --,,, I u-mind 2 , and u - u - l u - Ii , 101) ru-metn-’rn-
devices are co— located and a classifier must discrimi- for Clan-cs 6 (walking). S innilar data f- mr ‘ l u -  air targets
nat e up to six target classes Based on parameters of were 120 to 450 knots for C :us-s 3 arid Cni t m  1(X) u - c u - u - u - I S
these tiM) waveforms. The- classifier must be reasonably for Class 4. Altitudes of 200 . -1 )0 and 600 :,,-n u- c--rn’
thsensit lye to signal var iat ions can-used by range , recorded for bath classes ,
weed, and Location (i.e., envirouiuuemital) factors.
(~~ e a classification is nude, the decision is radioed The geophene employed had a resonartt f r , - u - 1u - ,n u - n m v of
to a remote station for tactical evaluation , 7 Hz, a 70 percent darmping rat io , and u-c lu - u .-(i~ laind m u - f

abeut 7 to 250 Hz, The nmicrophone had a f la t  rn-nu,,u -nru-u-
A pm’ogrwmu was initiated to demonstrate the appli— f rmu-ss 39 to 40,000 liz, The acoustic resr.ons.’ w,,,s h I -

cabiltty of adaptive , nonlinear signal processing tered to provide a use-able picas band oR abeut 20 - 500

techniques for accurate classification of acoustic and lIz . I)oth seisu-mic and acoustic signatures were’ dm,gi—
su,-iøn ic waveforms amnr ,ng six target classes. m u d  tized at a rate of 2,000 Hz.
Mapt ive Polyrasmmial Networks (AI~ s) were used in a
t~~~-way , or pairw ise , clasmsi fu - u --atjon node and the over- (rue of the nr,ain m,xsiru- c’s m u - I  confusion in the sc- i-c- Ic
all six-way cias-sif im-ati.on was rendered by a vot ing channel is due l u - u -  time filt c’rhng n--fleet of tin,’ pre renga-
procedure, The ruxaiinder u t  this paper d,—u-u- ’ribes the tinn mnu~iiu,gn —— the n-mirth — t.~ ’uu -n-c-emn target and gnu u- n i ls ’tu - e ,
data Base employed , the eztracted waveform parameters . This varies tru,smu- s i te—tm ,—s u-’,e , i- nm t lmat a ~ mv m, ’n target
the classifier structure u-tad synthesis , and a discus— imov irig at a fixed spe nd at ru-c unsr dm st mnce fr’u-xmm the se-n-
ilon of the results, war will produce dramatically different f irma - tkmmms in

signatures depending on n hu’ rns ’u- rd irmg s itu ’  - The acous—
SetsnlcJAcoiist m n - t  i -Id— Roe-c u- rd Data Base tic channel Is not affec ted bin uann irmirimont, it s  mru-a i.mm

susceptibility is due to mu m d  IutI I ,n m ’ nn , - c - ,-, , Themn-fc)ru,,
The classes for tarn-lu-u discr irei nu -um ion are the six eu-mn-u-h signal channel ha.s r-e- imun ’ictn-dt c’ imtpl,ire’ntu-ury adnan—
in Table 1, TIme class nnimnbsrr wi l l lu used as a tages and disadvantages and this is n-m is ’ un l ’ liii’ reasons

enevention threuglarut the renintunder “I Ib is paper , for interest in two—channel c lassht ic- rs ,
i.e. • Claes 1 dew-tn’s t rac ked vehicles, Cl,t’u-s 2 denotes
wheeled vehicl es , etc . The- 671 signals were divided into Design and

1 1 S ‘t Cl Evaluat ion subsets as slsu-seu In Table 2. Thi’ 1k-sign sm’tTab e ix Targc asses was used to synthesize the cl:u-u-s if icr , I ts pei’fornmance

C1a~~ NUitrer ~~~~ Athr e-vi at ~~ 
was tested on the remain log (and unused I - 1 - l u - - i’ecoreis ,

_______— ‘Fho records in the Design sn- I were su’lc’u ’tu’n-t u - I ru-unduum,
1 Tracked Vehicle TV and represent abeut one—third of the data fromi each
2 Wheeled Vehim - le  WV class.
3 Fixed Wing Aircraft F4A
4 ~~tary Wing Aircraft RWA
5 Perwarnunel
6 Nuisance MIS
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‘I’idmlc ’  2: C’ ,‘:~, nm-m t 1 m m of I n  ‘ i n- u- ni u - m u - I  I ’ .’ ,, l u - u - u - n m  ion It u- u - cu- , f ,mnunr l It - i ,  u - ) ,  ‘ u - , ,’ ~~~~~~ ion ru -u - , , t r ix ‘~l I l u- ’
a Smit,u - u - -,u- I u-n- fit -m t  28 - -u - m m u - t m - ’  I Ii., I m m m c ’ u - m I  Iii’’ I - ‘ u - I uru’s r n - n - I ’ , -  ( u - m u - l u - t v

Ci5n-’un-S mu ” - , 1 u - u  Evu - n h mmat n-on 
m ’ u- m m ’m’ -I, u t u - n - I, ‘nut ‘ m u - l u  mv - -u- - m r  , U m ’ n - I ’ uu -’ - , I’ , r i , - -~-’ml u - u ‘mm li’ 

— ru - u -m u -u’ u - mu - ru -’, u- r u - lu - mt nn - l v u - n -m i m I - u - ,  u - m r ’ ’u - m m m r u - t u l  for mu - y r u m
I I 13 22,’C C u - u rn’m t m u - )  t im ’ m ic ta vu -n -m u- ,,  l t u - _ Sn, m u- l u - u - u - uu - ’- u - - r  I i a u m . l  ‘ m u - —

‘‘-1 127 tnires rr n’ il - - h A n nu l f rm,u - u - the 21) l ’u-r cJa,ssil m r  ‘ y u - u - n i  ‘ - ‘ u - u - .
3 113 36
4 12 24 -
5 12 a1 ~ u 11 x 1
6 12 

- 
I~~i

v’n-rAI, 223 -146
28

Wav ’ - fu - -ut ru - 1 : m ’ n-”u- c ’l u - n - ru - ‘u - u - n u - u - m n  
i~~i 

U9. X .

u-n-u- m u - n ’  I ru-u- liar ,t , u-~ -n c r 5  ( m - ‘ - fm - n m u - I r ’u r - ~
’u- thu-nt , —were nu-s tu - ’.n - ’ l u - m -l - i- t imu ’ - - u - - m n - l u -- u-n-nd u- n- u-,’, n n - i s t i m  ,-( ‘,u -u u - n u - - t ,~ 10 

— n- 29
for Cu-ru - n - 3u - i— ~- m , -u -m nn d m’~ u - - m u - - u - u -  1,- n - u - u - u t u”iun u- u- au-ally 

m n - l u - - m m  Ihc x ( i 1  ,. ,  119) u - mm’ ,’ the 21 feat u-u -u-u ’s oflast iumg up t - ,  , m u ’u- scs- u- mmr u -is( u- ru ’  l u - s m uu-u-d Iru - u- - u - l u - u - u - ’  1 - .  ‘
- - r,,’- u -- -  3 mu - lu-i m m-u- t I u - m ’  it u - -u -  r u-u-)),ume?flt of the- s u- c - u- u- u - ru - , —Pa-r-auimct€ rn -  fr m mu r , t u - ch u - ) 3  n- n iri ¶ I u- I “ m m  r (1 1 213 k—i 1) The t ‘n- i- n- u uablesu - c ‘u- mm- u-c I hn n l m ’ u - m S u - t ’ -  - ‘ u - i-n - - “ lilt nal u - v del m u - u - m u m  1 v m lu -n - -

Ii n m 11 (1 15) mm I -‘u - i ii n-u, a (1 ~~‘-, m u- ~ 
cu- m uS4 d as unp,u- m the., ‘I \ I — - --- u mer

‘liars ‘ mu- - lu- 10—r n ’’. c u- u- I r u - ru - menu- , ru- ; mr ’ m - -  , n - , u - I u - d  a m -u - n 29— - -
Ci’ITuryss’nt 1, u r u - i u ’ u- vE’u ’ t u - u - r  

(,lassiiier Structure

- - , -  - TImun- st tn- m u -’ t m u - m - d ’  of ll u ’ . - I’u -m~smf u-er is u- , lmc i mun inTalu-ul - 3’,~~n-et m u - -  and Ac’’- ,- t m m -  ‘ n - - u - ,  - m u - ,~,, Fe-u-mr .u- ru 
1, Ii iconsistud u - u - I  t n-n-n - parIs (1) 15 sub—

Countmu’ 
ci assif i- ‘ru--u- l u - u - discrmmuumatci 1.- n u-’ -n ’ m u - all u - - u - ,  rble fl u -u-mu - —

} “ ‘ u- n tm,rn -  Iu I u - m u - u ’ u - mimi  Iu-~jxu ’ (u- u’u- ’mpet it ivn- u- ( mu - u - u - r n -  n- i  ‘ l u - u - u - - u -  , - , amid ( 2 )  d’n-u,’ u-sin- nn logic
‘ — ‘ - .n-r renclr’riuig u - u - m m - , oV(’I’, m u -  s u - x — u - u - u - m v m, u-c ru-,l,,-t m ’lu -’cu--u-s iI u m ’ ,u - m —

S ’ - : - u ” u - u - -  1, Z,m n ’u - u -  (‘u n -  ‘ u - u - u - u - m i,: I 0-1 , 2-19 t in - un , Eu-’nu- ,’lu- of thu 15 ‘ ‘u - u - I n’ l u - n -mms ut u - c-rs is an u-’,)u-’
~ and the

2 , 1 -u’ - u- ’u’ u- u -sru- u-j u- nl 2 0 -220 m mm et r murdoI m u~n-- as s i c u - u - t ’ - mi w ith l u - u - m u- ’ u-u- ’m’n t r hm - , ;u - n u -u -  has bcn- ’rm
:i. i-u--my ’ (‘rn-mu-sung 3 0—4 9 u - u -u - mu -- u- m r - u - , ’, - )  3 u - rm- v iously, u- - u- ‘mn Ai’~ was I rained ‘‘u -~u u- lu-n-’

- ic r’ - (‘r u - u - u - -. u- rig .1 O—2I ,,’i nnethvds ,snmntrn-mj’ j zod in n- h- u-a ’ m m m l  m u - r oy - u ‘u-, using the
5. 1 u - ’ . ~ ‘ m m -- u- F”,’ - ‘ - m u - s  1 0— l’u- u-inn n- u u-i ,”-,u- ’ cu - (u’u - i u-h u- n- , - - l u - mr  u- u -u - m u - lu- m u - I  the f i f m,en - ’n  1Xu-sSible
(‘ , Tu- ”- ’ ’ i’t ’,c--. ’r- I r u t s  2 ‘i- - l u - u- l u - u - r u -u - n - I  class paiu’meisuu-’ d ee - t n - u - u - u - m u- s .
7 . T ime u- ’ - -u- - n F’ ‘ -mu - r n- u -  3 0—I-i
5 , T i m ’ Ii ‘ mu ’- ‘u-u- r ’:u r,t,-n- ’I 0—21
(4 Ar. ’ ’ (u - u - u - n u- - 0—IF) Imu pu-n n F,nnmeui ~ n, ben- nu c enc E.ttu5 t~ d

- - Let t uC e ,  (ScbcI.,,uf tern- .’ ”  tori, Cl.,.

11 Ho 
I

l 

O— r 
~~~~~~~~~~~~~ 

_-_n- _ n-
~~~~~~~~ ~~~~~~~~~~~

‘-“,
~ 

r _ ” i
12, m ist h’m ’ ; u - u-~-fley F.r’mct’,T,’ (u--il

Aeo n- u--u -t ic 

~ : ~:-~ ~~~~ ~ 0 2 ,5113

15, Zn- ru- u- Cfl nsm ’u- u- u- u-,’ 3 ( i -S in- u

16, Zero ‘n,uam-u- u ng 1 0-328
17 , Imu u - i y  Cyci’ (, u - u - ’ , u - - - ’ u - - t , u -  y (u-~4i

’ud mu
18, I)c,xu - gI, u - m u - u -u-s (inn-nt 0-467 1 e. 3 - -

Seiuetic 1(4 , In m,n- I-’r’n-)r,’-m u - m ’ v ( -r u - , - r n-u-y 0—6 mu )
20, Icr ,,, liuuru-,I l’, uu -’ ,’ - - l u - - p t ’ , , m u ’ u u-u- m u- , e 0—6 ‘2 lIe, m u m , .
21. W i m I n - ’ It’uid Lum’,’c’ l u - u - t n - ’  0—6 1 ‘ - • L’-Ou ,

~ : ~~~~~~~~ 
F rt ’.’m ’ l u - m~o u- V u - u - u n - u - u - t m ’ ” -  0—6 ‘1 i—’—-——i ~24, F’rmmuu - c tmm -y Variance 0—S 

u- t”'l ~‘

2’i, Variance mu - f Fm ” - u- )uu u ’niu- ” v Vu-u - mt  ,~ mu- - u ’  0—6 1
Acotn-st i-’ 233 . High I-ru n-~,u- u ’ t n u- y ,r m n - r u- , .’ 0—6

27. Wide On- u-u- md I- m u - u n- u- u - u - u ’  0—6
2k . Iamw Band Envelope 0-6
29, In ~:u- u ri t tTr- of (‘mn --n-m u- u--u- I ic/Sc . - u- - I

Energy iiatio Danme nu- u- t ,u- nlc ’m,s —

Nuu t&’ t l~~t u u - - r t a j n  of n ( m n - u - n ’  features- au - n’ cmunm - cjm m mm li v Fu,hun’ m- 1’ “Orue—Verrams--One’’ (I’u-u u- ra ise- ) (‘ u - n - n m-,n--,l I m.’r
the m _ mu - u - ,- -: imu us’ ‘ - ,rer , I hu-t u mmc l (mu ui, - , - t  I-t n- I ru-n-n t mu - i t t  au- i”  ,Ir-’hj tecture,
dif form 1,1 and I’nm u - mn - t u - i r c n-  m l  1 the ( m t  - u n - u-u - - ‘ mu - rn t u - m —
c lud.’d Ii n- n- ’r,sllpietnmn(-r-mn-, - Thu a u - m r m n m m  - 1 , -u- u tn-ire-ru- n - nm ’,’

Neal t mu - - .ur  pairwise (“one u - u n - n - u - mu- one”) MI ’ cits—
Sn--tn-r u-l u- ~ c-u -i, (‘I’c,sn-mfl i,Iu- . ( I - - i )  — S c- lu-m u - mu l’r ’ n - i u -,m - m u - u -  1 3 1 ( n )  mIruITmin’a,nt Iu u-m u- u -’tions were u - u - v n u - t l u - m ’ n - L ’u m l lu-v rniu-u-binthg
Sm u - r u - m u -  u- i ’ m • - l ( u - m u - c ’ m - a ,  (9) , u ’ i m - l m . iC  Wi m l n  u - C u - m u -i ixairr u- of im npt u- t - ‘n- and mu - into buil m i m u n .u - - Iml u - e’Iu -, ~ ‘mly-n-

Fm.-e l m mu mu - u y (23) nurilu-u l el nu u- n -m t t ’  n-,~’,’m’ u - A i rm 1’~ to the equa tion:
Sei~ nic un - n.y Cycle — S um u- r u le Fm’, ‘ n( u - tc- ncy 2 2
O~nsIstm’nmu--y (17) l’ u - u u m u - m nm- - , - ( 2 1 )  w0 + + w

2
w
j + W3X1Xj  4’ wu-~x,~ 

+ w5xj
Sei~~nin’ ii m n -h and luinw — I’)’ t i -  in’ Ym m u m’ Bau cml
Frm ’qun - ’ nm- y Ers’rgy (11 ;nmn,i 12) Fnvek u-~n -  (27 ) A wiunl inn -mr  n - f m - ,n ’rlj nlmmant fu nd ion may cu in i s i s t  of 1a~ers

øf r-c mu - ’ tu- . 1’  irmu nm I s u- -u - imu - l , i mu - u - -- ,i i mu ummu-uciuti a g iven dependen t
- variatnlm’ - I-u - nu - ’l n layu-r flu-u-my u n-mIs iru-t nut as macmy elunertt tu-

es the rumuu-b ’n-r nf pairwise ceu-mblnat ions of the input

2~ 8

- - ‘ ‘ - 
- ,u-,au-,~~ ~~~~ _~~, — — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-



parllru-u- Iu’ m ’ ’ - ( ‘00 ‘ , m u - - ( m u - ’ ( u - u -  u- l u - u -u,- , ’ r , .u -~ u- u - u -  n- I t u -  ‘ - u - n ’ -  ,r Vu-n- ~ 
‘‘S n - t ’ - u u - n,lnu n m , )mu ’ u’ ,m m ioiu ’’ , t

m ~ 
0 if Class In- m u - u - nuct

clm -~ ‘ u- f l u - u - r u - u - u - u -  inn i’ m - - m m ’  r , ’ -  , n - ’ - . u I n - -  ‘- - n -  m u ,  u - u m l ’Il,m’’ — m -  - ‘ u - ’ ’ —  m r m u -’ m’ u - t , , ’I in t lmu ’ u - n - u -fl’ Ic” u - m u -  r if k I- u- lnn-’n,tl ’u’u I
u- ‘.‘ ‘ u- mli n ’ u- u - u - u n, , ‘ n-u - ’ t, , I, - m u - m n -  I u - u - u - ,  i n n - m u - )  - , I’ u- I It,’ u - mn - -’ , t - ‘ t t m
i,aytr u - u - I  thu’ u m , u - ’~’’I’ In- ‘( u - ’ ’ struc ture’ n - n - u -  t t Im, ’ lb mn-n - ~~

“
~
‘ lu - u -n-n- ‘ . 

u~~~ ~ 
~ ii (_1~LSS ‘ ‘ ‘  k is thvo1vc~~ in tIc’ , iiu-

‘ tn ,1 ,undw ,l,,
l u - mu - ’ ’,’ -  ~~n , m i m - u - - ” t r , u - m n a n u - t I u -u u u - u -  ‘ u - u - n -  u-fl -n- wlul u- u - m a - r i - - u - m u - m l r - —
sl~ze,’d .n t - un u-, ’ ,u- u- ‘ u - u -  t u - u- , . ’u- ,~ - , u - u - n - u - n  cn n--I  I icic’nts are e ’ u - s m - u-u tim

‘ Li is ‘n- ru- ,’ , ti m zen-n-, ~ f Ii ’,’ actual n-un-mar ts, k
~ rts - -lit rn--1n- ru- , mc A ,

aIu-u-ru-~
- u - u -  mu--qua) unin’,u- Lu - un - u - i- n - values - u - I  M,

n- 
n-usually denote

The u- iun- m m - u - - in h~~n- ~u - u - u - r I’ u-u - u ’  of ‘-u- u - In u~~i~~~l~~~ u - l ”  
~~- -nker du~ -u - ’ , nu- ,m u- n - . ‘(u - u --ru --f - u - ru - - , a t ic~ break ing ,tra t~-cla,snu-u- ifu m n- -, n n  mu - n m t I i’e, n tn - I-, t 1 
~~ t umalmu-ale tnt. I r t’m —mu -i--,s’ -n-- k in content ion an-mud

maIn-lu-ned into a (Is,,) - - -u - u , u - c ’  bi u- li’s’ its t, hr — hi lu - u -  u - u - r u - I  lu-IC
other tu-u’u,u-” class -.nto a I u- ‘ u - u ’si -‘- - m u -  m , u - m lmmun- ,mm , T(m’ u- to u-In c u - to ’  I Ins t class ru- ‘m wh mmu -h the M, value is siusilest .
un-au-al mu - cu - mu - n -c u - - u -  n - u - _ n  it, m i- u-~ fl )‘na u- rn-u-’u- u- n-,’- l m,ru-cr mjmn u - m u - u - ’-
funi’t m u-un a tu - ’ u ’ r ) u - r  5 9’u m u-m u - u- u - - l u - u - u -  mu- u - ” n m u - l w ’ r u - n -  m’m f l t u- )  u - l u -’ “u -mu - i t if lutnu-t , f ,u-r r (.n mum,ca,nm’nple given in Table 4 , t hu-
nt,ln’n-),mu’m +1,0 au-u--i n- u- I l ‘ in - nm - u -u- n , ( n.i’u - lu rs u - m n u - u - - rh r m - uu - m t ’ n h- r  u-yn-n - u-~ )u-’ , u - m t u ’ n - l N1 and N

2 values lu -mm the tu-,~d Clan-u-u -u--s 1 and
—1,0, with the , i l- r- rUtu-i nu-ul in-fl this -mu -I, - , u - ru-u t mu - u- ’ 2 u- mn- c-
bet ween t1,r’sn ’ u- u - u -~ a mu - n t,, - C, - -u - nt n - m ) u - , u - u -  t,, u-’, n u - i u u -  ( I

‘—1,01 + 1-0.91 1 ‘ II—0 $5 ‘n- 1—1 .15 , 0,40
In a (n-u- I rmu u - —— tu — u- m • he pr ‘u- u- mi Is’ u - P m l i e ’  ‘ ‘ - ,u -u - cu -m) m’d I u -

di~~ rimin,n-nt I- u - mS’ t u u - nfl n-UI u-n - ‘- - n-rn’ ‘ u - f  I,),, - t ill’ . ” ‘1 1—0 ,1319 + ~l—(J,71 I-I’ m-’?’ 1—O ,85~ 0,88
and —1 (using u- u suu tu -n-l,u u-m u- ’ mus t rim ~- nc1i as mn -mu m, , ‘m n- i rmor—
tu’gal tied clu - I u erc u - u u - - ’ - n ’f u - u - gm’ m u - n  u- lu - . u- -n -mum ~U’ t u - u - u - ’ ’  thu-u-t ‘l’here’fou” , Class I is the classified target due to
can be pl u -uu- ’ -’d ill u- On-u- n- Sm fl Sd ’ )- u - - Ilt u- l ’ ’’ m n- i on , u -n It. — u - m s n - u - lu - u - lu - i  u - ru - u - ru -,- (imn-~ larger ‘ ( ‘ n - u - r u n - ’  cnt u—,n,nf idu’ncuu-- ,
hrn-lu,kumu-iu- u - u -  n- u - n - - ‘ u - n  u- u - a t n - s n ’ u - i - -, l 13us  ,‘u - n -r t l i u - I u - ”u- u- - i n - u - l u - u - u -’--
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em = 1 ~~rn-’ u-’ cmm~~,ituil ovn’r al l r, n - m x c’Iu -n - u- n -u - -nn’s, n- n- un m- n -idering all
t iun--ur mu- i l  “u- , 1? Il’- anre-ra.ge au ecu-ru-wy was the r u-u-wile lu-m r
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CMOS/SOS Serial-Parallel Multiplier
DANIEL HAMPEL , SENIOR MEMBER , IEEE , KENYON E. McGUIRE , M E M B E R . IEEE , AND KALMAN J. PROST

u-4Mnac,-A 24-bit wnM-pwallnl muldptie, wan intepat.d sa CMOS/ INTRODUCTION
n’o.-s.pphile (SOs) techeotogy on. 555 md X 170 aid chip. The

operation 01 thie multipilee Is described, ~. : lb. I—~~~ 
,
~~~ DVANC ES in digital stgnal processing are being made

loaded aiuItEpilez ~ ~~~~~~ with u.. ~.nat to~~~ e,ultipbe..d,.. ~ powble by improved large.scale integrated (LSI) multi-
lucas di. sadul psoduct- An addend, b, Ca. be acon.w.~~~~ to pliers. Such multipliers have been built in a variety of
produce ax + b , The de~~n of the multiplier - we b e d  0~ Isaac bipolar and MOS technologies for use in different types of
hand mipocity ku-gic eddies and weak or (sickle lavertes master-dive processors. Basically, two types of multipl ie r archite ctures
latches. The chip operates at clock ra~~ up to IS MHz, Power die-
UpsIlon .110 MHz and VD1, ofS V Is shout 20 mW, ~~ di~ I.N~ ’ 

are of interest for high performance; all parallel ( lJ ,  (2) and
mmuinptlon foe utultiplyIng two 16-bit asunbeni shout 64 ad. TIPE- aerial-parallel (31 —IS) - The all-parallel multiplier has , as a
cai application wean are mentioned minimum, a total of Nu- adders , as well as Nu- partial produc t

gates for an N X N capacity. The serial-parallel multiplier has
Manuscript received Aptil 54 , 1975; revIsed June 6, 1975. ThIs work N adders and two N latches (for storing and shifting) to succes-

was uappoct.d by the Aic Force Avionics Laboratory under Contract lIvely accumulate the outputs of N partial product gates. The
F336l5-73-lO$9. “UI U mhrodcsdy hoça iabkA ays”undie the multiplicand mus t be available In serial wh ile the multip lier Is
guidance of C. Gwlnn.

The authors are with the RCA Go,unm.nt Conununicatlona .~~~ fed in parallel; the product output is also ser ial. The serial -
Automated Systems Division, Somcrvilie. NJ. parallel multiplier is thus much simpler to implement (as will

Cs,gn~~~tC1~7S by ‘l~~ I.stlI~$.1~~sctdm1 mad Etsctro.Isa E ,sea. lac.
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I -i c, I , LSI serial—parallel multiplier fun ct a s nal dtag iam.

be seen) and requires fewer connections. However , t he speed t iplier input. This register is organized as three 8-bit serial-in ,
tot a mult i plicat ion of two N-bit numbers is 2N X i/f, where parallel -out registers as a compromise between the number of
f is the control clock frequency governing the multip licand multi plier input connections and time required to load the
input rate and ou t put product . The speed of the parallel array register. A separate clock controls loadin g of the multip lier
multip lier , on t he other hand , is generally dependent on the register.
asynchronous ripple through time of the adder net , and for a 2) 23 partial product gates (AND gates) and 23 adder—latch
given technology is substantially faster than the serial— parallel (~ — L) stages which actually perform the multip lication by
m ulti p l ier. For many ty pe s of dig ital signal processors , where either adding the contents of the multip lier registrr and shift -
many multiply operations can be done sim ultaneously, the ing the contents to the right or by shifting right only, depend.
lower speed single multip ly of the serial—parallel approach can be ing on the multip licand input. By providing access to the in-
compensated for , This is done by using word-parallel , bit-seria l put of the first adder , an addend can be fed in , synchronously
processing, emp loying several multipliers, Examp le of proces- with the multiplicand , effectively giving the multiplier the
sta rs which can optimally use much multi p liers include fast capability to perform an ax + b calculation,
En- ru r ier transform (FFT) arithmetic units (4) , digital filters The out puts of stages 1 , 7 , 15 , and 23 are made available so
(5 ) ,  and programmab le arrays used for complex , non linear that the cell may be used with 8- . 16- , or 24-bit multipliers
transformations 161 for classification , modeling, and control. (the additional bit being the sign), as we ll as a I-bit adder ,

The serial nature of the multiplier to be described using a The serially fed multiplicand and addend can be of any
predominance o f on-chip processing and the desire to pack a desired length.
24-bit array on a single chip all lead to selecting CMOS/silicon- 3) Control logic providing the following functions. The

- “ on-sapphire (SOS) as an ideal technology choice for imp lement- “ two ’s comp lement ” flip-flop and an associated EXCLUSIVE-
mg t he multip lier , This paper will describe the log ic and cir- OR gate (not shown) will two ’s com plement the multip licand
cuit design of the multip lie r , give performance results of if the multiplier sign bit is a I. This operation results in a
samples of fabricated units , and suggest applications , product which is in two ’s complement form , as shown in

Table I.
MULTIPLIER DESCRIPTION The “sign hold” flip-flop serves two functions: it separates

Fig , I is the funct ional block diagram of the multiplie r that the propagation delay of the two ’s complement er circuit from
was integ rated - The module handles the multiplicand in two ’s that of the adder -latch input stages , and It provides the sign
comp lement form , seria lly fed , and the multiplier in sign- hold function. Propagation of the multiplicand through the
magnitude form , with a sign bit and up to 23 significant bits two ’s complement fl ip-flop and its associated log ic increases
store d in parallel , Modules may be cascaded to form higher the multiplicand Input delay to the adder/latches. This in-
order terms or to handle larger multipliers , creased delay would limit the overall speed of the multiplier

The module contains the following , by reducing the multiplicand throu ghput rate. By splitting up
1) A 24-bit (23 bits plus sign) holding register for the mul. the multip licand Input delays , higher multiplicand throughput
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T A K L~ I
- I wo’s COMI-iEMtST I’K OppeAl ioN

~wo’s coup CORRECTED
MULl IPLIE R MULTIPLICAND MULT IPLICANO MULTIPLICAND PRODUCT

SIGN MAGNITUDE SIGN MAGNITUDE SIGN MAGNITUDE SIGN n- MAGNIT UDE 2

4’ • + ‘P NO + V +

4’ - 25 - Y  NO — 2N ..y -

- V + S YES — 2N _ y  X2 N _ X Y

- 2~~~- Y  Y ES + 2 N_ (2 N_ ’ P )  + XY

THE PRODUCT SIGN IS EQUAL TO THE CORRECTED MULTIPLICAND SIGN

2 X2~ -XV IS A VA LID T W O ’ S COMPLEMENT FORM IF THE PRODUCT IS TRUNCATED TO
FLIM INA T E OVERFLOW BI TS BEYOND THE SIGN BIT POSITION

n- s achieved at the expense of a I-bit initial delay in the multi- basic ax + b operation. By placing zeros in the multiplier
plicand input , register , t he cell functions as a 23-stage shift register with the

addend lead as the register input. Any shift register length
OPERATION less than 23 stages is also realizable by placing a single I

First , the n- r.ultip lter must be stored in its input register. If in the multipl ier , in the appropriate position. By placing
an addend , b , is to be added i1j the product (ax), its least Ol0000000000000000000000 in the multi p lier register , onl y
significant bits (I,SB) must be loaded before the multiplicand Stage I will function as an adder , while the other stages
o entered , merely sh ift , causing the module to function as a serial adder

Since bits ot equal significance must be added t ogether , the and register. Placing a I on the “ negate pro duct ” lead results
first 22 bits of the addend must be shifted into the cell before in a serial subtractor and reg ister.
multipl ication starts. This preshifting will cause the addend
LSB (now at the output of cell 22) to be added to the product CIRCUIT DESIGN

LSB in the 23rd adder—latch stage . When multiplication starts , The main area consumption factors of the cell are the adders
the addend tnput will correspond to the 223 bit in the addend , and latches used for the 23 stages of the multiplier.
Then the multipl ication begins , Fig. 2(a) is the block diagram for the rep etitive portion of

When the multiplicand sign bit has been entered into the the multip lier representing the bulk of the chip. All latches
ce ll , the 24 LSB’s of the product have been clocked out of are based on the trickle inv exter master—slave sections shown
output 035 . Since the product of two 23-bit plus sign num~ in Fig. 2(h), This includes the multip lier register , and sum
hers contains 46 bits plus sign , the remaining 22 significant and carry latches. Only the sum latch has a parallel reset
bits and the new sign bit information are still within the 23 capability. The partial product AND gate is realized with a
cell stages . This information cannot be merely shifted out , as transmission gate , shown feeding the V input to the full adder .
carries from prev ious additions must be allowed to modify The design of the adder and latches will be described.
t his information. The trickle inv erter register ce l l combines the simp licity of

This problem can be solved by making the multip licand 47- the dynamic register cell w ith the advantages of full static
bits long , l..eading nonsignificant bits can be inserted between operation , A special inverte r is designed with a greatly re-
‘he multi p lica nd sign bit and the most significant bit (MSB). duced output drive capability so as not to inter act with the
Since the multiplicand is in two’s complement form, leading input signal. Even with a transconductance 24 times less than
nonsignificant b its are always identical to the sign bit. By the normal inverter , this trickle inverter still provides more
“ stretc hing ” the sign bit 23 additional places, the effect of than 10 times the current required to cancel the h ighest leak-
lengt hening the multip lican d to 47 bits is achieved . In this age cut rents obser ved in SOS—CMOS circuits , e .g. .
way all of the product bits are sh ifted out of 033. As indicated -maxtmum output current of tric kle inverter = 86 ,zA at 10 Vin Table I, overflow bits beyond the sign must be eliminated to

maximum observed leakage 8 MA/gate.
preserve the two s complement form of the output. Sign-bit
stretching is accomplished by disabling the clock input to the The trickle inverter will hold the logic state indefinitely as
sign hold flip-flop when the sign bit is in that flip-flop , did the conventional static register cell. When new data are

The output of this flip-flop becomes an “ enable ” sig nal read into the cell , t he trickle inverter is overdriven by a source
which will allow the multiplier hits to be added to the adder— conductance at least 5 times greater than the trickle inverter
latch contents when this sign al is a I .  The shift-and-add/shift output so as to avoid significant increases in stage delay. Ad .
only algorithm mentioned earlier is thus implemented. vantages of the trickle inverter cell over a conventional static

The module cart perform other functions in addition to the iegist er cell include reduced chip size , reduced loading or
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Fi~z. 2. (a) Repelilive portion of multiplier . (b) LOch occult.

clock lines , and less sensitivity of this circuit to effects of values in the exam p le , in octal code , are
clock skewing.

The log ic and circuit schematic for the full adder shown in a = 03413405
fig. 3 uies tWt) functional gates to provide ~~~~~~ and ~iii~ , each = 07403416realizing the reduced majority function of their inputs. The
first gate produces C0,,1~ (Iow~,,,~ ,,two or more out of the three b = 060004241400 105
in puts are low , This sig nal (C ,5,,1 ) feeds the second ga te with
a double-weighted value along with the three input signals. output ax + b = 1l23470404626 l3,
The sum (high) output then reflects whethe r three out of the

The results of tests run on packaged uni ts to determinetlve (or more) weig hted inputs are high , The major advantage
of th is adder is its minimized transistor requirements . Tot al 

power dissipation at various supp ly voltages ate ,‘~v cr n- Il I c In -

These curves include dc power due to leak.~ic .n-~ well as Jy.transistors used , including inverters used for drivin g as we ll -

polarity reversal , is 28 , The inverters have twice the channel namic power dis stpat ion. The data represent t in - n . s ~’ n - n - c~’ of

widt h as the gate devices, Simulations of this circuit have six samples .

indicated an approximate delay of 10 ns for carry-out and 20 The multip lier efficiency or , the amount of ’ energy I ;  cs

ns for sum -out. pends in performing a given calculation , was determined , Since
it takCs 2n clock pulses to obtain the complete produ ct of n-~c .

PERFORMANC E n-bit numbers , t he energy , F, per ca lculation is

The integtated circuit is shown in Fig. 4. The initial stmmples 2n
were fabricated by a deep depletion process , yie lding devices E = P~ X
with a V~- of 2 V forPd ev ices and a V~~oi I V forNdevices.
A special test and control unit was constructed, employ ing where P0 is the chip’s power diss ipation at F and F is thc
Schottky TTL parts, to load and exercise the multiplier, Also , c lock frequency.
the chip multip lier logic was duplicated in Schottky T’FL for At a V00 of 5 V , and a clock rate of 10 MI-Ic , the nti S -

use as a reference for test and evaluation of the fabricated consumption for multiplying two 16-bit numbers is

chips. The TFL version require d 35 IC’s. dissipating 73 W.
A comp lete stt of test waveforms demonstr at ing the operation F = 20 X I0-~ WX = 64 nJ.
of the chip is shown in Fig. S , En performing an ax + b calcula-
(ion. In the example shown, a is the L4-btt multiplier, pre- This energy is fairly constant for a given operating vo ltage , .tt
loaded as three 8-bit words; Xi s the 24-bit multiplicand and b different clock frequencies , since the power dis sI)n- ;n - t  I I I  \ ~ iO

is the 48-bit addend. The wafer probe test photos were made portional to the clock frequency . By compar ison , one n - n - them
at a VD~ supp ly of S V and a clock rate o f about I MHz. The LSI chip containing a 16 X 16 or greater multiply cip ~icItV -~1
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I. -~~ -L;~L:-± - - . . - . -~~~~~~~ Pu tions are required, or can be imp lemented . In such situations ,
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’
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! 

~~~~~~~~~~ 1•1~~~j~i~-1 ~~ word-para llel, hit-seria l architectures are used , Since the re are

- - - ‘ ‘I - 
. .. I ~ ~~~~ ~~ up to 24 bits of multiplier capacity per chip, system efficiency

-g - -- ______________ I - - :~~~ 
• is increased when many multiplier chips are effectively

~~~~~
Z”

~~~ ‘~ ‘!J enployed Such architectures amortize the control logic neces
- 

- 
I ’ - ~ •.‘- 

- - -, .
.
. .5. sary to exercise the multiplier . i.e., providing appropriate clock

• 
signals for the chip (s) eli, For exam ple In their use for FF1

- 
-
~ 

,, - - - - 

- unit s , higher throughputa wou ld be possible using radi.x-4

f ~
, ~~~

‘ • 
. 

• 
. organizations, emp loying more multiplier parallelism. In their

- •,  ~~•4  . 
~~• 

I,”5• ~~~~ - - use fo i multinomial real izations , such as in the evaluation of
- rw~~r ’1 L. 14R’~ b, . -the following expression,

4 Pti.,t~.m~rmu~ apIi f (‘M(’)%/StJ~ multtptlei’ ( 15 5  miii w I 10
mu ,). y = w 0 +w ~X~ ~ w 2Xa + w 5 X 1 X2 + wa *i +w 1X~ ,
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1 ,000 - - - 
I ‘ Tlin-,s muliiplier can also be used with a microprocessor to

I provide the micro with a hardware multiply feature. In partic-
POWE R V S  sPEED ro~ u lar , t he sc’ri3 l—parallel multiplier , operating from a separateC MOS /S O S MULTIPLIER 

lO-M} l i  Jn-n -n -  In- n - t b c - r n - t m - n - I  logic supervised by the micro-
pr tn - ce s sn -n -r - can hn shown to give the COSMAC ’ a 35 ps multi-

00 
pk t u n e  fo r multip lying two 16-hit numbers. Much of this

s n - n - n- and m ultip lier. This represents about a 100 to I improve-
ment in speed compared m n - n - software multip ly.

SU M M A R Y  AND CONCLUSIONS

- 
- - 

- 
A we ll known riiult ipluer architecture has been ~~pIemented

in (‘MOS/SOS for improved performance. Basically an ax + b
module, t his multip lier was integrated on a 155 mdx 170 mu

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

‘ - ‘

~~~~~~~~~~

‘ .

‘

.

‘

~~~~~ 

‘ ‘

~~ 

‘ time ~ m ~~~ n-hJC (0 t h e  data transfer to and from the proces-

(‘hip with 24-bit capacity, The relatively small chip size and
low plum count required f I b  pins) for this type of multiplier
will lead to more economical signal processing implementa-
tin - ins III to t he incorporation of more associated logic on the
same chip where higher performance is necessary . Although
t he maximum clock rate of the initial design is about 18 MHz ,
it n- s fell that modifications can be made to increase this to 30
MHz . These modifications would Include a faster adder , where
t he sum output gate does not have to wait for carry output
generation (at  a slight increase in comp onent count), and

~ 6 -
~

- —t ‘ I  ~~~~~~~
0 I I 10 00 improved layout to minimize RC time constants associated

CLOC K RAT E IHH, I w ith interconnect tunnels,
Fig . 6. Power versus speed for CMOS/SOS multipli er .

ACKNOWL EDG MENTa serial—parallel multiplier hank is employed as shown in Fig . 7.
All first-order multiplications are done simultaneously, while The effo rts of R. Blasco , B. Alts ehu ler , and R. Stewart are
second-order multiplications are combined with the accumula- acknowledged for aid in logic design, sImulation , and circuit

- ‘ tion feature of the cell (ax + b) so as to form the output func-
tion most efficiently. I (‘OSM A(’ n-s an RCA CMOS two chip 8-bit microprocessor 17 1 -
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ARITHMETIC UNI T OF PR OG RA M M A BL E A R R A Y
USING CMOS/SOS 24-BIT (ax+b t MODULE
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APPENDIX I

1,1 — Internal Representation of Data in the
EAI-640 Computer

1.2 - EAI—640 Basic Instruction Repertoire

1 .3 — Simulation Computer Programs
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INTERNAL REPRESENTATION OF DATA

DATA FORMAT O O U RL L - F ’ R E CI SI O N

A s ingle datum c ons ist s of one or more wo rds of A d o n- n - b in- ’  r n - n - n - - n -  isioci datum CO r”~~ ts of a n~ rm~ l i~~ rf

information dep c nn- In-n n on ~‘,F n - n - ’ t her  the mode n - ,  n - r~~n -’~ n - - r  53-b it (pi n- s s.gn) m antissa along w ith a 7 - b .t  in- n- s sn -gn )

logical , real , douHe prec is ion - ’, or comp lex . Ne’ . r tn - v e integer cxpo ’n-en ’ carried n- n four consecutive words. i~
mantissas and on- exponents ore cdrr .~d tn ~‘on-

’s zero has exponent ‘200.

comp lement form. The ~‘ n -1 h order word of oil data n-~
carr ied in the (Al  reg i s t€ ’ n -  dur ing computd~ on e- ’n --~re n- t is 1st word
expect ed by t he code gene r: n-~.~ i b r  the lcc mn-~~aI and mantissa sign
relational IF st ,j t c’°ir-nt The esact form.i ’s for the ______________________________________________________
different modes are as follows: [s I ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

—
~~~
---- — -

INTEGER high order 1( bits of mant n-~sa

An integer datum concn - st s of a r n- ght - 1usti f ied 1 5 - bn - t (p lus 2nd word

sign ) integer valor ’ . rrn -ed t m-s a stogie word , ioi n - i . . . . ,  , , i j
_ _ _  _ _ _-

~

I • i , , . n - i a ~~~~~~~~n second 15 bits of marttissa

LOGICAL 3rd word

A logical datum consists of a one hit logical value; 1 10 I
means ,TRUE. and 0 means FALSE.. This bit is carried
in the sign portion of the reyn-ster . third 15 bits of mantissa

° 1 4th word
I , 1_ i i 1. 1 I I I 1

These 15 t~ ts may bn-’ anything 
•

~~~~ 
~ L

low order 8 bi ts of I exponent
REA L mantissa

- . ‘ . L__ exponent si gn
A real datum CO rtS n- StS or normalized 23-bit (p lus sign)
mantissa along w n-th a l’btt (plus sign) integer exponent
carried in two consecutive words A zero has a zero
mantissa but the exp onent equals ‘200.

lst word
mant issa si gn

[S i  . . . & •

High order mantissa

2nd word

• _c_
~~

& ~~~~~~~~~~ ~~~~~1

low order mantissa exp oneflt

L___ exponen~ sgn
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COMPLEX SCA LEO FRA CTION

A complex datum consists of two real data carried in A scaled fraction datum consists of an unnormalized
four consecutive words. The first real datum conta ins fractional value carried in a single word. The decimal
the real pars of the complex datum while the second rea l point is considered to be placed between the s,gn bit and
datum carries the imaginary part . bit 1.

lst word ( s (  
1 1 1 _l I  I Ii

mant issa sign t$ Decimal point considered to be here.
I s i  & , . & , ,  .1 I I , . . ,

High order mantissa

2nd word

I . . ,  J s 

~~~~ 
. 

1

t ow order mantissa exponent

exponent sig,~

real part

3rd word

lII~~II.~~~~ I I I  1 1 1 & 1 , , .

4 ‘~~~~~~~
High order mantissa

mantissa sign

4th word

J s J . I

4
low order mantissa exponent

xponent s ign

n-,rn-JCSnary part
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COMPL EX SCALED FRACTION

A comp lex datum consis.s of two ‘eal data carried in A scaled fraction datum consists of an unnormalized

four consecutive words. The first real datum contains fractional value carried in a single word . The lecimal
the real part of the comr cx datum while the second real point is considered to be placed between the sign bit and
datum carries the imagir’ary part . bit 1.

lst word ( S i , . , . . ,  . n -

mantissa sign tDecimal point considered to be here,

High order mantissa

2nd word

I 
s( & .

_______________ -‘I

low order mantissa exponent

exponent sign

real part

3rd word

( 
s( 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 1

High order mantissa

mantissa sign

4th wo rd

I .~~~. . & & & J s (  I

low order mantissa exponent

- - ‘---S.. P xponent s ign

irnagifiary part
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FUNCTIONA L LISTING OF 640 INSTRUCTIONS

MNEJIONIC CODE OCTAL CODE INSTRUCTION DESCRI PTION MICROSECONDS 
CONDI TI ON 

-

TRANS FERS
LA 14(000 lrsd Accumulator 3,30 u
STA 16(000 Store Accu m ulamor 3.30 u
I,X 05( E .n-. 2)DDO~ Load irn- deu Registe r 3.30 U
STX OSE DDO Sto re lndw Re~n-s ie r 330 U

ARITHMETIC
A 15(000 Add 330 I
S 17(000 Subtract 3.30
N 03(000 Muttn- p ly 11.15 2
0 01(000 On-on- dC 11.915 2
SQl 021400 Square Root 10.5 2
*0* 020040 Add One to Accumulator 1.65 I
AOM 01(000 Add One to Merrmry and Skn- p 4.95 U
ICA 020100 Two ’ s Complement Accumul ator 1.65 1
CLI 026740 Clear Ac c umulat o r 1.65 U
tAO O2rXn’jD Clear arid Add (Inc to Accomu lamor 1.65 

— I —
LOGICAL

OR 10(DDO Or (Logn-csI Sum) 3.30 3
XOR 11(000 (octn -as n-ee Or (logn-cil Subtract) 3.30 3
AND 13(000 And (log n-cal Product) 330
C 12(000 Compare 3.30 4
OCA 020200 On -re i Comp lement Accumulator 1.65 5 

—

SHIUS
ARS 0200(40÷ SN) Ar n -t t imetn - c Rn -iht Sn-cite See Note (1) Below ii
ALS O26OSN *m n-i ln-rne mn-c left Sn-ngle S
ARO 0261(40+ SN) Arn-t lrm ei ic Rrg rn - t Double U
ALD OPSISN Ar n -mhm e tn -c left DoublO
IRS 0262(40-s- SN) Lo gn -cal Rn- g O t S ingle U
US 0262SN Logn-cai loft Sn- ogle U
LID 0263(00+ SN) logical H.(Pri Double U
U..D 02635N logical let’ Double U

CONTROL
SMP 021440 Set Multiple Precn -s n-on Bn-t , Reset Carry Borrow In-I 1,65 U
RMP 024400 Reset MuIt ple Precn-sn-on In-i 1.65 U
SSP 026400 Set °‘o~ of Accu mulat or Posn-I.ee 1.65 U
SSN 026440 Set sign of Accumu lam o r Negative 1.63 U
HOP 027400 No Operatn -on 1.65 U
P 02S••• Pause 1.65 U
T 021••• Tra p 1.65 U

INTERRUPT
SM, 024540 Set Muoter Interrupt Bit 1.65 U
IMI 024~~ Reset Master Interrupt Bit 1.65 U

PROGRAM PROTECT
SPB 020440 Set Protect Bit 3.30 U
IPB 020400 Reset Protect Bit 3.30 U

EXCHANGES
LX 026500 (actm~nge Accumulator m d  Inde s Regn-iler 1,65 U
LQ 025,540 (ucOarge Acc umulator and Q Register 1.65 U
(P 026000 (uchange Accu n n-u lato r and Program Counter 1.65 U
(3 026700 Eoth~nge Accumulator and Program Status Word 1.63 CC—A U & IS

JUMPS A SKIPS
I 04(DDD Jump Uttcond&t,onal 1.65 U

- - — ,. - I 06(000 link 3,30 U
35W 0234-s- SW Skip on Sense Sw itch 2.415 U

$WA -200. 1-10,
8_lao. F- . I,
0 — 4  6— 2,
0— 20, H — I .

SRU 027411 Skip Uncondn -t n-o rra i 2.475 U

•(— 0. 1, 4 Or S only. ••U — Condn - tuun Code unchanged : 1. 2 . 3 , 4 . S.. ua l n -d cti~s ol Skip on Condition Code nsirucmloi’s, • 0io 377.
(ODD—Four Octal d ign -t o e.preseirtn-rra tttoctn-u• Adds.oo opt-on and Dn-uplacem .stt Address

Not, (I)
Odd (N xl ~~~~~ 

I 65—numb er ot mn -c -osenu ndi
a (nm ~~~ 

- In-. 75—numbee of mn-c oS.’COwds
— i Al Wtt ee N. number of goon-in-mu iNn-fOld.

277

- - — - . - -~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~ - ,~n-se~~~~~’



L - ,- 
• 

‘

~ 
r ’;~ ~~~~~~~~I .o.fu 4, ~ ‘° r’ ’ ” -.

FUN C ’fION~\ L LIO ~TI~ .U OF 640 INSTRUCTIONS (Continued)

_______ - 

OCT 31 CODE 

- 

INSTRUCTION DESCRIPTION M1CROS(C050S 
C O N D I T I O N

OS 5bG i C ~ LR C ‘iDi t I TO
cc .‘~ O n - ri — 0 n- n r ’ - n- ’ - n -  Index and SOn-p 2,475 U
• Ox Don - n -i - non - I mica and Skip 2.4/5 U

Sk p n- n- A .’~unrula’or Nega t iv e 1 .60 U
n-~ O -tCtD S .p n-I Acc umu la to r Po~ liv~ 1.65 U

SOS 0211~3 S O p  n - I Ac cn- rn n - u la lo i Even 1.65 U
SQl 024 140 Sun -p it Q Rcg n-s t e t Eve n 1.65 U

XXX-.- positi ve nunn- ber I to 311,
X X X — negative number — I to  — 400,

C’. ,, -: S CDDE 
- _____________________ ___________

r 7 ’ n- ,,~ n- i, L.O~ . ’7 7, S ADA , TCA
s. 0714 10 Sk ip n-I result wa s Zero 2.475
SI, 57?J34 Skip n- I reSult wao Plot 2.410
SM 021402 S O p if rr~ult wa s Minus
07) 071431 Skip n-I n- in Sult caused Oven - t low 2 . 475
SN? 021101 Sk ip n- I rein-n- It wa s Sot Zero 2.475
SO P 021413 Skip n-I result was Sot PIus 2 . 4/5
SNM 02 7db Skip n- n- result w as Not Minus 2. 4/5
STx O 0214 16 Skip n-I rep~It did Mo m cause Ove rflow 2,415
SI? 02 747 4 Skip n-I resuli wa s Plus or Zero 2 .475
SM ? 0274 12 Skip n- I resu lt was Minus or Zero 2.4/5
s;o 027411 Skip n- I result was Ze n- n on- caused Oner tlow 2.415
5PM 027405, Sk n-p it result was Plus on- tim-on-iS 2.475
SPO 02740 5 S n - n - n - p it resu lt wa s Plus or caus ed Ove r lI~* 24 15
O slO 0274 03 Sk n-b r n- I result was Minus or caused Ove n - n - t ow 2. 4 75

Class ? . 5x torn -own -n 5 n-c , 0 and SQR
03 02140 1 Skn-p n-I result caused Over llow 2. 415 U
500 02/4 16 Skip ‘I res ult did Not Cause Overfl ow 2415 U

Ctas ~ 3 a n - i  7 tLi~ v n g  OR , A DO and AND
S.’ 021410 Skip n- S rn-toll ant Zero 2.415 II
SN ? 02/4 07 Sk n - o n- I result was npt Zero s2.4/S U

CIiSO 4 O n - I  Lfl~ S .04 C
51 0? 410 Skip n-I Operands Eoual 2.415 U
Si,. tI n- OX ? So - p n- I Accumula tor was Greater 2.4/5 U
SI 02140.4 So n -p n- I dccu nn- n-n- lafur war b erm 2.4/ S U
055 021406 Sn - n - n - p it Ac cumu lator was Net Equal 2. 475 U
DOE 02/ 4 12 Sk iX  it Accunsula ror was Gr eater or Equal 2.4/S U
0 7 5  021414 S O p  n- I Rccu rnofalor w i t  Lessor  Equal 2.475 U

Cic ’.s S O n - Id n-n-n- I .n - o .r ’ g Al Sand AID
021401 Skip n- I rosolt can-n-ned Ooerttow 24 / S  U

5 ,7) 027052 So n-p n-I result did Not cause Overflow 2 .475 Ii
DAO 02/404 Skip n- I resu lt n-s About to Ov er f low 2. 475 U
‘lAO 021410 Skip n-I result is Mom Abcut to Overt low 2.4/5 U

lNIlJ t OUTP UT
(II 00200N Data Inpu t  3.30 U
DO 003005 Data Output 3,30 U
RI 0n-’tOPDN Recoid Input 6.6+ 1,65 pen- word U
10 OO IP DN Rncoid Output 6.6-s- I 65 per word U
or 000005 Den-ce [unction 3.30 U
55 404005 Status Irn-out 3.30 U
ITt 005,140 Tn-mci Channel (not pending) 2. 47 U
TOt Test (Iron-ce inteewpt (Deriding) 7.42

0066075 CIn- ann el Zero
005,105 Channel Ore
40105) 5 Cl-m od Iwo or OMAC Devices
tIn-liDS Channel T O n-c e n- ncludm~ Telef y pe

.
~
.—_-—— ~~ 0071 3700 Direct Memor y Access Cowi io in-e r

Lvi 30725)5 Alarm Clianoel
SRI 303(4 P)ON Buf fered Dev n-c e Input 6.6 + 16S pci arid U
BRO 00214 - el len- Sullen-ed Device Output 6 6  1.5,5 per word U
SOP 005n-( 4-~ P/ON Pollen-ed Dea n -ce Function 3.30 U
BSI 404(4, P)l)N Buf leted St atus Input 3,30 U

ON— Device Namber n-n octalo P — Recotd packet number
I — Tn-n-n.e number
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PAGE I C FPNET

C Th IS PR CGR A t n -1 IS A FI X ED PCI NT VERS IC N CF PNET DESIGNED IC W C RK
C CN Th E 640 U S I N G  THE SCALED FRA CT ICN FIXED Pn-CIN T WCRD FCRtn-1AT .
C
C

DIMENSICN X ( 5 0 )  ,W ( 1 5 ,8) ,IFM(4 0) ,A L P HA ( 5 0 )  ,‘ J  ( 5C ) ,N~’ (5 0 .  ,F~W(5O )1 , SCA LE( 16 ,Y S A V E S - ,EABS( 50
‘~CUBLE PRECIS ICN WD ,YD
DI MENSICN W D ( 1 5 ,7)
SCALED FRACT ICN X,W ,W T ,Y ,YT RUE ,EABS
INTEGER ALPH A
LCGI CA L SE~ SW
CCr1~CN /SH,IFT/TSFT

C
REA D(6 ,l2 ) NPA R ,NREC ,N,I W A I T ,ISFI

12 FCRr4IAT 5 I5
READ (6 , 16) (SCA LEd ) ~I:1~ 16)

16 FC RMAT ( 8F 10 .4 )
RE A D ( 6 , 13) ( I F M( I) ,I: l ,40)

13 FCRMAT (40A2)
C

CALL W EIGHT (NELEM,A LPHA ,NI ,N2.,N V ,W )
C

IF(SE NSW (2)) W RI T Ed 1 ,74)
IF( .NC T . S E N S W (2 ) ) W R IT E ( I ,73)

73 FCRMAT (IH 16X ,36HSINGLE PREC ISICN ELEMENT CCMPUT~ TI CN///)
74 F C R M A T ( I H  16 X , 3 6 H D CU B L E  PR ECI S I C N  ELEP~E N T  CCFIPUTATICN ///)

DC 80 LCCP:I . 1~RECREAD(6 ,IFM) (X ( I ) ,I:I,NPA R) ,YTRUE
YSAVE (1):Y TRUE
1:1
DC 79 IS:I ,4
ISFT:IS-l
DC 60 IN:1 ,6
1:1+1
PJBITS :IR— (2*JN )
CALL ASSGN (NBJTS)
CALL YNET (X ,f4PAR ,N ELEM ,A LPH~,NI ,N2 ,NW ,W ,y,NBITS)CALL I)NET(X ,NPAR ,r~ELEM ,ALPhA ,NI ,~.2,NW ,WD ,YD ,NBITS ,ISFT ,s,n - )
CA LL StATS (IS,LCCP ,IN ,5EL E~ ,NREC ,W ,WD)60 CCNTI~ UE

79 CCN TI N U E
80 CCNTINUE

-~~ - — -

END

PAGE 1 C STATS

SUBRCUTINE STATS (ISFT ,LCCP,NDI TS ,KELEM ,t~REC ,W ,WD)DI P1ENSICN ~AE l 6,4,4 ,rxAE (6,4,4),AA V Tt6 ,4,4) ,A A V C ,4 ,4 ,~~X A V I6 ,4 ,
I4),MNAVT (6,4,4),MXAV (6,4,4),~ NAV (6,4,4),I ST(4),1FTN (4) ,
2 wdI5 ,$,WD (I5,7 ,CUT (I5 ,~ ),ERRCR (l5 ) ,SUM 4)
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r)CLrnLE PRE CISICN WD
REA L A A E ,MXA E ,A A V T ,MX AVT ,MNAVT ,MXAV ,MNAV
LCG 1CA L SENSW
CCMMC N / S A V /  CUT
DATA IST ( I) ,IF ’IN (I ) ,IST (2 ) ,IFIN(2 )  ,IST (3)  , I F I N ( 3 )  ,IST(4) ,IF’IN (4)

I/I n~~i~~, 12 , 13 , 14 , 15 ,15/
rREC:FtCAT( NREC)
SUI’n-.( I) :~ REC*R.
SUt’~(2) :DREC*4.SUr(3 I~REC* 2.
S%JM (4 ) :DREC

C
C - I N I T IA L I Z E  ALL ARRAYS
C

IF (ISFT.NE .I )GC IC I S
IF (LCCP.NE .I)GC IC IS
I F ( 5 1 1 3 1 T 8 . N E . l ) G C  IC IS
DC 70 1:1 , 6
DC 69 .,:I ,4
DC 6R k:1 ,4
AAE ( 1,L,X ) :0.
A A V ( I  ,L , K) :0.
1’~AE ( I,L ,K) :0.
AAVT (I ,L ,K) :0.
MX A V ( I  ,L ,K) :O•
~~A V T ( 1  ,L ,K) :0.

68 CCN T INUE
69 CCNTINUE
70 CC NTI NUE
15 CCNTI NUE

C
C CCNVER T SCALED FRACT ICN AND DCUBLE PRECISICN ELEMENT CUTRUTSIC
C CCMKC N ~tDE AND CCMPUTE ABSCLUTE ERRCR .
C

DC 12 I:I ,NELEM
CUT (I,I):W (I ,7)
CUT( I , 1) :ABS (C(JT ( J , I))
IF( NRI TS .EQ .1) CUT ( I , 2) : ‘40(1 , 7)
IF(SENSW (7) )CUT(I ,2):WD(I, 7)
CUT (I ,.):ABS (CUT (I ,2))
E:CUT(I ,I) -CU T( I ,2)
FRRCR( 1) :A BS( E)

12 CCNT INUE
C
C

DC 25 L:I ,4
IA :IST (L)
IB:IFIN(L)
DC 20 I:IA ,IBP AA E C ’:8ITS ,L, !SF T) :AA E(~ 81TS ,L ,JS FT)+ERRCR ( I)
I F ( EB RC R ( I ) .G t .MXAE ( NB ITS,L, IS FT) ) MXA E( NBITS ,L ,ISFT ) :ERRC R( I)

PA GE 2 C STA TS

AA VT (  NB! TS,L, ISFT) :AA VT ( NB! TS ,L ,ISFT) +CUT (1 ,2)
A A V (  NI) ! TS,L,ISFT) :AAV (NB! TS ,L ,ISFT) +CUT (I , I)
IF C 0,UT (I,2).GT.MXAVT (t~BITS,L,ISFT ))MXAVT (r5BITS ,L,ISFt)~~

,,UT (I ,~
)

IF tCUT (I,D,GT .MXAV NBITS,L,ISFT))MXAV (NBITS ,L ,ISFT):CUT (I,L )
C

20 CCNT !NUE
25 CC NT INIJ E

JF ( .NCT .SENSW (~ ))GC TC 191
W R IT E ( I  ~~~~~ A A F , (  ‘J~ TTS , I ,T ~~FT ) .~i’( A F ( , d f l T n -~. I . ISFT)
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C
C

IF (LCCP.NE. UREr,)GC IC 60
IF (JSFT.NE .4) GC IC 60
I F ( ~~B I TS .~~E .6 )  ( C  IC 60
rC 30 1 :1 ,6
DC 29 K:I ,4
DC 2~ L:I ,4
AAE( I ,L ,K) :AAE (I ,L ,K) /SUM ( L)
I F (A A E ( I ,L n K) . E~~.0 . ) 0C  IC 160
A sS E( I,L, K) :20 .*A LC G JO ( A A E ( !  ,L , K) 3

160 CC~~II~~UE
I F(~~’ x A E ( ! , L , K ) . E c .O . 3C IC 161

E ’ 1 , L , X ) : 2 0 . *A L G I O ( ” 5 n - .A E ( I ,L ,K ) )
16 1 CC~7T1NU EA A V I ( I , L, K) :A A V T ( I , L, K ) /SUIn-1( L)

A A V ( 1 ,L,K) : A A V ( I ,L ,K)/ S U ) ~(L)
28 CCNTJ ~ UE
29 CCNT1~~UE
30 CC,NIINUE

C
C

DC 81 ISF:1 ,4
NSFT:ISF- 1
W R IT E ( 1 ,59) NSFT

59 FCRMAI (///GHSHIFI ,15/)
DC 80 IL:1,4
WRI TE CL ,49)

49 F’C R I IA I (/ / I s H AV G  ABS ERRCR I)
WR IIE( 1 ,50) IL , ( A A E (  ~t3 ,IL,ISF) ,~n- B :1 n 6)

50 FC R M A T c I5 ,5x ,6 F 1 0 . 5)
WRI TEC 1 ,52)

52 FCRrIA T (//13Hrn-1AX ABS ~RRCR I)WRI TE( I , 50) IL , ( ~XA EU~B, IL , 1SF) , NB :1 ,6)
WRI TEd 1 ,51 )

5! FCRMAT (//ISHTRUE AVG ABS VALUE !) .
~WRITE (I ,50) 1L ,(AAV T (NB 4 IL ,ISF),~ B:J ,6)

W R J T E ( I  ,53)
53 F’CR ~1A T ( / / I 3 } - n -~~VG A B S ‘JA LUE I )

• 
~tRITE ( 1 ,50) IL , (AAV (NB ,IL ,ISF’t ,~ B:1 ,6)
WR I 18(1 ,54)

54 FCR MAT (/ / J8HT R UE ~3X ABS Vr~ LU E I)
WRITE (I ,50) IL ,(XXAVT (~JP.,IL ,ISF),NB :I ,6)
WR I TE (I ,56)

56 FCRM~ T (/ / l .’,Hrn-~.ox ABS VALUE I)
“RITE ( 1 ,50) IL , (~ XAV (NB ,IL ,ISF),NB:1 ,6)

FO C C N T I N I J E

PA GE 3 C STATS

SI C C N T T N U E
C

60 R E T U R N
END

PAGE I C DNET

SUflRCUI1~;E ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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u S

I XD(5 O) ,W D (1 5 ,7)
SCALED FRACT ICN X,X~,NASK ,W ,Wr1RE~ L XR ,WR ,RSFI ,RCU\ D
P..CUBLE P R E C ! S ! C N  (D ,WD , X I D ,X2D ,WT D ,t.PELEr~,DSFT ,YD

• INTFS ER ALP HA ,LETTER
DA TA LETTER /IHX/

C
C MASK X .S AND ‘4’S AN D DEFINE CF X ’ S A N D W S .
C

DC 20 ! - I ,N P A R
X M : X ( 1 )
1F (’~.E’3.IS)GC IC 2B
X M : t d A S K (  X M)

2R XR :XM
XD (I ):XR

20 CCNTTNUE
C

DC 26 N: I , 6
a DC 25 IJK:I ,NELEM

WM :W(IJK , ~)IFv1.E~4.I6)GC IC 19
n-7l :l’7A SK ( ‘4(l)

19 WR :WM
25 W D I I J K , r~i : W R
26 CCNT INU E

C
C CCPIPUTE ~ETW C RK
C

• DC 30 !J K:I ,NELEM
I :NI ( IJK)
J :N2 ( IJK )
IF (ALPkA (IJK).NE .LETTER GC IC IS
XI D:XD(I)
X2 D:XD(J )
GC IC. 16

IS X I D :W D ( I , 7)
X2 D:W D CJ,7)

16 N~ N W ( IJ K)
DC Is NT:l ,N

15 WID (NT):WD (’IJK ,NT)
WD C UK , 7) : OP EL EM (XID , X2D , N , WTD)
RSFT:FLC AT ( I SF!)
IF(ISFT.EQ.0)GC IC 30
RSFT:2 .**RSFT
DSF I: R SET
“ D( IJ K ,7 ) :W D ( IJ K ,7) n - * DSFT

30 CC’IT!NUE
YD:WD( NELEM ,7)

C
C RCUND ALL ‘IEMENT CUTP UTS IC N B ITS .
C

RCtJ~:D:2. *~ (-r l - l)
DC 40 1J K : I , (~ELE M
5,n-R :WD (~ JK ,7)

PAGE 2 C DNET

IF( 1 . EQ . I6 ) GC IC 36

36 CCN T IN UE
!F(W R,GE. .999 90 )W R :.)9990
!F(VR .LE. - .99990 )WR: - ,99990
W(l- W R

___________________ ~~~~~~~~ - ~~~~-~~••~~~~ — n- ~~~~~:n- ~~. ~~~~~~ ~~~~~~~~~~~~ 
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W (1JK ,6)7W~140 CCN T INU E
C

RETURN

~4D

PAGE I C READ SCALED FRA CT IT ,N WEIG)rIS

SU R RC UT INE W E J G H T ( N E L E t n -~,A L PHA ,~J 1 , 7:2 , ” n -4 , w ,
C
C This S UB PRC G RA M READS IN A SCALED F R s S C T I C N  NET
C

!~IME NS !C N A L P H A ( I ) ,W ( 1 5 ,7 ,(,I( 1) ,N2 ( I ) ,i , W ( l )
SCALED ~RA C I1CN ‘4
INTEGER ALPHA
L C G ICAL SE NSW

C
REA D (6 , I I )  NELEM

II FCRMA T ( i 5
CC 30 IJK :I ,N ELE M

12 F C . R M A T C A I  , 12 , I X , 212 ,G S I 0 )
NW (I J K) = N
IF (.NCT .SENSWt5fl GC IC 5f~
WR!TE(I ,13)IJK ,AL PHPn- (IJK )n Nl d1 JK ,N2uJK ,Nwu Jx ,~~~~~‘.  ~~~~~ ) • ~~ .1

13 FC RMAI ( IH  I 5 , 3X ,A 1 ,3 14 ,2X ,6S7/)
59 CCNT !N UE
30 CC N T I N U E

RETURN
END

PAGE I C YNET

SUBRCUTINE YNET (X ,NP A R,N E L E M ,ALPHA ,NI , ,~Jb~,bc ,Y n M)
C
C YNET PERFCRMS THE TRA NSF ; RMAT!CN Y X  * W
C

rII’ IENSICN X C I ) ,ALPHA ( I) ,‘.I (I) ,(~2( I) ,N W ( I) ,W I  5 ,8),W11 ()
INTEGER A LP HA , LETTER
SCALED F RA CT !CN X ,W ,WT ,XI ,X2 ,YEL EM,y ,yELEM!
LCGICPL SENSW

,~~ 
, ,~~~~ r OTA LETTER/IHX/

C
C

DC 30 IJK :I ,NELEM
I :~~J ~i J K )
J:N2 ( IJK)A ! F (ALPHA ( !J K) .N E . LET TE R GC. IC IS

X2 :X (J )
GC 1t I6

IS X l : W ( I , 7)
X 2 :W ( J ,7)

16 N:NW (IJK)
DC IS B~T:I ,N

J R  ~T (NT) :W(1JK ,NT)‘4 ( i J K . 7) :Y FJ..Fr~( I . ‘(7 , • U T)
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C
C SHI1 T ~H E ~LFJ ’~ENT CUTPUT “irn - TE R P1EDJATE SHIFT

CALL SFT(W (IJK ,7))
30 CCN T INUE

Y =W ( I  ..fl” , 7)
R E T U R N

• END

P A G E  I C AS SI GN ~ASK

SUORCUI]~~E ASSG NCN )
CCM~C~ ~SKINTE G ER n - ( j 6 )
[n-i-,T0 “ l I )  ,Mt 2 ,Mt~3f  ,!n-

~(4) ,M( 5) ,~~C 6 )  , M( 7 ) ,rn-~(R) ,M t 9 ) ~~ IC) ,tl( I )I ‘~( I 2)  ,~~(13) ,M(l 4)n M(15) n N (I6)/~~ 0O00 O ,
I - ‘40000 ,- ’20000 ,- ’ I0000 ,
2 - ‘04000 ,- ’02000,- ’OI000 ,
3 - ‘00400 ,- 0C200 ,- ‘00 100 ,
4 - ‘OOC . 4C ,- ‘00020 ,- ‘00010 ,
5 - ‘00004 ,- ’00002 ,- 0000I/

(~~~ X :~~‘ 1(  ‘
~ )

RETUR N
EN [-

PAGE I C (
~ASK A SF IC DESIRED BITS

FU~. C T 1 C N  r A S K(X )
SCALED FRACT ICN X
SCALF.E) FRACT ICN rn-tASK
INTE GER ~~K
CCMMCN 7’~~K

C
C USE LCG!CAL AND FUNCTICN IC ‘l~ SK N B I T S  CF W C R D  X
C

LA X
AN D t~SKST~ ~‘AS K

C
RETURN

PAGE I C Y E L E M

FUt~CT1C N YELEM (X I ,n-C2 ,N ,n--~T)

D1 ME~S!CN WI(S)
SCALED rRA CT ICN ~ I . ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ •I?,T3 ,T4,T5 n T ’~SCA L ED F R A C T J C N  ~~~~LCGI CAL SENSW
EXTrRNAL “ASK

C
C
C 
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X I f~AS K (Xl
X2:I-n-’°n-SX (X2)
DC 20 K :I,N
IEts1P:WT( K)

20 W T ( K ) : K A S K ( T E M P )
IF~~~. E Q . 6 ) G C  IC 22
‘41(5) :.00000S
‘41(6) = .00000S

22 CCNT ]NUE
C
C
C
C CC(’PUIE X SQUARES ,CRCSS PRCD ,A ND ~~SK.
C

X I S : X I *X I
X2 S :X2 *X2

X J :)(J*)( 2
X I S : M A S K ( X I  S)

X 2 S : Mo S S K (X 2 S )
X I 2 M A S K ( X 1 2 )

C
C MULTIPLY ‘4’S AND X ’S AND ~‘ASKC

TI :WT (  1)
12 :WT (2 ) *X1
13: ‘41(3) * X2
T4:WT(4)*XI2
15: W T( 5 )*  XiS
T 6 ;W T (6 ) *X2 S
Tl :MASK(T l )
12:i’~A SK (  12)
Th:1’~ASK ( 13)
T4 :MA SK( 14)
T5 :MAS K( IS)
I6:IIASK( 16)

C
Y ELEM:T1 +124 13+14+15+16
RETURN
END

PAGE I C YELEMI

FUNn-CT IC.N YELEMI (XI ,X2,N ,WT ,M)
DIMF.NS IC N W T ( 6 )
SCA LED F RA C T I C N  X I , ’c2 ,YELEMI ,WI ,SUNA ,SUI°1~~,T2A ,T 2Q ,T 3 A ,T3Q ,
I I4A ,T4 Q ,T 5A ,15C ,16A ,I6C ,RCU~.D

SCALED FRPCT IC N ~AS K , TE NP
ICCICAL SE NSW
EYTER NA L MASK

C
C ~-)SSK ALL teS AND X ’S.
C

XI :(‘IASJ((XJ)
X2:P~ASK (X2 )
tC 20 X :I ,N
T EMP :W T ( K)

20 W T ( V ) : I I A S K ( I E M P )
IF( N.EQ .(~ GC IC 22
WI (S) :  .0000S
‘-‘1(6) :.Ofl()() S
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SIJMA:WT (I)
• SU MQ :.0000S
• C

C MULTIPLY X ’S AND ‘4 ’S IC FCRM THE 6 TER MS. ~U1.T2 SAVES THE 21 BIT
C PRCDUCT IN THE LAST 2 ARGS .  SA ME W I T H  F~ULT3.
C

CALL ‘~ULt2 ( W T ( 2 ) ,X1 ,I2A ,T2 ’))
• CALL in- ’ULT2(W T (3 ,X2 ,T3 4 ,T3Q

CALL MULT3 ( ‘4 1(4 ) , XI , X2 ,14A ,T4 (~ ,M)
Cil- IL ‘~ULT3 (W I(5) n X1 ,XI ,T 5A ,I5(~~~)
CALL ~;ULT3 W IC6 ,X2 ,x2 ,T6A ,T6Q ,M)

C
C
C
C ADD Th E 6 OCUBLE PR EC IS ICK (2T )  TERMS AND STCRE DP RESULT IN SWIA ,SUN
C

CALL CPADD (SUMA ,SUM Q ,T2A ,12Q)
CALL DPADD SU M— ~,S UM q , T3A ,T3~~COLL DPPDD (SUMA ,SWd ’?,I4A ,140)
CALL CPADD (SUMA ,SUMQ ,15A ,TSG)
CALL DPADD (SUMA ,SU~~Q ,T6A ,T6Q)

C
C RCUND IC I BIT PCSITICNS AND rn-ASK.
C

CALL RNE (SUMA ,SUMG ,M)
YELEMI :SUMA
RET URN
END

•PAG E I C C DPELEM

FLJNCTICN DP ELEM(DX I ,DX2 ,P~,DW T)
DIMENS ICN DW T (6 )
r-CUBLE PREC I S !CN DX1 ,DX2 ,DWT ,DXIS ,DX2S ,Dx 12 ,DPELEM

C
• C

C PERFCRN aEMENT CCMPUTAT ICN IN DC UBLE P R E C IS I C N .
• C

riX IS: DX 1* DX I
tX2~ :DX2*DX 2
DXI2:CXI*

C
T)PELEM:DWT ( I )+DWT(2 )*DXI+DWT (3)*DX2+DWT (~ )*DX~2

I +DW T ( 5 ) * DX I S + D W T (6 ) * D X 2 S
RETURN

-.‘ END

PAGE I C I’ULT2

SIJDRCUTH~E NULI2(A ,B,C1 ,C2)
SCALED FHACTIC.N A ,B,CI ,C2

C
C

LA ~M B
~TA CI
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STA C2 • 
~~ a~
; 

- - -
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- c’~’
, -.

RE TURN - -
~ ~~- J j

a

END ~~ ~~~~~~~ 
ç

PAGE I C MULT3

S LJ BR C UTIN E MULT3 ( A , B ,C .D I , D2 ,M)
SCA LED F RACT ICN A ,B,C ,rI ,22 ,R C U N D
SCALED FRAC TJ CN MAS K
LCGIC A L SE NSW
‘XTERN AL MASK

C
C M IS THE NUll CF CCMPUI.\TICNAL BITS AVAILABLE.
C ThE PRCD CF ‘A ’ AND ‘B’ ARE RCUNDED IC N BITS BEFCRE MULT IPLY ING C.
C

RR:2.0**(-K-I)
R C U N D :RR
IF (M •NE,I6)GC IC 21
CI :A*B
GC IC. 22

C
21 CC NT I NUE

LA A
N B
A RCUND
STA Dl

C
DI :PiAS~ ( DI)

22 CCNTIN(JE
C

LA DI
M C
SIA Dl
CCI 026540
STA (2

C
RETUR N
E~4D

PAGE I C &PADD

SUBRCUTINE LPA DD (A I  ,A2 ,B I ,B2)
• - ----a SCALED FRACT ICN A I ,A2 ,BI, 82

C
C IPADD PERFCRMS A DCUBLE PRECIS ICN ADD CF A AND B , RESULTS STC R ED I~C
C

LA A2‘1 A 82
CCT 026357
A A l
A SI a

STA 4 J
CCI 026 740
CCI 026317
STA A2

-: C
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PAGE I C

C
C R C U K D

SUBRCUTINE RND (A I ,A ? ,rn-
SCALED FR.ACr ICN A 1 ,RC UND ,M A SK ,A2
EXTERNAL MA SK

C
C RN!) WI LL RCUND A l IC N BITS AND MASK LE A ST S I G  BITS WI T ~ ZERCS.
C

I F( N . E~~. l6 ) G C  IC 20
RR :2.0**(-N-I)
R C U N D :R R
A l  :A I+RC UND
A I : M A S K ( A I  )
RE TURN

C
20 CCN T I N U E

LA A2
CCI 026256
A A l
STA A l
RETURN

PAGE I C SF1

SUBRCUT ! NE SFT( VALUE )
C SFT PERFCRMS AN ARITHMETIC LEFT SHIFT CN ALL ELEMENT CUIPUTS.
C

SCALED FRACTI CN VALUE
REA L JAL ,A
CCMIICN /SHIF T/ ISFT

C
IF( ISFT .EQ .0)GC IC t O

C
C CHECK FCR .~V ERF LCW
C

‘JAL :VA Lt I E
S:FLCA T ( IS FT )

—..~~~~~~
‘ A = V A L*2, ** ~IF (A  .GE. .999 9)VA LUE: .9999S

IF’(4.LE. — .99Q 9)V A LU E: - .9999S
A :AB S (A )
IF(A .GE . .9999 )G C TC I D
GC IC ( I ,2 ,-3 , 4 , 5) , I S F T

I CCNTP UE
LA VALUE
C.C T 026001
STA VALU E
DC IC J O

2 CC N T IN UE
LA VA L U E
CCI 026002
Sit n- ’~~L U E
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2 256 RCA GOVERNMENT CO4IS TCATTONS SY
(U)LSI ELECTRONICALLY PROGRAMMABLE

U END
DAT E

FPLMED
8i.~77



•
~•j

_ -
~z. ~~3 CCNT! NUE

LA VALUE
CCI 026003
STA VALUE

H CC IC 10
4 CCNTRUE

LA VALUE ~~~~~~~ P~~’’ !CCI 026004
STA VALUE - - —
CC it ID

S CCN TINUE
L~ VALUE
CCT 026005
ST A ~tIALUE

10 RETURN

JCR CC RR ECT

LI
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APPENDIX J

An al gorithm is derive d be low to estimate recursive l y the mean and

the sum of th~ feature variances of patterns from a particular

c l ass .

The symbo’s have the followin g interp retation :

y - n-dimension pattern vector .

- centroid at the Ntt
~ itera tion .

N - est imate of the ~th element of ~ at thethN i te ra t ion.

A - ‘samp le covariance matri x of y at the

N i tera t ion.

02j N  
- samp le var iance of y~ at the Nth iterat ion.

tL~’~ ~~~~‘~~~~ -NOT 4
291
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The followi ng is a proce dure by wh i ch we can est ina te recursive l y t r e

mean and covariance matrix of y:

The samp le covariance matri x of y at the N th  stage is ,

N-i l N+1 N+l

~
( ( (

~ ~~ 
(
~ ))

2 
-

~~~~~ 
) (y2~~~)~~ . . ‘,((y1 ~~~ 

) (~~0
-
~~~

Ni- i N+i N+1

(N+l)A N+l ~ ~~~~y 1 1 )(y~~~~)). Y( y2-~ 2)
2 . . .

Ni- i N-i- i

~~~~~~~~~ 

( -
~~~

)
~~ . . . •Y~ ~~~~~~

n N+i n

(N+i ) TrA N+l = Y ~i. 
(~~~-i~~)~ ~ 

0J , N+i
.(t

~~
1 ) ( l a )

j 1  i ’ i  j~ri

N Tr A N = 
~~~ ~~~~~~~ 

= °j ,N N (ib)

~
j =i  ~=l J=l

n
Tr AN+l °j,N+l (2a)

J ii.l

Tr A N ~ (2b)
j t.1

Now
N+1

~ y~(l) = ( N - i i ) ( o~~, N +l + 
~j,N+i) 

(3)
I— i
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I

and

N

~ 2 . 2
L ~j ~~~~ 

= “—2 j , N + ‘ j ,N) (1+)

Subtracting (L ~) ana (3 )

~
‘j,N+1 = (N-i-i ) 

~
o
~~N i-~ 

+ N+1 
- N + 

~J , N

dropp ing the subscript j

2 (2 2 \  (2 2’~
~
‘N+l = (N+i) 

~‘—°N+1 
+ 

~N+1 ) 
- N¼

~~N 
+ 
~
1N) 

(6)

2
2 ( N ~ 

( 2 2 ’\ ~
‘N+l 2

°N+i = 

~ N+1) “-~N + ~N1 + Ni- i 
- 

~N+i

But

( N~~ ~N+l
~N+1 

= 

~i~ i) 
~N + N-i- i 

(8)

• 2
2 ( N ~2 2 ~‘N+i 2 N )

~N+i = 
~ N +i )  ~N 

+ 
~NT~~

2 i-
~~~~~2 ~N ~

‘N+i 9

Subst it ut i nq  i i i  (7)
2

2 ( N ~ ( 2 2”~ ~
‘N+l ( N ~\2 2

°N+l ‘4~T) ~
C N + + Ni- i “~—N+i ~N

2
(10)

( N- i-i ) 2 (N-i- i ) 2 ~‘N ~N+l
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2 2
2 _ ( _N_~ ,, 2 + ~~~~~~~~~~~ 

r~~~~~ - 
(N) 1

~N+ i ‘- N+i ) ~N (N+i) 2i” ’ (N+i) 2
~

(Ni- i)2 ~N ~N+i ( 11)

=C~ T) N (Ni- i)2 ~
‘N+i 

- 

~~ 
(12)

(Ni- i)  
~N÷i = Nc~~ + (

~~T) ~
‘N+i ~~N’ 

(13)

The (Ni-l)st estimate of is related to the Nth esti mate
of throug h the above r~~lat ionshi p. Thus :

2 ( N - ~ 2 
~
. 

~2°j,N-s- 1 “—. N+i)  ~j , N ~(N-s-i )2 ‘~
‘N+i ~j , N ’ (

Ir (AN+i ) ~ °j,N+ i ( °J, N + 
~~~ ~~j ,N+i 

-

j=i j=1 j=1 
J

(1 5)

~L I. 
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This can be set uo on the comouter with an i n i t i a l
n
~ 2 = 1  or O

J , 0
J=i

The ratio of the traces of the samp l ed  fea tu r e  va r ia nce ma tri ces
of the two classes can be estimated recursive l y:

Tr (A N+l ) = (
~~~) [Tr(A N) + ~ 

- 

~
J
~

N)1 (16)

and :

~
‘ j ,N+1 = 

~~ ,N 
+ -~!~~ (1 7 )

(~
‘j,N ) ~ (~J, N ) ; j = t ,...,n

Tr(A N+i ) =( 
~~~~ 

Tr (AN) +( 
~~

) 
~~N+1 ~N~~~~N+1~~ N~ 

(18)

and 

~N÷1 
= (N/N+1) 

~N 
+ (19)
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APPENDIX K

Software for CP A Element Brassboa rd

L i s t i n g  of Dr iver , D.66

Service Routine , POLY

Applications Program
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~~~~ £ 1 - ~. ‘ _

APPLI CATION PROGRAM

J I : • N ~N S I 3 N  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
31 ~~; SI  ON , :T I N ( 1  -~

5 p - O~~~ A T c ~~~’J T J~~I~~~ T T .~~~L I N  ~~~~~~~~~~~ ~t~JJ P1OSS T1:Y’)
?~~J S

( ( .J73( 1, ), 1~~1~ )

~~~~~~ 3,  *)  C (.J~~ (1 , J) ~ 3 1 , 4 )  ~ I I ~
-
~

FO~’3-1.~ T ( ” ~~ J T j -~~~ . T ~~~ IN ~~AJ.~~I 1~J 7~~L S  TiN’)
~ ‘

~~~\~) ( 3 * ) ( J.\T ~ :~ ( :- i ) -~ = 1 , 1 ~ 
)

J.~ T \ (  I ) D ~~T I N (  1 )

~~~~~ (2 ) :  D~~T INC 2)

~~~~~~ 3) ,~T I N (  5 )
J~~T~~(~~ ) = J A T I N ( 1~~ )
J~4T ,~ ( 5 ) = J . ~T U J ( 7 )
J.~ T.~~( = J ~~T I N( I~~)

J.~T~\ (3)=J~~T IN C13)
J~~T A (  ~ ) Jj I I & . ( 5 )
J~~T,~( 1ø)= 3~\TIN( ) )

JO 31 3=1 ,5
30 21 I= 1~~.,
I J= 7 — I

21 ‘J3J ~~( I J ) ! ”3 ( ~J ,  I)

33JF ( 1 )=J~~T~~(2*J)
31 :~~LL 7 QL Y ( 3 , J 3 i i ( 1) , ~~J J~~( 1 ) , R j 3 ~J F ( J ) )

J.~ T~~( 1 )=13’JF ( 1)
J~~T~~(2) ’tJJF( ‘~~)

.1\T~~( 3)~~~~3UF ( 1 )
J~4 T A ( ~ ) = ~~3~JF (5)
3,’tT~~( 5)  = I 3JF C 3)
J_~r;~c~s)= Tu Jp- c )
J~~T . i ( 7 ) = I 3 J F ( 2 )
JA~~A C 3 ) = 13JF C 3)
30 32 J = 5 , 9
JO 22  1: 1 ,5
I -) = 7-  1

22 J3JFCI))=~JP3 (J,I)
J3jFC2) JAT,~(2*J-11 )

JJJF(1 ) DATAC2*J-1ø )
32 C L L  ~ O L Y C 3 ,D 1 3~J F ( 1 ) , W 3 J F ( I ) , ’~3 ’J F ( J ) )

30 23 1 1,4
I - I  = 5— I

23  T3JF ( I J ) = ~.JP2 (  1,1)
30 231 1 1 , ’4
I -J = 9— 1

2 3 1  ~3’JFCIJ)= ’A?2(2,I)
03JF (2) 1J~ F (7)
JJ J FCI =l:3’JF(9
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I-

r)~— - - - ~~~~ - i~ r~
.

D&~~ ~~~~~~~~ LL~i’Y
J J J F  C ~ ) = 13JF C 7)
33 J~ C 3 =~~ J JF  ( 3 )

~~ LL P OLY C 2, 33jF 1) ,~~3JF (1), ~13J~ (10))

JO 232 1= 1 ,  4

I l  = 5 —  I
2 3 2  ~~3Jp - ( I  ) = W P 2  C 3, 1)

J3JF (2) 3JF ( )

J 3’JF ( 1 )~~ 13JF (7)
J 3 J F  C ‘4 ) = 0 • 0
JJ’JF C 3 ) = 0 • 0
ALL POLY (2 ,33JF ( I )~~~3JF C 1 ) ,~~~3 W C 1 2 )  )
30 2’i I= 1 ,~i
I -J = 5 —  1

2.~ ~J3JFC IJ)= rJP2(4,I)
JO 2- ~ 1 I 1 ,~i

I -J = 9— 1
2Ld ~J T J p - ( I J ) = ~’122C3,  I )

-~ ( 2 ) R 3 I J F ( 1 0 )

~( 1 ) ‘UJF ( 12)
- (  i)=R 3UF ( 1 1 )

~~~
- C 3 = ~~3’JF (12)

L L  P0LY (2,33JF (1),W3’JFC1),~~3’JFC13))

~ J 25 1= 1,4
1 )=3—I

25 J 3’JF(I’))=’,1P2 (6,I)
333F (2)=RTJF (13)
3i3’JF ( 1 )~~~~3JF ( 14 )
D 33F C ~l )  = 0 . 0
03JFC3) 3.0
CALL POLYC 2, D3’JF C 1) ,~ J I3’JF C 1), R3UF C 15))
J~~IT~~( 1, 30)~~3UF C 15)

30 FORMAT (”R~~SULT =
30 TO 9
STOP
3

ENJ$

~ -j
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PAGE 0002 #01 SERVICE ROUTINE POLY

0001 00000 NAM POLYS
0002 ENT POLY
0003 EXT •IOG ..s.ENTR,.STOP,ENDIO
0004 00000 000000 ARG S BSS 4
0005 00004 000000 POLY NOR
0006 00005 816002X JSB .ENTR
0007 00006 000000R DEF ARG S
0008 00007 166000R LDB ARGS,I
0009 00010 016043R JSB DWA
0010 00011 032145R ZOR SON
0011 00012 072152R STA D+4
0012 00013 062144R LDA ARGSA
0013 00014 066143R LDB DESTA
0014 00015 105777 M’JW TWO

00016 000162R
00017 000000

0015 00020 062003R LDA ARGS+3
0016 00021 072154R STA 0+6
0017 00022 016001X JSB .IOC.
0018 00023 010011 OCT 10011
0019 00024 016115R JSB ERRX
0020 00025 000146R DEF D
0021 00026 877773 OCT -5
0022 00027 072155R STA BSCT
0023 00030 016004X JSB E N 0 I O
0024 00031 000032R DEF *41
0025 00032 016001X READ JSB .10G.
0026 00033 020011 OCT 20011
0027 00034 016115R JSB ERRX
0028 00035 000153R DEF 0+5
0029 00036 177776 OCT -2
0030 00037 072155R STA BSCT
0031 00040 016004X JSB ENDZO
0032 00041 000042R DEF *+1
0033 00042 126004R .JMP POLY,I
0034 00043 000000 DWA NOP
0035 00044 056162R CR8 TWO
0036 00045 026055R JMP TO
0037 00046 056163R CR8 THREE
0038 00047 026066R JMP IRE
0039 00050 056164R CPB FOUR
0040 00051 026077R JMP FOR
0041 00052 056165R CPB SIX
0042 00053 026 106R JMP SX
0043 00054 026 134R .JMP ERRX 1
0044 00055 076153R TO STB AA
0045 00056 066162R LDB TWO
0~ 46 00057 076153R SIB AA
0047 00060 005000 BLS
0048 00061 076I46R SIB D
0049 00062 005000 81.5
0050 00063 076147R STB V
005 1 00064 062157R LDA P2
0052 00065 126043R JMP DWA,1
0053 00066 006404 TRE CLB,ZNB
0054 00067 076 153R STB AA
0055 00070 005000 BLS
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P \N :~ 0003 #01

0056 00071 076146R SIB D
0057 00072 005000 BLS
0;~58 00073 046162R ADS TWO
0059 03074 0761-47R STB W
0060 00075 062160R 1.D.~ p3
0061 00076 1260113R JMP DWA,I
2062 00077 005100 FOR BRS
0063 001 32 0761’47R SIB W
0064 0010 1 00510 0 BRS
0065 00102 076146R SIB D
0066 00103 002400 CLA
0067 00104 076 153R SIB AA
0065 03105 126043R JMP DWA ,I
0069 00106 066 162R SX LDB TWO
0070 00107 076147R STE V
0071 00110 005000 BLS
0072 001 11 076146R SIB D
0073 00112 076153R SIB AA
0074 00113 062161R LDA P6
0075 00114 126043R JMP DWA,I
0076 00115 000000 ERRX NOP
0077 00116 006021 SSB~~RSS
0075 00117 026 1 34R JMP ERRX L
0379 00120 062155R LDA E S C T
0080 00121 052164R CPA FOUR
0081 00122 026 1 25R JMP *+3
0082 00123 036155R ISZ BSCT
0083 00124 062115R LDA ERRX
0054 00125 042156R ADA M3
0085 00126 124000 JMP A,1
0086 00127 002400 CLA
0057 00130 072155R STA BSCI
0088 00131 062140R LDA I
0089 00132 0661-41R LDB BS
0090 00133 016003X JSB .STOP
0091 00 1 34 062140R ERRX I LDA I
0092 00135 066142R LDE UN
0093 00136 026132R ,JMP ERRXI-2
0094 00137 077777 MPOS OCT 77777
0095 00140 000012 1 OCT 12
0096 00141 041123 BS ASC 1,BS
0097 00142 052516 UN ASC i,UN
0098 00143 000150R DESTA DEF D+2
0099 00144 000001R ARG SA DEF ARGS+I
0100 00145 100000 SGN OCT 100000
0101 00146 000000 D BSS 7
0102 00155 000000 BSCT NOP
0103 00156 177775 M3 OCT -3
0104 00157 030000 P2 OCT 30000
0105 00160 020000 P3 OCT 20000
0106 00161 010000 P6 OCT 10000
0107 00162 000002 TWO OCT 2
0108 00163 000003 THREE OCT 3
0109 00164 000004 FOUR OCT 4
0110 00165 000006 SIX OCT 6

f 0 1 11 00000 A EQU 0

F 0112 00001 B EQU 1

- 
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PAGE. ~~~~~~~ #01

p1 1 1 3  ~ 015~ AA EQIJ D+5
-~ 1 1~ 00147 V EQU D+i

~~I 1 5  ~~~16ô 000000 CTR NOR
ø i l o  00167 000170R ANSAD DEF si- i
0 1 1~ 00170 000000 ANSB~ BSS 8
0118 00200 000000 TEMP NO?
fl19 0020 1 000202R INTAD DEF 4+1
31~~3 002~~2 000 000 IN I EF ESS 24
~ I2l 00232 000000 TEM I NOR
0122 END
*~~ i-~O ER V~ORS*
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PAGE 0002 #01 DRIVER D.66

0001 00000 NAM D.66
0002 ENT D.&6,I.66
0003* THIS BCS DRIVER IS DESIGNED TO INITIATE ,CONTIN’JE AND COM~~LE f-..
0004* BOTH READ AND WRITE TRAN SFERS TO & FROM THE TCS-039 BASED
0005* PROGRAMMABLE ARRAY MODULE
0 006 *
0007*
0008* SAMPLE CALL
0309* WRITE READ
0010* ~JSB .IOC .JSB .IOC
0011* OCT **** OCT 5*5*
0012* JMP ERR JMP ERR
0013* DEF D DEF ~~~~
0014* OCT -5 OCT -2
00 15*
0016*D +# OF DATA WORDS
0017*D+1 +# OF WEIGHTS
0018*D+2 ADDRESS OF 1ST DATA WORD
0019*D+3 ADDRESS OF 151 WEIGHT
0020*D+4 POLYNOMIAL TYPE
0021*D+5 +# OF ANSWER WORDS
0022*D+6 ADDRESS OF 1ST ANSWER WORD DESTINATION

I
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PAGE 0003 #01 ** BCS DRIVER D.66 s.

0025*
0026* INITIATOR SECTION
0027*
0028 03000 000000 D.66 NO~ ENTRY & E X I T
0029 00001 072242R STA SAVA SAVE EQT ENTRY ADDRESS
0030 00002 076243R STE SAV B SAVE WD 2 ADDRE S
0031 00003 160001 LDA B,I GET WD 2 OF RR ~~’J - 5T
0032 00004 001700 AL.F ROTATE
0033 00005 012274R AND M17 AND ISOLATE RCODr
0034 00006 002002 SZA =0??
0035 00007 026015R JMP D.XX NO, THEN CONTINUE
00 36*
0037* RCODE O ---TERM INATE OPERATION
00 38 *
0039 00010 126000R 1.1 JMP D.66,I THIS IS CLC AFTER 1ST O P E R A T I O N
0040 00011 072242R STA SAVA
0041 00012 062000R LDA D.66 SET EXIT OF CONTINUATOR
0042 00013 072152R STA 1.66 SECTION TO .IOC
0043 00014 026222R JMP STAT NOW GO TO CONTINUATOR AND CLEA~
0044*
0045* DRIVER BUSY TEST
0 046*
0047 00015 066253R D.XX LDB DFLG IF DRIVER BUSY
0048 00016 006002 S Z B  (DFLQ NOT Ø), THEN
0049 00017 026077R JIIP REJB REJECT REQUEST
0050T
0051* TEST FOR ILLEGAL REQUEST CODES
0 05 2*
0053 00020 052270R CPA Bi =1 THEN
0054 00021 026025R JMP WRITE WRITE REQUEST
0055 00022 052271R CPA B2 2 THEN
0056 00023 026060R JMP REA D READ REQUEST
0057 00024 026076R JMP REJC IF NEITHER THEN REJECT REQUEST

i i
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4

PAGE 22 .~
L4 •ei ** BCS DRIVER 0.66 **

00b3* ~RITE REQUEST PROCESSING
• 0061*

0362 00025 016102R WRITE JSB SETIO GO AND CONF IGURE I/O INSTS
0063 00026 002404 CLA,INA SET READ/WRITE
0064 0002~ 072254R STA R/W FLAG N0T 0
0065 00030 016133R JSB GETBF GO GET BUFFER START (LENGTH =5)
0066 00031 162251R LDA BIJF,I GET # OF DATA WORDS
006w 00032 001300 ALS MPY BY 2 TO GET # OF VDS TO TRANSFER
0065 00033 003004 CMA, INA MAKE NEGATIVE AND SAVE
0369 00034 072255R STA DCNT AS DATA COUNTER
0072 00035 036251R ZSZ BUF iNDEX TO NEXT WORD
0071 00036 B62251R LDA BIJF,I GET # OF WE IGHTS
0072 30037 001000 ALS X2 TO GET WDS
0073 00040 003304 CMA,INA MAI(E N E G A T i VE  AND
0074 00041 072261R STA WCNT SAVE AS WEIGHT COUNTER
0075 @0042 036251R ISZ BUF INDEX TO NEXT WORD
0076 00043 162251R LDA BIJF,I GET ADDRESS OF 1ST DATA WORD
0077 00044 072256R S”A DADD AND SAVE
0078 00045 036251R 151 BUF INDEX TO NEXT WORD
0079 00046 162251R LDA BUF~~1 GET ADDRESS OF 1ST WEIGHT
0080 00047 072262R STA WADD AND SAVE
0081 00050 036251R ISZ BUF INDEX ONCE MORE
0052 00051 162251R LDA BUF,I  GET POLY TYPE
0083 00352 072250R STA TYPE AND SAVE
0084 00053 102600 1.3 OTA 0 OUTPUT COMMAND WORD
0085 000511 072253R STA DFLG SET TO INDICATE BUSY XE . N01 0
0086 00055 002400 CLA SET FOR OPERATION INITIATED
0087 00056 103700 1.4 SIC 0,C START DEVICE
0088 00057 126000R JIIP D.66,I -EXIT- BACK TO .IOC

-9.-----



PAGE 0005 #01 ** BCS DRIVER D.66 **

0090*
0091* READ REQUEST PROCESSING
0092*
0093 00060 016102R READ JSB SETIO GO AND CONFIGURE I/O INSTS
0094 00061 002400 CLA SET R/W FLAG
0095 00062 072254R STA R/W ~0 TO INDICATE READ
0096 00063 016133R JSB GETBF GO GET BUFFER START (LENGTH 2)
0097 00064 16225lR LDA Bu T, ! GET # OF ANSWERS
0098 00065 001000 ALS X2 TO GET WDS
0099 00066 0030011 CMA,INA MAKE NEGATIVE
0100 00067 072257R STA ANSr.T AND SAVE AS COUNTER
0101 00070 036251R 151 BUT INDEX TO NEXT WORD
0102 00071 162251R LDA BUF , GET ADDRESS OF 1ST ANSWER DESTI
0103 00072 072260R STA ANSAD AND SAVE
0104 00073 062250R LDA TYPE GET COMMAN D WORD
0105 00074 032272R IOR .1-4 . ADD READ FLAG
0106 00075 026053R .JMP 1.3 GO OUTPUT IT AND RETURN TO .IOC
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PAGE 0006 #01 ss BCS DRIVER 0.66 **

0108*
0109* REJECT SECTION
0110*
0111 00076 006401 REJC CLB,RSS RCODE ERROR
0112 00077 066273R REJI3 LDB MIS DRIVER/DEVICE ~~~~~~~ =C~1 S i  ~J =1
01 13 00100 002404 CLA ,INA SET A 140 1=0
0114 30101 126000R 3M? D.66,I :EXIT_ TO .IOC
0115*
0116* I/O CONF IGURATION ROUTINi~
0117*
0118 00102 000000 SETIO NO? ENT~-IY &EXIT
0119 00103 162242R LDA SAVA, I GET WORD 1 OF EQI
0120 00104 012275R AND M77 ISOLATE SELECT CODE
0121 00105 032263R I OR SF SI CO MB I N E  W I T H  ~7 1 ’ N J C Y~N
0122 00106 072121R STA I.2 SAVE
0123 00107 022267R XOR LIAM MAKE LIA INST
0124 00110 072164R STA 1.6 SAVE
0125 00 11 1 022265R XOR CLCM MAKE CLC INST
0126 00112 072010R STA 1.1 SAV E
0127 00113 022266R XOR STCM MAKE STC X.C INST
0128 00114 072056R STA 1.4
0129 00115 072211R STA 1.8 SAVE
0130 00116 022264R XOR OTAM NOW MAKE OTA I N S I
0131 00117 072053R STA 1.3 SAVE
0132 00120 072202R STA 1.7 SAVE AGAIN
0133 00121 102300 1.2 SF3 0 IF FLAG NOT SET TH EN
0134 00122 026077R 3M? REJB REJECT R E Q U E S T
0135*
0136* SET EQT BUSY FLAG
01 37*
0138 00123 036242R ISZ SAVA SET ADDRESS TO VI) 2 OF E~~T
013~ 00124 162242R LDA SAVA,I ENTRY, SET BIT L 5  ~ f
0140 00125 032273R IOR 1115 WD 2=1 (AF IELD~ 2~ I:;

• 0141 00126 172242R STA SAVA,l SAY BUSY
0142 00127 062242R LDA SAVA SETA ADDRESS OF
0143*
0144* STORE ADDRESS OF EQT WORD 3 IN DRIVER
0 145*
0146 00130 002004 INA EQT WORD 3
0147 00131 072247R STA EQTA IN EQTA
0148 00132 126102R 3M? SETIO, I AND BACK TO CALLER

-. _____,~ 
-
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PAGE 0007 #01 *. BCS DRIVER D.66 4 *

0150*
• 0151* RU r INE TO GtT USERS BUFFER ADDRESS AND SAVE IT
• 0152*

0153 00133 00000~- GETBF NO? ENTRY & EXIT
015-4 001311 036243R 131 SAVB INDEX TO
0155 00135 036243R ISZ SAVE WORD 4 OF REQUES]

• 0156 00136 062241R LDA SAV B GET WORD 4
0157 00137 160000 LDA A,I OF REQUEST
0155 00140 001275 RAL,CLE,SLA,ERA (IF INDIRECT GET
0159 00141 026137R JMP 4-2 EFFECTIVE ADDRESS )
0160 00142 @72251R STA BUF SAVE
0161*
0162* UET BUFFER LENGTH
0163’
0164 00143 036243R ISZ SAVB INDEX TO WORD S OF HEQUEST
0165 00144 162243R LDA SAVE,! GET WORD 5
0166 00145 003004 CMA,INA MAKE POSITIVE
0167 001.~6 006402 CLB
0165 00147 176247R STE EQIA,! CLEAR OUT XMISSIOI4 LOG
0169 00150 072252Ft STA LENG SAVE BUFFER LENGTH
0170 00151 126133R JMP GETBFSI -EXIT- TO CALLER

-~
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0174*
0175*
0176*
0177 ~~ 15~ o~~’000 I .66 t~~~F’ -.N N ~Y ,~ ~~~~

0178 ~i~i l 53 072244R SIA A J : I . ’~ SAVE ~
0179 001~ -4 076245R SIB SAV BX
0180 00155 001520 ERA ALS F.
01~31 001~~6 102201 SOC &
0182 00157 002004 INA
0183 00160 072246R STA ~ A ) E X
0154*
0 1854
0186 @0161 062254R LDA R/W !S - i J 5  /~
0157 00162 000010 SLA C!~ ~i ;~~~T ? ?
0188 00163 026174R 3M? .WR
0189*
0190* READ PROC~~~C 1 NG
0191*
0192 30164 102500 1.6 ~ 1A 0 G~~T ~~~~~~~~~ F P P ~ D E V I C E
0193 00165 003000 CMA 1WV~:RT DATA F O ~ . HAL
0194 00166 172260R STA ANSAD,I DELIVER TO S E R V i C E  R O U T I N E
0195 00167 036257R 151 A NSCT INDEX TO NEXT

• 0196 00170 002001 RSS
0197 00 171 026222R 3M? STAT DONE F I N I ~~I~ UP
0198 00172 036260R ISZ ANSAD BUOP ADD SE P5~ TO NEX T W0~ W
0199 00173 026203R JMP XIT GO TO EXIT ROUTINE
0 200
0201* WRITE PROCESSiNG
0 20 2*
0203 00174 062255R .WR LDA DCNT GET DATA COUNTER
0204 00175 002003 SZA,RSS =0??
0205 00176 026213R 3M? .WR1 YES GOTO WEIGHT R O U T I N E
0206 00177 162256R LDA DADDJ I NO, GET AN C-TE :R DAT A ~‘~)iNT
0207 00200 036255R ISZ DCNT MORE DATA??
0208 0020 1 036256R ISZ DADD YES, SET FOR NEXT POINT
0209 00202 102600 1.7 OTA 0 OUTPUT WORD
0210*
0211* REGISTER RESTORE SECTION
0212*
0213 0020J 062246R XII LDA SAVEX RESTORE

• 02 14 00204 1031 01 CLO E
0215 00205 000036 SLA,ELA OVERFLOW

• 0216 00206 102101 SIT 1 A
0217 00207 062244R LDA SAVAX AND B AT
0218 00210 066245R LDB SAVBX TIME OF INTERRUPT

I
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PAGE 0009 #01 ** BCS DRIVER D.66 **

0220*
0221* EXIT SECTION
0222*
0223 00211 103700 I.8 STC ø,C START DEVICE FOR NEXT WORD (OR
0224 00212 126152R 1JMP 1.66,1 - EXIT -
0225 00213 062261R .WR I LDA WCNT GET WEIGHT COUNTER
0226 00214 002003 S1A,RSS
0227 00215 026222R JMP STAT YES FININ
0228 00236 162262R LDA UADO,I NO! GET NEXT WEIGHT
0229 00217 036261R 151 WCNT MORE??
0230 00220 036262R ISZ WADD YES SET FOR NEXT TIME
0231 0022 1 026202R 3M? 1.7 NO GO TO OUTPUT ROUTINE
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PAGE 0010 #01 ** BCS DRIVER b.66 **

0 233*
0234* STATU S SECTION
0 235*
0236* UPDATE XMISSION LOG
0 237 *
0238 00222 062254R STAT LDA R/W GET READ WRITE FLAG
0239 00223 002002 SZA READ OR WRITE
0240 00224 042271R ADA B2 ADD 2
0241 00225 042271R ADA B2 ADD 2 AGAIN IF WRITE
0242 00226 172247R STA EQTA,I RESTORE WORD 3 OF COT
0243*
0244* UPDATE STATUS SECTION
0 245*
0246 00227 003400 CCA SET ADDRESS FOR WORD
0247 00230 042247R ADA EQTA 2 OF
0248 00231 072251R STA BUF LOT
0249 00232 162251R LDA BUF~- I GET WORD 2
0250 00233 012276R AND lIST REM OVE PREVIOUS STATUS
0251 00234 172251R STA BUF I RESTORE WORG 2 OF EQT
0 25 2*
0253* CLEAR DRIVER BUSY FLAG & EXIT
0 25 4*
0255 00235 002400 CLA CLEAR
0256 00236 072253R STA DFL~1 DRIVER BUSY FLAG
0257 00237 0620J0R LDA 1.1 SET CLC
0258 00240 072211R STA 1.8 IN EXIT SECTION
0259 00241 026203R JMP XIT ~~ DONE~~
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PAGE i O u  #~~1 ‘* B~~S I)RJVER D.~~6 **

0 - ~ I *

~ 262*
CONST A NT ~ STO RAG E EEGT IUN

N 2 ~ -~-~ ~~ -‘ ‘ .4~ i EQ’J 0
12253 0~~001  B E QU  1
•~266 i~2242 000000 SAVA NO?
32’ 7 00243 000000 SAVB NO?
2263 0 2 2 / 4 4 000øc~O SAVAX NOP
‘-~2~~ 00245 000000 SAVBX NOP

~ 2 7~ . 00246 ~20000 SAVEX NOP
027! *
22’2 ~ 2 2 4 7  00000~ COlA NO?
0273 00250 000000 TYPE NO?

~~~~ 00251 000000 BUF NOP
•f275 ~-‘0252 ~~ 300~-1 LENG NO?
027h 00253 001~~0 DFLG NOP
02~~ 00254 000000 R/W NO?
2279 00255 020000 DCNT NO?
0279 00256 000000 DADD NOP
02i3 2’ 00257 000000 ANSCT NO?
028 i 00260 000000 ANSAD NO?
0252 0026 1 000000 WCNT NO?
0253 00252 000000 WADD NO?
0284*
0285 00263 102300 SFSI SF5 0
0286 00264 001100 OTA:-1 OCT 1100
0257 30265 004200 CLCM OCT 4200
0285 00266 005000 STCM OCT 5000
0289 00267 000600 LIAM OCT 600
02904
-~291 00270 00000 1 B! OCT 1
0292 00271 0~ 0002 82 OCT 2
0293 00272 040000 .14. OCT 40000
02911 00273 100000 1115 OCT 100000
0295 00274 000017 M 17 OCT 17
0296 00275 000077 M77 OCT 77
0297 00276 037400 MST OCT 37400
0 295*
0299 END
** NO ERRORS*
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