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FOREWORD

The research documented in this volume was conducted under Ballistic
Missile Defense Advanced Technology Center contract no. DASG60-76-C-0087,

' This work was perform-

entitled "'Distributed Data Processing Technology.'
ed by Honeywell Systems and Research Center, Minneapolis, Minnesota,
under the direction of Mr, C, R, Vick, Director, Data Processing Director-
ate, Ballistic Missile Defense Advanced Technology Center, Mr, J. Scalf
was the BMDATC project engineer for this contract; Ms, B, C, Stewart was

the Honeywell/GRC program manager,

This report covers work from October 1976 to October 1977, Mr, C, Huang
is the author of Section 2 of this volume which summarizes the payoffs of
distributed data processing projects, (Honeywell has also performed work on
distributed processing projects for BMDATC-P; the payoffs of DDP for those
projects have been documented in the BMDATC-P final report and are not

included here, )

Section 3 of this volume contains information prepared by a key former Site
Defense Software manager on the payoffs and research issues of distributed
processing from the perspective of Site Defense Experience. In addition,
Section 3 contains real-world requirements which must be considered in
DDP Design Theory development, Networks Inc. contributed to this

section on behalf of Honeywell,

This document is Volume IX of the final report, Other volumes of the report

are the following:*

&
Volumes V, VI, the appendix to Volume VI, and a section of Volume VIII
were prepared by General Research Corporation.
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SECTION 1

INTRODUCTION

OVERVIEW

This volume contains results of supporting studies and research performed
in two major areas. The study results were used as background and input
information for the DDP Design Theory Research reported in Volumes II,

III, and V of this report and as background and input information for the
SETS and Software Engineering Impact Studies in Volume VI and Experiments
in Volume VII. ( In orderto provide independent and unbiased information,

the major contributors to this volume were not associated with the main
Honeywell/GRC research team and were not familiar with the Phase I DDP
Statement of Work; they were simply asked to document their organization's

past experiences as related to distributed data processing. )

In Section 2, the payoffs of seven past DDP projects are compared and the
results are quantified (wherever hard data are available). In Section 3, site
defense experience is examined in terms of implications for distributed data
processing. (One of the major benefits of the work of Section 3 was that the
Honeywell/GRC research team was exposed to the real-world development

issues which must be addressed by a BMD DDP Design Theory.)




SECTION 2

DDP PAYOFFS vs. CDP PAYOFFS: PROJECT EXPERIENCE

INTRODUCTION AND SUMMARY

Each of the seven studies described in this section was aimed at defining a
special problem-driven architecture for a unique application. All of the
systems described achieve one or more of the payoffs of distributed data
processing. The payoffs of DDP which were evaluated in these studies are

the following:
e Increased performance (throughput)
e Increased fault tolerance
e Increased reliability
e Functional modularity
e Physical modularity
° Lower hardware cost
e Reduced software cost
o Growth potential (expandability)
) Lower total system cost
e Reduced size, weight, and power consumption

e Processors can be physically distributed

Y T I T XA
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Since each study was aimed at a specific application, not all of the payoffs
listed were considered or sought in every study., However, each of the
problem-driven architectures developed in the seven studies achieved a
number of these payoffs. Table 1 summarizes the payoffs achieved in each
study. These payoffs aire based on a comparison between using the problem -
driven distributed architecture approach and a conventional approach for the
same application problem, The entries in the table contain one of the follow-

ing four designations:

e Yes--means that (1) there are substantial data from the study
results showing that the payoff (of the row) is achieved by the
system in the project (of the column), or (2) the payoff is an
obvious implication by the special architecture system in the

project,

e Probably Yes--means that the payoff in question has not been

specifically studied for the project in question, but the payoff
is very likely to be achieved due to the special architecture of

the system in the project,

® Unknown--means that no knowledge of this payoff was derived

for the project.

e No--means that the payoff was not achieved for the project in

question,
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PARALLEL PROCESSOR FOR AUGMENTING THE ARTS III SYSTEM

The purpose of this study for the Department of Transportation was to es-
tablish the viability of the concept of augmenting the existing Automated Ra-
dar Terminal System II (ARTS III) with a parallel processor to obtain a cost-
effective advantage in a future deployment. The expected increase in airport
air traffic was the primary requirement driver. Two alternative approach-
es were considered for meeting the increased requirements. One approach
was to add more copies of general-purpose-type processors currently used
in the ARTS III system. The other approach was to off-load certain Air
Traffic Control (ATC) functions to a group of simple homogeneous proces-
sing elements (PEs) which operate in a parallel and associative fashion.

The specific objectives of this study program were:

e Develop the ATC requirements base relevant to current and

future airport terminal environment.

e Develop a failsafe/failsoft hardware and software system
configuration for the second approach (i.e., augmenting
existing ARTS III with a parallel processor).

e Perform cost-effectiveness analysis comparing the first
approach (i.e., using ARTS III general-purpose processors
only) and the second approach.

e Provide a complete description of the proposed system con-
figuration and a cost proposal for implementing this system
in the future.
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The results of this study indicated that the second approach was clearly bet-
ter with respect to cost effectiveness, reliability, fault tolerance, and growth

potential.

Of the nine major ATC functions, four were suitable for the parallel (or as-
sociative) processing:

e Beacon Input Processing
e Radar Target Detection
e Correlation and Tracking

e Conflict Prediction

In the second approach, these functions were off-loaded to the parallel pro-
cessor. During the analysis, exact proven algorithms for these functions
were applied to both approaches, sc that there were no performance accura-

cy differences between the two approaches.

A summary of the cost-effectiveness analysis of the two approaches is shown
in Figure 1. (Data shown are extracted from pages 8-68 through 8~76 of the
contract final report). The system complexity ranges from 250 tracks (air-
craft) to 1000 tracks. In all cases, the second approach is better. The cost
is based on standard small-scale integration/medium-scale integration (SSI/
MSI) implementations. The costdifference increases as the system com=

plexity increases. Also shown in the figure is the number of PEs for each

case in the second approach.

Figure 2 is a summary of the reliability analysis comparing the two approach-
es. (Data are extracted from pages 5-17 through 5-19 of the contract final
report.) The mean up-time for the second approach is better than that of the
first approach by a factor of 10 or more for each complexity level of system
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configuration. The reliability analysis also concluded that (page 5-19 of con-
tract final report) using the second approach, the mean up-time and the mean
down~time exceed the production system requirements (specified by DOT)

by a factor of 10 or more and a factor of two or more, respectively.

Using the parallel approach, fault tolerance could be achieved by using dual-
redundant control units and by providing redundant (spare) PEs beyond those
required for processing the function load. (For example, four of the 36 PEs
used in the 1000-track system were spares.) The overall hardware redun-
dancy needed in the parallel processor was only 30 percent, which provided
the full redundancy needed for the failsafe/failsoft requirements.

The second approach with iis modular processing elements was also suitable
for system expansion to adapt to the growth of the future requirements. The
system capability could be increased for more traffic load and/or more ATC
functions (e. g., Conflict Resolution) with no changes to the system hardware
and software other than addition of PEs and the specific application software

programs.

This same study program was performed simultaneously and independently
by three different companies: Texas Instruments, Goodyear Aerospace, and
Honeywell Inc. The three companies concluded with similar results, that
augmenting the ARTS III system with a parallel or associative processor was
the more advantageous approach.

ALL-SEMICONDUCTOR DISTRIBUTED AEROSPACE
PROCESSOR/MEMORY (DP/M) STUDY

The primary objective of the DP/M project for the Air Force Systems Com-
mand was to develop preliminary designs for an all-semiconductor DP/M
system and its network interconnection pattern and to determine the




capabilities and limitations of this processing architecture for avionics ap-
plications. The specific goals for such a system included the following:

e The DP/M system should allcw distribution of the comput-
ing workload for avionics among a number of simultaneously
operating, interconnected elements.

() Since software costs are known to far exceed hardware costs
for avionics computer systems, the software considerations
would be of primary importance. The programmability of
such a system should be carefully investigated.

® The design should allow for incremental expansion of sy~
stem capability in a cost-effective manner,

e Physical distribution of PEs within the aircraft must be
simple, low cost, and capable of operating over relatively
long distances (e. g., 50 to 100 ft.).

At the start of this project, the potential advantages and problems of a dis-

tributed-processing system were considered. They are discussed briefly,
next.

Potential Advantage_s

e Expandable-- The general architecture and operational

characteristics could remain constant over a wide range
of system sizes.

e Modular--By using a small PE as the basic building block,
a wide variety of system sizes would be possible.

10




e Fault Tolerant--A distributed system using a number of
identical elements and a common bus structure would be
amenable to fault-tolerant techniques.

e All-Semiconductor Implementation--The distributed system

could be implemented using large-scale integrated-circuit
(LSIC) technology which has advantages on the size, weight,
power, and cost.

Potential Problems

e Software--The fragmentation of programs in such a system
could result in an unmanageable system from the standpoints
of coding, verification, and maintenance of the software.

e Executive--Real-time control of a distributed system could
result in an excessive overhead for the Executive Control
function.

® Bussing/ Interconnection--Data transfer between elements
of the system via a bussing structure could become a signi-
ficant factor in the total throughput of the system.

e Technology Limitations--Unless an individual PE can be
implemented on one (or a few) LSI circuits, the system

concept could be impractical in terms of reliability, logis-
tics, and development costs.

Since the extent of these problems largely depends on the amenability of the
avionics functions to partitioning, the processing requirements were first

analyzed from the standpoint of computational positioning. Following the
function paritioning effort, a preliminary design task was performed

11
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focusing on the software, Executive system, bussing structure, and PE hard-
ware of candidate distributed architectures. Two potential candidates were
selected and designed in more detail. Finally, the technology alternatives

to determine the feasibility of implementing the two final candidates were
assessed.

This study concluded that there were sufficient data to indicate that the con-
cept of a DP/M system was not only feasible, but also a potentially cost-
effective approach to a total avionics system. Some specific results in sup-
port of this statement are:

e Based on an extensive analysis of computational require-
ments, the avionics problems are amenable to partition-
ing into subfunctions which "fit" within a small PE. Each
PE contains a processor, its memory, and interfaces to
other PEs and (I/O) devices (see Figure 3). The distributed
system is an interconnection of homogeneous PEs. The
complete system can be physically distributed within the
aircraft.

e The software for a DP/M system does not appear to be a
major risk area, so long as an adequate support software
system is provided. Mocst languages used in the Air Force
(SPL, JOVIAL, etc.) could be modified slightly and used
for programming a DP/M system.

e The Executive Control requirements for a distributed archi-
tecture were found to be considerable less than originally
anticipated, and this aspect of a DP/M system could be an
advantage over some other architectures such as multipro-
cessors. This occurs because the location of programs
and data is relatively fixed, and a processor is always

12
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available to execute the program, since the processor is
co=located with the memory.

The problem of data flow and bussing in a distributed sys-
tem has been alleviated by two factors:

-  When properly partitioned, an avionics system will
not generate a large amount of process=to=process
data flow.

- By using a two=level bus structure (see Figure 4),
sufficient bandwidth and flexibility can be provided
to prevent bussing from being a system limitation,

The PE for a distributed system defined in this study con-
sists of a hybrid LSIC package containing:

- A bus interface LSIC
- An I/0 interface LSIC
= A processor LSIC (either 16 or 24 bits wide)

= Four (or six) memory chips to implement a 16=-bit
(or 24-bit) 4K-word PE memory.

Such implementation technology is possible with the current
state of the art,

By varying the number of PEs and the software, a single
implementation of the DP/M system concept will be usable
over a wide variety of aircraft and missions. This distrib-
uted approach will result in a general=-purpose avionic
computer architecture with significant cost and performance
advantages over alternative architectures,

Using the results of this study, comparisons were made between the DP/M
approach and a more conventional approach (which uses the existing,

14




i 5 S
A
S — i GLOBAL BUS
L |
o
BUS INTERFACE
i C \ &
PROCESSOR 1 2 ‘\ 3
B = \

\_. POINT-TO-POINT
(SWITCHED)
BUSSES

Figure 4, Hybrid Interconnection Scheme

more-powerful general-purpose computers) for handling the future avionic
processing functions, The typical PE used in the DP/M approach will have

the following characteristics:

e Throughput - 250 kips
3

® Size - 3in

e Power consumption - 5W

e Weight -0.25 b
e Implementation - LSI
technology

The existing, conventional, and more=-powerful general-purpose computer
chosen for comparison is the UYK=19, which has the following characteris-
tics:

15




e Throughput - 400 kips
o Size - 0.7 13
e Power consumption = 200 W
e Weight - 381D

e Implementation TTL (transistor-transistor logic) SSI/MSI

technology

Assuming a typical fighter aircraft has a requirement for about 6 Mips
total throughput,* the processing load can be handled by either 15 UYK-19
or a DP/M with 24 PEs., These two approaches are compared in Table 1,
Note that the cost per throughputs are $56, 7K per Mips and $8K per Mips
for the UYK=19 approach and the DP/M approach, respectively,

TABLE 2, COMPARISON BETWEEN UYK-19 PROCESSORS AND DP/M
APPROACH FOR A FIGHTER AIRCRAFT PROCESSING

Approach
Parameter UYK-19 KP/M

No. of processors 15 24
Total throughput (Mips) 6 6
Implementation technology TTL MSI/SSI LSI
Total size (ft3) 10 0.04
Power consumption(W) 3000 120
Total weight (lb) 570 6
Total cost ($K) $340 $48
Cost/throughput ($K/Mips) $56.17 $8

* 3 v .
This comparison is very rough and does not consider such things as sys=
tem overhead differences,

16




FEASIBILITY DEMONSTRATION OF DISTRIBUTED
PROCESSING FOR SMALL SHIPS COMMAND AND
CONTROL (SSCC) SYSTEMS

The objective of this study for the Naval Electronic Laboratory Center was
to develop and demonstrate a laboratory distributed-processing system
oriented toward the requirements of SSCC data processing. A system, the
Honeywell Experimental Distributed Processor (HXDP), was designed,

built, and checked out, The system was demonstrated at NELC in May 1976.

The primary goals of this distributed=processing system were to reduce the
real-time data-processing costs and to provide larger processing capability
under the SSCC environments,

The general trend is that the hardware cost is decreasing while the software
cost is increasing, and, gradually, the software cost has become the major
system cost factor, It is increasingly feasible to use hardware to reduce
the software costs.,

The HXDP system was designed with the philosophy that it must be highly
modular, have nearly all communications overhead handled in hardware,
and be capable of being physically dispersed.

The HXDP system consists of a number of homogeneous processors. (See
Figure 5.) Each processor consists of an off-the-shelf minicomputer with
memory and a highly capable bus interface unit (BIU), Each BIU is a
stored-program device (hardware/firmware) which manages and enforces
Interprocess Communications protocols in the system, System control is
completely decentralized so that there is no single entity which must manage
the system.

The HXDP system incorporates a number of features which are important
for SSCC processing development work:
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The interconnection scheme is

independent of the number of processors in the application

system. A new function is added by connecting the new

processor or processors at any point on the existing com=-

munication path,

Communication Overhead Handled by Hardware == The HXDP

interconnection units provide the services required to move

messages between computers with minimal software involve=

ment, Management of the distributed-processing transmit/

receive overhead is totally within the interconnect mechanism,

freeing the computer to handle the real-time control appli=-

cations,

Decentralized Control == The system communication mech=

anism is completely decentralized; there is no overall

18




r'“' -

controller. The communication mechanism cannot be dis-
abled by the failure of any individual processor, thus in-
herently supporting graceful degradation in the presence of
fauilts,

) Can be Physically Distributed == The HXDP communication
path can be up to 2000 feet long, allowing PEs to be physi-
cally located where they are needed onboard the ship.

EVALUATION OF THE USE OF AN ASSOCIATIVE PROCESSOR
IN COMMUNICATION MULTIPLEXING

The objective of this study for Rome Air Development Center was to evalu-
ate the potential use of associative-processing techniques in communications
applications. Particular emphasis was placed on asynchronous multiplexing
and concentration of voice and data signals for applications to a wideband
data channel (e.g., T1 transmission line). The use of associative process-
ing will permit multiplexing of signals which are not under direct clock con-
trol of the multiplexer. The goal was to develop an approach for improving
the bandwidth utilization of wideband channel while eliminating other multi-
plexer and concentrator inefficiencies commonly found in current network
applications. These deficiencies include hardware inflexibility, lack of
expandability and economical growth capability, synchronization problems,

1"

inability to match the discontinuous and "bursty" input traffic flow to the
available output channel capacity, and lack of capability to gracefully de-

grade operation during peak overload conditions.

The approach taken was to investigate asynchronous multiplexing, data con-
centration, voice-to=~digital conversion, and associative processing. Vari-
ous voice redundancy-removal algorithms were investigated and their suit-
ability for implementation on an associative processor evaluated. An

Associative Communication Multiplexer (ACM) incorporating an associative

19




architecture suitable for implementation of time-domain redundancy-
reduction algorithms was designed and evaluated. A simplified ACM system
block diagram is shown in Figure 6, A computer simulation was conducted
and speech quality comparisons with actual voice processed by several
candidate algorithms were made.

This study concluded that the use of the ACM concept and design can provide
several substantial improvements over existing network equipment in the
compression of voice, concentration of data, and multiplexing of both onto

a high-speed transmission facility. These improvements include:

e Lower data rates for digitized "toll quality'' voice == about
4:1 reduction on bandwidth requirement

e Cost economies through combining voice, synchronous, and
asynchronous digital data into a single facility

e Flexible priority structure for selecting only the most sig-
nificant data from all input types (voice, data, etc.) to be
asynchronously multiplexed onto a fixed-capacity, high-
speed transmission facility

e Modular hardware structure for ease of expansion. Adding
more inputs requires simple addition of PEs and I/O units
with no software modification.

e All-digital for reliability

e Suitable for LSI, resulting in lower cost with volume usage

The information derived in this study formed the basis for an experimental
evaluation of the ACM concept by using an experimental model and perform=-
ing extensive listening tests. (The follow=on of this study was the Associa=
tive Buffer Concentrator study which is discussed next,)
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ASSOCIATIVE BUFFER CONCENTRATOR (ABC)

The objective of this follow=on study for RADC was to demonstrate the prac-
ticality of using an associative processor to perform communications multi=-
plexing functions in the most efficient manner. The types of digital data
streams considered for multiplexing consist of PCM encoded voice, low=
speed asynchronous character-oriented data, and high-speed synchronous
bit-oriented data. Maximum efficiency is obtained through removing as
much of the time-domain redundancy and periods of inactivity present in the
individual data streams as possible prior to combining, thus maximizing the
use of the available multiplexed bandwidth by increasing the number of
individual channels carried on it.

The goal of the program was to evaluate the performance of an associative
processor-based system, called Associative Buffer Concentrator (ABC),
that was designed to achieve maximum efficiency. Performance was evalu-
ated by executing a number of selected experiments on a model of the ABC
which was constructed on the RADC Associative Processor (RADCAP) Test
Bed Facility as part of this program. The model consisted of a non-real-
time simulation of an ABC multiplexer /transmitter communicating over an
error-prone wideband digital link with an ABC demultiplexer /receiver,
Based on the results of these experiments, as well as on an analysis of
other requirements for a first-level multiplexer, the processing require=
ments for a stand-alone ABC were determined. An associative=-processor
architecture was designed and analyzed for a stand-alone ABC,

The concept of the ABC is illustrated in Figure 7. As shown in this figure,
the ABCs operate in pairs, One unit functions as a transmitter (receiver),
while the other unit operates as the receiver (transmitter). Actually, since
an ABC pair is capable of operating in a full duplex mode, a given ABC unit
operates in transmit and receives modes simultaneously.
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AN APPLICATION OF ASSOCIATIVE
PROCESSING TO THE COMMUNICATIONS
FUNCTIONS OF VOICE/DATA
COMPRESSION AND MULTIPLEXING

INPUT o= PROCESS ————s= TRANSMIT —s= PROCESS —— == OUTPUT

SAMPLE T DEMULTIPLEX
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ONLY FOR TRANSMISSION) MISSION
e Co LINK REMOTE
ABC e

Figure 7. Associative Buffer Concentrator (ABC)

o
o

Figure 8 is a simplified architecture of an ABC unit, The architecture con-
tains a highly modular ensemble of nearly identical computing elements,
Although several versions of the I /O circuitry are necessary to interface the

various analog and digital sources, each PE is identical.

The ABC uses the capabilities of associative processing in five primary

areas:

e Parallel digitization and loading of input data from multiple
channels

e Parallel compression and concentration of multiple input
channels

e Associative search operations to select the most significant
data for transmission
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e Parallel sample reconstruction for voice channels

e Parallel output data to multiple channels and D/A conversion
for voice

The most important experimental results of this study program were intel-
ligibility test scores for voice under extensive test conditions. One major
conclusion drawn from the experimental results was that a system of up to
96 voice channels (each with a data rate of 64 kbps) can operate over a T1
line (bandwidth 1, 544 Mbps) with at least 80 percent intelligibility (can be
as high as 90 percent) and good quality under an error-prone environment
with bit error rates to 10'3. (The test scores were based on objective
listening tests using Diagnostic Rhyme Tests for intelligibility.) An individ-
ual channel thus generates on the average a 16-kbps data stream, including
overhead, and hence affords a 4:1 bandwidth utilization improvement factor
over current, uncompressed PCM encoders. These results agree with the
preliminary results obtained in the previous study phase. Figure 9 illus-
trates the improvement of this transmission line bandwidth utilization
realized by using the ABC approach.

Because of the parallel feature of the operations for the voice compression
and the multiplexing function and the very high-speed requirement of these
operations (the ABC cycle time for parallel operations needs to be below

200 nsec), it is just simply impossible to use a conventional general-purpose
computer to perform the ABC equivalent operations. (The conventional
general-purpose computer would need a cycle time of about 2 nsec to re=
place an ABC system with 100 PEs, This is clearly beyond the current
state of the art.)
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Figure 9. Improvement of Transmission
Bandwidth Utilization Through
Using the ABC Approach

PEPE IMPLEMENTATION STUDY

A Parallel-Element Processing Ensemble (PEPE) is a programmable
special-purpose computing machine developed for the Advanced Ballistic
Missile Defense Agency. It was designed to augment conventional sequen=
tial computers in ballistic missile defense (BMD) data processing, Combin=
ing associative- and parallel-processing techniques, it offers a promising
approach to the vast data-processing requirements of BMD,

PEPE is termed an ensemble because it is an unstructured, indefinite num=-
ber of processing elements which operate in parallel under global control
with no direct communication between elements, A block diagram of the
PEPE system is shown in Figure 10. Each element consists of three func-
tional entities: an arithmetic unit, a correlation unit, and a memory. The
control unit consists of two functional entities: an arithmetic control unit
and a correlation control unit,

26

& L s o) prowe




HOST
SEQUENTIAL COMPUTER

RADAR
DATA

ENSEMBLE CONTROL UNIT

CORRELATION PROCESSING
CONTROL CONTROL

-

1 correLaTION [ MEMORY | JARITHMETIC
UNIT Lo  UNIT

[
> CorRREL ATION|[™] *—IARITHMETIC
UNIT MEMORY uNIT

| | |
| n ELEMENTS IN ALL |

CORRELATION ARITHMETIC
UNIT MEMCRY UNIT

Figure 10. Block Diagram of
PEPE System

Program information is stored in the sequential (host) computer and instruc-
tions are supplied to the ensemble in the proper order. The number of ele-
ments (n) is made large enough to equal or exceed the size of the data base
that must be handled. This degree of parallelism permits each object being
observed by the radar to be assigned to an individual PE. The PEPE is then
capable of operating on all objects simultaneously. With this approach, the
processing time is no longer a strong function of the number of objects being
observed. The global control units are used to control the operation of the
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entire ensemble. Common input, output, and control busses go from the
control units to all elements. All elements receive the same inputs and the
same control signals, and the ensemble as a whole performs one common
operation at a time, Individual elements participate or not, depending on
their internal state,

This subcontract study was a third step toward development of hardware
suitable for implementation of a deployable PEPE system, The first two
steps, development of the integrated circuit (IC) model and an implementa-
tion study based on MSI technology, were performed by Bell Telephone
Laboratories (BTL) in 1969 and 1970.

The IC model of the PEPE was constructed to demonstrate that the organiza-
tion was in fact feasible, and to gain insight to any unique problems associ=
ated with the organization. This model was a research tool and not intended
to serve as either a prototype or as a baseline for later implementations,
This model had performed successfully with an IBM System 360/65 as a host,

This third step (the Honeywell implementation study) was aimed at identify-
ing technologies and techniques suitable for implementing a PEPE system in
the 1972 to 1977 time frame, The preliminary system design of a PEPE
system was also performed during this subcontract study.

The results of this study showed that a reliable, cost-~effective PEPE sys-
tem could be implemented with 1972 hardware. The implementation tech-
niques considered were amenable to incorporation of advances in technology
both at the circuit packaging level and throughout the higher-level mechani-
cal packaging.

Some novel features of the PEPE system are summarized as follows:
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e Fully Parallel == For the BMD application, the parallel=

processing capability of PEPE significantly increases the
computing capacity by processing multiple instances of
data through a single operation, In general, an individual
element is assigned to each object being observed by the
radar., The ensemble can then operate on all active ele-
ments simultaneously, and thus process the common
attributes of each object in a parallel mode,

[ Associative == The ensemble is addressed by content rather
than by location, making the accessing and handling of data

more direct, natural, and efficient. The elements are

addressed on the basis of the attributes of the objects whose

data they store. This feature contributes to making the
element allocation simple and the reliability high,

e Growable == Traffic growth can be achieved in a PEPE
ensemble by adding elements, This growth can be made
without impact on the software.

e Reliable -- The unstructured, highly paralle!, and associa=
tive form of PEPE offers some interesting properties for
system availability and reliability., There is obviously a
high degree of redundancy. This is complemented by the
lack of structure and avoidance of dependence on location

which permit the use of an ensemble having a number of

elements somewhat larger than required to meet the traffic

requirements in anticipation of element failure, As element

failure is detected, the offending element is simply decom-

missioned electronically. Since element location is of no ,
consequence, a lost element need not be replaced immedi- ,
ately but may remain in place until replacement and repair |
are convenient,
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Realizable == The computational gains realized with PEPE
are achieved by architectural innovations, not hardware
performance advances, In fact, the circuit performance
requirements are reduced in this technique, making PEPE
realizable in terms of cost and current technology. The
cost of PEPE tends to be characteristic of modular and
repetitive procurements, Not being dependent on future
advanced, it involves little technological risk and is well=-
suited to MSI and LSI technology.

Programmable == The power and efficiency of the PEPE

approach are available to the programmer without requir-
ing the use of special skills or knowledge. The system
designer, in determining whether functions are basically
parallel or sequential, decides where functions will be
executed and thereby what variables will be stored in PEPE,.
Then the programmer writes his programs straightforwardly
in the Parallel FORTRAN (P-FOR) language. The ability

to express vector operations and set specification in a
natural way in this language means that the programs con-
tain fewer statements, are easier to understand, and faster
to debug. Furthermore, the program development for a
PEPE-based system should be simpler and faster because
PEPE, with its fully parallel/associative approach, provides
a very general but efficient file structure built into the
hardware,
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PROTOTYPE BULK-FILTER DEVELOPMENT CONCEPT DEFINITION

The purpose of this concept definition study for the Advanced Ballistic Mis-
sile Defense Agency was to establish the feasibility of using associative-pro-
cessing techniques for bulk filtering. During reentry, the natural breakup
of an intercontinental ballistic missile (ICBM) booster tank produces several
hundred objects which are visible to the radar. Treating all of these objects
as potential threats in a tracking computer would immediately saturate the
computational resources. There is a definite need for some form of prepro-
cessing which can effectively and inexpensively recognize nonthreatening
objects. This type of preprocessing is referred to as bulk filtering.

Several representative bulk-filtering problems, which illustrate the charac-
teristics of the data base and the nature of the computational power desired,
were examined in detail to determine the number and type of instructions

that would be required to implement them.
Honeywell has developed an associative process or concept which fits very
well to the bulk-filtering problem. This architecture is shown in Figure 11

and consists of:

e Dual-Control Units -~ These units are operated simultane-

ously. One unit is assigned to input and correlation; the
other controls arithmetic or processing operations.

e A Column of Identical PEs -- Each element possesses as-
sociative capability for input, memory for storing radar
data, and 24-bit parallel arithmetic capability for the actual
execution of bulk-filtering algorithms.

In this architecture, the number of radar "objects' per PE may be varied
depending on the algorithm complexity, the threat load, and PE speed.

31




The exact tradeoff which yields the most cost-effective system for the tacti-
cal situation will depend on the future experimental results and on cost-ef-
fectiveness studies based on actual tactical scenarios.

CORRELATION “ 5 o ARITHMETIC
CONTROL CONTROL

T f
CONTROL CONTROL
—’r PE 1 —-ﬁ
—> PE 2 —9
INPUT OUTPUT
L)
[
o
PEn

Figure 11, Bulk-Filter Associative
Processor

A configuration was chosen for the future experimental system which pro-
vides one simple PE per track. This could provide the lowest cost and the
desired flexibility, and further could be an excellent candidate approach for
a deployable system. The flexibility required of the experimental system

is provided through the use of a high-level language, P-FOR. This language
is an extension of FORTRAN and includes parallel statements in addition to
the standard FORTRAN language.

This study concluded that an associative /parallel approach was an ideal solu-
tion to the critical problem of bulk filtering and one which could be inexpen-
sively tested and verified in an experimental system.
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SECTION 3 \

DDP: PERSPECTIVE OF NEEDS BASED ON SITE DEFEN SE EXPERIENCE

This section documents the independent perspective of a key former Site
Defense software manager concerning the issues, payoffs, and research
areas of DDP, based on Site Defense experience. The major areas covered
in this section are DDP concepts and requirements, DDP payoffs, changes
in Site defense requirements and their impact on the DDP Design Theory,
Site Defense problems and their implications on DDP research, the design
techniques and approaches used on Site Defense software development, and

a summary of DDP research issues and recommendations.

DISTRIBUTED DATA PROCESSING OVERVIEW

Figure 12 is an introductory chart which asserts that distributed data
processing provides the real-time control and decision for advanced ballistic
missile defense systems, It is anticipated that all future BMD systems will
have DDP; consequently, a DDP design technology and guidelines must be
developed to meet the needs, A BMD system using distributed processing
will typically consist of sensors, weapons, external interfaces, and a set of
processing networks to provide a cohesive systems unit. The networks will
consist of some combination of hardware, firmware, and/or software which
will provide the throughput, memory, input/output which will be necessary to
meet processing requirements of the system, The processing network
implementations will be a function of the particular sensors and weapons and

the particular external interface requirements that exist for a given system,
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Those specific needs must be mapped into interconnected networks as shown
in the center of Figure 12, This generic network consists of many nodes and
connections. Specific implementations will be cost-effectively obtained based
on two factors: the data-processing functional and performance requirements
which are input to the design activity, and the DDP Technology Theory and

guidelines which are currently under research,

PROCESSING NETWORKS

HARDWARE
F IRMWARE
SOFTWARE
THROUGHPUT
MEMORY le———a WEAPONS

INPUT/OUTPUT

<

EXTERNAL }a—a SENSORS

o COMMAND AND CONTROL
o DATA

i

SPECIFIC iMPLEMENTATIONS WILL BE COST EFFECTIVELY OBTAINED BASED ON

o DATA PROCESSING FUNCTIONAL AND PERFCRMANCE REQUIREMENTS
e DDP TECHNOLOGY THEORY AND GUIDELINES

Figure 12, DDP Provides Real-Time Control and
Decision for Advanced BMD Systems
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THROUGHPUT REQUIREMENTS

Figure 13 estimates the projection of total force data processing system
throughput requirements as a function of the date of the threat baseline and
the two existing systems., Safeguard and Site Defense require approximately
100 and 1 billion instructions per second throughput. The future threat
baseline will be strongly influenced by the proliferation and complexity of the
threat., Both of these factors are monitored and modified by the treaties that
have been taking place: if the treaties are successful then the lower end of
the ban will be a more appropriate limit; if the treaties are unsuccessful,
then the upper end would indicate the growth in throughput required. This
would imply that a very significant increase in data processing throughput is
needed. The total force structure will be growing by orders of magnitude
implying that distributed data processing is really a vital technology. The
alternative data processing solution of a very large mainframe presents
problems which will be discussed subsequently. From Figure 13, it can be
seen that the threat growth shows that flexibility and growth to very large
throughputs is a necessary part of BMD data processing subsystems.
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Figure 13. Projected Throughput Required Will
Increase in Response to Threat
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DDP PAYOFFS

Figure 14 indicates that DDP payoffs are realizable in all important aspects
of BMD concepts. In any systems development program the progress and
status of the system can be viewed in four major areas: performance, cost,
schedule and risk. The four areas are continually traded off during develop-
ment and also during the deployment. Figure 14 is divided into two major
segments: operational use and development use. The developmental use is
strongly influenced by the kind of schedule requirements which exist: the
cost of the development, and the amount of risk which is taken in the develop-
ment. Operationally speaking, performance is the key factor, but the cost
and risk of operation are also important, Distributed Data Processing bene-
fits all life-cycle phases, and the particular payoffs in each of these major
areas are discussed in the following figures.

OPERATIONAL
USE

PERFORMANCE cosT

RISK SCHEDULE

DEVELOPMENTAL

® ALL LIFE-CYCLE PHASES ARE BENEFITED

Figure 14. DDP Payoffs Are Realizable in all
Important Aspects of Advanced
BMD Concepts
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PERFORMANCE: THROUGHPUT AND RESPONSE TIME

Figure 15 addresses two performance payoff attributes, throughput and re-
sponse time, as depicted on typical curves. The uppermost curve, through-
put, is one way of representing this constrained problem. A baseline Site
Defense system threat scenario (module level) has been selected as a given,
then depending upon the MIPS level that is required, one can read the curves
to determine the most preferable architecture from a throughput standpoint,
For example, the theoretical limit shown would indicate the minimum degree
of concurrency required without taking into consideration data transfer and
other overhead factors. As shown in the figure, less concurrency would
imply that Architecture B would be the best configuration for fewer MIPS;

as the MIPS requirement increases, it would be beneficial to change to
Architecture A, These curves are discussed in the next several figures.
The point is, that for a specific function or problem there are many ways tc
implement the solution, and depending upon the degree of concurrency and the
architectures available (optimized or non-optimized), a ''best'" architecture
could be determined from the standpoint of performance. The curves which
are depicted in Figure 15 in a generic sense, require simulation and experi-
mentation in order to quantify them. Particular architectures would have to
be developed for the degree of concurrency plot shown. This is one of the
recommended topics in the experiment plan (Volume VII), The second curve
in Figure 15 shows response time. Here we have plotted a time delay (in
milliseconds) against the degree of concurrency for three different para-
metric values of proximity of processors: zero, five, and ten nautical
miles. One can observe that relatively longer timing delays due to queues,
processing, and transport delays occur as the degree of concurrency is re-
duced and as the proximity decreases. (Here the degree of concurrency is
interpreted to mean the degree of parallel processing that can take place
within a single main frame such as the CDC7600.) As the degree of con-
currency grows very large and processors have wider physical geometry
separations, the reverse trend would be noted. To develop this particular
curve as an analytical tool, simulation and experimentation as well as a
specific system construct are required (see Volume VII, Experiments).
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