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ABSTRACT

The application of associative memories to the data processing problems
expected to be encountered on future space vehicles has been studied.. Four
problem areas considered in detail are (1) data acquisition and compression,
(2) picture data processing, (3) incremented computations, and (4) miscel-
laneous control and memory functions present in multi-processor systems.
An evaluation of the associative memory capabilities required for these ‘and "’
other applications was performed, and two associative r'nemory organjizational
approaches are identified as being the most useful for space applications. A
device rating system was also devised, and the devices suitable for each of
four associative memory organizational approaches are rated.
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SECTION I
INTRODUCTION

This is the final report of Phase 1 on Contract NAS 38-12, Spaceborne
Memory Organization, This study has been aimed at the application of
associative memories to the computational problems expected to be

encountered on future space exploration missions. Associative mem-
ories with their search and processing capabilities are found to be
a};;;liéable in a number of significant problem areas.

This study consisted of five major tasks as shown in Figure 1.

DEFINITION OF
COMPUTAT

TASK 2

MEM
APPROACHES

TASK1
ACE EXPLORATION
SPACE Fone

RVEY OF ASSOCIATIVE
it MORY ORGANIZATIONAL

TASK 4

EVALUATI
A OCIATWE TECRNI UES
Fgg SPACE APFUGHHOHS

TASK 3

TIGATION OF
‘5"PVEEGISFI': APPLICATIONS
AND m_ggsﬁlMZATIONAL

TASK S

VICE
EECOMHENMTIONS

Figure 1. Study Organization
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The results of Task 1, Task 2, and a portion of Task 3 were previously reported
n an 1nterim report (Ref. 1) dated 15 December 1965, In Task 1, the definition
of the space exploration computation requirements, a number of specific problem
arcas were 1dentified as having characteristics such that associative memories
can be advantageously applied.

Task 2, a survey of associative memory orgamzational approaches, resulted in
the definition of five basic approaches which cover the range from a minimum
capability memory to a very powerful one. Each of the approaches is described
1in Reference 1 1n terms of its searching, processing, reading and writing cap-
abilities, and in terms of the devices suitable for its mechanization. An organi-
zational approach strong on processing operations was defined as an associative
processor, All the applications investigated make use of one or more of these
five organizational approaches. An extensive device survey was also carried
out as part of Task 2,

In Task 3, a number of the applications identified in Task 1 were investigated
in some detail. These are:

e An associative procesgsor for data acquisition -

e Some applications of agssociative memories in multi-
processor systems

° An associative processor for picture processing

e An associative processor for incremental computation

These applications are described in detail in Section II of this report.

The results of Task 4, the evaluation of associative memories for space applica-
tions, are described in Section III. The applications listed above, plus a number
of others, which were either investigated outside of this study or in much less
detail than those listed above, are summarized. Some general conclusions re-

garding the types of associative memorics that will be useful on space vehicles
are given.
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In Task 5, device recommendations were made for each of those orgoanizational
approaches identified in Task 4. A scheme for computing figures of merit for
~uitable components for each of the selected organizational approaches and a
discussion of epecific device recommendations is given in Section IV,

Section 'V is a summary of the results and recommendations of the entire study.
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- SECTION I
APPLICATION INVESTIGATIONS

As a part of Task 1 of the study, a number of computational problems were
identified as potential applications of associative memories. Four of these
gelected for detailed investigation are as follows:

o An associative memory to provide an adaptive data
acquisition capability

o Associative memories for control and memory functions
in a muiti-processor system

® An associative memory for incremental computations
such as are required in navigation and control functions

o An associative memory for certain picture processing tasks.

The results of these investigations are described in this section.

ASSOCIATIVE PROCESSOR FOR DATA ACQUISITION

This subsection describes a fundamentally new scheme for a data acquisition
system: the use of an associative processor to simultaneously monitor the
values of many different sénsors and to select for permanent retention data
from whatever sengors are currently exhibiting the most "significant"
activity. According to this scheme, the associative computer functions both
as a ''data compressor" and as a "multiplexer”.

The approach taken to the task of "'data compression" is quite unlike that taken
in existing space vehicle data systems, in that the outputs of all sensors are

"12017-FR1




examined jointly to determine which 1s instantaneously the most "significant'
rather than basing a decision regarding the "Significance’ of each sensor
reading only on the time history of that particular sensor. The 'data
compression' procedures which follow from this approach may be quite .
analogous to those appropriate for use wit}; a sm}le sensor, but any attempt

to analyze or simulate the system mathematically would now entail analyzing

or gimulating the operation of the entire system rather than that of just one
sensor, 1in order that the model would realistically portray the behavior of

these procedures in non-trivial cases.

The essential éontmbution of the associative computer in the system 1s to

provide a straightforward mechanization of the ability to consider, simul-
taneously, quantities calculated from the data for all sensors in making a
decision as to which sensor or sensors should currently be taken as having

the most significant data., The resulting procedure is similar in some resgpects
to what has been called "adaptive sampling"”, but the latter implies (see Reference
2, pages 2-2 and 2-3) the adaptive alteration of some fixed sequence of sensor
sampling, whereas there just is no fixed sequence in the approach to be described

here.

This work is described primarily in terms of potential applications to tasks
aboard a long-range exploratory aerospace vehicle, because it was directed at
such application in accordance with the contract which supported it. However,
the techniques and type of device described could be of some utility in almost
any type of data acquisition system whereverthe sheer afmount of data to be
handled 1s large enough to motivate the use of some editing procedure.

Data Compression Philosobhy

The terms "data compression” and "'data editing” properly refer to any systematic
technique for extracting, from a large number of sensor readings, the "most
significant" information. The objective is to Feduce thé total athount of

12017-FR1

information which must be retained, or transmitted, to as close as possible
to the minimum which will represent the time history-of the sensor variables
to a desired accuracy. There'are a very large number of these techniques
(see Reference 2, Part 2). The only ones described here are those which

.involve a relatively’ simple adaptive decision-making process, based on the

data themselves or on simple quantities readily calculated from the data,

Why Data Comﬁression is Becoming Attractive -- The amount of rocket fuel
required to put a satellite or ‘space vehicle outside the earth's gravitational

* field 1s very great, and its cost is obviously minimized by keeping the weight

of the vehicle as low ds possible. In the past,-this consideration has led to
aerospace computers being designed as extremely rudimentary devices,
lacking many of the programming conveniences taken for granted even in
low-cost ground-based computers. The advent of integrated circuits, however,
changed the economics of aerospace computer design to a degree where such
an éxtreme,approach is no longer necessary; the mbst recently designed
aerospace computers, such as the Alert computer made by Honeywell
Aeronautical Division at St. Petersburg, Florida, now have many of the
worthwhile programming features long familiar torusers of ground-based
scientific and real-time computers. Integrated circuits have a very high
physical packing density, consume very little power, and improve the
reliability picture over what 1t was with discrete semiconductors. Sub-
stantial, although less spectacular, progress has also been made in the

field of aerospace digital memories. All in all, 1t is no longer prohibitively
expensive to put an appreciable amount of éomputmg power aboard an aero-
space vehicle. '

At the same time that the economic per;alty is decrea;{ng for the inclusion

of very powerful computing devices on board an aerospace vehicle, the penalty
is increasing with respect to the amount of data which can be transmitted from
the vehicle 'back to ground during a mission. One reason is that the power
required to transmit data from a vehicle back to earth 1s considerable in terms
of the power:supplies available. Moreover, as the vehicle ventures further from
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the earth, still more power is required to produce a given level of signal-
to-noise ratio at the receiver on earth, and this problem will be vastly
aggravated on interplanetary and interstellar missions. The second major
reason is that the number of sensors included aboard veh:cles is subject to
rapid increase as more and more experiments are thought up and more and
more previously ignored factors are taken into consideration. The sheer
amount of data being transmitted is already such as to stagger not only the
transmiseion capabilities of the satellites (let alone the imagination), but
algo the capabilities of the computation centers on earth (at, for instance,
NASA-Goddard and JPL) to record, "decommutate”*, and analyze the data.
NASA-Goddard, for instance, has to analyze about a trillion such pieces of
ta per zear, or roughly 30,000 per second.

This data traffic jam would be mcre easily tolerated if all of the data were
truly necessary. However, much of it is "redundant' in the sense that the
time history of the variables of interest can be known adequately without. it.
A given sensor may exhibit very little change for a period of days or months;
although the fact that the sensor is quiescent is necessary information,
sending a great number of unchanged sample readirgs is an inefficient way
of communicating this fact. Also, there may be reasons why the outputs of
some sensors are not felt to be important during certawn phases of a mission.

To sum up, the time is approaching when :t will be feasible to put very powerful

computing systems aboard relatively small space vehicles, but it will not be
feasible for these space vehicles to transrhit back to earth more than a minute
portion of the data gathered by the vehicle's sensors, and it will not even be

economical to require that the receiving stations and data processing centers

on earth cope with the full amount of data which could be gathered by the
vehicle's sensors. Hence, both the capability which can be put aboard a
"vehicle to do data compression and the need for this capability will be subject
to very rapid increase as integrated circuits get smaller and smaller and
space missions get longer and longer.

“Sensor data is "commutated" into a complicated sequential format for trans-
mission. The process of unscrambling this format so that the data for each
given sensor are all together, with a post-reckoned approximate time of
sampling for each datum, is referred to as "decommutation".

12017-FR1

Matching the Amount of Message to the Transmitter Capability -- Because

this discussion will use some terms ina slightly different way than they have
been previously used, some definitions are in order. Terms underlined in

this subsection are considered to be defined by their context in an obvious way.

First of all, the general type of procedure described will not be referred to
as "adaptive sampling", because the sampling of a sensor’is considered here
to consist of the conversion of its output into digital form and the recording
of this digital value in a memory, and this operation is now completed for
all sensors on every sampling cycle. Rather, the purpose of the "adaptive”
procedures is to decide what samples are sufficiently worthy of further
attention that they should be transmitted from the vehicle to’ the receiving
ctation. - Hence, what is going on is really adaptive editing and not "adaptive
sampling".

To permit the consideration of slightly more general categories of data-
originating devices, such devices wili be referred to hereafter as data
sources rather than as "sensors’. A sensor is still one possible type of
data source, The term data source {s here understood to imply a scientific
1nstrument whose output is of value elther for research purposes or for
vehicle and system control computations.

Date; compression techmiques now in general use examine the time history of
one source and make a decision as to what samples from that source are to
be-transmitted strictly 'on the basis of this time history without considering
the relative importance of this source as compared to others. Procedures of
this type will be referred to as single-source techniques. Single-source
techniques have by now been investigated extensively; Reference 2 is a very
comprehensive report on them. Single-source techniques will be contrasted
in this discussion with all-sources-jointly techniques, which do take the -

relative importance of all data sources into consideration; procedures of
this type have reccived comparatively little previous study.

12017-FR1




Not only is there alway = a severe premium on transmitter power consumption,
but the capability of the vehicle to transmit data may vary with time. If the
vehicle encounters an environmental disturbance such as intense heat or
radiation, its electronic system may incur intermittent or temporary mal-
functions which lead to an increase in the number of transmitter errors.

The data being transmitted are usually encoded in an error-detection (or
possibly an error-detection-and-correction) format; if the number of errors
becomes unreasonably large, the vehicle may have to retransmit data already
transmitted and may even slow down its rate of transmission either to incor-
porate greater coding redundancy in the message or to use some more reliable
transmission mode. Consequently, the data transmitter can best be treated
as having a time-varying transmission capability, which the electronic master
control apparatus aboard the vehicle will know at any given time, but which

may vary over a considerable range.

Because of the possibie need for retransmission of data already sent, and
because the rzte of the data transmitter must be matched since it 1s generally
a synchronized device, most schemes for complete data compression systems
based on single-source techniques presuppose a data buffer, which s a digital
memory into which data selected for transmission is stored and from which
data is read out for transmission. In normal system operation, this buffer

is maintained partially full to a certain operating point. If the incoming data
rate exceeads the transmitting data rate for a sufficient length of time, buffer
overflow becomes possible, this condition is highly undesirable, as some data
will be lost, and the identity of the lost data will be determined by chance
rather than by the priorities implemented in the data compression system.
Reference 2 contains a very detailed analysis of ""queuing control algorithms"
for the prevention of buffer overflow, totaling 175 pages -- which is some
indication of the importance of the problem.

One consequence of the use of all-sources-jointly techniques is that the danger

of buffer overflow disappears because it is now possible to adjust the rate of
selection of data for transmission directly to the instantaneous transmission

12017-FR1
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capability; thus, only as much data will be selected for transmission within
any given period of time as there is a reasonably good probability of being
able to send. A buffer memory may still be useful to synchronize the data
rate to the transmission rate; but there would be no need to include a large
enough buffer to handle any possible worst case or to use any additional
queuing contrnl techmque besides that of contrelling the number of data
read out from the associative memory on each sampling cycle -- unless

the system were designed to allow for the outright failure of the transmitter
for an extended period of time.

Single-Source Techniques -- One possible classification scheme for data

compression techniques is shown in Figure 2, which has been taken from
Reference 2. All of the techniques shown are single-source techniques

with the exception of those listed under "Adaptive Sampling'. Almost all

of them could reasonably be implemented for a multi-source data acquisition
system using an associative processor to good advantage. Some of those
listed under "Signal Reduction' have previously been examined at Honeywell
1n other portions of the work on this contract,

The techmiques with which this discussion are concerned are those listed

under “Interpolators" -- in particular, ''Peak Error Polynomial Interpolators".
Reference 2 selects six methods from those in the categories shown in Figure 2
as generally superior; of these six, four were in the category of '"Peak Error
Polynomial Interpolators'', one of the others was a ""Peak Error Polynomial
Predictor", and the remaining one was an ""Adaptive Bit Plane" method under
the heading of "Encoding’.

In general, all of these methods share the advantage that they perform
satisfactorily with "'non-stationary" signals, whereas some of the other

12017-FR1
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methods misbehave badly if the signal is "non-stationary!' " A stationary
signal is one whose limiting statistical parameters do not vary with time;

a non-stationary signal i{s one not.subject to this restriction. To state this
definition another way, a stationary signal 1s one which, 1f processed exten-

Coefilciont
Probabilistic

Adaptive

sively, will yield empirical statistical parameters which,” except for normally

" distributed sampling error fluctuations, bchave the same, regardless of the
time one commences observing the signal; a non-stationary signal is one
which yields quite different empirical statistical parameters 1f observed
beginning at different times. Signals from real sensors are typically quite
non-stationary.

Leost Squores
Polmeml
Other

Delte Modulation

Probabilistic

[ NONADAP"Vq

The term "poiynomial” is somewhat misleading, in that the oaly "polynomial”

%)
8
<
]
&
z

Polynomial
£ xponentiol
Other

schemes seriously considered in Reference 2 use either "zero-order poly-
nomials” (constant segments) or "first-order polynomials' (linear segments
of non-zero slope). No practical advantage was found by the authors of

— 1
REDUCTION

REDUNDANCY

DATA
COMPRESSION

Command Controlled

ADAPTIVE
SAMPLING

Reference 2 in going to higher-order polynomial representations of signal
time histories.

RMS

ERROR
Leax Squares
Pol ynomial
Wiener
Eigen
Function
Cyclic
Patterns
Other

The essentjal idea of both “predictors" and "interpolators" is to examine

the data points observed over a period of time and to send only a single piece

PREDICTORS
Classification of Data Compression Models

{From Referencec 2)

of data as representative of a sequence of several data points (the "Zero-order"

PEAK

Pol ynomial
Sine Wave
€ xponentia!
Non-Lincor
Other

ERROR

LI ; ; . .
case); or else to send two parameters  which determine a line having a given

slope, and passing'through a g.ven point, such that the iine is a “fit" to a

Salf-Adaptive

Other

sequence of several data points (the "first-order™ case*), The difference

SIGNAL
REDUCTION

Figure 2.

between "predictors" and "interpolaters'' lies.in the nature of the compu-

tations performed and the choice of data points used at each step. A predictor

first fits a horizontal or sloped line (or in the higher-order cases, a polynomial
*

curve) to a number of preceding data points; each new data point observed is

Discriminotion

-] -
There are several mathematically sophisticated methods, for instance, which

Histograms (Quantiles)

Fourter Coefficienns
Decoding

Thresholdng
Pulse Shaping

Other

Spactrum Analysis
Filtering
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require knowlcdge of the signal spectrum in order to be able to calculate
ﬁxpecte'd values of various statistics. Not only is the spectrum unlikely to be

known" in an exploratory mission, but these techniques may also lead, in
effect to, "filtering out" unexpected values of sensor data, which is obviously
undesirable behavior in any procedure intended for use in an exploratory
research vehicle.

2017- .
12017-FR1 *"These will typically both be points, but one could be a slope and the other
could be a point if preferable.
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checked to see o it {s within some tolerance ¢ of the value pre@icted from
the fitted curve. In the case of interpolators, each'new point observed is,
in ef_fect: incorporated along with recent previously observed points into a
data sequence to which a curve is fitted; and all of the pointé of the current
data sequence are tested to see 1f they are within ¢ of the value given by the

fitted curve.

The phrase "in effect” 18 important; for most zero-order and first-order
interpolators, 1t 18 not actually necessary to store an mdetérminage ‘number
of- data points and test them one by one; this circumstance is fortunate, for
otherwise the use of interpolators would carry with 1t the penalty of unpredicta-
ble fluctuations in the need for '"scratch pad" storage for sample points. The
trick is to use a "corridor-type'' algorithm; this term 15 used here since the
terminolog:_y for the same thing is "dual prediction' algorithm in Reference 2
which is very confusing, since this type of algorithm is used with interpolators
rather than with predictors. The operation of éevgral corridor-type inter-
polatur algorithms, and also of a few predictor algorithms, is described i
some detail in Appendix A of this report.

The Use of an Associative Processor

The single-source techniques discussed in Appendix A could be used 1n a data
acquicition system exactly as they are presented there if a suitable arithmetic
computation and comparison device were zivailab%e for gach data source. A
‘general-purpose computer,\;equif;ped wiih an 1nput multiplexer could aiso do the

job; it would simply input each data point as it was sampled and would maintain

a separate area of memory for the data and other information for each data
source. However, the ger;:eral-pui'pos'e comp\.{ter is inherently a sequential
device and would have to handle each data point one after another; since the
application here is basically one of handling many data points from as many
data sources in parallel, the computer would have to simulate parallelism by
operating. in the usual one-after-another manner at very high’ s;;eed and using

some form of indexing.

12017-FR1
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1f the number of data sources is large and the sampling rate for cach is
moderate to high, it becomes expedient to consider types of parallelized
computing devices whose logical "shape' more nearly matches that of the job
to be. done; otherwise for larger and larger systems a more and more high-
speed general-purpose compater and multiplexer would be required, and that
solution to the probleml ultimately becomes rather expensive. An associative
procelssor which is defined as an associative memory having facilities for
performing all standard arithmetic operations in each word, s one attractive:
type of parallelized device. Arithmetic operations in.an associative processor
are not usually ultrq-high'—spééq since addition and subtraction are performed
serially and multiplication and division entail itérated addition and subtraction,
However, since as many arithmetic operations can be carried out at a time as
there are words in the associative processor and since the indexing operations
needed By the general-purpose computer to do parallelized joba are dispensed

“with, the effective useful ari‘hmetic operations-per-second rate of an associa-

tive processor can be very high.

An associative processor retains the basic abilities of an associative memory

to do searches. In particuiar, equality search, inequality search, maximum/
n"ninjmum search, and certain other search operations can readily be implemented
by use of +he subtraction.capability, even though they might be performed in a
rather different marrer if the associative memory were not aiso required to
function as an associative processor. Thus the Juestion arises 1f'there is not
some usefil applicaticn to which these search capabiiities can be put, once an
associative pro.cessor has been chosen as the central element of the data

« acguisition system by reason of its parallelism. it tirns out that the search

capabilities are precisely the feature which allows the associative processor
to simultaneously ‘consider quantities calculaied from the data received by all
data scurces, and hence to cfficiently determine the relative significance of the

' instantaneous readings from these sources. Thus, “although it is quite feasible

t6 use an associative processor to implement single-source techniques for data
compression separately 'for each source, 1t is equally feasible now to switch to
all-sources~jointly techniques, which would be quite difficult to implement with
most other hardware configurations.

12017-FR1
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All-Sources-Jointly Techniques -- Almost any imaginable criterion for .
deciding when to transmit the sample from a single source will involve a B—‘— éﬁ N 5;%
preset allowable tolerance ¢ and some "discrepancy' A which measures §§ 2;
the instantaneous actual tolerance of the data. In the case of single-source
techniques, a decision is made to transmit whenever the .instantaneous = E
actual tolerance excceds the preset tolerance. In the case where some E . % o
large number (such as 64 or 256) of sources are being simultaneously gg g;
monitored by an associative processor, this rule~of-thumb is no longer the ‘gé gé 5
only possible one, although it could still be applied, see for example the & ] gg
description, presented in Reference 3, of a device which - despite the name p §§
"associative data compressor' - is basically intended to efficiently apply 2 wE, H f"
single-source techniques to up to 4096 data sources at once using a mixture %; §§ §§ 2
of analog and digital processing. 5% 828¥ - §
. s° 2g
To state the criterion for the single-source case another way, if the discrep- w §§
ancy for the ith data source is indicated by Ai' and the corresponding preset § . f‘z’
tolerance by ¢, the criterion for transmission is that the absolute value of g =
the quotient :31/.:i is greater than one. In the all~source=-jointly approach, é $
on the other hand, the ith quotient is stored in a pre-assigned field in the 1th -~ g é. ZRw
word of the associative processor, ''maximum searches' are made for the s g g
largest numbers n this field of any word, and the data selected for trans- @ = =
mi1ssion are those corresponding to the largest tolerance quotients, ‘ 8‘ T T T' oo
. ) . 'h . . NOILOTYS
[t may be seen that the preset tolerance €, assigned to the 1 data source 18 gE i
inversely related to the priarity which 1s in effect given to that data source. ;; TTI"'I
In actual operation, it would be preferable to store 1/¢; in each word rather ::;8
than e;. thus entailing multiplication operations in the associative processor e SHOLYYVAIV0D
rather than divisions, If another priority factor, Pl, were multiplied by the: ‘L-;‘é‘ eoe
tolerance quone.m. the effect would be that A; was multiplied 1n turn by two §§ TTT".
preset constants, which would be lime-consuming and unwarranted. SY31 41 1dWY 0V0H
. B Ndwvs
Organization of a Data Acquiéition System -- The basic plan of the adaptive . T-T"'I .
data acquisition System as now conceived is shown in Figure 3. The major Sy WY
subsystems are' the associative processor with some extra hardware for _ 0TNY
S
S32UNOS SOTYNY  SIIUNOS W11910
12017-FR1 . 12017-FR1

Figure 3. Adaptive Data Acquisitfon System
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analog-to-digital conversion, a general purpose computer connected to the
associlative processor in a "symbiotic"arrangement, the transmitter, and,
optionally, a mass memory device which would probably be an aerospace-

environment magnetic tape recorder.

The associative processor would be of the type 2a organization in the classifi-
cation scheme developed by Honeywell and presented 1n the midterm report
on this contract (Reference 1) for reasons discussed later, The general-
purpose computer would probably be the system master control computer as
well, It relies on the associative processor to cope with what would other-
wise be, for a general-purpose computer, an overw helmingly severe prob-
iem of converting, multiplexing, and compressing dsta; and 1t in turn serves
the associative processor as an instruction memory, hence the use of the
term “svmbiotic'". The memory of the general-purpose computer can be
allocated, if need be, to provide a small amount of buffer storage for data
rece:ved from the associative processor for forwarding to the transmitter
as fast as the latter can send it. A
If the syvstem is required to be able to continue acquiring data during a
period of complete transmitter shutdown and to retain this data for trans-
mission whenever the transmitter can again operate, there is obvious need
for a memory of larger capacity than the random-access memory of the
general-purpose computer or the specialized memory of the associative
processor. Small, ruggedized digital magnetic tape recorders have been
developed for aerospace applications by several vendors, and one of these
would be suitable, However, if a satisfactory solid-state mass memory
with no moving parts could be developed to withstand an aerospace environ-
ment, it would of course be preferable.
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Jecentralized A-D Conversion

3ome of the instruments which would be used aboard aerospace exploratory
sehicles are inherently digital; high-energy particle counters, umer counters,
aser gyroscopes, and others fall into this class. Some instruments may
resent their reading basically as a physical displacement or shaft rotation;
he electrical output from these may be either digital or analog at will, since
1 photoelectric or magnetic Gray-code wheel will present a digital output,
ind a sl:de-wire resistor will present an analog output. Many instruments,
1wowever, are inir.nsically analog devices; thermocouples, Hail-elrect
nagretic field detection probes, light-intens.ty measuring cells, rotor
Jyroscapes, prezoelectric pressure and stra.n indicators, and various types
»f appara‘us icr analyzing scil and atmospheric samples all most naturally

yresent an analog reading.

‘n a data acjuisition system using an associative processor it would be
iwkward system design to multiplex many analog signals, convert them to
hgital through the usual sort of central:zed successive-approximation or
subrar.ging analog-to-digital converter {see Reference 4, and digitally demuiti-
slex them so ‘hat each signal was agair matched one-fer-one with a word of
1850ciative processor. Fortunately, there are quite straightforward ways of
rarallelizing analeg-to-digital corversion, one appropriate 1o the design
situation considered here is discussed in the foliow:ing paragraphs.

[he essential principle of decentralized analog-to-digital conversion is to
senerate a central voltage reference signal, whos;e digital equivalent is
:ontinuously available, and compare this reference signal with each incoming
inalog signal, using a separate comparator for each incoming signal. \Where
here 18 no reason to suppose that certain analog values are the only ones ever
tssumed, a convenient way to generate this reference voltage and 1ts digital
‘quivaient is to use a binary counter, whose value is converted to a voltage

vy a digitai-to-analog converter. If the counter counts at a constant rate,

he voltage produced will be a ""'ramp'' function of time, possibly with slight
itair-steps if the response of the digital-to-analog converter is sufficiently
ast.

12017-FR1




- 19 -

So that only a single time marker need be stored for all data sampled on one
sampling cycle, all data sources are sampled simultaneously, and the analog
readings are stored in "sample-and-hold" amplifiers. Such.an amplifier
may be thought of as a capacitor to store a voltage plus a switch which may
connect the capacitor either to the source or to the reading circuit (here

a comparatev), although the actual circuit would be more complex than this.

Also, it is customary to pass all input analog signals thrcugh some sort of
amplifier for isolation and scaling so that the analog signals as received by
the comparators all have the same "offset” (mimimum) and the same "'full -
scale" (maximum) values. Here, the offset and full-scale values for each
data gource would be standardized as the analog equivalents of the zero and
full-scale values of the binary counter. Ina co;wentional data acquisition
system, the reason for the scaling {s to maintain maximum accuracy during
the process of analog multiplexing and analog-to-digital conversion; here,
there is the additional consideration of using the individual comparators to
best advantage.

’1;he system just described is illustrated in the upper left-hand portion of
Figure 3. Its operation proceeds as follows: On each sampling cycle, the
binary counter starts from zero and counts at an even rate up to full-scale
(for a 10-bit counter, full-scale is 210 - 1=1023). A comparator is provided
for each associative processor word corresponding to an analog data source,
and one terminal of the comparator is connected to the ramp voltage and the
other to the source via its sampie-and-hold amplifier, all incoming source
volitages are simultaneously available to the appropriate comparators. When
the ramp voltage first exceeds the incoming source voltage for a cdmparator,
the comparator changes state and provides a logical outpu* which '"selects”
the corresponding processor word; the current value of the binary counter

is then immediately recorded into that word, using the "word slice writing"
technique described in Reference 1. One advantage of this technique is that

‘the ¢ounter value can, if necessary, be written simultaneously into a number
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wvords if it ucgpens that a number of data sources have equal voltages
thin the minimum'binary resolution of the counter) on a given sampling
le. It may be seen that, when the counter reaches fuil scale, all analog
a source readings will have been converted to their digital equivalents

h the iatter stored in the appropriate processor words.

stem Status Momitoring -- The task of -system status momtoring regcmbles
t of adaptive data acquisition in the nature of the operat:ons performed,
hough its purpose is completely different in function within the over-all
)loratory vehicle system. The various control devices, power sources,
i other pieces of cquipment aboard a vehicle wili tvpically be subject to

note control from earth through the system master con:rol computer
obably a general-purpose computer). The ground siation wiil learn the
wdition’of each device by way of a status word of binary information,
intained by the device and available to be read by the control computer.
ch bit of a status word normally indicates that some particular condition
piccent or not present; in some cases, a status word may have a field of
reral bits whose contents are interpreted as a numerical value. There is
kard and fast line between what 18 status irformation and what is sensor

* ormation; in éeneral, 1t may be assumed for present purposes that the

tus information is whichever data is not of interest 1n connection with the
ent:fic investigation that the vehicle 1s carrying ou:, but :s needed in

fer that the control system can keep the vehicle and {ts subsystems operating
wperly. ‘ ’

e criteria for deciding when to transmit status information back to earth

.t substantially, although not completely,’ different from the corresponding

teria in the case of scientific information. It may be desired to keep a

rly complete record of the status of various vehicle subss-stems in order
benefit future missions, but this activity is probably less important than

t of keeping a complete record of the data from the vehicle's sensors obtained
the course of probing an unknown environment. Status information must,
vever, be noticed and relayed promptly back to earth in the event of any
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potentially serious fault conditions for which corrective action must be
tuken, It may therefore be arranged that potential danger signals can be
recognized by encoding them as numerical status words and having the
assocrauve processor search them on each sampling cycle to see if any

is "'out of tolerance’' -- that is, over a given threshold. Here, however,
"out of 1olerance'’ meang in a danger zone; and the rule for transmitting

a status condition must be to transmit any that exceed the preset tolerance
threshold, rather than transmitting only the few which are furthest out of
tolerance. Because this rule would lead to at least a remote possibility
of aver.oading the transmitter, and because danger signals should have
pr.or.in even over scilentific information, a likely rule-of-thumb would

be 13 sabiract the number of status words which must be sent on a given
samplirg o'rle from the total number of words which can be sent for that
cve.e, lexving as the difference the number of sensor readings which can
be ser- > izt cxele, If this rule is to be a useful one, the tolerances for
statas ¢ ores must be carefully chosen so that they viil very rarely be
exceccec, and hence 1t will infrequently be necessary to send a lot of

stztus :nformation; otherwise, the amount of "administrative' information

might rszch the point of interfering seriously wiiuii the ability of the trans-

[

mitter -2 send an adequate amount of scientific data back 10 ground.

It mzy ze zdvisable, 1n a practical aerospace exploratory vehicle control
svstem, to maintain two levels of tolerance for status words: one where
the condition .s serious enough to be called to the attention of the master
contro. computer and another where the condition is much more serious
and must be called to the attenuon of the earth-based control station. The
system would probably be arranged so that the master control computer
would take care of detecting .ny condition serious enough to exceed the
second tolerance and of accordingly notifying the control station so that the
associative processor would nced only to see that the master computer
received all status words which exceeded the first tolerances.
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ower level of priority, it would also be desirable periodically to

1 status words from all vehicle subsystems and transmit thesc to
., as a continuing record of the performance of each subsystem. Such
1§ not the primary purpose of an exploratory mission, but is needed in
* that vehicles for later missi0::3 be improved in performance and
bility.

m Organization

‘e 3 gwves the system organization 1n block diagram form. A brief
ssion follows on why this organization seems appropriate, including
he associative processor should have the "'type 2a' organization of

~ence 1.

sing a Type of Associlative Device -- A large number of approaches to

native memory and associative processors are summarized in Table 3.1
ference 1. Basically, they fall into five major categories: mimimum
ative memory, associative memory with bit-slice writing, associative
ory with all-parallel {''local logic") equality search, associative memory
:ernary output from each bit storage cell, and associative memory
intercommunicating bit storage cells. Machines falling into the first
ategories can be constructed with any good non-destructive readout

ent suitable for a word-organized or "linear select" random-access

ory. Machines falling in the third and fourth categories can also be
ructed with any such element, subject to the additional proviso that
eadout signal from the element must be sufficiently accurate and uniform
signal cancellation logic technmiques can be employed. Machines falling

> fifth category must generally be constructed entirely from active elements
as integrated circuit {lipflops and logic circuits. The first, second, and
categories are in turn subdivided according to whether certain additional
silities are provided. Particular subcategories correspond to: the use of
-information or "rcad-only" storage elements, the reduction of external

12017-FR1




om—  au— - (— asnm a— — —— L— —— PR — wmime | - e— ——  omame s,

- 23 -

{presumably active logic element) bit gtorage from two bits per word to one,
the addition of a serial adder circuit per computer word, and the use of
cyclic-access rather than random-access type sicrage elements.

There are of course many different organizationnl approaches which could

be used for an associative processor intended for adaptive data acquisition.
However, the best choice intuitively is the one which includes all the capa-
bilities necessary but 1s not slanted toward capabilities which are not impor-
tan:, unless of course the associative processor used for adaptive data
acqu:is:tion :s also to be used for some diverse purpuses which require these
capab:lities. It will be assumed here than the only other task for which this same
asscclative processor will be used is that of "system status moratoring”, which
is very similar to adaptive da‘a acquisition in the required type of cperation.

In the irst place, the associative processor must be able to perform certain
“field arithmetic' operations in order ‘o handle the computations required
for interpolation-type data compression procedures; that .s, every word in
the assocwatve processor must be capable of add.ng 1wo of its fields together
and storing the results in a third field ("'field add:tion') ard similarly for
subtraction and for multiplication. The capability of fie.d division must also
be included if first-order interpolatcer algorithms sre t¢ be used. There is
even seme possibility that the capability for floating-pcint operations may
have to be, included;’these operat:ons can be performed in an asscciative
processor having certain additional features. The-{loating-point data format
has advantages in a data acquisition system whenever “-ar mbles of extremely
large range are considered; ho“ever, the range problem could ‘most likely be
handled 1n the present system context simply by wncreasing the word length
and staying with fixed~point arithmetic i{n the assoc:ative processor. After
the data are read from the associative processor into the general-purpose
computer, through which they would pass before being transmitted in any
case, they could then be converted to a floating-point format if any message
length reduction could be achieved thereby. Arithmetic operations will clearly
be a major portion of the total processing load of the asscciative processor.
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There 1s also a substantial requirement for the inceguality and maxumum
{minimum) scarch operations. On every sampling cycle, the ratios

Allei of discrepancies to preset tolerances must be searched for the n
largest such quoticnt values, where n is the number of data words which

the transmitter can send to earth during the following sampling cyecle. In

the case of system status monitoring, all status words which have exceeded
the presct da;xger point must be detected by a search. There may also be
occasion, in the system status monitoring application, to search for certain
logical combinations of bits; but it may be assumed here that this type of
search is not absolutely necessary, since these logical combinations can
always be encoded as a binary word in such a way that forbidden combinations
correspond to large binary numbers. In any case, equality search will be a
relatively umimportant operation relative to inequality and maximum searches,
and no need whatever is anticipated for proximity search, ‘therefore, there is
no reason to consider the three more complex types (3, 4, and 5 in Reference 1)
of associative memories which make use of ''local logic'.

It is evident that at least most of the bits in the associative processor word
would need to be electrically alterable; even preset tolerances are likely to
change during the course of a long mission. There is only one gituation
where the same datum stored in a word will be read from a great many times
before being changed; this type of operation occurs when reading data from the
associative processor into the master computer, since the "'steering tag" - '
the code number identifying a particular data source, and stored in the word
corresponding to that source -- never changes. Non-destructive readout memory
elements would be desirable for storing preset tolerances and steering tags
but would need to be electrically alterable for the tolerances, The greatest
convenience would, therefore, ensue either from the choice of a highly
reliable destructive readout element, or from the choice of a non-destructive
readout element with a relatively fast write time. However, different types of
elements could be used 1n diffcrent "field-slices" of the complete memory.

(A "ficld-slice" comprises o number of adjacent bit slices, corresponding

to all bit positions of a data field.)
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Even though destructive-readout memories can be conside. cd.for the associative
processor proper, 1t should be noted that the program storage memory for

the associative processor should, if at all possible, be non-destructive read-
out since the program will be read out over and over again hundreds of

millions of times without alteration.

The type of associative processor organization considered here would there-
fore be either approach 2a (serial-adder-per-word) or approach 2c (cyclic-
access), with the stipulation that a cyclic-access memory would also have a
ser:al adder per word. However, because of the need for multiplication
operat.ons, the cyclic-access element would have definite iatency problems,

and random-access elements are therefore preferabie, The origin of these
.atency problems is that, in multiplication, the f-eld of an associative processor
word which holds the multiplicand must be read out repeatedly; and, unless a
separately readable cyclic-access element were provided just to contain that
fie’d of the word and not the whole werd, a great deal of ime would be wasted
waiting for a complete cyclic timing period 1o occur so that readout might

begin again. It would also be rather inconvenient to read out the multiplier
bit-by-bit from a memory composed of cyclic-access elements, There is,
kowever, some possibility of using cyclic-access eiements of the asynchronous
ini*iation, asynchronous read-write type (such as magnetic domain-wall shift
reg:sters); devices of this class can have .mul*.iple ' read stations' if necessary,
0 permi‘ reading from several fields of a word at the same time. Nevertheless,
+he cleanest solution wculd appear to be the choice of organizational type 2a,
based on a random-access memery element suitable for nen-destructive read-
cut operation but capable of fast writing.

The number of sensors 1n a typical exploratery space vehicle would probably

be of the order of a few hundred one Honeywell estimate (Reference 5) was

that a 'maximum’’ would be 882. Adding to this tctal perhaps half as many
status ccnditions to be momtored, it would appear that an associative computer
of 512, 1024 or 2048 words would be as large as would usually need 1o be
considered for this application. As may be seen {rom Table 3.1 of Reference 1,
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the general category of memory elements which fit this size requirement is
that of hysteresis elements; the memory is somewhat too large to be economi-
cally plausible at present on the basis of integrated circuits, particularly
since there is absolutely no need for their "local logic' capabilities. Closed-~
flux magnetic thin-film elements (that is, plated-wire elements) are typical

of the class of hysteresis elements capable of non-destructiye readout
operation and will, therefore, be taken here as a representative clement

>n which te base the design of an actual device. For the purpose of esti-
nating computing rates, it may be assumed that plated wire elements can

Je read from at the rate of 3 megacycles and written at a rate of 1 megacycle;
hese figures are relatively modest compared to many claims made for elements
n a comparable stage of development, since rates considerable faster than
hese have already been achieved with plated-wire elements on the basis of
aboratory experimentation.

‘he Rest of the System -- It may appear unusual to include two complete arith-
netic computers in a system like this, but the economics of the system

trongly favor doing so. Their capabilities nicely complement each other for
his application.

‘irst, a system master control computer on board the vehicle is probably
ecessary anyway, and would alsmost certainly need to be general-purpose
1 nature because of the variety of operations to be performed.

econd, no other provision has been made for an instruction memory jor

1e associative processor besides using a ;}ortion of the memory of the
sneral-purpoge computer, an instruction memory is necessary, and should

: capable of feeding the associative processer commands as fast as they

in be executed, 'probably in a parallel word format. Moreover, no other
rovision has been made for a buffer storage device between the associative
ocessor and the transmitter; here again, the use of a portion of the memory
" the general-purpose computer is eminently plausible. Hence, if a general-
irpose computer were not included, there would have to be some extra
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random-access memory rpodules anyway. Since the major cost, size,
weight, and power consumption of present-day general-purpose computers
is that of the memory and not that of the arithmetic and control unit, a
relatively small increment in hardware is involved in making these memory
modules into a general-purpose computer,

Third, once this arrangement has been instituted, it lends itself very
conveniently to adaptive modification of the preset tolerances in the
associative processor by the general-purpose computer. Such modifi-
cations may be needed to preserve data integrity during periods of sensor
quiescence {see Reference 2), and also to prevent transmitter overload
during periodg of extreme sensor activity. Also, the general-purpose
computer can control the number n of data points to be retrieved, for
transmission, from the associative processor by means of search operations-
after each sampling cycle.

Fourth, in many applications there is reason to suppose that the transmitter
may be unable to transmit for periods of a few minutes, a few hours, or a
few days -- for instance, the vehicle may be behind another celestial body
with respect to the earth or caught in a radiation storm which temporarily
provides so much background noise that transmission may as well be dis-
continued, if the gystem aesién philosophy is that the system is expected

to be able to go on collecting data anyway and to transmit this data back to
earth when a favorable opportunity comes, a mass memory is also necessary;
and the memory of a geheral-purpose computer is agawn a good buffer for
communicating with a mass memory.

As may be seen {rom Figure 3, the general-purpose computer needs a total
of four input/output channels each of which would operate 1n an-independent,
asynchronous, memory-cycle-stealing mode. The arithmetic and control
unit of the general-purpose computer would not have to attend to them except
to periodically reset the "current address" for each channel, and perhaps
once in a while to change the "limit address" of the channel also. During
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normal operation of such a channel, the current address specifies the next
main memory word to be input or output on that channel, and is counted up
by 1 after each wird {s handled; the limit adress corresponds to the last
word of the block of words in main memory to be handled this way. When
the current address reaches the limit address, the input or outplit process
ceases, ‘:imd an ‘imerrupt signal is sent to the arithmetic and control unit.

IME APPLICATIONS FOR ASSOCIATIVE MEMORIES IN MULTI-PROCESSOR

- STEMS

While the previous applications in this report have dealt with processing
requirements of one kind or another, this application is concerned with
control and memory functions in a multi-processor system. It is conceiv-
able that associative memories would be used also as processors in the
system to be described, but such applications will not be considered here.

General Description of a Spaceborne Multi-Processor

Before describing the general organization of the spaceborne multiprocessor,
it is well to review the objectives of a spaceborne computer system. The
- three most important requirements are:

e  Reliability -- A spaceborne multi-processor must be ultra-
reliable. A single component failure' can not be allowed to
affect appreciably the computing power of the system.

e  Flexibility -- The system must in some cases be capable of
serving many users or programs simultaneously and in other
situations must be able to apply the bulk of its computing
power to a single high-priority program.
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¢ Expandability -- It is desirable that the system be made
up of a set of building blocks which can be combined in
varying numbers to obtain computer systems of various
sizes.
.
'fo meet the objectives outlined above for a spaceborne application, a
multi-processor system with multi-program and parallel processing
capabilities is proposed. Each of these features is described 1n terms
of the objectives of the system:

. Multi- Processor -- The processing or computing capability
of the system is provided in modularized form. Instead of
one large processor, a number of smaller processors are
used to provide an equivalent amount of computing capability.
Such modularity helps meet the reliability requirements
since loss of a single module will only degrade the system.
It also allows various size systems to be realized by varying
the number of processors used.

e Multi-Programming -- The multi-program feature gives the

system the capability of simultaneously satisfying the require-
ments of many users.

o Parallel Processing ~-- This feature allows several of the pro-

cessors of the system to be working simultaneously on the
same program, the rumber depends on the amount of paral-
lism in the program. Thus, a high-priority program can
obtain a large portion of the computing power of the system.

A functional block diagram of the proposed multi-processor system is shown
in Figure 4. The processors of the system are of two types ~- task proces-
sors and 1/O processors. The task processors, which need not necessarily
be identical, handle all instructions to be performed except input/output
instructions, which are handied by 1/O processors. To allow parallel
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processing, programs must be stored in a central location so that all
processors can be frequently reassigned. Thus, praocessors have no
appreciablé amount of memory of their own but make use of a bank of
memory modules through use of a centralized switch.

An 1/O exchange is shown in Figure 4 to interconnect I/O pm;:essors and
I/O devices. This is necessary s0 that the failure of a single I/O pro-
cessor does not permanently disconnect a user from the system.

The control functions in this system are relatively complex because it

is a multi-processor and has multi-program and parallel processing capa-
bilities. Many of these functions are assumed to be performed by hardware
rather than by the usual executive program., The Control Memory is included
for this purpose. An associative mechamzation of the Control Memory and
the details of the functious it performs are discussed in the following sub~
section,

An Associative Memory for Control Functions

The main function of the Control Memory is to handle the assignment of tasks
to processors, including 1/O processors. " However, other functions such as
memory allocation are also included.

Task Assignment -- The programs in this multi-processor system are divided
into segments on the basis of parallel paths. This is necessary in order to do_
parallel processing, which is defined as the capability of having more than one

processor work simultaneously on a given program. The program segments

are assigned to an available processor whenever they are ready to be performed.

The method propused for handling the task assignment function can best be
explained by considering the following program:
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. Segment
1
|
. | 1 Y
Segment . Segment Segment
2 3 4
L T
Y | Iy 1 r
: Segment Segment
5 6

Each of the ahove segments is a sequence of instructions to be done by a
single processor. Each segment is described by a state word which contains
the {nformation reqguired by a processor to perform the'segment, Assume
that all six state words for the above program are imt:ally stored in the
Control Memory, although for large programs this may not be desirable,
The state word has the following contents:

Status Segment Identity Segment Description

The status field indicates whether or not thé segfnem is ready to be per-
formed; the segment identity field contains such items as program name,
segment name, etc, ; and the segment description rield includes such items
as starting address, contents of index registers, ewc. Initlally, only the
state word for segment 1 will have a status field indicating "ready’ status.
Thus, a processor searching for an assignment will select that state word,
assuming that it is the highest priority program that has 'ready' segments.
When segment 1 ig completed, the state words of segments 2, 3, and 4 can

be set to "ready' status. These segments represeht parallel paths in the

’ program,and they can be performed simultaneously if three procéssors are

available. When segment 2 is completed, the state word for segment 5 must
"be altered, but not necessarily to "ready" status since segment 3 must also
be completed before segment 5 is ready. The .same situation exists for
segment 6. Thus, it can be seen that the number of processors working on
a program is dependent on the parallel paths ir the program and the numbcr
of processors available.
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The status field of the state word, over which processors scarch to obtain
an assignment, contains not only ready bits and the priority of the program,
but also a time tag that indicates when the ctate word became ready A
processor will select that state word with the highest priority that has been
ready the longest. Thus queuing of requests is accomplished.

Tasks for 1/O processors.are selected by using the same general techniques,
This points out the need for the search including that part of the "'segment
wdentaty’ field which specifies the type of segment (I/O or general pro-

cessingl.

Another aspect of the task assignment function is that of external interrupts.
It 15 proposed that the users (either subsystems or personnel) make their
requests for computations by writing state words into the Control NMemory
or changing the status of state words permanently stored there. Since the
need for external interrupts usually arises either because inputs must be
read immediately to prevent their being lost or because a processing task
must be completed within a certain time, it appears that processors will
never have to be interrupted in this system., This is true because a number
~f words of memory can be permanently assigned to critical wnputs, and
because processors frequently search over state words to find high priority
tasks. Note that frequent searches for a new assignment by each processor
can be assured by limiting the length of a program segment.

The Control Memory requirement can be nicely satisfied by an asseciative
memory, The requirement can be described as table look-up or information
retrieval from a file, the contents of which is frequently changing. Also,
the retrieval operation must be performed over various fields of the file,
thus making 1t difficult to maintain an ordered file and use conventional
table look-up procedures. .\n associative memory, however, since its
searches arc performed simultaneously over all words, can perform rapid

retrievals from a completely unordered file.
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1e specific operations to b~ performed by the Control Memory wnclude the
uality search, the inequality search, and the maximum (minimum) search.
1e state word selection function requires the intersection of several of the
ove search operations. Since many of the functions to be performed con-
st simply of changing the status of state words by searching over the seg-
ant identity field, the equality search will be used more frequently than

2 others. This, plus the fact that many processors are sharing the Control
smory, makes an all-parallel equality search appear justifiable. \Vhile no
ocessing operations are anticipated, it appears that the bit slice writing
pability would be useful to change the status of many state words simul-
1eously. A word select ladder also would be useful to locate available
)rds 1n the Control Memory one at a time. ’

1e size of the Control Memory will vary from system to system. However,
nerally it falls into the ''small’' category prev.ously defined to be less than
00 words.

amory Allocation -- In such a system it is assumed that the main memory
not large enough to hold all programs simultaneously. Therefore, programs
d data are stored in a secondary storage device and are brought into main
2mory when required. Since the mix of programs in main memory at any
e time cannot be pre-specified, dynamic allocation of storage is required.
iis capability of running a program from anywhere in memory also neces-
tates an address translation either when the program is brought into main

zmory or when {t is run.

1e details of this memory allocation function can vary extensively from
stem to system. Therefore, the discussion will be concluded simply by
serving that the requirements are much like those of task assignment,
as it is likely that a single associative memory could be used to handle
th functions,
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Look-Aside Associative Memory

Another ap.iication for associative memories in a computer system 1s aimed

.at the reducuon of the number of accesses to.main memory. It can be seen

that in a multi-processor system with a bank of shared memory modules this
is particularly important., The solution is to place a look-aside associative
memory (Ref. 6) at each processor.

1
The memory is used in the following way: Each instruction and operand, after

it is used, is stored 1n the associative memory, rather than simply being
discarded, in anticipation that it may be needed again in the near future. It
can be recogrized that this would be the case if a loop was present in the pro-
gram. iso, all results of operations are stored 1n the associative memory
rather than :n the main memory address speciiicd. This is done because it is
assumed that in most cases the results produced are intermediate rather than
final results. [n these situations, two accesses to main memory are saved --
one to store the intermediate result and one to fetch it again. One of the diffi-
cult problems encountered in using this memory consists of deciding which
quant:ty shouid be discarded. Each time a quantity is written into the associa-
tive memory, onelmust be removed, since the associative memory is always
filled, excep: at the very start. In general, the one that should be removed

is the one that has remained unused in the memory for the longest time. Note )

that if the word selected for removal is an instructipn, 1t 18 simply erased
since another copy exists in. main memory. However, if it1s a result, 1t
must now be written info main memory.

The format of the word in the look-aside associative memory 1s as follows:

‘Main Memory Address Instruction, Operand Starus
. or Result

Searches are performed over the address portion and possibly over the status
portion depending on the method of handling it.
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The look-aside associative memory must have.the capability.of doing an
equality search in a time which is short compared to the main memory cycle
time. Thus, the all-parallel equality search 18 a necessity. No other search
or processing capabilities are required. There is also no need for a ht-slice
writing capability or for a word select ladder.

The brgamzatmn of An Ultra-Reliable Multi-Processor

While the multi-processor system described in the previous subsecuox} has
many of the desirable characteristics for spaceborne applications, there are
some undesirable characteriatics aiso. The centralized switch interconnect-
ing processors and memory modules, as well as the memory modules them-
selves, are not paruicularly strong features from the reliability point of view.
Methods of reorganizing the memory and the switching are considered in tms
section. An ultra-reliable multi-processor system based on these multi-
access memories 1s then described. .

A Multi-Access Memory -- One way of reorganizing the memory and the
switch to allow sumultaneous access to the memory for a number of processors

is shown in Figure 5.

The memory in this system 15 made multi-access by simply rotating the stored

information 90 degrees from the way it1s stored in a conventional random

access memory. Thus, all words can be read out simultaneously, each.in a
serial-by-bit mode. The memory can be simultaneously accessed by many
processors by providing each with one gate for each word of the memory,
The contents of the memory 1s presented in a synchronous cyclic manner, .
either by shifting or by strobing a bit slice at a time, to each of the columns
labeled "output switch" in Figure 5. and each processor, during each cycle,
can select any word desired by closing the appropriate gate.
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‘riting 18 accomplished by using the input switch which is organized similarly
» the output switch. The outputs of the gates along a row of the input switch
~e OR'ed together. The output of each OR gate 1n turn serves as the input

» a write driver.

it is assumed that the memory array is continuously cycling, each processor
an be either reading or writing each cycle. If desired, two or more processors
>uld be reading the same word at the same time.

he advantages of this organization are primarily in the area of rehability.
nce each processor has its own switch, a fatlure in the switch will affect

iy one processor. The method of orgamzaticit of the memory also provides
possible reliability advantage. Failure of a sense amplifier, for instance,
11l affect only one word rather than a single bit of all words as in the conven-

onal memory organization.

he most cbvious disadvantage to this approach 1s cost. The number of gates
. the two switches 1s twice the number of words of memory times the number
" processors involved. Thus, for 8,192 words and 16 processors, a total of
18, 252, 144 gates are requred. In addition, each processor mwust, in this
<ample, decode a 13-bit address to select one of 8,192 gates. To allow
wdularity 1n the number of words of memory, the switch and the address
:coder would probably be orgamized in modules. For 1nstance 28 gates and
:e decoder necessary to select one of 28 would be put 1n a single module.

he first five bits of a 13-bit address would then be used to select one of 32
wodules, and the eight least significant bits would be sent to the address de-
dder 1n the selected module. While the hardware required to mechamze the
ates and address decoders 1s sigmficant, it 18 felt that the advanced inte-
rated circuit technology will make tins approach and variations of 1t de-
:ribed below feasible,

n Associative Multi~Access Memory -- For relatively little additional cost,

e multi-access memory described above can be made associative {content
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addressable). This amounts to storing an address in each word of memory,
distributing the address of the desired word to each gate, and letting the gate
control its !¢ nather than sending.individual gate control signals to each gate.

)
The only change required to make the location-addressable, multi-access

. memory of Figure 5 into an associative multi-access memory 15 to supple-

ment each gate of the switch array with a search capability. This is done as
shown in Figure 6. One way of looking at the effect of this change is that the
address {search word) can be submitted to the switch array serially rather
than in parallel as in the location addressable case.

The search is performed by 1nitially setting the results register to.1 and then
comparing in a serial-by-bit mode each stored address with the address in
the search register. Whenever a mismatch occurs in any word, the corre-
spond:ng F(F 18 cleared to 0. Assumiag only one word satisfies the gearch,
on.y one F/F of the results register will contain a 1 when the search is com-
pieied. Since the, contents of the results register directly controls the gates
of the output switch, the selected word can now be read serially into the I/O
register.

Note that the search and the read operation can be performed simultaneously
by all processors. While 1t can be expected thar processors would normally
be reading different words, two or more processors couid select and read
the same word at the same time if destred.

The writing capamlity is included by providing one column of “1nput switch"

for each processor. This set of gates is also controlled by the results regis-
ter when a write operation is desired. The input switches of all processors
are OR'ed, with the output of the OR gate serving as the input to a write

driver. The capabilities described above can be provided with only five leads
interconnecting processor and array. These are write enable. compare enable,
set results register,v data for writing and searchung, and data for reading.
While these facilities do provide basic search capabilities, additional hard-
ware would be required to perform searches involving multiple matches.
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As was previously suggested, the stored words must be constantly cycled
and distributed to the access circuitry of all processors. There are two quite
different ways of mechamzing the memory array o meet these requirements.
The memory might operate as a shft register with end-around shift capability.
However, the memory might also be strobed to obtain readout of each bit
shice in turn without being shifted. This latter techmque will make hysteresis
devices such as magnetic plated wire applicable, while the shifting technique
18 limited to active devices. The strobing techmque has an undesirable re- ) BIT SLICE BIT guCE 8IT SlI.ICE

m

liability feature since an interrogate driver (in the case of plated wire) 1s
I ‘ ; : WORD 1

required per bit slice. Thus, the failure of one of these drivers would result
in the loss of a single bit of all words. The shift pulse for a shift register,

on the other ha.d, would be supplied on a per-word basis so that a failure
would affect a single word or group of words depending on how the shift clock

pulse is distributed. Of course, the centralized shift pulse generator must WORD 2

be assumed ultra-reliable.

AC AC

A reliability advantage exists in the associative version of the multi-access !
memory. This is due to the capability of relabeling words. When a word |
[

failure occurs, and assuming that a reloading capability 1s available, some

previously unused word of memory can take the place of the failed word by - = ORD
—_——— e ——— WORD n
simply writing the same i1dentity and data that was in the failed word. This -

AC AC

prevents the necessity of program changes which would be required if each
word had a fixed label or address. ’

PROCESSOR ——.— -CPRQCESSORZ PROCESSOR ;‘

A Distributed Multi~Access Memory -- If the shift register approach to

mechan:ization ts used, either the location-addressable or associative ver-

sions of the multi-access switch can be organized with the access circuitry Figure 7. Distributed Multi-Access Memory
distributed throughout the memory array. One complete set of access cir-

cuitry can be inserted between each pair of adjacent bit slices of the memory

4rray as shown in Figure 7. The access circuitry (AC) shown in Figure 7

can be of either the associative or location-addressable types.

There are a number of potential advantages of this method of organization of
the multi-access memory:

12017-FR1
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° The fanout from each word of the memory to the access cir-
cuitry is distributed evenly throughout the word, thus, no special
driver is required and each bit of the word 18 exactly the same.

@  The distributed multi-access memory has a structure that
would make it suitable for advanced batch fabrication techmques,

° The memory 18 easily expandable since 1t 18 a cellular structure
with umform intercell connections.

®  The fact that azcessing units are out of step tends to eliminate
conflicts, particularly in wriung, that could occur if all are in
synchromsm.

Characteristics of a Multi-Processor Using Multi-Access Memories -< The

multi-access memories described above are proposed for use in an ultra-
reliable multi-processor sys;ém. Probably both location-addressable and
associative versions would be used t'o sansfy all the memory requirements
of the system.

Assuming multi-programming ind parallel prozessing at the segment level,

an associative multi-access memory would be used to handle fu.ncnons of the
Control Memory previously described. However, it would be more complex
than the one previously descrited since it must be able to perform a maximum
search. Operand storage vould probably also be in the assocxatwé portion.
This would eliminate the, problem of allocating specific locations for operands
and thus make it easier to transfer cperands from one program to another.

Program storage requirements would seem to be adequately handled by the
location-addressable type of memory since programs, at least as presently
orgamezed, are inherently sequential. However, there 1s a reliability advan-
tage in having assoctalive program storage since loss of a single word will
have no effect on the program. Another situation 1n which an associative
memory for program storige would be useful is if parallel processing is
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performed at an instruction level rather'than at the segment level as has been
assumed. In this case a "r=ady" field, such as that described for state words,
is included 1n each wnstruction. An instruction is made ready when' the operands
used by the instruction have been generated, and searches are performed by
available processors to find instructions ready 10 be performed. )

The processors of this system would most siutably operate 1n a serial mode.
During each word time of the memory, each processor could obtain one in-
struction or one operand. This could very reasonably be increased to the
extent that an operand and an wnstruction could be received s:nmltanéously.
This would require separate paths from the location-addressable ‘and associa-
tive portions of the memory. Given this capability, the nex: instruction and
the operand for the current instruction could be obtained at the same time,

A mulu-processor System using the distributed malti-access memory of both
the location addressable and associative types and serial processors has the ‘
following characteristics: .

®  Reliability 1s the main advantage. The distributed multi-access
memory allows both the memory and switch functions to be re-
alized with a single cellular array in which single failures will
affect only one word of memory or one processor. In the asso-
ciative portion, the loss of a single word wiil have little affect,
assuming that the information stored in the failed word can be
reproduced. . '

©  The system is readily expandable both :n terms of the number

" of processors and 1n terms of the number of words of memory.
The connections from the processor to the array are common
to all words, thus the hardware in the processor does not change
regardless of the number of words. There is the somewhat
unusual restriction that the number of processors in the system
cannot exceed the number of bits per word. This does not
appear to be a severe restriction.
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[ Processors operate one or more bit times out of step. This
allows parallel processing to a greater degree than would other-
wise be possible. A result produced by one processor can be
used by another one bit-time later, rather than an entire word
ume later as would be the case if all processors were in syn-
chronism. This 1s a significant advantage, however, only if
parallel processing 18 being performed at an instruction level,

In the previous discussion, a distributed location addressable multi-access
memory was assumed for program storage. There are some possible advan-
tages 1n using the undistributed version for this function. For one thing, this
would allow the word length to be considerably longer than that required for
one 1nstruction. For instance, an entire program segment (100 instructions
or s50) might be stored in one word of memory. Inthis case, the access
should not be synchronous cyclic as in the previous case, but rather should
be asynchronous cyclic, that 1s, the contents of the word are still requiredn
a specific order but a starting and stopping capability 15 desired.

The only conclusions that can be drawn regarding the use of multi-access
memories in multi-processor systems 1s that they provide some 1nteresting
features, particularly the distributed version of the multi-access associative
memory. The feasibility of mechanizing such a memory and its effects on
multi-processor system characteristics should be given further attention.

AN ASSOCIATIVE PROCESSOR FOR PICTURE PROCESSING

Spacecraft, and in particular unmanned spacecraft, are often required to
transmut pictorial data to data processing centers on the earth. Since each
picture contains vast amounts of data, much of which may be redundant i1n a
given application, it 1s desirable to perform as much picture processing as
possible 1n the spacecraft in order to lower the required bandwidth and thereby
lower the power requirements of the spacecraft transmitter.
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Picture processing computations are intrinsically parallel. The parallel
processing characteristics and high-speed equality search capability of an
associative memory make it well adapted to this application. Conventional
associative memory instructions can generally be employed, thus requiring
very little special external logic. The two-dimensional memory cenfigura-
tion naturally fits the picture format, and processing can proceed 1n an orderly
fashion. Processing speed depends only slightly on the characterisncs of

the picture.

Thre use of an associative memory for a particular p:cture processing problem
has béen br:efly investigated. Given a binary representation of a picture, the
problem 1s to determune the number of irregular shaped objects (ciouds) and
to determine and record the size (number of 1's}) of each.

Basic Metkod

This mettod 18 based on the use of an associative memory conta:ning two
sections. One section stores the picture while the other secuon i1s used both
as a scra:ckpad and as a data store for the results of the piciure processing.
The basic operat:ons required are those that can normally be performed by
an associative processor such as the equality search, add:ucn, counting,
shifrng the contents of the Results Store, etc.

The approach to processing 15 to move across the picture one bit slice at a
fime from right to left and to use the scratchpad portion of each word to keep
track of a cloud 1dentification number and the number of 1's in that row of the
current cloud., The end result after one pass over the picture 18 the number

of clouds and the number of 1's wn cach. The processing operations required
are called imitiation, continuation, expansion, contraction, and termination.
Consider first the operation of continuation. A search for the combination 11
15 performed over the current bit slice and the previous bit shice of the picture.

"

All words satisfying the search must have their "number of 1's" field incre-

mented. Similarly, the contraction operation 1s performed by searching for
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01 combinations adjacent to 11 combinations. Whenever a cloud contracts,

"the cloud identification number and the field containiig the number of 1'%s ave

removed from the row'satisfying the search and the number of 1's must be
added to the number of 1!s in the adjacent word which has the 11 combination.

The termination operation provides a'good example of an operation that makes
good use of the asgociative capabilities. A termination is detected by search-

- ing for an 01 combination not adjacent to a 11 combination. Before terminating

this cloud and storing its count, a search must be made over all cloud numbers
previsusly s.ored to see if other portions of this cioud have been previously

terminated. Such a situation is possible if, for instance, the cloud 15 U-shaped.

Continuation, expansion, and contraction are relatively independent of the
number and size of clouds in the picture. However, at least a portion of
imnaton and termination operations must be performed indn'id'ually for each
clcud in the but shce.

Detail of the Method

An associative processor for this application might be arranged as shown in
Figure 8. Only the associative memory portion 1s shown; in additzon to this,
a program memory, a control umt, and an input-output section would be re-
quired. These latter units would be very similar to their counterparts in a

conventional general-purpose computer.

The associative memory 18 divided into two main sections. The first of
these consists of the picture storage area. It is assumed that the picture
has been quantized and that a threshold operation has then been performed
such that the elements are binary (two-valued). Thus, the presence of a
cloud mught be represented by a 1, .and the absence of a cloud would then
correspond to a 0. The search operation 1s the only operation that is per-
formed on the data stored in this section of the . memory. It is performed
only on ad)acent bit slice pairs. where a bit slice consists.of a single column
of bits. )
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Figure 8. Associative Processor Configuration
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The other part of the memory consists of the scratchpad and tabulation por-
tion. The scratchpad area 1s used to temporarily record the results of pro-
cessor operations while the tabulation area stores cloud numbers and cloud
si1ze information.

The functions performed by the external logic depend on the type of memory
element employed. If the element i1s capable of local logic, fewer functions
need be performed by the external logic than if 1t does not ‘have that capability.
The combination of local and external logic must be capable of performing

.Such.operations as comparison, logical sum, logical product, and locating '
the first 1 in the resuits register.

_The results register stores the result of a search or of any of the other pro-
cessor operations. In actual practice, two registers are required. The
second register performs auxiliary functions such as storage of the bit mark-
ing the location of the first 1.

Flow charts will be used to explain in some detail the operation of the associa-
tive processor in this application. Since no formal list of 1nétructxons has
been compiled for the processor, the entries in the,flow chart boxes consist

of somewhat arbitrary symbols and abtreviations selected to represent the
operations performed and at the same time to 'maintain a compact notation.
The abbrewviations'used in the flow charts are as follows:

R Results regisier 4 .

A through K Bit slice scratchpad locations

CTR Word-field 1n which counter 18 stored
NBR Word freld in ‘'which cloud number 18 stored
SCH Search,

SH Shaft
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Symbol Meaning
‘DN Down

up Up

S, Bit shice being processed
s Previous bit slice

Logical product of bit slices X and Y

.Logical sum of bat slices X and Y

B -A "clogd mimber -
(X)=Y Replace Y with X or s contents
LOC Locate

!

Continuation -- The first three blocks in the flow chart sequence of Figure 9

represent search operations on a pair of adjacen: bit slices, The bit slice
on the left,’ Sq. corresponds to the new bit slice while the one on the right,
S1 » 18 the old one from the previous processing operation, [f the search

.speed depends on the number of bits in the field being searched, this process

of searching for particular two=bit combinauons and stor:ng the results in
single-bit fields 1s advantégeou,s, otherwise the S, and S, f:eids could just

.éa well both be searched each uume, Of the f.hree-useful jb}: comb:nations,

the pair.0l denotes contraction ¢r termination, the pawr 10 aenotes initiation
or-expansion, and the pair, 11 denotes continuation, After performing these
three searches and storing the results, tﬁe latter resuit 15 'retained in the
results register and if any of the bits are'1's, the counters in the correspofxd-

- 3 - -

ing rows are incremented, - - . .

., o o

Contraction -- The 01 combination stored at location A of Figure 9 1s checked
next and, 1f any of these exist, bits corresponding to'the locations of the' 11
combination, stored at location B, are placed in the resulis {R) register.

The R register 15 then shifted up.and 1ts contents are compared with the set
of bits, A, marking the 01 locations, '
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If there 1S coincidence between any of these sets of bits, it means that the
corresponding 01 pair is-adjacent to a 11 pair, and that the cloud 18 contract-
ing. The cloud number field 1n these rows are then cleared, and the contents,
of their counters are added to the counters in the 11 rows. This cycle 15 re-
peated unti] there are no more c¢oincidences between 01 pairs and shifted 11
pairs. The entire process 1§ then vepeated, except that the R register ts
shifted down, This procedure locates adjacencies in the other di;'ccuon.

Bit slice location D 15 used to record all of the 01 combinations that are adja-
cent to 11 combinations. The remaining ones (A ﬂ D) correspond to cloud

terminations.

Expansion -~ When all the piciure elements corresponding to contraction

have been processed, the program enters the expansion phase (Figure 10).
The first step consists of a chech of the C field for 10 bt pairs. If any of
these exist, bits corresponding to 11 locations (stored in the B field) are
placed in the R register. The R register is then shifted down and compared
with the bits corresponding to the 10 locauons {C). 1If co:ncidence 15 detected,
the cloud number is inserted 1n the proper field in the new rows, and the cor-
responding counters are set to 1. Thte R register 1s shifted again, and the
process ig repeated unul coincidence 1s no longer detected.

During each step of the program for expansicn, the R register is shifted up
one extra place and compared with the-tally of 11 lecations (B) in order to
determine whether or rot the cloud being expanded 15 connected via the new
bit slice to another cloud. If1t1s; the cloud numbers in the rows assnciated
with the "two clouds are made equal,’if 1t 1< nut, the numbers are left un-
changed, and the 'search for expansion bi's 35 continued. Bit slice location E
i8 used to record all of the 10 vombinanons that are adjacent to 11 combina-
tions. The remaining 10 combinations {C nf) represent cloud initiation ele-

ments (see Figure 11}

Initiation -- The set C ﬂE‘ 12 then checked and if any 1's are found, a second
operation is performed to find the first 1 1n the first group. It and the rest
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of the 1's in that group are assigned a cloud number and 1's are placed in the
correspanding counter locations. This group of 1's, representing the first
new =loud, removed from the Set, and the procedure s repeated unul all of
the clements of C{) E have beer used

The termination procedure -see Figuve 11) begins wutk a search of the set
A{)D where A représents all tke 01 combinations and D represents those
that are adjacent to 11 Jocations, [f any 1°s are found. a check :s-made to
find the first 1, A search over pre sously siored cloud numbers 1S then
made to see 1f 1t 1s part of a «loud That was previousiy-terminared. If 1tas,
the previcus termunation vas premasture and rthe conrents of the counter's in
the rows asscciated with this new part of the cioud must be added to the pre-
viougly stored count. If it 15 not part of a cloud thar has been previously
terminated, the cloud number 12 stored in a section of the scratchpad mem-
ory reserved for output data and tke contents of all of the counters in the rows
with th.s part:cular clcud number are summed and stored in the proper adja-
cent location. The checking procedure 1= then connnued in the same mannef
for any additional cleuds that term:nate 1n the curren: bit shice pair. After
all terminations are processed one conipuranon cycle 1s complete, and the
program repeats on another bit slire pair--the last received of the current
bit slice pair and the adjacen: new ¢ne

Conclusions

The flow cha~rts~vf Figures @ through 11 iliusirate one metkod of using an
associative processor to extract certain specified data from a picture. In
this case it was desired 10 count the number of clouds in the prcture and to
determine and record the size of each «loud., it appears that an associative
processor i1s well adapted o solving thas problem and would be able to do the
jcb considerably faster than a general-purpnse computer for two reasens:
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e A relatively large number of searches are vequired which
must be done sequentially in a conventional memory,

e  The other operations (logical and arithimetic) can, in most
cases, be done in parallel on all the elements of a single but
slice rather than sequentially as they are done 1n a general-
purpose computer. o ) ,
Some of the operations have not been completely decomposed into basic instruc-
tions and further study would be required to complete this ask. ‘

It can be noted that complete flexibility exists since eath word of the associa-
tive processor 1s capable of keeping track of its current cloud number and o{
serving as a counter to record the number of 1's. The use of an associative
processor prov'xdes other advantages also. For instance, a histogram of
cloud sizes can readily be generated when the processing 1s completed for
purposes of generaung statistical parameters. :

There are various types of memory organizations that could be used in this

application, A bit slice write capability, which in turn implies an XDRO -
memory elemen:, is the main requirement. A two-dimensiona. readout capa-
bility 15 also required, Local logic 1s not necessary, and, since most of the
searches are over relatively short fields, i1t would not speed up the operation
appreciably. )

The picture elements could be stored in a separate memory rather than in-
cluding them 1n the processor memory. The requirements for th1s separate
memoi'y would not be as severe as those for the processor memory. A sumple
sequential access memory with two output registers to hold b.iz slice pairs
would be adequate. It could operate at much lower speeds than those requived
by the processor memory. Less external electronics is required, however,

if the two memories are combined and constructed from the same type of
components.
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AN ASSOCIATIVE PROCESSOR FOR INCREMENTAL COMPUTATION

A description of methods of using an associative processor for incremental
computation 18 given in Reference 1. Since that report was published, a new’
improved method of storing the program and of performing the program steps
was devised. A description of this method follows a review of the remaining
portion of the system.

Incremental computation is usually performed by suitably interconnecting a
number of digital integrators. Each integrator computes according to the
formula AZ =k Y AX which when summed forms TAZ=Z=KkKZY AX. This
sum 18 an approximation to the integral Z = k _[ ydx.

The digital integrator consists of three major parts -- a Y register connected
as a counter, an R register and adder-subtracter connected as an accurulator,
and the necessary logic for generating the AZ and controlling the counter and
accumulator from the AX and AY inputs. Although binary (two-valued) incre-
ments are sometimes used, ternary (three-valued) increments are much more
common and will be assumed in this apphcauén. The three possible incre-
mental values are +1, 0, and -1. lleans must be provided to add several AY
increments nto the contents of the Y register. This can be done either se-
quentially or 1n parallel. Addition of a single increment to the Y register re-
quires counting up by 1, no change, or counting down by 1. Addition of more
than one increment may require several counts. The R register is updated

by either adding Y to R, leaving the contents of R unchanged, or subtracting

Y from R depending on the value of AX. If this 18 done after the Y register

is updated with the most recent AY, the new value of Y 15 used; 1f 1t is done
before the Y register is updated, the old value of Y 13 employed. The AZ
increment consists merely of the overflow or output carry (or borrow) of the
R register. It 1s sensed after each R t Y operation and then encoded and
stored for later use as either a AX or AY 1input to other integrators.
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ng consists of determining the proper values for the constant k associated
each integrator and modifying the 1ntegrator such that the output 4Z =

AX. If k can be made equal to a power of two, the scaling process can
nplemented by selecting the proper position in the Y register in which to
.he AY increment. In the few cases in which k 1s not equal to a power

'0, a separate integrator is used as a constant multiphier. A constant k
aced in the Y register, and tne'AY increrment is connected to the AX 1n-

resulting 1n an output of AZ = k AY,

rramming 1S accomplished by connecting the AZ outputs to the proper AX
AY inputs such that the resulting integrator configuration i1s constrained
lve the appropriate difference equation. In the associaiive processor
1amzation, this 1s accomplished by means of searches and addition oper-

.

proposed word format for an associative processor for incremental com-
1on 15 shown 1n Figure 12. There are a total of nine different fields in
vord. Four of these fields are used to store the Y and R registers and

»X and £ AY increments. The £ AY field 1s a short mord that contains

um of several increments Since it 1s generally required tha: an integrator
pt several AY inputs. A single ternary incremen:, coded as two binary
s, 18 sufficient to represent AX.

four remaining fields are somewhat unconvenuional and require a more
led explanation of their purposes. The scaling control bits are used for
ng the various integrators. Each scaling word consists of the binary
esentation of the number of positions the £ AY field must be shifted be-

it is added to the Y field. The L AY fields are shifted simultaneously in
ollowing manner. First, the scaling control bits are searched, one at a

, starting with the most significant bit. As each bit locauon 1s searched,
. AY field 1n all the word locations 1n which a match 15 obtained are shifted
nber of places corresponding to the weight of that bit. After all of the

ng control bits have been searched, the £ AY words are 1n the proper
1ons and they are then added simultaneously to the corresponding Y fields.
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ome algorithms, certain sets of integrators must be processed sequentially
ause of the nature of the difference equation bewng solved. The order of
cessing depends-on ‘vther the particular part of the equation being con-
:red calls for the use of the old value of Y or the new value of Y. The old
1e of Y corresponds to the contents of a Y register that has not been up-

:d during the present 1teration period, while the new value of Y corresponds
he éontents of a Y register that has been updated. The natural method of
ration of this.type of associative memory results in the consistent use of
old value of Y since the integrators are processed in parallel. Therefore,
rder to use the new value of Y, it is necessary to set aside one of the

nory word fields to establisk the order of integrators that must be pro-

sed sequentially. These bits are so indicated in Figure 12,

i sometimes necessa: ;> to modify the processing order of sequenually
zessged integrators, depending on the sign of the AX itncrement or other
erion. This modification is obtained by means of search operauons per-
ned on the processing order bits and on the AX bits. A single control bit
been added for this purpose. It permuts a specified criterion to control
processing order. If more than one criterion is to be used, additional
-rol bits must be added. Some algorithms also require that the order of
sessing the Y and R registers be interchanged. An addiuonal controi bit
also been added for tms purpose. ’

programming fields on the right-hand side of the word contain the ad-
3ses of the AY and AX fields into which AZ outputs originating 1n a par-,
lar integrator'are to be added. The AY address fields are simulianeousiy
rched as the addresses in the corresponding fields of the search register
incremented. The AZ bits stored in the two most-significant bit locauons
1e R register are added to the £ AY fields in each word in which a match
wdicated. The same process s then repeated while the AX address field
earched, and the AZ bits are then stored in the appropriate AX fields.

AZ bits are then cleared to zero.
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SECTION 111

EVALUATION OF ASSOCIATIVE MEMORIES
FOR SPACE APPLICATIONS

Associative memories have been found to be applicable to a number of prob-
lems on a space vehicle. These applications are summarized here in terms
of the appropriate associative memory organizational approach, the associa-
tive and processing capabilities required, and such items as speed, size,

etc. From this summary, a number of organizational approaches are selected
as being of interest for space exploration vekicles. The device recommen-
dations discussed 1n the next section are made for each of the selected orga-

nizational approaches.

Since certain of the a3coc1ative memory organizational approaches defined in
Reference 1 are referred to i1n this section, the definitions of those of interes:

are repeated below:

2a - This is an associative memory with no local (distributed)
logic, with random access to a bit shice for search or pro-
cessing operations, and with a full adder per word to increase
speed of arithmetic operations.

2¢ - This approach also has no local logic but 15 significantly dif-
ferent than 2a because 1t has cyclic access to bit slices.
This approach 1s not suitable for processing operations and
thus has a minimum logic capability external to the array for
the equality search opcration.

3 - Thia approach has distiibuted logic to the extent that each
cell can compare its own contents to a corresponding bit of
the search register. With proper output signals from the
cell, an all-parallel equality search can be performed. It
also does reasonably well at processing operations and there-
fore 1s a good general-purpose associative memory,
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3a - This approach 15 identical to 3 except that 1t does not have a
bit slice writing capability.

4 - This organmizational approach 18 much like 3 1n that 1t has local
logic and 18 capable of doing an all-parallel equality search,
However, it 19 able to perform the inequality search and pro-
cessing operations slightly faster than approach 3 since the
cell is somewhat variable in function and the output 1s a ter-
nary signal.

5 - This approach 18 the most complex of any cefined in terms of
the capabilities of the cell. The most significant feature of
the cells, each of which contains a fuii adder stage, 1s that
they can intercommunicate.

JMMARY OF APPLICATIONS

The applications discussed below have been 1nvesngated to various degrees -
some have been considered extensively and some oniy slightly.

Incremental Computation

An associative memory for incremental computauens, such as occur in nawvi-
gation and control problems, was described in Reference 1. Some changes
in the technique for using the associative memory for this function are in-
cluded 1n Section II.

The requirement was found to consist primarily of processing operations

with an occasional equality search, Orgamzanbnal approach 2a 18 considered
the best choice for this application.
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Picture Processing .

Picture processing was identified as an application on which *he parallel pro-
cessing capablity of an associative processor can be applied effectively. A
complete descriptivn of this application is given in Section II, '

A portion of a particular picture processing problem was chosen.to determine
the requirements on the associative processor. The problem was to deter-
mine the number of clouds and the size of each, given the binary representa-
tion of a cloud picture.

The method chosen for organizing an associative processor for this problem
is to divide it 1nto two parts - one part for storage of the picture and one for
processing and storage of results. The part used for storage of the picture
needs only-an equality search capability. Also, since the searches are always
performed over two bits and 1n a cyclic manner from one edge of the picture
to the opposite edge, a form of organizational approach 2c 1s suitable for this
requirement. Accesses to bit slices can be cyclic, but they cannot be syn-
chronous. This is because the time required for processing each bit slice
varies depending on the data. Thus an asynchronous cyclic access such as
could be obtained from shift registers is required. The number of words re-
quired for storage of the picture will not exceed 800.

The part used for processing and storage of results must have quite different
capabilities. It must be able to do processing as weill as search operations,

It also must have facilities for shifting the contemts of the results register

up or down, and it must have a word-select ladder which allows selection of
multiple matches, one at a time. 'The orgamzational approach chosen for this
part of the picture processing application is 2a. The number of words required
is the same as for storage of the picture.
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stive Data Acquisition

application, formerly called adaptive sampling, is that of using an asso-
ve processor as an on-line data collector and pre-processor for sensor
system-status-montoring data. It is described in detail in Section IIL
ﬁy. the Associative Data Acquisition (ADA) system works as follows.
1 data source is connected permanently to one word of the associative
essor. During each cycle, the associative processor computes a figure
erit simultaneously for each source and performs search operations to
rmine which source has the most significant data. The output of the ADA
em 18 this selected value. Thus, it can be seen that the data ‘acqusition
be made to match the communications channel, )

capabilities required to accomplish this function are primarily of the
essing type. However, the need for occasional equality, inequality, and
imum (or minimum) searches 1s also anticipated. Also Since the capability
wndling analog sensors 15 desired, a built-in analog-to-digital conversion
:quired. Other possible useful features include the logic to determine the

t number of matches (number of 1's in the results register) and a word-

=t ladder to select multiple matches one at a time for readout.

organizational approach most suitable for this application is 2a. In most
8 the number of words required would be less than 1000.

rol Functions in a.Muiti-Processor System

application 1s also discussed in detail in Section II. In a multi-processor
im which has mulu-program and parallel processing capabilities, an
ciative memory 1s proposed to handle those functions such as assignments

'sks to processors, assignment of memory to programs, etc.. which are

1ally handled by an executive control program.
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An asgociative memory thh search capabilities only can satisfy the require-
ments of this applxcauon. An all- paralle] equalxty search capability of
approach 3 can probably be Jusuhed and-she number of words required would
be less’tnan. 1000.

Look-Aside Associative Memory

This apphcatmn 15 descmbed n Sectxon 1. An assocxanve memory 18 attached
to each processor m a multl processor system and 15 used to store instruc-
tzons and operand: obtamed ‘from marn memory in antxclpanon that they ‘may
be needed again soon Results are also stored 1n the assoctattve memory
rather than 1n the. mam memory m antxcxpatxon that they may be required aa
operands for future mstructxons. Each ttme an mstructmn or operand 1S
needed a search 15 performed to see if 1t 1s in the assocxanve memor) before
accessing mam memory. Thus, the purpose of the look aside associative
memory 1S 10 save accesses to main memory.

The requirememts of this application include an all parallel equality search,
very high speed and fairly small size. No. processmg operations are re-
qu).red There 1s also no need for a bit-slice wrumg capablht) or for a word-
select ladder. Thu:., orgamzanonal approach 3a1s recommended

f v

Multi-Access Associative Memory

In Secnon II, a mu1t1 -access assocxatwe memory 18 proposed for use in a
multi- process'\r system. Thxs memory can simultaneously satisfy the re-
quests of many users, aJthough each obtains its requested word 1n a serial-
by—bxt mode Thns is accomphshed by dlstnbutmg the contents’ of the memory
serxally to the many sets of access circuitry 1n a cychc synchronous mode.
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\lthough the mult1-access memory can be used to perform a number of differ-
‘nt, functxons 1n a multi-processor system, none requu e processing operations
und most requlre only the equality search. Also, the serial-by-bit mode of
peration 18 suitable not only for the searching operauon but also for reading
ind writing. The number of words required depends on the specific applica-
ion. If1tis functxomng only as a control memory) 1t would be small, if 1t is
1sed for program and operand storage, it could be qurte 1:11‘ge In etther case
rrgamzatlona.l approach 2¢ would be used '

ium of Products

¢ . .
n Task 1 of this study, the computational requirements Of space exploration
vere described 1n terms of a set of computation descriptors. The computa-
1on descripto:r found to occur most frequently was the sum of products. For
xample, the 'sum of products \ope_r"auo‘n sh_owed-up frequently 1n data com-
-ress:bn techniques, 1t was the ma]or part of -the computation required to
enerate a picture from side- lookmg radar Lnputs, it occurs an many picture
rocessmg or pattern recogmtlon algornhms and even occurs occasxonally
n nawgatxon and control type computations, Although th operanon has not
een gtven a great deal of attention in this stud), a frew con‘.mema about the
roblems’ encountered in pexformmg 11 1n an agsoclarive processor are in
rder. N

irst, there -are two variauons of the sumof products operation to be con-
1dered In one case, the summanon 15 o»er a regular’ subset of words in

1 assomatxve processor A summation over all words or over every other
«ord are examples of regular subsets. - In Ih.l case, an as:ocratne processor
an handle the job’ ver); ‘ulell First the mulnphcatlon 18 performed over the
elected subset of words, and then the summauon 18 per formed by a sequence
f adds where pairs of words m\the selected subset’ are summed (all pairs
lmultancously), then paLrs of the::e Sums are :ummed eic. Thus, forn
'ords. a total of log2 n adds are requxred This 1s a fairly efficient way of
erforming this variation of the sum of products operation.
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The second variation of the sum of products nperation is vne where an lrreéu-
lar subset of words is involved in the summation, While the multiplication
part of the computation can be done simultaneously over all words of the
selected subset, the summation presents a problem. Siuce the words to be
summed are stored in random locations, 1t 15 not possible to form sums of
pairs simultancously tor all pairs as was done in the previous case. One
technique proposed for handling this_type of summation uses an external
accumulator and requires the capability of deternumng the exact number of
1's in the results register (Ref. 7). The procedure 15 to search for 1's in

the least significant bit position of al! words. The .number of 1's is then added
1nto the external parallel accumulator. The next step 1s to search for 1's in
the second it position of all words, again determine the number of 1's in the
results register, and add the number into the accumulator shifted one position
to the left with respect to the previous step. This procedure 13 continued
through the most significant bit, at wkich time the summation of ail the num-
bers is contained in the accumulator,

It can be seen that the effectiveness of this technique depends on a fast way
of determining the number of 1's in the results register, The associauve
processor suitable for this applicauon 1s one strong in processing operauons,
Organizational approach 22 13 probably the best chowce. It can be expected
that most requirements would be satisfied with an assec:auve prccessor of
less than 1000 words. . ’

Retrieval from a Large File

.y  Ampa  gematy  GEESS  wrew Smpm Smmee® wmes e

Since an associative memory's most significant capability is that of perform-
ing a parallel-by-word equality search, a purely information retrieval appli-~
cation 18 postulated. Such a requirement might sumply be that of selecting a
subset of quantities from a mass storage device for transmission o earth.
Assuming that the quantities are stored at random locations on the mass stor-
age device, a convenient way of obtaining all the quantities in one pass is to
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ore the identity of all the desired quantities in an associative memory. As
ch quantity is received from the mass storage unit, it serves as the search
»rd in an equality search operation to detcrmine 1if it is one of the desired
-antities. This requirement can be met with a very simple associative
emory. The only operation needed is the cquality search. Also, multiple
atches will never occur, and input/output consists only of imtial loading.
3ssuming that the quanusiles are receiwved from the mass storage unit 1n a
.rallel-by-bit mode, an all-parallel equality search 1s desirable. Thus,
ganizational approach 3a 18 recommended. It 1s hikely that 100 words

»uld be a sufficient si1ze for suck applicat:ons.

atrix Inversion

1e requirement for matrix inversion was also found to oczur occasfonally
space explorauon, This problem is of the type tkat can take advantage of
e parallel processing capability of an associative procgssor. The'Gauss-
rdan method, which consists of simply diagonalizing the matrix by the
‘'ocess of elimination and generating the inverse by perfor-ming the same
:erations on an imrially diagonalized maunx, was the algorithm chosen,

1e time requxred 1o perform this operation on an assoclauve processor 1s
oporilonal to nz, where n 1s the size of the matrix, while 1n a sequential
‘mputer the nume is proportional to s,

e capabilities required to perform this computation are predominantly of
e processing type. Fioaung point capabilities would be useful. which,
cording to the aigornhm described in Reference 1, necessitate extensive
ifting operauons. An oecasional equality and inequaiity search are used ’
select the proper subset of word for the processing operations. Due to

e shifting requirement, organ:zational approach 5 is the best choice. If

e floating point capabil:ty was not required, approack 2a wou!d be chosen.
1e number of words required for tiusg application 1s 2n2
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Applications that use sinmular procedures are the simplex method of linear
prograx"nmmg and integer linear programming problems. Although require-
ments for these computations werc nnt presently 1dentified 1n space explora-

tion, they could occur in the future.

Advanced Associative Processor

An associative processor with powerful processing capabilities as well as
all-parallel search capabilhiies would, of course, satisfy all the applications
described sbove. This gencral-purpose associative processor would best be
realized by approach 5, which has a complex cell and intercommunicanons
between cells. Orgamzational approach 4, with 1ts 1ernary output from the
cell and a limited variability in the function performed by the cell 1s another
possibility. [t does not have the processing capabilities of approach 3, but it
has the advantage that it can be mechanized with magnetic devices.

EVALUATION OF APPLICATIONS

The applications for associative memories are summarized in Table 1. The
only undefined notation 1n the table 15 concerned with size or capacity. A
memory of less than 1,000 words 1s considered small and designated with S,
{from 1, 000 to 10, 000 words is considered medium and designated with M;
large memories are designated with an L. The numbers in the "Preferred
Organizational Approach’ column refer to definitions at the start of this sec-
tion. The following conclusions are drawn from the informaton in Table 1:

[ Two orgamzational approaches stand out as being the most
useful for space problems. One of these 1s a bit-shice pro-
cessing approach with a serial adder per word (approach 2a)
which 1s useful where extensive processing 1s involved. The
other 1s capable of an all-parallel equality search {approaches
3 or 3a) and 18 useful for applications requiring mostly search-

ing.
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] In nearly every case the associative mewmory required 1§ one of

less than 1, 000 words.

[} While the requirements for none of the applications can be com-

pletely satisfied with a read-only associative memory, there

are some situations where a read-only field could be utilized

® Device recommendation will be made for four organizational

approaches - 2a, 2c, 3, and 5.

Approach 3a 1S not included

individually since any device recommendations for approach 3

will hold for 3a also.

¢
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SECTION IV
- DEVICE EVALUATION

Many devices can be used to implement an associative memory cell. In some
orgamzational approachés. the cell requires both memory and logic functions,
while for others only the memory function 1s required. Some of the devices
potentially usable in an associauve memory cell have become obsolete in re-
cent years due to advances in eleciromcs and the discovery of new and bettér
clements; others have been improved to the point where they are currently
being used {n computer memories, still others are potentially very desirable
elements but cannot be used at this stage in their development due to unsolved
fabrication problems.’ .

The purpose of this bortion of the report 1s to select from among this group
of devices, a Sub§et whose members are either usable 1n associative mem-
ories at the present time or are potent:ally usable in the future. This is a
diufficult task for two reasons. First, many parameters can influence the
desirability of a parucular component, second, each of the various associative
memory organizations places differing requirements’ on the components,
Because of this, a component rating sysiem was devised to facilitate the evalu-
ation of the components with regard 1o the requirements of the various mem-
ory organizations. '

RATING SYSTEM

The heart of the component rating system 15 a set of 14 component parameters,
each of which 15 related 1n some way to an important memory or logic char-
acteristic. In most cases the components can be given a merit value for each
of these parameters which 1s independent of the size and type of memory or-
ganization being considered.  Similarly, a set of weights, one for each of the
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component parameters, is assigned to each memory organization. The mag-
nitude of each weight depends on the importance of the corresponding para-
meter to the over-all functioning of an associative memory with this particular
organization. The sum of the products of the component merut values and

the associated weights for a particular memory orgamzation is iterpreted

as a figure of merit for this component when it 15 used n the particular
organization. The figures of merit for all of the components relative to

this particular organization can then be conipared in order 10 select those
components with the highest figures of merit. '

Some of the parameters, however, do not appear to propet.y fit into thig

type of computation. These are the parameters that correspoid ‘o variaus
confxdencg levels, and it appears that they should be muitivited by the

figure of merit rather than being included in the sum of products computation,
The final computation then is of the form

F = ;— e (::. w, Vx)
whore the w, are weights corresponding to a particular-organization, the
v, are parameter merit values for a given component, the ¢_ correspond
to confidence level figures, and F 1s the resulting figure of merit for the
component used in the particular memory orgamz.ation.

The values of Wy and v; range from 0 to 10 while the magn.iude of the
¢, range from O to 1. As a resulr, the maximum figure of merit for an
element 18 100n. where n 1s the number of relevant parameters,

COMPONENT PARAMETERS

The component parameters that have been selected are given in Table 2,
and 4 brief discussion of these parameters foliows., The read poweris a
component parameter which 1n part determines the total power requred
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Table 2. Component Merit Values

g
- [ad
2(8| |5
8|5| |&
-l [glg] i3
o
HEEEHEE
componenT MERITVALLES (21 3 = 1218 12) | | s
PARAMETER AEHBEHAHEEREE
SEEEEEAIRRE
HHAREREREHETEREH
S18121315(8(2|5(21815(5
SHEHEHEEHEEEE
A READ (OR SHIFT) POWER {6 |6 [6 |4 |6 |3 |62 |6 |4 |3 [6]5
B WRITE POWER sp33fale 1 fefals [el2 3]z
C_READ SPEED 177 s[7 w7t [e3[1[616]7
D WRITE SPEED slefelsTe[wle [6]3]1]6]6]3
E_VOUATILITY 10]w]tw] o oo | ofw]w[wfo]w0]0
F SIZE 7{7]s|als [afs |z [w]o]s (87
G CAPABILITY OF WORD
B AEADOuY 7(6|8|wfw{wlwfn|6le|3!s]s
H RELIABILITY 1ot fa]sfale [7]slsla{r]7
4 DATA REGENERATION o ol
A 1010 {10 [10{10 10 10 {10 {10 |10] 0 |10{20
K__COST IPER CELL Tol (i3 (v [3]5]8[7 5]8]3
L ourpur sioNALLEVEL |3 [0 [ 1 {o [0 ] 0] 0] 7 {7 s a4
M_NDRO CAPABILITY Y[y [y Ty v [n[v[vv{v{aln]n
N PRODUCTION CONFIDENCH; ) 211.0 |1.0{1.0]1.0j0 5p.2 [0.5jo.5[Lofo ofuo| o
LEVEL
P LOGIC CAPABILITY Lol
Contomct e Ao yjLojiofo [1ojLojosjog oo o
KEY  N-NO (1) WITH SENSE AMPLIFIER
Y-VES @) WITHOUT SENSE AMPLIFIER-CLOSED SENSEMRITE LOOP

Q-QUALIFIED 8) ASSUMING SMALL/MEDIUM SIZE MEMORY WiTH REFRIGERATOR
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ring a memory search operation. Similarly, the write power 18 a factor
it partially determines drive power required to write a bit slice. These
~er figures also include any steady state power consumed by the memory
mponents, The next parameter, the element read speed relates to the
‘mory search speed while the write speed corresponds to the speed at

ich a bit slice can be written, i

latility refers to the ‘retention of information during a power failure. A
1-volatile storage element ‘1, e., one that retains information during a

wer fallure or interruption) 1s given a large merit value for this parameter,
ile a volatile element is assigned a much smaller one. The size patrameter
rtains to the size of the memory element as well as any associated logic

it may be required by the memory cell,

adout of a selected word can always be done serially by means of external
ing logic. In most cases, however, 1t 1s desirable to read out the bits of a
ected word in parallel., The ability or relative ease of obtaining this
aracteristic gives a measure of the parallel word readout capability
rameter,

e reliability of an associative memory depends on several factors. First,
‘re 18 the intrinsic reliability or failure rate of the memory element

elf, Another reliability factor 1s the result of the requirement for inter-
‘ment connections. If these connections can be made by means of threading
atinuous wires such as 1n the case of memory cores, the connections are
remely reliable, However, 1f separate soldered or welded connections
18t be made, as 1n the case of either integrated or discrete semiconductor
‘ments, the over-all memory reliability 18 reduced due to the failure rate
these interelement connections. The amount and type of external drive

1 sense circuitry required by the element is also a factor in determining

- over-all memory reliability. All of these factors are considered 1n
3igning a merit value to the reliability parameter,
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Certain types of -memory elements will retain the stored information ~only for
a finite length of time, after which it must be read out and rewritten into the
element. This must be done periodically, and during this operation the
memory cannut be used for searching and other associative memory functions.
Thus, the over-all speed of the memory 1s compromised, and the restriction
could be quite severe in high-speed, real-time applications. This charac-
feristic of a memory element is measured by the regeneration requirement
parameter. A merit value of 10 implies that regeneration 18 not required,
while a low value indicates that the memory information must be regenerated
frequently.

The cost per bit of the memory is a factor that'partxallir depends on the memory
size since it includes not only the cost of the memory element but also the
prorated cost of the input and output electronics, .Thus, the values assigm-ad

to this parameter should correspond to the cost for a typical memory of a

given type. The output signal level parameter 13 importam {cr several reasons.
It determines the complexity, size and power consumption of the sense
electronics. In memories in whicis local logic 1s performed, it can also

have an effect on the reliability of the logic operations and the ease with which
they can be performed. A merit value of 10 on this parameter implies that

the amplitude of the output of a cell is sufficient to drive another cell within

the same word line.

The capability of the memory to perform non-destructive read out {(NDRO)
operations is required for certain of the organizations. In these cases, the
parameter relating to this capability is then omitted from the tabulation since
all of the elements considered in these cases must Have this capability and

it is either a full valued or a non-existant quantity. In other memory organ-
izations,. either NDRO or DRO (destructive read out) operation is feasible.

In these cases, the capability of NDRO operation increases the speed of

searches and other operations., Thus, for those elements with the NDRO
capability, a larger weight on the speed parameter can be used, whereas a
lower weight must be used for those elements that can be operated only in
the DRO mode.
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The last two p:ﬁameters represent confidence factors. The first of these 1s
1 parameter that expresses the relative confidénce that the device will be
~ealized to the 'extent that 1t 1s usable as a memory element in an associative
mnemory cell, The second one is an expression of the confidence that 1t

san be used to perform the logic function required of the associative memory
sell. If'these capabilities are presently available, a confidence level of 1

1s assumed, I'f there is no possibility of the capability being realized, a
sonfidence level of 0 is used. Figures in between 0 and | are used to express

varying degrees of confidence in the capability.
{CE RATINGS
The devices have been divided into two groups, one for those that are usable

anly 1n cyclic.access memories and the other for all of the remaining devices.
The first group is rated for organizational approach 2¢ while the second group

_ of devices 1s rated for approaches 2a, 3, and 5. These are the four orgamza-

:10nal approaches that appear to be the most useful in the applications considered
in this study. All rhe devices considered are-described 1ndetail in Reference 1.

The component merit vaiues for the two groups are given in Tables 2 and 3,
Although most of the eniries in these tables are self explanarory, a few of
‘hem require a brief comment.

Two types of plated wire memories are listed. The first is the conventional
:ype with sense amplifiers and drivers on each word.liné. The second type-
amploys a closed circuit word line (plated wire} which if successful, would
permit direct storage of the results of a search in another cell (oh the same
wire) without the-need for sense amplifiers or word drivers. Although this
method of operation would provide many advantages in terms of lower cost:

This work is sponsored by the U.S. Army Electronics Command, Fort _
Monmouth, New Jersey under contract DA 28-043 AMC - 01305 (E)
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wer power, and higher reliability, particularly inlarge memories, the
chniques have not been proven and 1t is therefore given a low confidence
vel (Table 2).

1e figures given for field-effect and thin-film transistor circuits have been
'viged to include recently reported work on complementary symmetry
rcuitz.(Ref. 8). The use of this type of circmitry results in a much higher
reed/power ratio than could otherwise be obtained. Reported speeds
itained by the use of this technique are within a factor of 1/2 to 1/3 of those

itainable from bipolar integrated circuits,

1e figures for the cryotron include those for the refrigerator, For the
emory size assumed (1000 words, 50 bits), most of the cost, size, and
)wer consumption are due to the refrigerator. Thus the resulting figures
) not compare as favorably with those for the other components as they
>uld for a larger memory size.

1e figures for the ferroelectrics and the ferrotron are based on the use of

'Ww materials which have memory parameters that are much improved over
ose previously available. The capability of batch fabricating large memories
om these new materials has not been proven, however, which resulted in
:latively low confidence levels.

LES OF MERIT

he figures of merit for the four brganizational approaches that were selected
e gwven in Tables 4 through 7.
products along with the final figures of merit are shown in Tables 8

The weights, individual products, and sums

rough 11.
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Table 4. Figures of Merit for Approach 2.,

Component z Wi vi Figure of Merit
Plated Wire (WSA) 370 370
Plated Wire (WOSA) 104 81
Planar Thin Film 37 371
Bipolar Integrated Circuits 311 311
Field Effect Integ. Circuits 314 314
Tunne! Diodes 296_ 296
Thin Film Transistor Circuits 322 161
Cryotrons ' 335 67
Ferroelectrics 324 272
Ferrotron 262 136
Diode-Capacitor 196 196
Ferrite Sheet 345 314
Biax 325 325

-0 -

Table 6. Figures of Merit For Approach 5

Component wi Vi Figure-of Merit
Bipolar Integrated Circuits 393 393
Field Effect Integ, Circults 405 405
Thin Film Transistor Circuits 413 207
Cyrotrons ' 409 82

Table 7. Figures of Merit For Approach 2¢

Table 5, Figures of Merit For Approach 3.

Lw, v
i

Component Figure of Merit
Plated Wire (WSA} 329 99
Plated Wire (WOSA} 388 39
Planar Thin Film 326 33
Biplar Integrated Circuits 304 304
" Field Effect Integ, Circuits 320 320
Thin Film Transistor Circuits 330 165
Cryotrons 354 71
Ferroelectrics 310 36
Ferrotron 282 42

Component L W, vy Figure of Merit
Biplar Integ., Crt, Shift 319 319
Register ’
Field-Effect Integ. Curt. 400 400
Shift Register :
Magnetostrictive Delay 312 312
Line
Glass Delay Line 386 386
Strain Wave (Electro Acoustic) 442 221
Strain Wave (Magneto Acoustic) 418 293
Thin Film Magnetic Shift 341 341

Register
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Table 4, Componenmt Merit Vataes 1or Approach 24
z1a lals |, 2
Oo:.m-c:r.:_. W W LA 2. o . P
| SIE A1 1258 8l a g | £]s
. g lg {818 |oelgibg J & g|e
ERCEREC TN I B AL
13 |2 |5]97=5 2% 4 8 ¢ 4|E |,
- =4 - -t
parameter ¢ |az|asls |ag cadl £y 4 &l B[ 818 &
A. Read (or Shift) Power | 5 30| 30 [30] 20f 30 /15| 30 [ 10 30} 20| 15| 30| 25]
’ B. Write Power s {1515 15| 10)10f 5{10 |10 [30] 30{ 10| 15] 10
C. Read Speed 91l 63 |63 63(72163]70(63 |54 [27] 9] 42 42| 63
D. Write Speed of7] 54 {54 [54| 72 154} 7054 Isa{27] ol a2y a2]27
E. Volatility 4 140 )40 }40| O O] O] O {40 |40| 40| Of 40| 40
F. Size 3 |21 |21 feal12|18|12]|18 ] 6|30]27]24] 2421
G. Capability of Word 2 14 [ 12 |16 )20 | 20| 20|20 J20 (|12} 12 6| 12] 16
Slice Readout
H. Reliability 8 [56]72 |56]3240|32]48 |56 {40 40| 32| 561 356
J. Data Regeneration 5 { 50| 50 {50! 50 {50|50]50(50])50{50] 0} 5050
Requirement
K. Cost (per Cell) * 3 210127 |21 3 9 3 9715|241 21 15] 24 9
L. Output Signal Level 2 6] 20 2120120{20720) 20|14 14| 10 8 8
M. Ndro Capability yiIN Y|Y IY |[Y[Y N]|]YY (Y |Y|Q|NIY
N. Production Confidence 1,0 0.2 1,01,0.,0[1,0(0.5]0.2 P.50.5[1.0}0.9]1.0
Level _
‘Total without confidence 370 [404 371 {311 [314 |296 |322 |335 [324 {272 {196 |345 }325
level factors included _
Final figure of merit 370 | 81 371011 J314 296 161 [ 67 162 136 [196 [314 [325
Table 9. Component Merit Values for Approach 3
Component , m m
. E_{Ec| 2 [ 22080 |os |w |E .
« 132052 |5 |5 |8glez| s |5 |2
2|aZ|az|6E| A6 |EEQ|EES |58 |8 |8
A Read (or Shift) Power 4| 24 24 24 16 24 24 8 | 24116
B Write Power 2 6 6 6 4 4 4 4 112} 12
C Read Speed 6| 42 42 42 48 42 42 36 18 | 26
D Write Speed 2|12 12 121 16 12 12 12 61 2
E Volatility 41 40 40 40 0 0 0 40 | 40| 40
F Size 2 14 14 16 8 12 12 4 2018
G Capability of Word Slice Rcadout | 7 | 49 42 561 70 70 70 70 |42 | 42
H Reliahility 10| 70 90 70 40 30 60 70 | 50 | 50
J Data Regeneration Requiremaent 41740 40 40 1 40 40 40 40 [ 40| 40
K Cost (per Cell) 2 14 8 14 2 6 15 10 16 {14
L. Output Signal l.evel 6 18 60 6 60 60 60 60 )42 | 42
M NDRO Capability Y Y Y Y Y Y Y Y Y Y
N m:.oacnﬁ.o: Confidence level 1.0 Jo,2 11.01]1,0 1.0 0.7 |02 .5 p.5
P Logic Capability Confidence 1.cvel 0.3 0,3 10,141,0 1.0 1.0 1.0 .3 p.5
Mwmmk_w”mﬁamnwiagnc Tevel 329 1388 | 326 [304 | 320 | 340 354 Bio paz
Fina) Figure of Merit 29 39 33 {304 | 320 165 71 {46 $42

-[8-
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Table 10.

Component Merit Values for Approach §

= |, |&
Component s é - z
L et g —
b - R )
2 (221215
A EEIEEE
2|33 95|25 5
Parameter it 2219} 0
CR N IR -
- IO |2=x{=5 {0
A, Read (or Shift) Power |5 | 20 30 30 10
B, Write Power 5110 10 10 10
C. Read Speed 6 | 48 42 42 36
L. . Write Speed 6 | 48 36 36 36
.E. Volatility 2 0 0 0 20
F., Size ] 3|12 18 18 6
G. Capability of Word 7 70 70 70 70
3lice Readout
H. Reliability 8 32 40 48 36
J. Data Regenerauon g | 80 80 | 80 | 80
Requirement -
K. Cost (per Cell) 3 3 ] a 15
L. Output Signal Level Tl7 |70 70{ 70
M. NDRO Capability Y|Y Y Y Y
N. Production Confidence 1.0 (1.0 |0.7 ]0.2
Level
P, Logic Capability 1.0 1.0 j1,0 ] 1.0
Confidence Level
Total ‘without confidence 393 |405 [413 | 409
level factors included .
Final figure of merit 393 |405 207 82
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Orgamzational approach 2a does not require devices capable of NDRO
operation, Therefore all components which have this capability (indicated
in Table 8 by a Y) use a speed we:ght of 9, while those that do not have
this capability (indicated by an N) use a speed weight of 7, Although, in
the diode -capacitor {Dicap) memory, information 18 not completely
destroyed upon interrogation, it does have to be rewritten frequently in
order to prevent eventual loss. For this reason a speed weight of 7 was
used for this device.

The highest rated components for approach 2a are plated wire and planar
thin magnetic film devices ‘Table 4), integrated circuits, the ferrite
sheet memory, and biax elements run a fairiy close second, The biax
memory will probably not remain competitive much longer, sirce the
parameters of the other devices are improving rapidly as new production
techniques are developed, If the research and development problems
assoc:ated with the cryotron and ferroelectric devices can be solved such
that their confidence levels can be increased to 1, 0. they would also fit
into this second highest rated category.

The integrated circuit devices have the largest figure of merit for organ-
izational approach 3 (Table 3). JMost of the other componen:s however have
high ratings before the confidence levels are applied, Plated wire requires
only a demonstration of signal cancellation logic capability to be highly
rated, Attainment of this capability is doubtful in the case of planar mag-
netic films, The ab:lity to produce workabie cryotrons and thin-film
transistor c.rcuits on a large scale is the only factor holding the figure

of merit down for these elements. The ferroelectrics and the ferrotron

require an enhancement of both the production confidence level and the logic

capability confidence level before they can be seriously considered for this
approach,
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Only the semiconductor type devices and the cryotron can be considered for
approach 5 (Table 6). Before the confidence levels are taken into account,
their figures of merit are all approximately equal. The same comments
apply to the thin film transistor circuits and the cryotron as in the previous

approach.

An entirely different class of components was considered for approach 2c,
although some of them employ similar basic elements such as semiconductors
or magnetic devices. The strain wave and the field-effect integrated circuit
shift register devices have the largest figures of merit before the confidence
level factors are applied and the field-effect device is on top after they are
applied (Table 7). Considerable developmental effort 1s required on the strain
wave devices before they can be considered for use in memory systems,

BLEM AREAS -
Some of the devices previuusly discussed require further development effort

in order to prove feasibility or to determine logic capability, Other devices,
even though they already have large figures of merit, require additional effort
to correct certain deficiencies in their characteristics, All of these problem
areas are discussed in the following paragraphs.

~

Thin Magnetic Film Memories

Thin magnetic films of both the planar and the cylindrical (plated wire) con-
figuration can be used as components of an associative memory cell, A
problem that is common to both configurations concerns the non-destructive
readout capability. Thin magnetic film memories are read by rotating the
magnetization of the film, by means of a transverse magnetic field, toward
the hard direction axis. The drive field magnitude must be such that the
magnetization does not rotate the full 90 degrees, for if it does the information
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stored in the memory will be destroyed since the magnetization vectors will
split, half of them returning ta one of the easy directions and half to the other
easy direction. In an ideal thin magnetic film, the magnetization could be
rotated almost 90 degrees, and, when the dri;'e field is released, the
magnetization would return to whichever easy direction it was originally
orented. In practical films, however, when the magnetization is rotated be-
yond a certain point, portions of the film return to the opposite direction when
the drive field is removed. Thus, for non-destructive readout, the magnitude
of the drive field which can be employed is limited, and as a result the output
voltage on the sense line is also limited. Recently; coupled films ‘consisting
of two magnetic layers separated by a thin non-magnetic intermediate
metallic layer have been investigated and they appear to be capable of NDRO
operation with much larger transverse drive fields than i1s permissible with
conventional single layer films. One of the two films in the sandwich has a
low coercive force while the second film has a high coercive force. Additional
research in this area is desirable to improve the NURO capability of thin
magnetic films thereby facilitating their use 1n those associative memory
approaches which need this capability, ' .
Cylindrical magnetic films (plated wire memories) can be made much thicker
than those 1n the planar configuration because of the closed-flux nature of
plated wire. This results in larger output voltages for the plated wire, which
in turn increases the confidence 1n a signal cancellation logic capabil:ty.
Several problems, however, still remain with plated wire, First, present
wire sizes require larger drive currents than do planar films. This s a
particularly severe problem in those types of associative memories where
many drivers must be turned on simultaneously, Additional research to find
methods of reducing these currents is essential, [f they can be reduced
sufficiently, integrated circuit drivers could be used which would in turn lower
the cost, increase the reliability, and decrease the size of the memory.
Another problem that has been observed is the aging effect, After plated

wire has been stored for a period of time, the characteristics sometimes
differ from those measured immediately after plating. Additional research

is required to eliminate this effect.

12017-FR1
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1sibility of performing signal cancellation logic should also be siudied,
: of film uniformity, methods of standardizing drive currents, noise
ms, and unusual circuit techniques should be considered in this study

m.

¢ Integrated Circuits

seen shown that integrated circuits employing bipolar transistors can be
» mechanize quite complicated associative memory cells. The two

1al problems encountered in the use of bipolar integrated circuits in an
ative memory cons:st of (1) the large amount of power required and
potential reliability problem die to the necessity of interconnecting
-ated circuit chips. The power consumption problem may be alleviated

_use of pulse logic whereever possible, along with the use of circuita

tely employing PNP and NPN trandistors. The circuits might be

ed in such a way that only the storage device or flip-flop is canducting
iable current except when the cell is being read into, read out of,
articipating in a logic operation. By means of these techniques, it

be possible to considerably reduce the average p?weAr consumption,

oblem of interconnecting integrated circuit chips has received con-

sle attention. First of all, the necessity of making these interconnec-
an be alleviated to some extent by making the chips larger and larger,
rse, the yield of operable circuits is the limiting factor in this approach,
be pogsible to increase the yield presently achieved with'larger chips‘
uns of research by the semiconductor manufacturer. The second

1 is increasing the reliability of large mtegraféd circuit arrays. and

it has been studied at Honeywell, both under company funds and under

*y contract funding, consists of making the interconnections by means

“acular bonds which eliminate intermetallic interfaces. These inter- -

wre the most probable cause of interconnection failures.
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Field Effect Integrated Circuits

Metal oxide semiconductor (MOS) field effect integrated circuits are subject to
the same problems as bipolar integrated circuits and 1n addition they have

tiie groblem of a somewhat lower maximum operating speed. The relatively
low limit on the maximum drain current in conjunction with the transistor

and interconnecting lead capacit, 18 the gcrincipal factor limiting the circuit
speed, Device cutoff speeds are no longer an important factor. This problem
can be alleviated by the use of complementary symmetry switching circuits
which decrease the capacitive charge and discharge times, Industry efforts
appear to be concentrated :n this area, and recently published results {Ref, 6)
indicate that delay times for MOS complementary symmetry memory cells

are no more than 2 to 3 times those obtainable with conventional bipolar
integrated circuits.

Cryotrons

The cryotron is a potentially ideal element for large associative memories

of a si1ze such that the power and size penalty which must be paid for the
necessity of including a refrigerator can be divided among a large number

of memory cells. The cells themselves should be inexpensive 1n large
quantities because they are batch fabricated. Unfortunately, 1t has not

been possible to construct large cryotron arrays due to a number of manufac-
turing problems. Some of these problems have been overcome, but many

of them still remain, and there 18 some doubt that they will ever be satis-
factorily solved.

Ferroelectrics

The ferroelectric and ferrotron devices require materials, ‘abrication, and
circuit studies. Several new ferroelectric materials are presently being

12017-FR1

investigated, and they appear quite promising. The ferroelectric elements

are low-power devices, but methods must be developed for batch fabricating
thin, small-area devices before these power levels can be achieved. Methods
of performing logic must also be 1nvestigated.

Speed 1s the principal problem of the ferrotron. The speeds of presently
usable photoconductors are two or three orders of magmtude below what
is required for most associative memory applications. A potential
advantage of the ferrotron 1s its optical input capability.

Ferroelectric materials might also be considered as emergency storage
elements within an integrated circuit memory cell, as suggested in Reference 1,
Ferroelectrics are much better than any other non-volatile device fox" this
application since their drive requirements and output voltages most nearly
match the corresponding characteristics of semiconductors. In this application
the ferroelectric is set by the integrated circuit as soon as incipient power
failure is sensed. \hen power is restored all data is automatically trans-
terred back into we flip-flops.

RECOMMENDED AREAS FOR FURTHER DEVELOPMENT

Of the devices described above a number have been selected as the most
fruitful for research projects for the following reasons:

e The devices have a high figure of ment in one or more of the
approaches or would have if the problems involved can be solved.

[} The problem areas do not appear to be receiwving sufficient attention

in 1industry at the present time,

[ The problem areas appear to be capable of solution with
reasonable effort,
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The suggested research projects for each of the selected devices are: Thin-film transistors -- Materials and fabrication research

18 required.
(1) Planar Magnetic Thin Film -- Investigate use of coupled films

to improve NDRO Capability. Field effect integrated circuits -- Research should be

(2) Plated Wire -- ) aimecl- at increasing the speed.

(a) Same as for planar films * Strain weve -- Materials and fabrication studies are required,

. {b) Use of smaller wire to reduce drive curreni requirements
{c) Solution of aging problems o Ferroelectric devices -- Research.on.materials and batch
fabrication techniques is needed.

{d) Investigate techniques for performing logic with plated wire,

(3) Bipolar Integrated Circuits -- Ferrotron -- Materials studies and research aimed at increasing

. i X the speed are required. A requirement for optical input could

(a) Investigate methods of improving speed power ratio by the make this device more desirable than.its figures of merit would
use of techniques such as pulse logic employing alternate indicate. )

NPN and PNP stages and complementary symmetry flip-

flops.

(b) "Study methods of making integrated circuit memory cells
non-volatile by the use of ferroelectric materials.

{c) Investigate more reliable methods of interconnecting
integrated circuit chips.

A number of other devices which had high figures of merit for one or more

of thé organizational approaches, but were excluded either because they

are presently receiwving a lot of attention or because the amount of research

" required to solve the problems may be unreasonable are listed below.” In

séme cases emphasis on a pz;rucular characteristic could make research .
programs on one of these devices justifiable. The suggested area of

research in each case 1s also listed.
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SECTION V
CONCLUSIONS AND RECOMMENDATIONS

CONCLUSIONS
Probably the most sxgmh‘ca‘nt single conclusion drawn from this work 1s that
associative memories and associative processors will be important additions
to the computer system on space vehicles.
Two applications in particular help justify :h13 conclusion. One of these 18
concerned with the collection of data of both the scientific and system status
types. The associative processor proposed for this application functions both
as a data compressor and as a readily programmable multiplexer. The
search capabilities are used to select a subset of sensors for a given situauon
and the processing capabilities allow an approach to data compression in which
the outputs of all sensors are examined jointly to determine which has the
most significant information.

The advantages of this approach to data collection can be summarized as
follows: :

[] The most pertinent data 15 selected each sampling cycle.

1

[ The, data gathering rate can be matched to the current rate of
the communications channel.

° The associative memory also provides adaptive selection of .
sensors,

° Associations between sensors can readily.be made by assigning
special bits over which searches can be performed. This would
allow the acquisition of data from a group of sensors whenever
one of them, for instance, 15 found to have pertinent data.
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* 1t 18 concluded that an associative processor can provide a valuable
slity 1n this data acquisition, data compression problem area. -
sther application area where associative memories are expected to make
nificant contribuhon 18 in mum-proceasor‘systems. It has been shown
he control function in a flexible and expandable multi-processor 1s of
:lent complexity that hardware approaches should be considered. Func-
such as task asmgnment and memory allocation involve table lookup
itions of such a type that associative storage of the table provides major
1tages. In addxnon, an assoc\anve multi-access memory in which words
ccessed serially ehmmates the central switch normally used in multi-~ St

:ssors. A multi-processor using the distributed version of this_memory, ~

ich the access circuitry 18 distributed throughout the memory array,

ome interesting characteristics. It has reliability advantages since the

ory and switch functions are reduced to a single'cellular array in which

‘es should affect only a single word of memory or a single processor.

readily expandable since the connections between processors and the

ory switch array are-the same regardless of the number of words of

ory. It also provides a possible advantage in parallel processing since

2rial processors operate one bit time out' of synchronism with one another.
\

>ther applications studied, while not as attractive as the first two, are
re processing and incremental computations. Picture processing was
tigated by picking a particular cloud processing problem in which the N
er of clouds In the 'bmary representation of the picture and the number
in each cloud was desired. An attempt to apply two-directional search
1hities (searchmg over both rows, or columns of bits) to this problem
nsuccessful. A bit slice processing mode.of .operation, whére a word ..
jociative processor was pr;)vxdc.d for éach row of the picture, turned ’ -
' be the most reasonable approach. The parallel processing capabilities
associative processor provide cxtreme flexibility since a scratchpad
n of each word can serve as a counter and as an adder and can be
hed as well. In general, 1t 1s concluded that associative processors
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can be applied effectively to picture processing type problems. However,

due to the somewhat special nature of the specific problem examined, no other
conclusions can be drawn.

The final application investigated was that of doing incremental computations
1n an associative processor.in which each word serves as an 1ntegrator.
Probably the most significant advaniagc that the associative capabihities pro-
vide is the flexibility in interconnecting these integrators. The plugboard
usually required i1n such systems is eliminated by performing searches on
special fields of each word. An interesting observation concermng the re-
quirements for incremental computations 1s that they occur primarily during
the landing phase. The sigmficance of this fact is that an associative processor,
justified mainly for some other function, could handle this requirement during
its relatively short duration and thus eliminate the specal-purpose hardware
which would normally be furnished.

Other conclusions that can be-drawn from this study are in the area of mecha-
nization of associative memortes for space applications. In addition to the
four applications summarized above, several others were considered in less
detail, and the associative memory orgamzational approaches suitable for
cach were specified, From this exercise, 1t_became clear that two approaches
stand out. One of these, which was named approach 2a in Task 2, has no
logic distributed throughout the memory array, has a but slice writing capa-
bility, and has an external serial adder per word. The other, called approach 3,
has distributed logic to the extent that an all-parallel equality search can be
perfoi-med. Two other approaches, although of.less importance than the first
two, were also required for one. or more of the applications considered.

These are approach 2c.and approach 5. The main features of 2c are that it
has no distributed logic and allows cyclic access to a bit slice, rather than
random access as in all the other approaches. Approach 5 is a powerful
associative processor with complex intercommun:cating cells,
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e evaluation of devices for each of these approaches ts described in detail
Section IV. Planar magnetic thin films, plated wite, and bipolar inte-

ited circuits are devices at which specific development recommendations
* aimed.

IMENDATIONS

a result of the associative memory application investigations and mecha-
ation evaluations performed on this study, a number of areas in need of
ther effort were identified. These are described below:

It is recommended that the adaptive data acquisition application
be given further attention. The system design and simulaton
of an associative adapuve data acquisition sg‘stem should be
performed to determine those functions it can perform and its
effectiveness on each.' It 1is also recon.xmended that the devel-

opment of an associative processor of the type suitable for this
application be imtiated.

The feasibility of a multi-access associative memory should
be given more study. System design of a multi-processor sys-
tem using such a memory should also be carried out. The
speci‘flc control and memory functions to be performed by the
multi-access memory should be defined.

Since orgamizational approach 2a and 3,are'n'1e most frequently
used in space applications it 15 recommended that mechamiza-
tion efforts be directed at their requirements.

Recommendgd research and development programs aimed at

the improvement of devices for use in associative memories
are as follows:
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(a) Planar Magnetic Thin Films - Investigate coupled films

(b) Plated Wire
(1) Investigate coupled films

(2) Investigate the use of smaller wire to reduce
drive current requirements

(3) Find solution to the aging problem
(4) Investigate techmques for performing logic
with plated wire
(c) Bipolar Integrated Circwuits

(1) Investigate methods of improving the speed power
ratio by the use of techniques such as pulse logic
employing alternate NPN and PNP stages and
complementary symmetry flip-flops.

(2) Study methods of making integrated circuit mem-
ory cells non-volatile by the use of ferroelectric
materials

(3) Investigate more reliable methods of intercon-
necting integrated circut chips.
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APPENDIX A
INTERPOLATOR AND PREDICTOR ALGORITHMS

The operation of corridor-type interpolator algorithms will be illustrated for
the case of zero-order and first-order interpolators, for a single data source
monitoring a physical variable y(t). A description of several predictor
algorithms then concludes this appendix., References 2 and 9 are recommended
for additional information,

THE ZERO-ORDER INTERPOLATOR ALGORITHM

- In the zero-order interpolator algorithm (ZOI in-the system of mnemonics

of Reference 2), the first sample y(tl) received after a data point y'@(to) has
been transmitted is taken as the "anchor point" for the ensuing sequence of
data points, (The * symbol here signifies that y*(io) is generally not a real
data sample, but a computed value.) Assuming that the tolerance ¢ has been
assigned to this data source‘, a "corridor upper bound" u(tl) is taken as y(tl)
+ ¢ and a “corridor lower bound" (t)) is taken as y(t;) - e. When y(t,) is

acquired, u(tl) and L(tl) are compared with y(tz). There are five possible cases:

(a) ylt)< ity -6 ‘ \
(B) 4ty - e 8 ylt) < 5t
(c) yity) = yit)). T : . (A.1)

. (d) y(tl) < y(tz) < u(tz) +e.

(e) ulty) +¢ < ylt,). ) )

1 In a digital comparison, this case has an appreciable probability of
occurrence.
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These possible cases are 1llugtrated in Figure A-1. Note 1ha 1ases (b) and - A3-
(d) may 1nclude a new data point whnch falls either witlun or owtside the corridor.
The corridor specifies, at any given time, the range of possible positions of

the hine segment which finally will be chosen to represent the sequence of data
now being acquired, there 1s not a direct specification that all subsequent data
points of the sequence must fall within the corridor or else the sequence w il
terminate. (Such a specification is made here only 1n the case of the "ordinary IF (a) BEGINNING OF SEQUENCE

fan" algorithm, consideredin the next subsection), The action taken in each

case is as follows:

~ =T o —¢
u it &~ —_
o) “—yh*l:‘_—«—:_ﬁ
f — — WS e POSSIBLE CASES FOR
(a) Transmit y(tl). Begin a new sequence with y(t,) as anchor point, ——Lﬁ_+—.—: POSITION OF 3 (ty)
- o ——————— A -
\ o -
¥ty o REAL DATA POINT
(b) Continue sequence, u(tz) = y(tz) + ¢, L(tz) = L(tl). o o SonPLTED 0ATA
-t
(c) Continue sequence, u(t2) = u(tl), Lt,) = L(tl). (A.2) ‘o ty '
(d) Continue sequence, ult,) = u(tl), L(tz) = y(tz) -z, (5) COMPLETE SEQUENCE
) ’
(e) Transmit y(tl). Begin a new sequence with y(tz) as anchor point,
CASE. d < b g ¢ ¢ e
Intially, ult,) - € =2 (0= L(tl) +¢, thatis, ult)) - ) = 2¢. After a point _'TT'AL:WR'DOR WIoTH= 2 A SEGueace T O NEW
y(tk) # y(tl) has been sampled, the difference u(tk) - L(tk) becomes and remains I — ¥ aighs ity
less than 2e; i1t may be seen that this difference 1s a monotonc non-inereasing /___ ANCHOR POINT
REAL DA
function of t. The general situation after k pieces of data have been sampled ?y"(:;?"’ mtg) ; SS?QES'J::‘O’I‘:T
1s like that for k = 1, except that case (c) must be defined more generally as oot o oty gty ot -
R 3 Y4 gt
meaning that y(tk+1) falls within ¢ of both u(t, ) and £(t ). The value to be trans- v CBURL A
itted, when th - is ch K d k . betw SEQUENCE OF DATA POINTS REPRESENTED BY = ¢ 5}
mitted, when that 1s necessary, is chosen as the midway point between L(tk) . ¥* tigh y* {t ;) ARE TRANSKITTED
and u(tk), that 1s:
u(t, ) - Ut ) u(t, )+ 4(t)
m(t,) = L)+ —F— e (A.3) Figure Al. Operation of ZOI Algorithm
12017-FR1
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The possible cases are:

(a) y(tkH)< L(tk) -€

(b) ) -esyly d<uly)-e

e) uly)-esyly Is= L(tk)"* € . . - (a.4)
(d) ) L('tk) +e< y(tkﬂ)vs u(tk) +e

(e) ult)+e <yl )

The action taken in each case is as follows:

(a) Transmit m(tk). Begin a new sequence with y(t, .} as anchor point.

k+1

(b} Continue sequence, “("kﬂ) = y(tk“) +e, L(tkH) = l.(tk)
(c) Continue sequence. u(t,;ﬂ) = u(tk), L(tkH) = l(tk) (A, 5)

y = ‘“"k" L )-¢

(d) Continue sequence, u(tkﬂ )

ke1) = ¥l

(e) Transmat m(tk). Begin a new sequence with ¥(t, .) as anchor point,.

k+1
Figure A-1(b) illustrates the behavior of this algorithm for a few samples,
comprising somewhat more than one sequence. Observe that the "computed
vales" y e(to) has now been identified as m(to), corresponding to a preceding
sequence of data such that y(tl) was the first point to fall in case (a) or case (e),

12017-FR1
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ST-ORDER INTERPOLATOR ALGORITHMS

st-order polynomial 1interpolator may be defined 1n an analogous manner,
2ver, there is more than one possible first-order interpolator algorithm,
nding on the choice of parameters to determinc a straight-line segment,

all first-order interpolators can be implemented as memory-saving corridor-
algorithms similar to the one just described, One discussed here 1s called

'first-order interpolator joined line segment" (mnemonic 'i-‘OIJO'N). Unlike

20l algorithm, the FOLJON algorithm takes the last data value y“(to) trans-

2d as the anchor point for a new sequence; yu(to) also defincs the end-point

e preceding line segment, u(tl) is now no longer a horizontal line deter-

'd by a constant, rather, it 1s a sloping line determined initially by the
irement that it pass through )"«'(to) and y(tl) +e. L(tl) is likewise specified as
iloping line passing through yV(tO) and y(t|) - e, Let alt,) be the slope of u(tk)
stermined by the algorithm at time t,; likewise Blt,) is the slope of t{1)
atermined by t‘he algorithm at time tk; lkewise B(tk) is the slope of L(tk) at

ty- Then

ylt) +e=yrltg) + alt)) (1) - t)

(A.6)
y(ty) - e = yrltg) + 3 (1) - tg)
ing these for °(tl) and S(Ii), .
ylt) + e - yileg)
alt,) = —————
| R 1 -1
(A.7)
.y(tI) -e - _\'*(to)
B = —g

1 0
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The extrapolated corridor himit values of y(t) at time terrr corresponding
to y(t) lying on u(t, ) and on (1)) respectively, are given by:

ultg) = y*tg) +alty) (e, - to) I
* ' (A.8)
yolt) = yHtg) + Bly) (b - to) J

The notations u(tk) and L(tk) do'not denote fixed values n the discussion of this
section, although they did in the precedmg secnon for each value of k. The
fixed values are y (tk+l) and yL(tkH) Equauon (A 8) is easily seen to hold

‘for k = 1, The notation: Aty ) - e, L(tk) +¢ sxmllarly denote slopmg lines parallel
to L(tk), and so forth, No compamson is done for \'(t ). \_Vhen )(t ) 1s acquired,

there are again five possible cases:
(a) y(tz) is bgl‘ow {,(tl) - ¢, thatis, y(tz) < yL(tz) - \
(b) yylty) -es ¥lp) <y (1)) e
(€) y,lty) +esylty) sy (ty) - ¢ ? (3.9

(d) yu(tz) -e<ylty) s }‘u(tz) te

(e) y (ty) +e< 3'('2,)' ‘ ‘ /
These possible cases are tllustrated in Figure A-2(a), As before, cases (b)

and (d) may include a new data point falling w ithin or outside the corridor, The
action taken in each case is as follows:
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(a) BEGINNING OF SEQUENCE

o REAL DATA POINT
© COMPUTED DATA POINT

(b VARIOUS CASES

o

b
2 2 .2
CORRIDOR WIDTH @ M !’
<2+
»2. - -
£2- 2 b . o
- o - é ° ° K
o ™NU © R ¥ L] L B
o REAL DATA POINT
:gfnbft” ' - @ COMPUTED DATA POINT
[ agl
lo ‘(l 12 13 ‘d (5 lb 17 'S

. ¢
WIDTH = 2 : 3 2

"

¥, lig)® v* (tg} = ANCHOR POINT-

REAL DATA POINY

o 4 ‘2 I S )

1

,SE UENGE OF DATA POINTS REPRESENTED BY
LINE THROUGH y* {to) AND yy () WMICN

ARE THE VALUES TR‘NSMITTED ''''''

§

Figure A2, Operation of FOLJON Algorithm
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(a) Transmit y(tl). Begin a new sequence with y(tl) as anchor point.

(b) Continue sequence, a(t2) 15 now determined so that u(tz) passcs

: yltg) + ¢ - y=(ry)
through y(t,) + ¢, thatis, al(t,) = - . &(t.) does not
2 2 }2 - {0 ] 1

need to be changed, so B(t,) = B(t,).

{c) Continue sequence., Both u(tl) and l.(tl) need to be changed, so a(tz) A.10)

and B(t2) are determined so that u(tz) passes through y(t,) + ¢, and
{{1,) passes through y(tz) - ¢; that is,
) y(tz) +e- yw(to) 3t M- e - yitg)
alt,) = —=———————, and 3(t,)) = ————
2 ) ty - 1, ’ 2 1y -ty

(d) Conunue sequence, uft,) does not need to be changed, so alt,) = alt)).
3(1,) 15 now determined so that L(ty) pasges through y(1,) - ¢, thatis,
. _ ¥ltg) - e -yt
3t,) = . -

- 20 -

{e) Transmut y(t;), Begin a new sequence with y(1,) as anchor point.

The general situation is more complicated for the FOLJON algorithm than for
the ZO! algorithm, 1n that at time ter k+1) - yl.(tk+l)
may be either greater or less than 2¢, since u(tk) and L(tk) are always divergent

the corridor width _\'u(t

from each other. As k increases, this width cannot exceed 2¢ by much, and 1t
may becorhe less than 2¢g but it can still exceed 2¢ by a small amount even for
k-fairly large. The situation in this event is still basically that of Figure A-1(a);
although the angle between u(tk) and L(tk) will be very small cémpared to that
between u(t, ) and it
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corridor width is small, a different situation.is {mssible in.wvhich y(tkH
e within ¢ of u(tk) and L(tk) instead of farther than ¢ from either,

= A-92(b) illustrates this situation, Thus, a new data point in the middle
corridor may mean that both u(t) and 4(t) have to be changbd, or that

r of them do; the first possibility has alrcady been lal;ele‘d case (c), so
cond 1s called case (¢c’), The value to be transmitted, when that is

sary, is chosen as ym("k) where m(tk) is the line halfway between the lines

ind L(tk); that is

alt) + B(y) |
m(tk) = y'~(to) + ——2—} (tk -ty {(A.11)

ossible cases are:

—
1)yl )< vpltyy) - e

) yl.(tk+l) -es y(tk“) < nmn {_\'L(tk“) +e, yu(tk+1) . c}

3yt resyit, )sy ) e (a.12)

2yt eSSy ) te

B max(y, () - e vl )+ ej <yltyey) Sy (g )*e

2) oyl ) te<ylt )

event that y(t, . ) = yl.(tkﬂ) +e = yu(tkH) - & there would be no need
:ompute the slope of 4(t) or u(t) until y(tk+2) was recceived,- '‘Hence, this
ale situation is assigned to case (c¢').
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comprising somewhat more than one sequence.
value" y*(ty) has now been 1dentified as ym(to). corresponding to a preceding
sequence of data such that y(t_,) was the first pont to fall in case (a) or (e).

- AlQ -

The action taken in each case is as follows:

(a) Transmit ym(tk). Begin a new sequence with ym(tk) as anchor pownt.

(b) Continue sequence. a(tk+l) is now determined so that u(tk+l) passes

ylt, )+ - yt,)
; - k+1 0
through y(tkﬂ) + g, that is, a(tkH) —-—tkT:—t—o—— . L(tk) does

not need to be changed, so B(tk+l) = B(tk).

(c) Continue sequence. Both u(tk) and L(tk) need to be changed, so a(tkﬂ)
and B(tkﬂ) are determined so that u(tkH) passes through y(tkﬂ) +e,
and l,(tkﬂ
yltyy) + e - yelty)

t

) passes through y(t, ;) - ¢, that is, alt, ) =

ylt, ) - e - y¥{t,)
and Bt ) = —E—— 0
"t k k+1

. This case can

k+1 0

occur only if y (t, ;) - y{.(tkﬂ) > 2e,

(¢) Continue sequence, XNeither u(tk) nor L(tk) need to be changed, so ¢
alt, 1) = aft,) and S(tk+1) = (). This vase can occur only if

Yultirr) - ¥yt < 26
(d) Continue sequence. u(tk) does not need to be changed, so °(tk+1) =

a(tk). B(tk) 1s now determined so that L(tkﬂ) passes through y(tk+1) - e

) vt ) - € - y*(to)

that 1s '3(tk+1) = 1 = .

(e) Transmit ym(tk). Begn a new sequence with ym(tk) anchor point.

Figure A-2(c) illustrates the behavior of this algorithm for a few samples,

Observe that the "computed
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[JON algorithm is economical because it requires only one new data

define each new line segment (after the first segment. of course). It
owever, have the property -- as does the ZO! algorithm also -- that™

a points do not normally get sent as part of the broken-line-segment curve
the real data.
smitted data improves the Ndelity of reconstruction, moreover, back-and-

The i1ncorporation of an occasional real data point in

ershoot or "oscillation' of the fitted lmie about the real data i1s possible
>f the line segments terminate 1n real data points. A modified first-

terpolator which does 1ncorporate real data points is the ''first-order
ator disjoined line segment" (mnemonic FOIDIS),
A-3) differs from the FOLJON algorithm only in that the transmitted end

a preceding line segment, ym(tk). 18 no longer the anchor point for the

This algorithm

: segient, rather y(tkﬂ) is chosen as this anchor point, Although the
algorithm incurs the immediate disadvantage that twice as much data

~o separate points) must be transmitted to define each line segment,
rical performance was nevertheless found to be excellent by *he authors
‘ence 2, the choice of a real data point as an anchor point seemed to de-
he tendency of the algorithm to oscillate, to the point where sequences

d generally more than twice as long as with the FOIJOX algorithm "under
In fact, the FOIDIS algorithm was by implication the first
ltogether in rhe evaluation of Reference 2, it may as well be used 1n

nditions"’.

studies of the type under consideration here, since it can be programmed
ssociative processor as readily as can the FOLJON or ZOl algorithms,

:r first-order interpolator discussed in Reference 2, the "four degree
om' interpolator (mnemonic FOI4DG), is not particularly suitable for
ive processor implementation, The reason is that this algorithm (Figure
juires the retention of all of the data points of a sequence until the

e is complete, which means that the mefnox-y allocation for each word 1n
«lative processor must be ''open-ended” - that 1s, the computer would

10w at the beginning of a sequence exactly how many data fields of storage it

1g to need. No anchor point is used for the FOI4DG algorithm. Instead,
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— T _(zb)
gt o
00 o °
° !
)‘(:o) é&‘gngzc’zﬁl“ FOR NEXT
. - ANCHOR POINT = ytt;) o REAL DATA POINT
@ COVPUTED DATA POINT .
'.q ll lz |3 - |4 15 lbrl !"-

SEQUENCE OF DATA POINTS REPRESENTED
BY THE LINE THROUGH yt)) AND y*(ty),

y*igh ¥ byt ) AND yity) ARE ALL TRANSAITTED

Figure A3. Operation'of FOIDIS Algorithm - Complete Sequence
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(a) CURVE-FITTING SEQUENCE

¥ g ¥ty
WIDTH = 2: EVERYWHERE
. GKE POSSIBLE

SATISFACTORY
LINE

i “6)
o REAL OATA POINT

© COMPUTED DATA POINT

-

‘o “ ‘2 4 'a ts te

{2} COMPLETE SEQUENCE

y )
/- b/- y i)
1
; . ty)
2 ‘ yity) i
)

REAL DATA POINY
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Figure A4. Operation of FOI4DG Algorithm
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2 straight-line curve-fit 1s made to the points of the scquence, and recomputed
for each new point, by any computational techmque wiiich has the property of
minimizing the maxamum error of this curve-fit, or at least of doing so for
practical purposes. (The formal mathematical term for a curve-fit which
minimizes the maximum error is the ''best fit 1n the Tchebycheff sense™.)

When ihis maxumum error exceeds the allowed tclerance. the sequence is term-
inated and transmission takes place. Graphically, the situation is as shown

in Figure A-4(a); Figure A-4(b) illustrates the behavior of this algorithm for a
few samples comprising somewhat more than one sequence, All of the points

of the sequence are now required in order to define a "corridor" (now with
irregular sides). The sequence must be terminated whenever 1t 1s no longer
possible to pass any straight line through this "corridor”’ without crossing the
"corridor" boundary at some point. The virtue of the FOI4DG algorithm 1s that
the length of each line segment is maximized; from a theoretical point of view

it 18 the best possible first-ordex interpolator according to the usual require-
ment that the data be guaranteed accurate to some given tolerance, (This sort
of guarantee normally implies the Tchebycheff criterion.) From a practical
point of view, however, the FOIDIS algorithm is preferable since 1t gives almost
as good a curve-fit, the computational problem 1t poses is vastly simpler, and

only the anchor point and the two hine slopes need to be retained in storage regard-

less of the number of points in the sequence, Reference 10 alsc discusses the
FOI4DG algorithm to be less effective than the "ordinary fan' (described next)
on theoretical grounds,

The "fan" or "ordinary fan' method discussed i1n Reference 10 is another
possible variation of the FOLJON algorithm. The line segments are still joined,
but the anchor point chosen 1s always a real data point, hence only real data
points are transmitted. The computational procedure given in the reference 1s
to test, for each y(tk+1), all preceding data points of the sequence to see if
they are within € of the straight line joining y(to) (the anchor point) and y(tk+1).
This procedure as described requires an open-ended memory allocation, and
hence is unsuitable for use in an associauve processor. However, this draw -

back can easily be avolded; a swtable corridor-type algorithm 1s obtained by
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taking a real data pownt 5((0) as anchor point, and iterating wn the same way

as for the FOIJON algorithm, but terminating the sequence when a point
y(tkH) falls outside the corridor (not when a point falls more than € outside

the corridor as for the FOLJON algorithm). The straight line segment from
y(to) to y(tk) has the required property, and y(tk) 1s the anchor point for a

new sequence. [t would not seem as If the average length of a sequence for this
algorithm would be as great as for the FOLJON algorithm, but on the other hand
the use of real data pownts might be beneficial in reducing oscillation, and hence
1t is not obvious which of the two would be better - perhaps it depends rather

empirically on the data.

Reference 10 also discusses a "fan method using conditional means'. This
algorithm will not be considered here, since it presupposes knowledge of

the signal spectrum. Any such presupposition 1s at least 1n principle a fatal
drawback for any method proposed for use in compressing data gathered from
previously unexplored planets, since if a signal has never previously been
sampled it 15 difficult to see how 1t can be mathematically treated as having a

known spectrum.

REDICTOR ALGORITHMS

Predictor algorithms are somewhat sumpler than interpolator algorithms of
the same order. Reference 2 found them to be generally less effective than
interpolator algorithms, on the basis of large-scale numerical experiments,
although one predictor algorithm was still among the six best algorithms found,

An advantage cited for predictor algorithms over other data compression
algorithms, which could be important 1n some aerospace applications, is that
the major part of the computations can be performed at the receiver end instead
of on board the vehicle (see Reference 11). This comes to pass as follows: On
the busls of previously transmitted data, the receiving station predicts what the
cut rent reading will be, and transmits this predicted reading to the vehicle; the
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vehicle then transmits only data which disagree with the prediction more than
an allowable tolerance ¢, This advantage is presently of questionable importance,
since it is no longer exhorbitantly expensive to put an appreciable amount of
computing power on board an aerospace vehicle. However, if the "system' were
to consist of a large aerospace vehicle ("mother shup'") which in turn made use

of small instrumented data-gathering drones, the same reasoming might agan
legitimately apply; the "receiver" would now be aboard the vehicle, and the drone
would probably have no significant computing capability, whereas the vehicle itself
would have a fairly sophisticated data processing system.

The simplest type of prediction algorithm 15 the 'simple difference" technique
(Ref. 2, page [-5) which consists of just computing the difference of each new
data point and the one preceding it, and transmitting a new data point whenever
this djfference exceeds a certain threshold ¢; that 1is, y('kﬂ) is transmitted
whenever v (tkﬂ y(tk)|> €. This algorithm has the severe disadvantage that
consxderable maccuracy can result during periods when the rate of change in
the sensed var xable 1s quite slow and the threshold 1s :endom e\ceeded The
algonthm may be useful, however, f for some reasor the trzmsrmssxon criterion
is to send a ‘hew data point whenever the first derivative of the variable with
respect to time exceeds sdme threshold in this event, 1if the sampling time
interval is umform the algonthm does exactly what it should. This algorithm
is also referred to as the 'step methgd'_' (Reference 10},

> »
Another algorithm, referred to as the<"'drop near zero' method (Reference 10)
consists of permanently picking a predxcted value for the variable in question, '
and the{n suppressing transmission of all data points within € of that predxcted
value, | This method would obviously be ﬁjéhly inefficient with data that was at
all interesting; it would lead to a transmitter overload condition whenever
unexpected conditions were encountered on several sensors simultaneocusly, -

'
i
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lgorithm, given the mnemonic ZOP for "zero-order predictor" in Ref-
(see page I-5. of this reference) since 1t is probably the simplest

~-type algorithm worth consideration for most applications, consists of _

g the ""drop near zero' algorithm so that the predicted value is changed
e a data point 15 transmitted. In particular, the new predicted value
st out-of-tolerance data point encountered, the one which led 1o the
ton of the preceding sequence. When a data point is observed which
1 more than € from this new predicted value, transmission occurs and
quence is begun. The predicted value is the value actually transmitted,
the beginming of the sequence (as indicated in Réference 2) or at the

e sequence (as 1ndicated in the sample sequence shown in Figure A-5),
+ important that € be several times as great as.the mxmmum bmary M

n (the numeric value of a ""one" in the least szgmhcant bit of a data e

order to avoid oscillation. This algonthm \vas one of ‘the 'six wluch
p best in the study of Reference-2, ',° -, .

. t .-
L ’ ' .

t-order predictor algofithms were also investigate’d’in this same study
rrence 2, pages 1-17 through I- 13). Only one.of these was found even

‘he performance of the ZOP algonthm., and it did not do so cunsxstemly.
1e authors of Reference 2 take a rather pessimistic view of the value
hms of tms class, and also .of predictors of second and higher order
Y, could be expected to exhibit the same weaknesses as first-order

‘s, . -
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