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FOREWORD

IBM is pleased to respond to Request for Proposal No. 66-1375 titled
"Research to Develop Multiprocessing Techniques for Processing Diverse
Requirements of Unmanned Orbiting Multifunctional Satellites' for the NASA
Electronics Research Center. This proposal shows how IBM intends to achieve
the objective of the proposed contract, that is, ""to develop new concepts of
multiprocessing oriented toward the computational needs of future long-lived
multifunctional space satellites."

IBM proposes to provide a team of senior engineering personnel with an
extensive background in practical applications of computers to the various sub-
systems identified in the RFP. The key personnel which IBM will assign to this
contract have advanced degrees in electrical engineering with major emphasis
in communications, signal analysis and computer architecture and related areas
of major importance to the project. They also have extensive experience in
reducing advanced subsystem functional concepts to hardware for use in a variety
of communications and signal-processing applications. IBM feels that to ensure
a fruitful program the key contributors must have extensive experience and
understanding of the subsystem functions and adaptive concepts as well as in
multiprocessing. The individuals assigned have the above background.

The personnel proposed for this study report to Dr. Herman
Blasbalg, Satellite Communication Technology Manager in the Center for

Exploratory Studies. His contributions to automatic observing systems, compaction




techniques, pseudo-noise modulation and satellite communications are well-
known. He will take an active part in directing the proposed project, particularly
during initial planning phases and periodic reviews of progress.

Many well-qualified consultants in areas relevant to the proposed study
are available as required within the Center for Exploratory Studies and in other
parts of the Federal Systems Division. Particularly relevant education and
experience in space science is provided by personnel of Cambridge Advanced Space
Systems under Dr. J. P. Rossoni, who are located in Cambridge, Massachusetts.
The study will also draw on the capabilities of the Computer Mathematics Depart-
ment under Dr. H. D. Mills. If required, the study may obtain expert consulting
assistance from Space Systems Center personnel at Bethesda, Maryland.
and Huntsville, Alabama. The latter facility includes over 1500 people, of
which over half are engineers, physicists and mathematicians working on the
Saturn Instrumentation Unit.

Discussion of the Statement of Work

The objective of the proposed contract is to develop new concepts of multi-
processing oriented toward the computational needs of future long-lived multi-
functional space satellites. The result obtained should provide a sound techno-
logical base for further development of a general-purpose satcllite multiprocessing
computer system.

The new concepts developed in multiprocessing are aimed at hardware and soft-
ware, andwill exclude electric circuit design and production engineering. This RFP empha-
sizes the development of new concepts and techniques in multiprocessing and in
machine organization, conventional patterns need not be followed. Modularity

and reconfiguration by means of hardware or software are important considerations

here.




The multifunctional satellite system can be part of a system designed
to meet both operational and scientific requirements.

An integral part of the study is to define the computation requirements
for the major subsystems; i.e., checkout, communication and telemetry, control
and stabilization, energy management, sensors, and data handling. It is desirable
to define the computational requirements of the various subsystems linked by the
computer system in a general, preferably parametric, form. This will be
accomplished with the guidance and final concurrence of the ERC Technical
Director assigned to this project. The total computation requirements will be
specified in terms of meaningful computational criteria such as word length,
data storage, speed, etc.

After studying the subsystem functions and defining the computational
requirements, several of the most appropriate multiprocessing configurations,
satisfying the computational requirements, will be formulated and developed.
These configurations should satisfy the following broad operational factors:

a. Reliability

h. Flexihility and adaptability

c. Hardware realization

d. Hierarchy of mission control

Among the more specific operational factors are such things as diagnostic
capability, self-repair, self-reconfiguration, information protection of memories,
load sharing with remote computers, programming before and after launch,
modularity and minimization of the number of distinct modules, reconfiguration

program vs. hardware, etc.




The preferred multiprocessing configurations will then be evaluated
against a set of meaningful criteria which will be established with the
guidance and approval of the ERC Technical Director.

In Section 5, the proposal suggests several criteria which are likely to
prove useful during the evaluation phase. The evaluation will clearly identify
the features and technical limitation of the preferred configurations. Computer
simulation will be used during the evaluation phase to the extent fruitful and
feasible in a study of this size.

IBM Approach

A prerequisite for developing new concepts of multiprocessing oriented
towards the computational needs of future long lived multfunctional satellites
is a thorough understanding of subsystems and overall system operations. IBM
has taken a first cut in this proposal at the mathematical and conceptual formu-
lation of the operation of the major subsystems and the overall system (tem 1
of the RFP). The suhsystem and system concepts which are introduced are
aimed at the future and not at the present and are, therefore, consistent with
the aims and goals of the RFP, Detailed block diagrams have been prepared to
show advanced concepts related to channel and sensor monitoring, adaptive
sampling, multiplexing and channel selection under the control of a computer.
IBM has developed a mathematical theory for processing pictures by a digital
computer which has worked successfully. For example, the on-board processor
can he used for extracting picture contours (line drawings) and for image
enhancement. The adaptive guidance and control computer algorithm which is
presented in this proposal also uses concepts of the future, and here, too, the

algorithm has been simulated on a computer.




IBM intends to use these advanced subsystem concepts, some of which
have already been developed and tested by means of computer simulation,
for the purpose of establishing the computer requirements in parametric form.
Because a good mathematical model exists for each subsystem, the parameters
and, hence, the computer requirements can be bounded. A representative mission
will then be selected (with the approval of the Technical Director), the subsystem
parameters calculated, and the computer requirements established.
Since there is a trade-off between the on-board processing requirements
and the overall communication link capacity, the IBM approach will specify a
representative communications link which is compatible with a multifunctional
satellite system. The multifunctional satellite system will be interconnected
to one or more Ground Control Facilities via a synchronous communications
repeater satellite. This system concept, discussed in Section 1, is considered
an important part of this study since the trade-off between tﬁe on-board and
earth-based share of the processing load is only meaningful when a constraint
is placed on the communications capacity. For example, if the link capacity
is as large as desired, it would appear desirable to transmit the raw data down
to ground-based computers thereby minimizing the on-board processing capability.
The fact that the link capacity is bounded makes this problem an interesting one.
The IBM approach to the multiprocessing problem may be summarized
as follows. Applying standard multiprocessing techniques that have been developed
for large ground-hased computer systems, to the multi-functional satellite problem
is not necessarily the best approach. Rather, once the basic satellite functions

common to all future satellite systems are understood, then efficient, small, and



modular special—purpose processors can be designed to perform and execute
these functions/ c;n boérd? the satellite. For example, a communications processor
would execute ,éuch functions as coding and decoding digital data to and from

the earth control station. It would also perform and control digital antenna

bheam forming for both increasing antenna gain and also for despinning the
antenna.

All of these processors would be controlled by a small general -purpose
control computer also located on board the satellite. This computer would
monitor the parallel processing for all of the satellite functions and would control
any reconfiguration that is necessary to overcome the effect of equipment failures.
The IBM approach to equipment reconfiguration is described in Section 1 and
utilizes both software and hardware. The IBM team will attempt to develop new
multi -programming concepts utilizing such advanced ideas as evolutionary and
adaptive programming. The challenge here is to develop the hardware and pro-
gramming systems simultaneously so that the two are melded into a unified
multifunctional system.

During the study, advanced concepts of switching and partitioning theory
will be applied to provide the basis for a multiprocessing system required for
a long-lived multifunctional space satellite. Some of these concepts, described
in Section 3, link themselves to a design characterized with being modular,
reliable, flexible, easy to maintain and economical.

In the IBM approach, the overall multifunctional satellite system is con-
sidered as a complex communication system. All of the peripheral special
purpose processors must communicate with one another and the central control

computer onboardthe vehicle. The central control computer acts as a complex
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switching center not only for the purpose of routing information from one

special processor to another, but also for purposes of reconfiguration. The
IBM team members assigned to this study have a considerable amount of
experience in the fields of digital communication and computer design.

They will bring advanced concepts of both of these areas to bear on the
multifunctional satellite problem.

Outline of the Proposal

The subjects to be treated in the study, are described in Sections 1-5.
Section 1 introduces the proposal and considers certain problems of reconfigura-
tion, programming and multi-satellite systems. Section 2 discusses the prime
areas of study in the context of multiprocessing systems for multifunctional
satellites. Section 3 is a discussion of multiprocessing techniques and some
new concepts that IBM plans to introduce. Section 4 is concerned with methods
for applying information theory techniques to systems analysis and synthesis.
Section 5 presents criteria of effectiveness and analysis techniques to be
employed in evaluating performance of alternative subsystem and sytems designs.

Section 6 presents the project plan, the direct manpower to be assigned, and
the schedule. Resumes of project personnel and consultants are given in Section 7.
Section 8 gives a brief discussion of the IBM organization and facilities pertinent
to the proposed study. Section 9 concludes the proposal with a synopsis of the

extensive experience of IBM in areas related to the proposed study.




Section 1

INTRODUCTION

1.1 Multi-Functional Satellite Systems

It is a recognized fact that present satellite systems generate large volumes
of data which is transmitted to earth, although only a small fraction is actually
processed. With an increase in the sophistication of future satellite systems, there
will be an increase in the amount of data collected which will overload not only the
communication and telemetry equipment, but also the data processing capabilities
of the ground-based computers. The answer to this problem is a flexible, reliable
multifunctional (MF) satellite system monitored and controlled by a ground control
facility (GCF), all of which are linked together by a synchronous communication
satellite. Figure 1-1 shows schematically one way this is accomplished using a
single synchronous communications satellite and two GCF's. The GCF terminals
are in contact with one another via the synchronous satellite repeater and each
MF satellite is in contact with one or the other GCF terminals. Thus, a communi-
cation path can be established between any two MF satellites either via a single
GCF station or via two GCF stations and the synchronous satellite repeater. In
principle, this technique can be extended to cover the entire earth by providing
three or more synchronous satellites in communication with many earth stations.
In such a system , the entire MF satellite system complex can be used to optimize
the collection of useful data, thereby reducing the load in the ground-based

processing equipment, as well as on the communications and telemetry links.
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A satellite continues to perform its prescribed and limited functions
repeatedly for long periods of time, only because it cannot be used for anything
else. On the other hand, a multifunctional satellite can be reconfigured to per-
form other useful data collection and processing functions once a mission is
completed. The proposed system transmits down only information that is useful;
hence, all of the satellite facilites can be used optimally.

The goals of a satellite system, operational or scientific, are to transmit to
earth useful data. Useful data is generally extracted from the raw sensor data
by some form of processing. The raw sensor data can be transmitted down and
processed in the ground-based processors, or it can be preprocessed in the
vehicle and only the important characteristics and parameters transmitted down.
The latter system contains processing equipment located in the vehicle; while in
the former, processing is performedon the ground, provided a high-capacity
communications link is available. Thus a trade-off exists between the capacity
of the communications system and the computing power of the satellite -processing
equipment.

A multifunctional satellite, if it is to be used efficiently, should have access to
a large Ground Control Facility from almost all points in the orbit, and vice versa.
In present unmanned satellites, the data is stored in the vehicle and transmitted
down during the relatively short period that the satellite is within view of the
ground station. For each set of measurements, one would expect an optimum time
at which to retrieve the data. A multifunctional satellite system can achieve efficient
operation at all times if its communication and telemetry subsystem is connected to

the GCF via a synchronous communication repeater satellite network. In fact, if




there are multiple satellites in orbit, all can be connected via GCF stations
and synchronous satellite repeaters. In this manner, the GCF can monitor the
overall space system and optimize the combined missions.

It is also possible to distribute many small ground stations over the earth
which simply repeat the data back to a synchronous satellite, which is actually
a multiplexing point for multifunctional satellite communications network, and
is then repeated down to the GCF. The details of the communications configura-
tion are not required, although a thorough understanding of the limitations of
such a communication satellite network is essential since there is a trade-off
between its capacity and the on-board computer requirements. The IBM team
proposed here, in addition to having intensive experience in designing multi-
processing systems, has a strong background in satellite communications.

1.2 Basic Satellite Multi-processing System

One on-board multiprocessing architecture that IBM proposes to study for
all multifunctional satellite systems is shown schematically in Figure 1-2a.

A general purpose computer called the Central Control Computer (CCC), is shown
surrounded by a ring of special-purpose digital processors. Each of the special
purpose processors is designed to perform and execute specific functions common
to all satellite systems. All of the processors are connected via the CCC which
monitors and controls the entire on-board system.

Figure 1-2b shown an earth-based General Control Facility (GCF) in com-
munications with the CCC aboard the satellite. This facility is composed of a
large general purpose computer and is used for ground control and backup. This
computer will be programmed to request and accept data from the MF satellite.

It will also be used to back up the CCC on-board the vehicle in case of failure.
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The philosophy behind the approach given in Figure 1-2 is this: the whole
purpose of an on-board processing system is to reduce the amount of data trans-
ferred between the satellite and the earth. This is necessary because the
amount of raw data gathered by a multipurpose satellite far exceeds the capacity
of the satellite-earth communication link. Thus, a considerable amount of on-
board preprocessing is required to reduce this raw data to fit the satellite-earth
channel capacity. In the IBM approach, the key functions that any multipurpose
satellite must perform have been portioned into five general areas: (1) commu-
nications, (2) power management, (3) guidance and navigation, (4) sensors, and
(5) checkout and monitoring. An earth-based general purpose computer is also
shown and is in constant communication with the central control computer on board
the satellite.

The multiprocessing system shown in Figure 1-2 is viewed as a communication
network. The central control computer communicates to the input-output (I/0)
units (i.e., sensors, telemetry, antennas) and vice versa via I/O channels, each of
which contains a special-purpose processor. Each of these processors is essen-
tially a small special-purpose digital computer tailored to fit one of the five functions
required of any multifunctional satellite. For example, the speed, memory size, and
instruction repertoire of each processor will be a function of the task that the
processor is designed to perform. In Figure 1-2, the actual I/O elements, such
as antennas and sensors, are not shown.

The general form of each of the elements of Figure 1-2 will now be

described.
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Guidance and Navigation Processor

This processor will be designed to optimally execute the guidance and
navigation algorithm described in Section 2. This machine will accept inputs from
the various guidance and navigation sensors and will also control the thrust
mechanisms.

Communications and Telemetry Processor

This processor will perform all of the subfunctions related to communications.
Some of these are: digital antenna multiple-beam forming, pseudo-noise modem
processing, estimation of channel signal-to-noise ratio, electronic spin stabiliza-
tion, and error control

The antenna beam -forming processor will process the antenna element outputs
directly and form the antenna beam in the direction that will optimize the on-board
power allotted for this purpose. This processor will accept inputs from the guidance
and navigation processor via the central control computer to effect electronic spin
stabilization.

The electronic spin stabilization processor cancels out the effects of satellite
spin stabilization. This is accomplished by electronically rotating the antenna beam
that is always pointed toward the ground station. This technique results in very
large values of effective radiated power.

Error control is another communication subfunction that can be neatly handled
by a special-purpose processor. Here the processor, operating as a decoder, will
detect errors in the data and perform error correction. Acting as an encoder,
the processor would encode all data transmitted to the ground terminal using a

powerful error correction code.
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Sensor Data Processor

Of all the functions performed by a multifunctional satellite, this is probably
the only one that will change from mission to mission. Typically, however, this
function would include such diverse sensors as video television (which.has an
extremely high data rabé),, low data rate sensors such as electron density measure-
ments, variable sampling-rate equipment and variable multiplexing format
processors. Consider the processing requirements of these various sensors:

Video Sensors—Here the processor must operate on the video signal and,

according to some rule which is programmed into the processor, process the
raw video data prior to transmission to the earth station. Picture processing
is discussed in Section 2.

Low Data Sensors, Variable Sampling and Multiplexing—This processor,

under control of the central control computer, samples each of the sensors at a
variable rate depending upon certain parameters measured by the central control
computer. As the sampling rate changes on the individual sensors, the multi-
plexing format must also change. This special-purpose processor adapts to
these changing conditions by modifying the internal stored program. The central
control computer accomplishes this modification by means of an algorithm. An
example of a variable-sampling, variable-multiplexing processor is given in
Section 2,

Power Management Processor

This special processor is used to control the distribution of power throughout
the satellite, thus making maximum utilization of the available on-board power.
This processor will control the regulation, conversion, and distribution of this

power.
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1.3 Adaptive Multiprocessing Techniques and Reconfiguration

The configuration shown in Figure 1-2 is not only modular, but can be
reconfigured and thus can adapt to any changes from the norm. One way this
can be accomplished is by replacing faulty hardware with software. For example,
suppose that a binary self-checking counter located in the guidance and navigation
processor fails and this fact is detected by the satellite monitoring processor.
Ordinarily, a failure of this type would disable the device. However, in this
system, the central control computer performs the counting function by means
of a micro-program. Note that this approach assures a graceful rather than a
catastrophic degradation of the satellite system.

What is proposed here is a combination of software and hardware. Thus,
whenever a section of hardware becomes disabled due to a failure of some kind,
it will be replaced by a software program that performs the function that the
original section of hardware performed.

The central control computer located in the vehicle would be programmed to
back up any of the peripheral special processors in case of failure. Further, the
GCF on earth will be programmed to back up, at least partially, the CCC on-
board the vehicle in case of failure. This system will ensure reliability, long
life, and a graceful degradation of the satellite.

1.4 Programming Consgiderations

The mission of the multifunctional space satellite embodies, in a single
system, all elements of current day multiprocessing systems and can be viewed
as a generalization of current systems. Programming techniques to handle

parallel and diverse operations in a multiprocessor environment are requisite
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but not totally sufficient. Additional techniques must be developed to accommo-
date multiprocessing within the stringent reliability and integrity requirements
and, at the same time, within the demands for the flexibility necessary to the
experimental environment.

IBM proposes to design such techniques based on extending previously
developed ideas that show promise of satisfying these requirements. Generally,
programming techniques in the proposed study would be considered under the
three major areas of:

1. System Organization—because of space and weight requirements and

the operational similarities of the multiple processors, the total system
must be organized about elemental operational components to effect
required economies and efficiencies.

2. Functional Processing—optimization and generalization of known functional
techniques must be developed to achieve, on one hand, the sophistication
required of the mission and, on the other hand, the flexibility required by
space experimenters.

3. Program Implementation—the open-ended functional requirements
demand new techniques for program implementation and checkout that are
characterized by machine independence, incremental development and
checkout and system modification without loss of integrity.

The following sections treat these three areas in detail. The major technical

problems are discussed, as are, the study approaches that would be followed in

their solution.
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System Organization

The proposed system is composed of multiple processors, each of which
will perform parallel processing in a discrete but broad functional area, e.g.,
satellite power management. However, reaction to contingencies, such as
sudden changes in the experimental environment, must be possible by time
sharing processor elements with other processors in the system. Thus, modu-
larity and interface compatibility are key elements in the system, not only for
contingencies but also for normal operation.

These capabilities cannot be accomplished at the cost of redundancy;
however, because of the space constraints of the overall system. Thus, current
operating system techniques cannot be employed wherein duplication is repeated
at various levels.

Rather, basic operating components of an elemental nature must be identified,
isolated, and organized into an Integrated Operating System. The integrated
approach would permit machine realization by the operating system and not by
intermediaries such as compilers, loaders, etc. Interface compatibility would
be ensured without duplicate programming and modularity to finer degrees than
currently obtainable.

In addition to elemental components common in current systems, e.g.,

I/O operations, IBM proposes the inclusion of the following:
1. Memory management functions which would not be limited to a single
processing strategy, but generalized to include all strategies possible
in the multiple processors. Typically, the organization of a functional

processor would be different from that of the CCC. However, each
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performs certain similar operations and may be required to handle
each other's functional operations. By generalizing memory manage-
ment, redundancy in programs could be avoided, since they are not
tied to a particular strategy.

2. Data management, not only in the I/O sense, but also in declaration
sense. Current compiler ideas on the scope of data variable declarations
should be extended such that the operating system is solely responsible,
not only for 1/O manipulation, but also for all aspects of data variable
handling.

3. Device independence and interchangeability ideas must be extended to
include, not only peripheral storage but also central processors. In
this way, time sharing of processor components can be implemented
efficiently.

These components have been isolated in previous work and show promise

as minimum inclusions in the proposal. During the course of the study, additional
components should be determined as these basic ideas are extended.

Functional Processing

The proposed IBM approach is organized into five functional processors
under the immediate control of the central control computer. The latter processor
is in turn directed by the general control facility. Each processor is normally
dedicated to either system management or discrete aspects of the mission
function.

While the basic programming for any of these discrete functions exists, the
system requires greater degrees of sophistication plus the accommodation of

total mission requirements.
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Functional programs must be geared to optimal performance, thus adaptive
in nature, to cope with the changing experimental environment. Techniques
similar to those developed by IBM for the Saturn navigation and guidance prob-
lem should be developed for all functional processing. This applies to the
control processors in such functional areas as message handling and routing.

In addition to optimal processing of discrete functions, the programs must
be adaptable to changes in mission. Revised or new experimentation must be
generally possible through resequencing of program execution without the
necessity for program loading. This required generality should be possible by
isolating discrete functional modules which can operate as elements in multiple
environments.

The reliability requirement of the total system demands that all modules
be capable of operating during malfunction with a minimum of system degradation.
Thus, program design must also be geared to varying environments, with minimal
changes resulting in functional outputs.

Program Implementation

One of the most challenging aspects of the proposed system is the actual
development and checkout of required programs.

The multiplicity of processors and functions, plus the necessity for an open-
ended system, demand new techniques in the area of compilers. This suggests
the need for an Abstract Programming System which will permit programs to
be written in source programming languages to perform desired programming
functions. Such programs would be machine independent and rely on the Inte-

grated Operating System to effect a particular machine realization. In this way,
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the actual satellite programs could be thoroughly checked out in a ground-
based machine realization and then directly transferred to the appropriate
satellite processor.

The initial characteristics of the Abstract Programming System are being
investigated by IBM as an extension to their Evolutionary System for Data
Processing (ESDP). The coordinate structures‘ generated within the ESDP sys-
tem for documentation of programming systems can potentially be used as the
basis for converting the source language of the Abstract Programming System
into multiple machine realizations through the Integrated Operating System.

In the area of program checkout, new techniques will also be required to
cope with the evolutionary nature of the program development both before and
after launch. Thus, techniques for checkout of program increments in simulated
operational environments must be available, as must extensive system simulation
techniques. The system can then be responsive to changing requirements without
any loss of integrity.

The ESDP system should play a major role in this area. First, its documen-
tation capabilities are prerequisite to the modification of a system of this size
and complexity. Resources available from existing programs will be identifiable
as will the ramifications and extents of proposed changes. Without automatic
and comprehensive program documentation capabilities, system evolution and
response would be constrained.

The ESDP structures will play another role during incremental program
checkout since they identify the interaction of program elements. This can be
used in simulating the system environment for new program elements without

demanding full system operation.
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Conclusion

IBM recognizes the challenging technical problems in the programming of
the multifunctional space satellite and the needs for new techniques in at least
three major areas. Current work in the ESDP system, satellite navigation and
guidance systems, diagnostic and adaptive control systems offer promising
approaches to the overall programming considerations.

This past work will give a basic foundation for the study and should provide
immediate solutions in certain areas. The extension of the developed ideas
should provide a cohesive design for a revolutionary programming system that

meets the demands of the multifunctional space satellite's mission.

1.5 Summary

To summarize, the configuration shown in Figure 1-2 is reliable, modular,
and adaptive. The system by its very nature performs all of its processing in
parallel, and each processor is self-sufficient and can operate independently of
all the others. If necessary, each processor can perform certain tasks for a
processor that has failed. Load sharing is inherent in the system since each
special-purpose processor is assigned a particular class of tasks. The
reliability of the system is very high due to the on-board diagnostic and fault-
finding capability, and also the fault isolation and corrective procedures that are
possible using software. Additional reliability is obtained by designing the
system such that the central control computer can, in case of failure, execute
certain functions normally performed by one of the special-purpose processors.
The modular characteristics of the system provide the ability to accommodate
a wide variety of diverse missions. In fact, it is entirely possible to re-program

the satellite while in orbit to carry out a different mission.
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Section 2
ADAPTIVE SATELLITE SUBSYSTEM CONCEPTS

This section discusses adaptive satellite subsystem concepts and clearly
shows the part played by the special purpose processor (SPP) in each subsystem.
Each subsystem is then discussed in depth and is backed-up by detailed block
diagrams which identify the key functions within each subsystem. It will become
clear that some of the subsystem functions can be combined with a low capacity SPP
and the entire subsystem can then be under control of a central control computer
(CCC).

The level of detail presented in this section is essential for developing new
multiprocessing concepts.

A multi-functional satellite system consists of subsystems that are common to
all missions. These are, Data Handling (adaptive sampling, multiplexing, channel
selection, etc.); Communications and Telemetry; Navigation, Guidance, Control and
Stabilization, Check-out, Energy Management and the Central Ground-Control Facility.
The Sensor Subsystem is mission oriented although even here, a classification into
pictures (very high source rate), and scientific sensors (relatively low source rate)
is quite reasonable.

Pictures represent an extremely high information rate which generally swamps
the information handling capacity of a processor.

It will be demonstrated that the functions of the non-mission oriented subsystems
can be mathematically formulated with sufficient accuracy to permit the development
of useful multi-processing concepts and configurations without constraining the tech-
niques to a particular mission. Once the concepts have been developed, a represen-
tative mission will be selected to determine the efficiency of the multi-processing
configuration. This will test the fundamental hypothesis that the problem stated in
the RFP is well defined and amenable to multiprocessing concepts, and give further

insight into the problem—possibly leading to an optimum approach.
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2.1 Data Handling

This section develops information preserving (IP) compression and entropy
reducing (ER) techniques. The latter involve on-board pre-processing and repre-
sents the largest potential pay-off. ER operations will reduce the communication
and telemetry channel requirements and, equally important, substantially reduce
the vast amount of raw data received on the ground. The key study here will be
to develop techniques for deriving optimum multiplexing rules which depend on
priorities, the communication channel throughput, and estimates of the sensor

parameters.

2.1.1 Predictive Compression Techniques (1)

2.1.1.1 Non-Adaptive Compression

A predictive compressor removes the redundancy in a message by exploiting
the probability constraints within a message ensemble. The output sequence,
encoded into fewer bits than the input, is completely random, i.e., all the redun-
dancy has been removed. At the receiver, the rule for reconstructing the message
is known, and hence, the message can be decoded. In practice, it is essential to
insert a controlled amount of redundancy in the form of error control in order to
protect the message against channel errors which otherwise would cause catastro-
phic degradation.
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Figure 2-1 shows a predictive compression which is useful when
strong correlations between adjacent L-bit sequences exists. Here the
present and previous L-bit sequences are coﬁpared in a modulo-2 adder
and the resultant sequence is fed into a run-length encoder. If there
are many bits in agreement, long strings of zeros will be generated which
can be compressed by means of run-length coding. At the receiver, an
exact inverse exists for reconstructing the message sequence.

Figure 2-2 uses Shannon-Fano coding to achieve compression.
Here the sequences are subdivided into two groups each having equal
probability. If the observed sequence falls into group one, the binary
number one is generated; if in group two, binary zero is generated. If
the decision is, say, d1 = (0, then the second group of sequences is sub-
divided into two groups of equal probability and the procedure is repeated.
If the decision is d2 = 1, the binary number one is generated. This pro-
cedure is repeated until the sequence is finally classified. The coding
for this case is, therefore, 01----~- .

The code length in Shannon-Fano coding is variable but unique
in that "flags" for word identification are unnecessary. Here the high

probability sequences are assigned short codes and the low probability
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sequence use long codes such that the average code length is

H = —E pilogpi

L

where p, are the message sequence probabilities.

A major difficulty with techniques of this type is that the higher-
order message statistics must be known in order to achieve efficient com-
pression. This information is generally not known and is very expensive to
collect requiring a large amount of data and a large number of measurements.

2.1.1.2 Adaptive Compression

Adaptive compression is a compromise between exact coding where
the message statistics are known and straight transmission. Here the
message statistics are measured and used to encode the subsequent message
interval. While this procedure is in progress, the efficiency of the coding
presently in use is monitored and in addition new statistics are measured.
If the compression efficiency falls below a given level, the newly measured
statistics are used, i.e., the coding is up-dated. The adaptive procedure
is effective provided the message statistics change slowly with time.

As long as the rule for adapting is known at the receiver the message can
be reconstructed.

Figure 2-3 is a block diagram of an adaptive compressor. The
probability distribution analyzer measures the statistics (/\i) during some

prescribed time interval. After measurement we call these (pi) . A
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Shannon-Fano prediction function (described previously) is generated and
stored. The next message interval is encoded in accordance with the stored
prediction function and the coding efficiency is monitored.

If the (pi) are used and (}\i) are the newly measured statistics, then
the average code length is,

N
H = - 1
I

On the other hand if the (,\.) were used to encode the message, then
i

the average code length would be

N
H = - /\ lo
5 Z: ; log )\i
i=1
The figure of merit which is used to determine the coding effectiveness

is

N A
AH =2_~ )\ilog _13-1_ éAHO

i=1 1
where A H>0. The functiona H gives the excess number of bits which
are transmitted when (p) is used and ()\i) are the true statistics. If
AH £ A Ho' the coding continues with p and the statistics are improved;
if4H >A Ho' the ()Li) statistics are used to generate a new prediction
function.
In all compression techniques, buffering is required since the input

bit rate is variable while the output is uniform. To prevent buffer overflow



and hence catastrophic degradation, it is preferable to degrade the message
fidelity gracefully and in a controlled manner. This can generally be
accomplished by reducing the number of message bits per sample.

The practical usefulness of the adaptive technique in Figure 2-3
(developed by IBM) will be tested on real or simulated data in order to make
a constructive evaluation.

2.1.1.3 Adaptive Coding Penalty

Erroneous statistics used for coding can lead to message expansion,
i.e., the encoded message contains more bits than the original message.
This is shown for a binary message in Figure 2-4. When )\z .5, the most
efficient coding transmits the message directly. However, if the message
is encoded in accordance with p = 0.1, there is a 50% excess in the number
of bits which can be translated into a 50% increasc in channel bandwidth.
This simple example shows the transmission rate penalty for coding in

accordance with statistics which do not represent those of the source.
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It should be clear from this section that an SPP can, and probably should, be
used if predictive compression techniques are to be considered. Generally, these
techniques require large memories since efficient predictive compression requires
knowledge of past message statistics. IBM's study of data compression has led to
the conclusion that most effective compression techniques reduce source entropy.
In short, entropy-reducing transformations extract the useful information from
the message prior to the satellite transmission to earth. Here the sensor signal

output cannot be reconstructed exactly from the measured results.

2.1.2 Adaptive Multiplexing and On-Board Signal Processing

Adaptive multiplexing is an entropy-reducing transformation which monitors
the sensor outputs and the telemetry channel throughput, and then, based on
priorities, defines a multiplexing and sampling rule for transmission.

In addition, on-bhoard signal processing extracts the useful sensor parameters
and transmits them down to earth. This will not only reduce the data rate but also
the load on Earth-based signal-processing systems which cannot handle the present
volume of data collected in space. This latter problem is serious now, and is sure
to become much more serious unless entropy-reducing transformations are used
in the vehicle.

2.1.2.1 Operational Diagrams of Over-All Adaptive Telemetry Subsystem

Figure 2-5 is a block diagram of the over-all adaptive telemetry system.
At the transmitter there are three subsystems; multiplexer, processor and
pseudo-noise (PN) modem. (The latter will be discussed in Section 2.2.1.)

The processor monitors the sensor parameter set. 6 , the channel through-
put H and, based on the priority matrix P, computes the sampling and multi-
plexing rule (or program) D ( 4, H, P). The function D generates the sensor-
scan pattern which controls the time-division multiplexer. The output of the
multiplexer is fed into an encoder which supplies redundancy to combat channel
errors. The multiplexing program D is also transmitted to the Earth station

which performs the inverse operation.
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2.1.2.2 Adaptive Multiplexer(4)

Figure 2-6 is a detailed block diagram of the adaptive multiplexer. The sensor
array feeds a conventional time-division multiplexer which is under program con-
trol. The processor monitors the sensor outputs 6 , the channel throughput H and,
for specified priority matrix P, computes the sensor scanning program D (6§ , H, P).
This program is fed into a memory which is driven by a clock derived from the PN
modem. The PN modem clock rate is consistent with the channel throughput H.

The multiplexed message is fed into an A-D converter and into the forward-
error-control unit FE.C. This message is then fed into the PN modem and trans-
mitted down.,

Command information is received in the vehicle by means of the PN demodu-
lator. This information may contain the multiplexing rule D (6 , H, P) which is
stored. Thus, the ground station can generate the multiplexing program or it can
be generated by the on-board processor.

2.1.2.3 Adaptive Demultiplexing(4)

Figure 2-7 is a block diagram of the adaptive demultiplexer. The PN demodulator
at the ground stations recovers the message bits which are corrected for errors in
the F.E.C. decoder. The processor generates the demultiplexing rule D ( § , H, P)
and controls the demultiplexer operation. The information transmitted up to the

vehicle is control information which may include the multiplexing program D.
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Note that the program D [6,H, P] depends on the measured sensor param-
eter point # and on the estimated channel throughput H; the priority matrix P
can, of course, also be changed. Based on measurement a decision d is made which
selects the program, say, Di' The set of programs D = <Di> can be pre-stored,
transmitted to the vehicle from the ground control center, and most interesting
of all, derived by means of a mathematical algorithm. That is, the project team
will study concepts of "adaptive programming' where programs are derived by
the processor from measured data which optimizes the overall subsystem system
operation. Once again, meaningful results should be obtained since it is clearly
evident from this section that the concept of adaptive sampling and multiplexing
is well understood and that the operations can be clearly identified.

The role played by a processor in this subsystem is again clearly identified

to pinpoint the useful multi-processing concepts for the overall system.

2.2 Communications and Telemetry

The communications and telemetry subsystems of the multi-functional satel-
lite of the future will surely be under the control of a processor. It has been
shown how the processor can control multiplexing and that the channel throughput
H must be monitored at all times. In addition, the satellite of the future will
surely have a phased-array antenna on-board the vehicle with beam-forming
under control of a processor. This processor function is a real life fact in Earth
based systems such as RADAR and SONAR. A multi-beam steerable array antenna
abroad the vehicle can direct the RF power to any point on earth with a high degree
of directivity and a large amount of effective radiated power (ERP), thereby reducing
interference with ground communication systems. This antenna can also be used to
illuminate several Earth stations simultaneously permitting the ground stations to
share the processing load. Furthermore, highly directive phased array antennas
necessarily contain many radiating elements and hence an inherent redundancy.
Failure of radiating elements will certainly degrade the performance and hence
the information throughput. The processor monitoring the array can detect the
elements which have failed and can reconfigure the phasing of the remaining ele-
ments so as to optimize the performance. This is one of the most important
functions performed by a processor and again a function which can be formulated
and defined mathematically.
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Dr. D'Antonio, the proposed Project Engineer, has a significant amount of
experience in the area of '"digital beam forming' applied to SONAR. His back-
ground is certain to be of value on this task.

JPL has used pseudo-noise (PN) modulation successfully for interplanetary
telemetry. This form of modulation, because of efficient power utilization and its
inherent ability to reject all forms of interference effectively is very likely to be
used in multi-functional satellite systems. The next section shows how the mod-
demod subsystem can be controlled by a processor in an adaptive communication
system.

Since many satellites are likely to be in orbit and since it is desirable to
control them so as to optimize the missions, the communications problem from
satellite to earth can be extremely severe. It is essential to understand the over-
all communications problem particularly since the ground control facility is
certain to play a significant role in optimizing the space system configuration.

One or more complex control stations can have the satellites in view for long
periods of time if one or more synchronous communication satellites are used

to repeat the transmitted messages down to earth and of course the control signals
from the ground will also be sent via communication satellite. In satellite commu~
nications, this type of problem is called "the multiple-access problem" (i.e., many
stations have access to a common repeater satellite). Pseudo-noise modulation
techniques have been found very useful for this type of link because of the inherent
ability of these signals to withstand severe amplitude distortion and all kinds of
interference. The IBM group assigned to this program has made significant
contributions to the field in PN modulation applied to multiple access satellite
communications.

As stated, the ground control center monitoring the performance of a multi-
tude of satellites in orbit can be used to optimize the overall data collection system.
It can also be used to optimize the utility of the existing communication system by
controlling the communications load transferred through the limited capacity com-
munication satellite link. As an example, the ground processor being aware of
the computing load of the satellites in orbit can select the appropriate satellites
at the appropriate time for unloading the processed data. Note that the available
capacity limits the amount of data which can be transmitted down and that this

constraint has a necessary bearing on the multi-processor configurations in orbit.
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A reduction in link capacity necessarily requires a corresponding increase in the
on-board computing power and hence a corresponding increase in payload and
decrease in reliability., IBM proposes to find the trade-off between payload and the
consequence of large payload and the communications capacity of the overall sys-
tem. The engineers assigned to this program are knowledgeable in the two impor-
tant areas, communications satellite systems and multiprocessing. They are
uniquely qualified to perform this trade-off study.

A large processing capability in orbit implies that only the essential data
will be transmitted to Earth, as a result, this data must be received reliably.
Efficient coding against channel disturbances is the insertion of a controlled
amount of redundancy into a message to combat errors introduced by the medium.
Adaptive coding matches the code to the type of channel disturbances thereby
optimizing performance. The coding and decoding operations can certainly be
performed by a processor and once again this is a well defined problem mathe-
matically.

Finally, it should be evident that multi-processing concepts can be applied
to the communications and telemetry subsystem and meaningful results can be

expected since this entire problem can be formulated mathematically.

2.2.1 PN Modulation

Satellite telemetry requires efficient utilization of the on-board power.
Every db saved by using an efficient modulation scheme is a db saved in the on-
board power.

An efficient modulation scheme for digital telemetry requires accurate synch-
ronization, In a Gaussian-noise channel, the most efficient means of establishing

synchronization is to use the information.
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contained in the modulated signal. That is, it is essential to put all the
power in the message and synchronization signal side-bands; power splitting
between message and sync is inefficient.

The required RF synchronization information can be extracted from
a double~-side-band suppressed-carrier signal. However, in such a modu-
lation scheme, bit, word, frame, etc. synchronization must be derived
from the data transitions, and special code words within the message format.
When the data transitions are used, the timing jitter necessarily depends
on the time distribution of the transitions, which may be a problem, particularly
at slow data rates. A more efficient way of acquiring and maintaining
synchronization is to combine, modulo-2, the digital message with a maximal
length sequence from which all timing can be derived accurately. Here
the power is put into the message and sync signal side-bands as required.
This optimization is achieved at the expense of RF bandwidth. At first
this may appear as a severe pcenalty; however, careful study will show
that by using spectrum spreading the power density (watts/cps) received
on the ground can be maintained at a sufficiently low level so as not to
interfere with existing earth based requirements. If B is the RF bandwidth
of the PN signal and BO the bandwidth of a conventional telemetry signal

then the interference caused by the PN signal in the band BO is simply

B

Bo

If B=50 x 106 cps and BO = 50 x 103 cps, then for the same received
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power, the spread-spectrum signal is 30 db below the narrow~band signal in
the band BO. Equally important, the narrow-band signal is suppressed 30 db
in the PN-receiver. The wide-band telemetry system which we will now
describe makes optimum use of on-board power and at the same time mini-
mizes the interference with conventional equipments. It is suggested that
future space telemetry systems be designed with this in mind. A
bound should be set on the power density received on the ground since

this is the only important measure of interference. This will limit the
number of users of a common frequency band. Frequency allocation

makes inefficient use of the over-all spectrum since, once allocated, the
band is no longer available even when the channel is inactive. Clearly,
this is a wasteful way of using the available spectrum particularly for
space telemetry.

Finally, since PN signal rejects other interfering signals it is
possible for several such signals to share a common broad band. This
type of multiplexing is called "Code-Division Multiplexing" (CDM). If
the RF bandwidth is approximately four times the ratio of received signal
power to noise power density, the CDM performance is for all practical
purposes thermal-noise limited and not mutual-interference limited, and
hence the over-all behavior is essentially equivalent to, say, time~
division multiplexing (TDM).

2.2.1.2 PN Modulator

Figure 2-8 . is a block diagram of the PN modulator. Note that the
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clock 2 fg is combined with PN and data as shown which,in turn, bi-phase
modulates the RF carrier. In this manner, data and timing are combined

such that full power is placed in message and sync side-bands.

2.2.1.3 Adaptive PN-Demodulator

Figure 2-9 . shows the PN (baseband) demodulator. Here it is
assumed that the RF carrier was extracted and used to demodulate PN
coherently. The acquisition and tracking characteristics are shown in
Figure 2-10 . Note that these characteristics are precise, i.e., the timing
accuracy is maintained well within a PN bit. The VCO is swept until PN
and PN*are in-phase. When this instant is detected, the search sweep
is stopped and the loop locks up since it is within the pull-in range.

All timing is now available. The message data can now be recovered.

The purpose of having two arms in the baseband loop is to remove
the data modulation from the clock. Without this operation lock-up cannot
be achieved. The channel throughput monitor selects the filter which
matches the bandwidth of the existing data rate.

Figure 2-11 ~hows the RF carrier extraction and tracking circuit.
When the PN reference is in phase with the incoming PN-signal, the
resulting bandwidth is equal to the message band. The IF filters are
therefore matched to the data rate prior to the squaring operation which

extracts twice the carrier frequency. This frequency has a (0,7T) uncertainty

which is removed by sending a test signal of known phase. The recovered

2-21



¢¢-¢

-

-~
—

+PN D2 fs

_~
i e90°
S

% Bit Timing

i e

| - -
'__’3 Banc Fass Lo t LPF | Digital L—b Decision L
| I Limirer \ : ’ i g Integrator J Logic l Dota
i L___.__—__—____.__.—. et st emeeed
| . _1
1= £56° C}ock Search Sweep

!;n:it:r tc = fs Signal Generator
San
2f
f
b Control [} BPF s Limi : Loop
Con . +
Sizr;;—ic ————-—1’ § = > imiter Filter - VvCO
f- o
* s =90 ¥
f
S .
PN T PNG,
PN*

fs 290° @— Clock

<«+— Division Logic; |

vy ov oy

Bit Timing
Signals

Figure 2-9.  Synchronization and Data-Extraction Subsystem



€3-¢

g [ B I s B N ey I s N o B
@ M UL P UL LA T e

© L_f_L___’T_‘ L] L 1 1 _ i?)l_ -,
2 Nplipl MU e

@ Juunn

Juuuuyuuyy s

G} PN@ZfS
(@) 1
PN (1)
h 0=
(h) | -
PN *(-)
0

desired operating

-1
' point PN@2{ ®PN (,
Wzr unstable / 5@ (r)
o+ /\/
1 /
) L_,\> quasi-stable

Figure 2-10, PN SynChTOlezmg SlgTIals



RF
Input

PNS2 fs

|

t

RF ‘é” it
Section !

¥3-¢

.- W -

C, - i corrrol signal.
G - gote

Az- amglifier

X% - sguaring circuit

Figure 2-11.

RF Phase -Locked
Receiver
—— —— — — {§ Fiiter Bank — — — —
r B
| BPF |
| ¢ s -l A L |
\ 8 .
| N i
l < |
i BPF i
‘ b G ¢ - A
| ? i\ |
L or 2 BPF | 2f
|~ ! f | Jo2] | Bandpsss | !
I N G BO > A l e Limiter )
g ¢ N | 5
C
{ > BPF | ;°’°P
‘ f ‘ ilter
[ = G Bq o A ‘
[} N
l C‘ ‘ Harmonic Vol
i 4 ' Extractor +
: BPF
[ P A H t
! B, | . Linear
| ] N | i To lnput of Fig. 4-31 f] Sweep
L5 J T

Rt Phase-Locked Receiver

From Search and

Acquisition
Control Unit




carrier is injected coherently into the received signal which in turn yields
the base —band PN signal as shown in the figure.

f‘igure 2-12 shows the performance of several digital modulation
schemes, two of which are experimental and the others theoretical. The
optimum modem discussed here has a performance shown by curve number
one which falls with 1/2 db of theoretical curve number three.

2.2.1.4 M-ary Alphabets

An M-ary alphabet assigns a signal waveform to each message
sequence. The signals used are generally orthogonal or bi-orthogonal,
since these yield optimum or near optimum performance for large values of
M. With an alphabet of size M, we can send log2 M message bits with
orthogonal codes and log2 2M bits with bi-orthogonal codes. The band-

width required for orthogonal codes is

M
T log2 M

where T is the duration of a message bit. In the case of bi-orthogonal
codes the message band is halved for the same data rate; however, a
small increase in signal-to-noise energy per bit is required.

If M = 1024, we can achieve a 4-db improvement over bi-phase
modulation curve 8. For a megabit/second message rate, an RF band
of approximately 100 megacycles is required for orthogonal codes and

50 megacycles for bi-orthogonal codes. This is within the realm of

2-25




M - ary
\ M = 220
‘0“] - ‘ Coherent PSK
M GE Costas Receiver
( (Measured Results)
FSK
2 Incoherent
Z: -2 FSK
=10 I Coherent
] \
Jg \ DPSK
- |
u% \ \ Optimum Modem
- IO-—3 B Recommendation
@ \ (Measured Results)
\
1
) Bi - Phase
7 2
5V A
1074k 4 3|} 6
]
]0-5 | | — | \ { | 1
-8 -4 0 4 8 12 16 20 24

Figure 2-12.

Comparison of Various Techniques (Theoretical and

Experimental Results)

2-26



practicality; however, the synchronization problem is severe and the ground
receiver is complex requiring 1024 active correlations. If M = 220, a 6-db im-
provement can be achieved over bi-phase modulation as shown in curve number
four. However, the RF bandwidth is at least 50 giga-cycles which is entirely
impractical.

Finally, although we have discussed binary orthogonal codes, one can also use
orthogonal sinusoids. The codes, however, have superior synchronization properties

since the auto-correlation function is generally quite sharp if M is large.

2.2,2 Efficient Coding Against Channel Disturbances

The inherent redundancy in a message prevents catastrophic degradation caused
by channel errors. The message becomes more vulnerable to severe degradation
caused by errors if more redundancy is removed, say by compression. The channel
errors can be controlled, and hence, the fidelity, by inserting a controlled amount
of redundancy in the form coding. It is desirable either to adapt the codes so as to
match the channel characteristics or to use codes that are efficient against a number
of disturbances.

Coding requires a digital data transmission system. In addition, in order to
code and decode economically, the data should be multiplexed into a single bit-stream
prior to modulation. In the latter case, only a single encoder-decoder combination
is required. Thus, the coding requirement eliminates the use of analog modulation

techniques and asynchronous multiplexing on economical grounds.

2.2.2.1 Principles of Error Control Subsystem

A digital data transmission link in a data processing system typically is more
prone to error than other data handling media. Accordingly, all such links in IBM

systems are protected by error-control subsystems.
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Dr. D'Antonio of the proposed IBM team has been active in the

design of these subsystems for several years.

Usually three basic classes of error-control techniques are
employed:

a. Error detection and retransmission or throw-away of erroneous
messages.

h. Forward error correction, where erroneous messages are cor-
rected without retransmission.

c. A hybrid system, where retransmission is used to ensure a low-
error rate and forward error correction is used to maintain a high net data
rate.

In this subsection the relative merits of these techniques and their
application to the satellite communications problem will be discussed.

Error detection and retransmission is the most common type of error
control system for digital data transmission. It is used when all the following
circumstances occur:

a. A high degree of reliability is required in the data after correction
(e.g., a very low error rate like 10_9 or 10—10 is sometimes specified).

b. The raw error rate before correction is reasonably low (say

10 or 10'5).
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c. Areturn link is available for sending OK or request for retrans-
mission (RQ) messages.

Forward error correction requires the use of more complex equip-
ment than error detection and retransmission. Furthermore, it cannot
assure post-correction data which is essentially error-free. Indeed, and
improvement in error rate of two decimal orders of magnitude (say from
10“2 to 10_4) is about the limit achieved on real links.

However, forward error correction can be used in two cases where
error detection and retransmission fails:

a. When the raw uncorrected error rate is relatively high (say
10_1 or 10—2) , the net data throughput with error detection and retrans-
mission is substantially lower than with forward error correction.

b. When, for security and other reasons, a return link is not
available, only forward error correction and/or error detection and discard
can be used.

Finally, a hybrid of error detection and retransmission coupled with
forward error correction is used when the raw error rate is high and, at the
same time, a very low corrected error rate is required. In the past, this
hybrid has been employed very rarely.

Within each of the three basic types of error control systems,

there are three types of coding that may be employed:
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a. Recurrent or sequential codes where checking bits are often
interlaced among data bits and no blocking format is used.

b. Cyclic group codes where check digits are inserted at the end
of each data block.

c. Simple character and block codes such as character parity-
checking, fixed-weight codes, and longitudinal redundancy codes.

In the third class, the codes are basically the classic methods
employed many years before the advent of today's more sophisticated
coding concepts. The new generation of equipment (including data ter-
minals in IBM System/360) employs cyclic codes. The technical superiority
of these codes for an error-detection and retransmission system has been
established beyond doubt by tests of IBM and others. For those few installed
systems employing forward error correction, the relative merits of recurrent,
sequential, and cyclic block codes are still being weighed, and a clear-
cut general evaluation does not exist. The evaluation must be sought on
a system-by-system basis. It has been IBM's experience that the cyclic
code is most suitable for the majority of systems. Indeed, for the single
or double error correction, the Bose-Chaudhuri cyclic-block-codes seem
ideal. These codes, as a by-product, also provide a degree of burst-
error security.

2.2.3 Error Control Techniques

Advanced space systems will probably require advanced concepts
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such as adaptive error control. This subsection considers»the problems
encountered in implementing three basic adaptive error control techniques:

1. Variable block length, fixed redundancy,

2. Fixed block length, variable redundancy, and

3. Variable use of fixed redundancy with a fixed block length.
These systems will be discussed with respect to feasibility of encoding,
decoding, and maintaining synchronization. For the first two systems, it
will be assumed that the control logic needed to maintain both encoder and
decoder in the same mode is provided in the spacecraft control subsystem.

Variable Block Length, Fixed Redundancy

Designing a variable-block-length encoder and decoder by modifying a
system designed to handle the largest desired block length is relatively
simple. In a standard encoder, the redundancy is calculated over a number
of information bits determined by sensing a value in a counter. To decrease
this number it is sufficient to incorporate controls so that the encoder will
sense a specified smaller number in the counter when a mode change is
made and return to sensing the original value when the mode is changed
back again. Any combination of bit rate, block size, and coding structure
constitutes a "mode" of operation. The problem in the decoder is only
slightly more complex. Again, it is necessary to change the value sensed
in a counter to indicate the length of the block and thereby also indicate
when the check word or syndrome has been constructed. In all systems,

except for a few error-detection-only systems, it is also necessary to
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store the information bits in the decoder until the checkword has been
constructed and then retrieve the bits in the proper order. This requires
modifying the controls on the storage element used. If the storage is a
core memory, this is trivial. It is necessary to change only the sensing
of a maximum address before resetting the address register to zero.
Synchronization for this technique presents some difficulties unless
the timing of the mode changes at both the encoder and decoder can be pre-
cisely coordinated. One method for obtaining initial synchronization is to
use the encoded structure of the message. The advantages of this tech-
nique are that it does not take additional channel space away from infor-
mation bits and then whenever it is not received correctly the first time,
it can be detected on the second, third, or subsequent transmissions.
However, a resynchronization requirement when going to a shorter block
length is undesirable: the reason for going to a shorter block length is that
more errors are occurring in the channel. Therefore, resynchronization is
more difficult. The most desirable technique still appears to be use of the
coded structure of the message, eliminating as much of the problem as
possible by coordinating the time of mode change in the encoder and decoder.

Fixed Block Length, Variable Redundancy

A fixed-block—length system will be simpler to implement than a
variable-block-length é.ystem. None of its problems will be of the same order
of difficulty as the synchronization problem described in the previous section.

In fact, in a fixed block length system there is no synchronization problem



except for a "start-up" procedure which is required even for a non-adaptive
system.

The encoder and decoder for a fixed block length, variable redundancy
system must handle a different number of information bits in each mode.
Thus, they include the same problems with the same solutions described
in the subsection on variable block length, fixed redundancy. In addition,
the registers for constructing the redundancy in the encoder and the check-
word in the decoder must be modified for each mode change. Since the
capability to implement the mode with the most redundancy must be included,
this becomes a simple change when using polynomial coding. It is merely
a matter of changing feedback paths in a shift register with "exclusive-or"
circuits between the stages. If the mode change is not perfectly coordinated
at the encoder and decoder, the decoder will get a checkword indicating that
errors have occurred. The only additional circuits needed are the added
"exclusive-or" circuits and the gating to control which feedback path should
be used.

Variable Use of Redundancy

A system incorporating variable use of fixed redundancy in a fixed
block length is not faced wi th the synchronization problems described in the
subsection on variable block length, fixed redundancy or with the variable
storage and feedback problems of encoding and decoding. It must, however,

include the correction circuitry for two types of correction, a complexity
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comparable to the other two systems. This system, however, is not faced
with the problems of coordinating mode changes between the encoder and
decoder since the encoder operation remains constant.

A forward-error-control system has been designed and fabricated
and is now in operation at the IBM Engineering Laboratory. The first model
of this technique utilizes a block length of 3200 bits, equally divided
between data and redundancy and encoded as shown schematically in
Figure 2-13with m = 200, k = 4 = 8. The 1600 data bits labeled D

IR

D1600 are assigned to the positions shown in the data portion of the block.
In this machine, there are eight 200-bit columns of data. The redundancy

bits R are arranged in eight columns of 200 bits as shown.

IR R1600
The data and redundancy bits in each row form a 16-bit sub-block which is
encoded using an eighth-degree polynomial capable of correcting any two
errors within the sub-block.

The system detects whether errors have occurred at random or in
correctable bursts and corrects them accordingly. Random errors are cor-
rected on a 16-bit sub-block basis. When a correctable burst error has
been detected, the decoder considers the 3200-bit block as one word that
was encoded using a burst-code polynominal of degree 1600. Thus, the data
is always encoded in rows as shown in Figure 2-13 but is decoded in either

of two ways depending upon the nature of the errors. In this system, the

data and redundancy bits are interleaved so that the data bits of block i
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and the redundancy bits of block i - 1 are alternated on the channel. This
staggered interleaving eliminates the need for storing data in the encoder
while the redundancy is being calculated, and doubles the burst length
that can be corrected. Thus, the encoder must provide storage only for
the redundancy associated with blocks i and i = 1. In operation, one
storage area is used to interleave redundancy from block i - 1 with data
from block i while the other storage area is used to store the redundancy
calculated from the data in block i.

This equipment has the capability of correcting bursts of 2800 bits.
In the random~correction mode, the system has the capability of correcting
two errors in each interleaved 16-bit subword.

Initial block synchronization is established by searching for 200
consecutive error-free sub-blocks and framing on them. Further block
synchronization is then maintained by bit sync and counters. Since
this equipment was built, an improved framing technique has been developed
whereby only four consecutive interleaved subwords need be correctly received
in order to obtain initial block synchronization.

The parameters used in this example are merely illustrative. The
number of data bits or redundancy bits in each row as well as the number
of rows are all arbitrary parameters for the system designer. The length,

spacing, and density of expected bursts determine these parameters.
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Dr. D'Antonio of the proposed IBM team contributed to the design and test
of this system and ultimately assumed full responsibility for the project.

Error-Control Subsystem Design Objectives

The proposed approach to the error-control subsystem design objectives
includes the following steps:

a. A precise quantitative comparison of adaptive forward error correction
and adaptive bit-rate control for overcoming periods of poor signal-to-noise ratio.

b. Channel-equality measuring technique including a comparison of error-
detecting codes and direct signal-to-noise measurement.

c. Selection of code type (cyclic block, sequential or recurrent) and param-
eters (block length, code polynomial, buffer size, etc.) for adaptive forward error
correction and error detection on critical messages.

d. Complete block diagram subsystem design for adaptive forward error
control and error detection on critical messages.

e. Tradeoff, operational, throughput, and residual error rate analyses for
the final subsystem.

f. Processor as an error control subsystem.

2.3 Navigation, Guidance, Control and Stabilization

In this section the synthesis of a navigation, guidance and optimum control sub-
system is described in detail. This problem, as treated here, is much more than a
standard approach to the solution. The adaptive concepts and mathematical optimiza-
tion techniques are presently being implemented by IBM on digital computers and
tested on real missions. It is quite possible that 5 to 10 years hence the technology
will be available for implementing this algorithm in the spacecraft. This is another
example of a well defined mathematical problem which is already being implemented
on large scale Earth based processors. This subsystem with its processor is now a
well defined component of the overall multi-processor system.

Optimum navigation, guidance, control and stabilization is a very essential part

of a long-life multi-functional satellite system. If long-life is indeed the goal, then
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clearly this is certainly influenced by the efficiency with which the on-board fuel

is used to maneuver the satellite. If the ground control communication link capacity
is to be maintained at a reasonable size, then once again a trade-off exists between
the computation capabilities of the processor and the communication link capacity.

A well-designed information transmission and processing system should supply
each element of the over-all aerospace system with data of adequate precision and
at an adequate rate sothat, for no single element, is the quality of the information
it receives or the quality of the information it generates the 'limiting factor"
degrading the performance of the system as a whole. In general, it will not be
possible to design a system in which all elements will be balanced in this sense at
all times, and we are unable at this point even to give a quantitative statement of
this goal. In the course of the study we prepose to formulate a principle by which,
given the instantaneous information needs of the various subsystems, we may allocate
our channels optimally among them.

The information needs of each system should be low, and should be supplied
from sources which can communicate easily with that system. Thus once in orbit,
the vehicle-state estimation should be self-contained, requiring no more than a low
data rate control signal from earth.

The need to function with little information from Earth imposes a requirement
of on-board flexibility to cope with mission changes. Thus both the procedure for
state estimation (navigation) and the computation of optimal control (guidance) must
be completely free of any commitment to consider only small deviations from a
pre-planned nominal orbit.

The on-board computer must:

(a) use come subset of prior measurements to estimate present vehicle

state (position, velocity) and propulsion parameters (mass, mass flow
rate, thrust as a function of fuel and oxidizer rates)

(b) compute the optimal thrust direction, as a function of present state and
time, to transfer the vehicle to the desired terminal conditions so as to
minimize some weighted combination of transfer time and fuel expenditure.
The values of state and vehicle propulsion parameters used are those
estimated in (a).
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The following sections outline numerical techniques for real-time on-board
solution of the problems of estimation and control. The computer program may
be divided into: (1) a state-history subroutine which is common to both the esti-
mation and control subroutines, (2) the estimation subroutine, (3) the control sub-

routine.

2.3.1 State History

Given position and velocity at some epoch time tO’ the ephemeris of the

relevant attracting planets, current estimates of the affects of prior thrust maneuvers,

and current plans for future thrusts, position and velocity are integrated from tO
to an estimated final time tf, which is the current estimate of the time at which
desired terminal conditions will be reached. Computation time for this integration
will be kept to a minimum by judicious adjustment of step size as a function of dis-
tance to gravitating bodies (5) and simple polynomial approximations for the motion
of planets.

The performance of the state integration will be checked by comparison with

the 8th-order Cowell method of Hillsley (6).
2.3.2 Estimation

To each set of assumed values of state components at epoch and propulsion
parameters there corresponds a state history x(q,t) depending on the assumed
values q, and to this assumed state history there corresponds a measurement
history

z; = z [x ()]

at measurement times ti. We wish to estimate q given the actual z which, due to
measurement noise, does not correspond exactly to any q.

Our definition of the maximum likelihood estimate of q is the conventional one
(see for example, Lee (9), p. 61, eq. 3.61), but our procedure for maximizing the
conditional probability density function differs from current practice in the follow-
ing: we treat the problem by a direct search algorithm MAX. We do not linearize
the relation between parameters to be estimated and state at observation time,
and we do not linearize the relation between measurements and state.

Let J (v) be a scalar function to be maximized with respect to the n-vector v.
The MAX algorithm precedes in two stages. The first stage consists of alter-
nating cycles of:
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(@) stepwise ascent, in which Vi i=1, n is incremented and possibly
decremented at a sequence of points in v space, with a one-
dimensional step being taken as the result of each evaluation of
the response of J.

(b) motion along a direction which is the vector sum of successful
steps taken in (a). |
The second stage includes the cycle (a) as above, but ——B—l— is

evaluated for one v;, by finite differences. The vector —%L , 1=1,;n,

Vi

although not a true gradient (since not all partials are evaluated at the
same point) is treated as a true gradient in a version of Davidon's method.
(10), (11) The program is intended to shift from stage 1 to stage 2 as con-
vergence is approached, and J approaches a quadratic function of v. Stage 1
resembles the SD6-SD1 procedur.e of Winfield (7). Stage 2 is being |
developed for use in a booster-staging optimization problem under contract
NAS 8-1400.
2.3.3 Control

To transfer a rocket vehicle from the state estimated in (2.3.2) to
terminal conditions of a particular orbit, we requirge a guidance law
which specifies at each instant the direétion of thrust. If the engine is
throttleable, thrust magnitude, rather than simply an on—~off decision, may

be required as well (8).
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We propose an algorithm for efficient numerical calculation of
optimal thrust programs to reach prescribed functions of terminal state.
The algorithm chooses control to minimize a Hamiltonian function (see for
example, Athans and Falb, (12) Section 6-9). This reduces the optimal
guidance problem to a boundary-value problem in ordinary differential
equations. The boundary-value problem is solved by a modified Newton-
Raphson iteration scheme, which iterates on initial values of costate and
final time until state at the final time satisfies the desired terminal condi-
tions. Thus our method searches within the class of optimal trajectories
to find optimal trajectories which also meet terminal constraints.

The partial derivatives needed in the Newton-Raphson scheme are
obtained by numerical integration of variational differential equations.
Transversality conditions have been constructed explicitly for a variety of
orbital injection missions involving fewer than six constraints on final
orbital elements. This permits efficient solution of many such problems
with no increase in the dimension of the Newton-Raphson search. The
choice of a fundamental coordinate system that preserves theoretical and
computational simplicity and the use of an efficient numerical integration
scheme makes possible an iteration rate for typical boost-guidance missions
that is compatible with "state-of-the-art" digital flight computers. Thus
on-board repetitive numerical solution of the optimal guidance problem can

vield a discrete-time solution of the optimal guidance "synthesis problem."
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Simulation results indicate that a single pre-calculated nominal trajectory
provides an adequate initialization to ensure convergence of the Newton-
Raphson search in the presence of "worst case" in flight perturbations.

The algorithm has been implemented on an IBM 7094 under contract
NAS-8-1400 and used to solve

(1) the orbital rendezvous mission

(2) flight to a desired orbit, with time at any position free

(3) flight to orbit of given si’ze and shape, with orientation within

orbit plane free

for about ten minutes of powered flight time, starting from conditions at
the first stage cutoff. In the absence of atmosphere, 0.2 seconds of IBM
7094 time are required per iteration of the initial-value problem (one inte- -
gration of state and costate differential equations from initial to final time).
If an on-board computer of the 1970-1975 era can duplicate this capability,
then the algorithm will be suitable for on-board guidance.

The following figure shows how the algorithm can be used to per-
form real—-time trajectory control for space boosters. The important output
for control is the present value of the optimal initial costate vector, Py
since its last three components determine the direction, and its first three
components determine the rate of change of direction, of the optimal thrust.
Since the time variations of present navigation state x(t) are slow relative
to the iterative loop, this method of generating optimal steering commands

is adequate for real-time guidance.
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As indicated in figure 2-14, for the ith iteration of the initial value problem,
;(; is set equal to the most recent navigation state x(t), and p(i) and t; are available
from the Newton-Raphson linearization of the boundary value problem, The initial
estimates of f)o and ’cf can be chosen to correspond to those of a pre-flight optimal
trajectory calculation based on nominal operating conditions. The convergence of
the Newton-Raphson search is nearly quadratic for this type of initialization, even
in the presence of worst-case in-flight perturbations, for typical orbital transfer
missions. The present estimate of initial co-state ﬁ:) provides thrust dircction and
direction-rate commands to the attitude-control system as a trapezoidal extrapola-
tion of the continuous solution of the synthesis problem over the next iteration period

of the optimal guidance algorithm,

2.3.4 Guidance and Stabilization Subsystems

In certain satellite systems it is desirable to keep a satellite in a specified
orbit at a particular relative position with respect to other satellites. For a satellite
with a communications subsystem it is also desirable to maintain the satellite at a
certain attitude with respect to a fixed reference. This enables the use of directional
antennas on-board the vehicle, for example, the antenna array systems described in
Section 2.5 of this proposal.

To control the orbit, one must first determine deviations of the position of the
satellites from a nominal orbit by measurement. This is achieved by tracking the
position to a certain accuracy and comparing the measured position with the calcu-
lated position that the satellite is supposed to have. Figure 2-15 illustrates how
the proposed system will perform this function, The schematic is similar to the

one used for the malfunction detection subsystem but illustrates on-board operations,
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Orbital and attitude information is obtained from a set of sensors and
translated into a digital multiplex channel. The data is compared with the desired
orbital parameters which are stored in the memory of the guidance and control
unit, Pertinent error information is then sent from the guidance and control proc-
essor to the central control unit, After the data is processed it is transmitted to
earth via the telemetry processor. The central control computer will then command
the power control subsystem to correct the orbit and attitude of the vehicle with the
application of corrective thrusts.

As for the MDS system, the required memory capacity will depend upon the
number of parameters monitored and the accuracy with which they must be controlled.
The orbital parameters may be continuously or discretely monitored—depending on
the way the control processing unit i8 programmed. The number of parameters to be
monitored will depend on the stabilization requirements of the vehicle.

There are two hasic methods of stabilization: active and passive. Active
methods employ torquing devices which consume power such as jets or reaction
wheels, Passive systems derive the torque from the environment such as gravity
gradient or the earth magnetic field.

Another way to distinguish attitude control is by the number of body axes
aligned with the axes of the reference frame. Of primary interest are one-axis
stabilization and three-axis stabilization. In the case of a rotationally symmetric
vehicle, a stabilization of one axis may be sufficient.

For many purposes, two conflicting requirements must be met, such as
pointing an antenna toward earth and orienting a solar cell array toward the sun,

In this case a three-axis stabilization becomes necessary. Of the methods which
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can be used, magnetic orientation, gravity gradient orientation, and spin-stabilization
orient one axis, whereas the others can orient all three axes.

The following types of stabilization systems could be employed in a multi-
functional vehicle:

Magnetic Field Stabilization

This method may be used for earth satellites since it will orient and axis of
the satellite parallel to earth's magnetic field., The satellite with magnetic stabiliza-
tion is so oriented that the north pole of the satellite points in the direction of the
magnetic north pole of earth. A satellite in equatorial orbit will orient its axis
parallel to the magnetic earth axis. A satellite in a magnetic polar orbit will rotate
twice per orbit about an axis normal to its magnetic axis to keep the magnetic axis
properly aligned, This rotation is not uniform; it has a zero acceleration at the
equator and a maximum acceleration at a latitude of 26 degrees.

Reaction Jets

This active method of attitude control can be most universally applied. It can
be used for earth satellites and for space vehicles or probes, Its ability to change
the vehicle momentum is unlimited; its overall capacity is limited only by the amount
of propellant carried on-board the vehicle,

Reaction Wheels

Reaction wheels are momentum interchange devices that are based on the
principle of action and reaction. When a wheel in the space vehicle is accelerated,
its momentum will grow and the momentum of the vehicle will so decrease that the
total momentum of the vehicle-wheel system remains unchanged. Three reaction

wheels can control the vehicle's attitude about three axes.
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Spin Stabilization

This is a means of keeping the orientation of one prefereed body axis fixed
in inertial space while the body revolves around it. The spin axis itself may be in
the plane of the orbit or normal to it.

It is assumed that the spin axis is left uncontrolled, after having been initially
established, except perhaps to correct the effects of small perturbation torques.
Magnetic interaction with earth's fields tends to realign the spin axis and gradually
damps the spin angular velocity. Typical damping time constraints tend to be on
the order of 10 days. Estimates of the initial alignment accuracy which can be
reasonably expected are of the order of one degree. Controlling the axis alignment
and the spin velocity is the essence of the control problem for spin stabilized com-
munications satellites.

Despin

Before the attitude control can go into effect it is necessary to stop the spin
which is usually imparted to the satellite during launch operations. To damp the
spinning, it is necessary to remove angular kinetic energy. This can be done by
exchanging energy with earth's magnetic and gravitational fields, photons (sun rays),
gas molecules, or by removing some of the initial mass of the satellite. A despin
method could be programmed into the central control computer.

For an on-board control system, the following sensors may be used:

Sun Sensors - Sun sensors establish the direction of the sun in the vehicle
reference frame. A simple mechanization for a sun sensor consists of a differential
array of photosensitive elements, Consider a pair of elements with a small pro-

truding shadow vane between them. If the vane points directly toward the sun, both
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photosensitive elements will produce the same output. A pair of such sensors,
arranged so that the vanes are crossed relative to each other, will align one axis
quite accurately toward the sun (0.05 degrees). Electrically, the photosensitive
elements are arranged in the form of a bridge. The limitation in accuracy is due
to thermal shifts in the bridge null position.

Horizon Sensors - Horizon sensors are used to determine the center of a

near celestial body such as earth in the case of a satellite, For lunar or planetary
missions a lunar or a planetary horizon scanner will be used.

Most horizon scanners use the planetary infrared emission. One method is
to use an infrared camera with a wide angle optic. From the infrared picture of
the planet, the center can be determined quite accurately.

Earth Tracking - Earth tracking as such is important to orient the vehicle

antenna properly.

Star Tracking - Star tracking provides an inertial frame. Tracking three

stars is sufficient to define the frame and star trackers can be mechanized with
highly photosensitive devices. Stars are virtually point sources; they can be
identified by their light intensity and spectral filters can be employed as an addi-
tional recognition device. Another way of identifying a star is using a camera
with a wide field of view and matching the sensed picture to a star map or catalog,
The latter method required a computational capability which can be furnished by
the processing unit.

Gyros - A gyroscope tends to keep its axis aligned in inertial space. By
using this property, gyroscopes offer three ways for attitude sensing: stabilizing

a reference platform, using it as a gyro compass, and acting as rate gyro.
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Stabilization affects the efficiency with which the on-board RF power is used
to transmit messages. For high gain (narrow beam) antennas, the stabilization
requirements are severe since the instability must be substantially smaller than
the beam-width, The stability affects the effective power which is received at the
ground and hence the communications efficiency. Of course, it is also a factor in
determining the accuracy with which certain classes of experiments can be
performed.

In general, the computational capacity of the processor will increase with
stability and control requirements.

2.4 Sensors

The sensors (other than telemetry) in a satellite are mission oriented, i.e.,
they are selected to accomplish a certain goal. However, it is still possible to
classify these as "pictures' and not pictures."

In a multifunctional satellite system, the processing and transmission of
pictorial messages must be considered since the extremely high data rate can swamp
both the on-board processor capacity as well as the space communications capacity.
Pictures, however, have a significant amount of redundancy (i.e., pictures have
structure) which it is desirable to remove prior to transmission. Information pre-
serving compression (i.e., previous value prediction) techniques will yield no more
than a compression factor of two or three for relatively complex pictures which is not
adequate for future missions. The bigpay-off is on-board processing with the aim of
extracting the useful information for transmission.

Several years ago, IBM took a big step in this direction by developing an
algorithm which permits a digital computer to enhance a picture and to generate the

picture contours (i.e., line drawings). The mathematical theory of this operation is
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presented here since it shows a good example of how an on-board processor can be
used for extracting the important information from a picture.

In general, messages derived from other sensors will have a much lower data
rate, The tendency here is to develop digital sensors; that is, hte output is a binary
number., In some cases, it may be quite reasonable to view the combination of
sensing device and small processor as a multi-mode digital sensor. All of these
sensors, as previously discussed, will be monitored and controlled by a control
computer. The sampling, multiplexing, and the accuracy of the output will be under
computer control,

It seems that a further classification of sensors according to function and
values of the information theoretic parameters is very desirable. In this manner,
the maximum source entropy can be calculated. Such a classification was performed
several years ago by IBM for some scientific sensors and is included as an example.

2.4.1 Picture Compression and Computer Generation

In the last decade a considerable amount of effort has been devoted to finding
new methods of transmitting television pictures, with the aim of reducing the band-
width required for transmission of animated television pictures substantially below
the 4.5 megacycles used in present commercial broadcasting. Analog systems com-
prised the bulk of the early work; but recently a number of ideas for digital televi-
sion have heen tested. Simple digital techniques that have been considcred actually
require substantially more than 4.5 megacycles, but the many advantages of digital
transmission make digital television most desirable.

IBM performed a study entitled "Improved Coding for Military Digital Tele-
vision'' (see Section 9, Part F) in which the purpose was to obtain more efficient

digital television systems applied to intercommunications (video telephone), briefing,
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and observing hazardous operations., Promising ideas and techniques developed
during this study were evaluated by simulation on an IBM 709 computer.

Most of the effort during the first phase of the contract was devoted to
reducing the amount of transmitted information necessary for acceptable
reproduction of a single picture at the receiver. After suitable processes had
been determined for a single frame, animation and flicker were studied from
the point of view of reducing bandwidth. The animation and flicker considerations
were strongly dependent on the application considered.

2.4.1,1 The Generation of Line Drawings

It has long been recognized that the precise location of edges of objects
constitutes important information to the human observer. A program has been
written to simulate a method of producing line drawings which was first suggested

S
by Kovasznay and Josephf13This method is based on calculating.

/
: 2 2
of f Of
Plx,y) = [ Vikx,y) Vikx,y) = (—5; +()y
Here T(x, y) descrihes the gray level as a function of position for the picture.
The function F(x, y) is clipped to yield a function F, where
0if Flx,v)4€c

F*(x,y) = ,c = clip level

1if F(x,v)»c

Lines exist at points for which F(x, y) is equal to 1. Experiments were performed
using this program. The purpose of these experiments was to show that line
drawings could indeed be generated in the computer and to investigate the effect of the

clipping level on the quality of the line drawings.
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It was concluded from the experiments that:

(a) The simple finite difference approximation to the gradient
function does yield a satisfactory line drawing.

(b) A high degree of fidelity in the digitizing equipment is not
necessary to ensure an acceptable line drawing., However, a non-linear
digitizing process does create problems.

2.4.1.2 Finite Difference Form of Laplaces Equation and Gradient
Vector Squared

Statement of the Problem
14,15, 16

is to express Laplace's Equation
2 2
2 £
v :.?’_fi "'Q—z
o x oy

and the square of the absolute magnitude of the gradient vector

for/*=(35)"+ (22)"

in their simplest finite difference form with minimum error. That is, we

The problem

desire to transform the above partial differential equations into partial

difference equations with minimum error.

Analysis

14, 15, 16
The simplest 3-point central difference formulas for

—-—-——9/:) a;) /3215) ond /2 °F
P (— ) [E&5 ) z Z
/dx oy) (52 éyz

using the rectangular lattice in Figure 2-16 are:

oF / Yoy Jgp‘?;
;;0~22(F/—3) = 3 2-1)

ox

l
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4 = DISTANCE BETWEEN LATICE POINTS

Tigure 2-16. Geometry Used to Evaluate Laplacian
and Gradient Operators
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Using equatlons(z 3)and(2-4)Laplace's equatlon becomes
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Neglecting the fourth derivative terms, the finite difference approximation
using the 3-point central difference formula for the rectangular lattice
becomes

vZF Z—[’ o rh r iy —H4E ] (2-6)
From equations (2-1)and(2-2)the expression for the square of the absolute

magnitude of the gradient vector becomes

3. 72 23 /3
/ 27 2°F £ _ d
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which becomes:

forl % 2 (-5)% rlg-5)%
=4
_2205-5)2% w5 2 e-9)

X Qy
“HE)% ()
36 Ox3 * 9)’3 :

Neglecting those expressions which involve third derivatives, equation

W

(2-8) becomes
z / 2z
Yac4 vz 50 (% -%2)77 (2-9)

Therefore equations(2-6)and (2-9)express the partial difference equations,
which yield minimum error, of the Laplacian and the square of the abso-
lute magnitude of the gradient vector using the 3-point formula for the
rectangular lattice.

2.4.2 Sensor Instrumentation—Example

The following charts summarize some of the characteristics of a
number of instruments which have been used or are under development for
making scientific measurements from a satellite or space probe. The data
given in these charts are typical values. For any specific experiment, the
results are dependent on the particular application of the instruments. For

example, the counting rate of a Geiger-Mueller tube is not primarily a
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function of the type of tube (although this may establish an upper limit) but depends
on the orbit of the satellite, the amount of shielding, and the circuitry used to record
the pulses.

In this summary the "Intrinsic Signal Form' is the type of output of the
sensing element before processing and does not depend on the circuitry. The '""Range"
and ""Signal After Processing" and '"Mode of Operation'' are determined by the design
of the experiment. These can be changed for different experiments by varying the
circuitry, geometry, type of filters, etc. The column headed '"Satellite Environment
and Space Environment' gives an indication of the range of values expected for the
scientific measurements depending on whether the vehicle is in the vicinity of the
earth or in deep space.

2.5 Checkout and Malfunction Detection System

The checkout or malfunction detection system (MDS) will determine the status
of system components to assess the probability of mission success and determine if
corrective measures may he taken in the event of malfunction. The MDS system will
forward status information to the telemetry processor via the central control com-
puter for transmission to the control station, A major consideration in the design
of the MDS is the selection of the mission parameters to be monitored, and the
requency each will be interrogated.

Figure 2-17 is a diagram of a general MDS system. Those vehicle parameters
which are most important in the mission success are continually monitored., A
priority system must be established to determine the frequency with which various
migssion parameters are monitored,

The sensors which monitor the parameters are controlled by the sensor con-

trol unit and it is assumed the sensor configuration may be varied during the flight,
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The electrical signals from the sensors are conditioned to be in the same voltage
range. The signals are then multiplexed with the multiplexing controlled by the
SPP. The SPP is programmed to recognize the variation in interrogation frequency
between parameters in the muxing operation. The analog signals are then digitized
and the signals are compared with the acceptable range of operation from the SPP
memory, Malfunctions are then determined in the digital comparator and the infor-
mation is sent to the central control computer.

The SPP memory size for the MDS system is determined by the range of
operation designated by the upper and lower bounds of operation, the accuracy with
which the bounds must be specified, and the number of parameters to be monitored.
The accuracy of the bounds is limited by the sensor accuracy and sensor error,
The interrogation or multiplexing channel will have a limited capacity. This will
place a limit on the accuracy of the information,

The SPP program for the MDS must control the multiplexing and switching
operations. As the mission progresses, and the status of various on-board functions
change, it may be necessary to modify the program through the command channel.
The program must therefore have an adaptive capability.

2.6 Computer Control of the Antenna Systems

The functions which must be performed by the special purpose communications
processor for the desired antenna operations will be determined by the antenna
requirements which in turn are dependent upon the mission objectives, t ypes of
stabilization and orbital parameters. The desired antenna systems may have the

following characteristics.
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- Multiple beams for transmission or reception to separate areas of

the same frequency.

- Sterrable beams which will enable the antennas to be pointed at dif-

ferent areas upon command,

- The antenna may have to track a source of power while there is relative

motion between the vehicle and source.

- Variable beam width, At different times in the mission it may be

desirable to have a narrow beam to increase gain to illuminate small

regions and receive as much signal power as possible, or it may be

desirable to increase the illumination area or be able to receive from

receiving locations distributed over a wide angular range.

- Antenna beams must be switched on and off or from transmit to receive

The above requirements can be met with multiple antennas or an antenna
array, with a well designed processing unit which integrates the antenna require-
ments with the mission objectives and vehicle characteristics.

Antenna Configuration

Detailed computer requirements can only be established if the antenna con-
figuration which will be necessary to meet the prescribed requirements is known,
In a gravity gradient stabilized system, complex antenna requirements can morce
easily be met than in a spin stabilized system.

The antenna system can be characterized in terms of:

1. The number of beams,

2. The total angular range over which each beam may be required

to steer,
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3. The range of their beam width,
4, Whether the antenna must transmit or receive or transmit
and receive,

Figure 2-18a shows the geometry of a rectangular planner array where
Eij is the element in the ith row and jth column. If each element is omni-
directional, the radiation pattern of a single row will be omnidirectional, the
radiation pattern of a single row will be omnidirectional in a plane perpendicular
to that row if the elements are equally spaced as shown in Figure 2-18b.

The normalized radiation pattern is given by

&(Op) = sin’(NTT (d/A) sin 0)

NZ sin? (I(d/A) sin 0)

(2-10)

where OR is the angle from the X axis in the X-Z or x-y plane. For maximum
gain, d = AL, and the half-power beamwidth is 6, = 101.8/N (2-11)
and the gain is GO = N (2-12)

Equation (2-10) also applies to the case where a column of elements is considered
a linear array, in which case, a pattern is formed which is orthogonal to the pattern
that was formed from the row, It then follows that if all elements are considered, a
narrow beam is generated along the perpendicular to the plane of the array.

If each element in the array is directional, the resulting pattern is for the

rectangular planar array is

sin® (NT'T(d/A) sin 8) sin® (MTT(d/r) sin 0 o
Glog, 6p) = 5 2
N sin” (TT(d/A) sin ) Msin® (TT(d/A) sin 0)

|

G (2-13)
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Where G, is the gain of the individual element, the individual elements may be

E
anything from a dipole to a parabila.
By controlling the electrical spacing between elements, the beam of the

planar array can be offset from the perpendicular, If 00 is the offset desired,

then the required phase spacing of adjacent elements is
¢ = 2 TT(d/a) sin §, (2-14)

Figure 2-19a illustrates the relative phasing of the individual element feeds
to produce a pattern offset in a single angular dimension. By electronically
adjusting the phase shifters, the pattern can be rapidly steered in a single angular
coordinate, or for a planar array it may be steered in two coordinates. If a second
source is used, and feeds the individual elements through a second set of phase
shifters, a second beam can be generated from the antenna. As many beams can
be formed as desired as long as a separate set of phase shifters is used for each
beam. The central control computer will designate the beams to be formed and
furnish this information to the communications and telemetry processor which will
steer the antenna.

Equation (2-13) can be used to establish the architecture of the antenna system.
The gain of the individual elements must be compatible with the overall coverage
range. The array parameters are then selected to provide a steering capability
within that coverage range. This will then determine the requirements of the indi-
vidual phase shifters through Equation (2-14).

The number of elements required will be determined by the ratio of the total
coverage range to the desired beamwidth—both of which are illustrated in

Figure 2-19a,
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Phase Shifters and Control Signals

The type of control signal furnished by the communications processor will
depend upon the characteristics of the electronically controllable phase shifters
which are used. These include the use of ferrite materials, gaseous discharge
rubes, traveling-wave tubes, transmission lines, varactors, etc. The major
difference, as far as the computer is concerned, is whether the beam must be
continuously steerable or discretely steerable.

If the beam is discretely steerable, the configuration which are preset to
give a particular beam direction. For a continuously steerable system, the com-
puter must adapt the control signal to the phase characteristic of the device in
order to achieve the desired beam direction.

Figure 2-20 illustrates how control signals are used in a two dimensional
scan system. The required accuracy of the control signals is determined by the
gensitivity of the phase shifter to the control signal, the beam width of the array,
and the stabilization accuracy of the vehicle.

Tracking Capability

A tracking system which employs a phased planar array, the communications

and telemetry processor and the central control computer is illustrated in Figure 2-21.

Although the tracking capability is illustrated for a single angle only, the capability
for volumetric tracking follows directly from Figure 2-20. The number of elements
is divided into two sections, with each section forming a beam which is offset from
the intended boresight. The sum of the two beams will be a symmetric beam about
the boresight. The received signals from both sets of elements are added in one
channel and subtracted in another. The phase difference between the sum and differ-

ence channels will determine the direction from boresight where the source is
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located. The discrimination output will contain the error information. This will
be processed by the communications processor, which will generate error correcting
signals to the phase shifters which will correct the angular offset of the boresight.

Spin Stabilized Antennas

The beam forming techniques which have been discussed, apply to a vehicle
which is stabilized in three coordinates. It is assumed that the geometric center
of the array is pointed at the same angle relative to the earth. If the vehicle is spin
stabilized, complex antenna requirements are difficult to meet. If the array could
be scanned at the rotational velocity of the vehicle, a narrow beam could be directed
at a fixed point on earth. Power compensation would be employed to compensate for
the variations in antenna gain. A system of this nature would be extremely complex.

A simpler system for spin stabilized vehicles is illuétrated in Figure 2-22.
Antennas are mounted around the periphery of the vehicle in the plane of rotation.
The antenna beam, under computer control, would rotate at an angular velocity equal
to but opposite to the rotation of the space craft. The antenna pattern which is
positioned most nearly at the desired direction of propagation would be selected and
as the vehicle rotates, the adjacent channel would be used.

To accomplish this task, information from the guidance and navigation proc-
essor would be processed by the central control computer and fed to the communicé-
tion processor. This processor would control the antenna beam velocity in accord-
ance with the position of the satellite as determined in the navigation and guidance
processor.

DIMUS
A very convenient system which has been used for beam forming in sonar

work is DIMUS (digital multibeam steering). This system, as may be applied to the
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satellite system, is illustrated in Figure 2-23. The desired signals from the
various elements of a planar array are selected by the array control. Each signal
is then clipped and fed into a shift register or delay line. The desired beam is
then formed by selecting the appropriate taps on the shift register or delay line.
By shifting taps, the beam may be steered. Multiple beams are easy to form by
increcasing the number of tap connections.

The communication and telemetry processor would control the tap connec-
tions to conform to the desired beams which are described by information from
the central control unit, and also control the shifting of the clipped signals.

2.7 Total Computing Requirements

A first step towards establishing the total computer requirements is to
describe the future subsystem functions mathematically. As shown in the previ-
ous sections (and in Section 4 later), IBM has already begun work on this problem.
This portion of the problem requires a mathematical representation of subsystem
operation. The second step is selecting a multiple-function mission and defining
the critical milestones as a function of time so that subsystem computing require-
ments and the overall system computing requirements can be obtained. However,
as long as the subsystem and overall system computer requirements are contained
in parametric form, it is a simple matter to relate these to a particular mission.

With the subsystem and overall system computer requirements parameterized,
the multiprocessing configuration problem begins. It appears desirable to bound the
parameters of the subsystems to obtain an upper bound on the computing require-
ments. To obtain a "good'" bound, deep insight into the future subsystem functions

and overall system operation related to a large class of missions is required.
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IBM's experience in this area demonstrated in this section should be of significant
value. A good test for the usefulness of the bounded reference system is to check
its performance for one or more representative missions.

2,8 PN-Switching Considerations

It is felt that PN-switching, a new approach for providing an efficient and
reliable switching, seems to offer all that is needed in both central switching and
I/0 switching. During the study, PN techniques will be considered as a new tool
in switching theory that may be applied to multiprocessing systems. Here is a
brief description on the theory of PN-switching from the digital communication
standpoint.

There are two basic PN switching techniques which we will define:

a. Synchronous Orthogonal Switching (SOS)

b. Synchronous Quasi-Orthogonal Switching (SQS)

Synchronous Orthogonal Switching (SOS)

SOS uses orthogonal binary codes. It permits distortionless transfer of
digital and analog data between any two terminals and between cascades of termi-
nals. A connection is established by electronically setting a sending-end and
receiving-end M sequence to the same initial state. This requires shifting in a
number, closing feedback loop and supplying clock signals. Here it is possible
to switch any sending-end terminal directly to any one or more receiving termi-
nals. The switching can be performed at sending line or at receiving line or at
both places. In addition groups of lines can be switched to groups of lines, low-
pass signals to low-pass, low-pass to band-pass, band-pass to band-pass.

The multiplexing in SOS is linear and can be accomplished in a Kirchhoff

adder. If the message is analog, sampling at the PN rate is required; if digital,
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Mod-2 addition is required. It is preferable that the sampling rate or bit rate in
the case of digital data be synchronous with the PN orthogonal code. However, for
low data rates orthogonality can be maintained for all practical purposes without
synchronizing binary data.

A major advantage of SOS in the case of voice channel switching is that
cross talk is reduced to random noise and hence the severe requirements on
crosstalk may in fact be non-existent here.

Since the switching technique is synchronous bi-orthogonal codes can be
used reducing the bandwidth of the switching circuits for a given number of lines.
The channel activity factor should be taken advantage of here by keeping PN car-
riers off when message is not present. This can easily be done. This will reduce
the dynamic range in the multiplexer just as in FDM.

Synchronous Quasi-Orthogonal Switching (SQS)

In SQS information is switched with a certain degree of distortion which is
a function of the number of signals multiplexed and the number of PN bits per
sample or message bit. Here for a given fidelity at the receiving lines and for
a given number of PN bits per sample, only a prescribed number of lines can be
switched simultaneously.

If digital data is switched then each pulse can be detected, reshaped and
transmitted to the next switch. In fact, with detection and pulse regeneration,
SQS can bhe distortion free (except for quantization noise) and can be as effective
as SQS with the added advantage that the PN signals can be multiplexed by
majority logic. Thus, all logic operations become Mod-2 additions and majority
logic. The SQS is efficient when extremely large numbers of channels are to be

switched, and when only a relatively small percent are active at any one time.
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Most efficient use of SQS would require taking advantage of the channel
activity factor, i.e., PN carrier transmission only when information is present.
This can easily be done by gating the PN signal into the majority logic only when the
message is present.

Just as in SOS, the phase of the incoming signals can be used to reduce
the number of signals.

Once again, SQS, just as SOS, permits switching from few lines to many,
or vice versa, bandpass, low-pass to low-pass, low-pass to bandpass, and
directly without bandpass signals.

The major advantage of SQS over SOS is that all operations are digital
(except for integrator).

An interesting problem here is to find sequences whose majority logic
combination vield a minimum of mutual interference at the output of the receiving
line. Since synchronous operation is used, it may be that one can find such
sequences which minimize interference.

SQS appears to be extremely attractive for data switching applications.

It should also be recognized that the same sequence generators can be used for
SOS and SQS systems. In addition, the multiple feedback paths of the PN
generators can be used to obtain other switching functions.

In SOS and SQS, the PN codes can be chosen such that if channel failure
occurs, at worst, there will be some residual noise in the useful channels.
Increased loading under heavy traffic conditions can cause gradual degradation
of a random noiselike nature. The annoying crosstalk will, however, not increase.

In SOS and SQS, there is an inherent privacy. Security can be obtained

automatically in SOS and SQS by using very long codes.
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Finally, in SQS, if random link signals are used it is necessary to
synchronize only those terminals that transfer data between each other. It is
expected that synchronization will not help much in reducing interference if the
code lengths are very long.

Preliminary Mathematical Theory of PN Switching (PNS)

If we have a maximal length sequence generator of length P, then P = 2N - 1)
pseudo-noise bits can be generated before the sequences repeat. There are N
cyclic permutations of the sequence whose crosscorrelation coefficient is (-1).

Let T be the duration of a message symbol (i.e., analog sample or bit).
Then the orthogonal sequence of N bits spans the symbol duration T. We now
assign two PN-orthogonal subcarriers to each channel. There are N such sub-
carriers and hence N such channels. We now will assume that the PN subcarriers
are periodic with period T or N and that these are synchronous (i.e., driven by
a common clock).

Lot fi (t) represent the messages on each channel. A clock reading the
messages at the instant t generates the sample values {fi} i=1,2,...,N,
where fi is the value at that instant in the ith channel. This value is held
on a pulse stretching circuit for a duration T when another sample is obtained.

Let f; (t) i=1,2,...,N be the set of orthogonal codes of duration
T and N bits long derived from the sequence generator. During the interval T
the ith subcarrier cutput when modulated bv the sample fi has the valua

N () . 11 we now  add the amplitude modulated PN subcarriers during tno

interval T we have, as the output
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N
MO Z £ o.(0) 0<t<T (2-15)
m=1
Another set of sample values taken at the next sampling instant yields another
set of values for {f}, the y(t) having the same form.
A switching operation from the transmitting line r to the receiving lines p,

i.e., r - p is defined as

TR0 B = oGP Tivenskroe g

where Egnr represents the transmitted carrier at line r and 5kp represents the
reference orthogonal carrier at receiving line P. 6 (zﬁ) = 1 represents the
connection of line r — p via PN signal r. We assume the orthogonal components

to be normalized. Equation 2-16 will be written symbolically as

3 3 = s(rp) :
¢nr ¢kp - 6 nk (2-17)

For the sake of simplifying the notation, assume that {qbn} n=12 ..., N
corresponds to the sending line 4 - 1, 2, ... , N and that switching is accomplished
at the receiving line. In practice this can be accomplished either way or both
ways.

The connection r — p will transfer the data component of § from the rth
sending terminal to the pth receiving terminal. This operation can be expressed
as

N

T

« dt = f whenn =r

cp = > £ § ¢ (t) ¢ (2-18)
rp - n 0 n rp = 0 elsewhere

&
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In order to specify a connection log2 N bits must be used to initialize the
maximum length sequence generator. Thus, by simply presetting the sending
and receiving PN generator to the same state, analog or digital message transfer
from one line to another can be accomplished simply.

The same basic theory is applicable to quasi-orthogonal signals as well
except that information transfer is not distortionless. In voice, the distortion
will be of a random nature rather than intelligible cross-talk. [For the same
power, the latter is much more objectionable. Referring back to Equation , in the
quasi-orthogonal case, the desired output fr will have a random componecnt added
and the channels which have no signal will also have a random component. However,
the random component is reduced by the processing gain of the code.

It is a simple matter here to switch a group of lines simultaneously to another
group. Here each bit in the orthogonal sequence constructed from the same set
except at N times the speed. If T is the duration of a message symbol, then (t/N) is
the duration of a PN bit. If each PN bit of duration (T /N) is multiplied by an orthog-
onal sequence (preferably in the same set) of bit duration (T /Nz) then the resultant PN
sequence will also be orthogonal. Thus the second PN gencrator has N times the
speed of the first. As an example, the pair of sequences (1, -1), (1, 1) arc orthogonal.
The sequences (1, -1, -1, 1), (1, 1, -1, -1), (1, -1, 1, -1) (1, 1, 1, 1) are also orthog-
onal. These are constructed by substituting for each bit in the short sequence the two
bit sequences. In terms of implementation, these codes can be obtained by combining
synchronously Mod-2, and the output of slow speed and high speed maximum length
sequence generators. Although orthogonal, the resulting sequences are no longer

maximal length.
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Section 3

MULTIPROCESSING SYSTEMS

There are two competing trends in modern data processing, the trend
toward large, complex, centralized systems and the opposite trend toward small,
simpler decentralized systems. Advocates of the centralized systems point to
the growing need for communication between computers and the resulting ability
to gather large quantities of data at one place. Then, they argue, the most efficient, most
reliable, most flexible way to handle this large mass of data is by multiprogramming
and multiprocessing. Decentralization advocates point to the convenience of small
computers and argue that a simple computer can do a simple task more economically.
At the present, the trend is to develop systems with multiple remote terminals,
each "time-sharing' the centralized system. These systems assume the existence
of multiprogramming so that each terminal may operate as though the others do not
exist and it alone controls the computer.

3.1 General Considerations

Multiprocessing systems emphasize the characteristics of reliability, efficiency,
performance capability to differing extent depending on the application.

3.1.1 Multiprocessing Features

3.1.1.1 Efficiency

Fuller use of equipment can be brought about by '"time-sharing' and "space-
sharing." Processors, switching equipment, input-output controls and memory
address registers may be time-shared. Core memories, disk files, and to some

extent, magnetic tapes and printers may be space-shared.
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3.1.1.2 Reliability

Multiprocessing systems provide increased reliability by: sharing dupli-
cate equipment, automatic switchover and recovery facilities, built-in error
detection and correction, prevention of error by automatic supervisory control
and performance monitoring, the use of diagnostic programs to catch marginal
conditions, and improved maintenance facilities on the computer site. Many of
these capabilities are available in uniprocessing systems but receive added
emphasis in multiprocessing systems. In general, the large volume of operation
on multiprocessing systems makes increased reliability necessary but also pro-
vides economic feasibility by sharing costs over many tasks.

Sharing of Duplicate Equipment

An efficient centralized system can use duplicates of each item of equipment
to share the total operational load. Good design consists of balancing the system
so essential peak activities can be handled even if some part of the system fails.
In normal operation the additional capacity can be fully absorbed doing routine
work. If necessary, additional work load can be brought in via communication
links to keep the system fully loaded.

Automatic Supervisory Control

Many programming errors can he prevented or made harmless by a good
supervisory program. A major source of programming errors is I/0 handling.
The programmer's task is simplified on I/O since the details are handled by the
supervisory program. In addition, program loops, memory address errors, and
other program errors are prevented from tying up the system.

Automatic Switchover and Recovery Facilities

A price paid for multiprocessing and multiprogramming is the complexity
of the system. The Executive, Scheduler and other control programs arec difficult

to write. When an error occurs, it may affect several programs.
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It is essential to provide backup and recovery capability in the system.

In case of subsystem failure, it is relatively easy to provide for switching in
another subsystem.

It is recognized that reliability is an important consideration in the design
of any space system, and the reliability benefits obtained through the use of
multiprocessing must be defined in depth in order to fully define the technical
limitation of this technology for space application. In this respect IBM will
apply the resources of research in order to define and evaluate an advanced
multiprocessing configuration with the following reliability operational factors:

° Diagnostic capability

] Fault isolation and correction

® Recorfiguration capability upon failure

® Information protection during parallel operations
° Computational backup requirements.

3.1.1.3 Performance

There are several performance measures that can be used as an evaluation
criteria. A measure of performance commonly used is the time required for a
system to completely process the job load. For simple types of measurements
this is a satisfactory measure, but it is inadequate for comparisons of performance
on different job loads. Some jobs are inherently short and others are long. A
more satisfactory measure is the efficiency with which the hardware components

are used.
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The performance of a system may or may not be improved by multi-
processing or multiprogramming operation depending upon a number of factors.
Significant among these factors are the amount of storage available to the system,
the number of autonomous devices in the system, and the mix of the functional
requirements being handled in the system. Efficiency increases with increasing
load up to the point where competition for storage creates excessive amounts
of storage management activity. This property has several important implica-
tions for system design. The operating system should continuously monitor
its operation, and automatically reduce its level of multiprogramming, by
setting work aside, if it detects an overload condition. Second the system must
have adequate execution store if the full benefits of multiprogramming or multi-
processing are to be realized.

Research conducted at IBM also considered a provision to allow the
time-sharing of multiprocessing system when turnaround time was of great
importance. Experiments using this capability demonstrated that time-sharing
has significant advantages even when turnaround and response times are not
important.
3.1.1.4 Capability

Some tasks require high speed processors, large memory capacity, many
tape units, large disk files or multiple path communications. These tasks cannot
be done effectively on small systems. Sorting of large files, design automation
programs, and telemetry problems are three examples where large memory and

many I/O units are required.




In some applications, faster computation is more important than better
organization or parallel computation. Several problems requiring speed
increases 100 times as great as present computers such as: ballistic missile
and satellite launch and the meteorological research problems. It is felt that
large, fast memories would be required for these applications.

IFaster computation or increased thruput capacity is possible on some
problems by using multiple processors to run the same program.

3.1.2 System Requirements

3.1.2.1 Priority and Interrupt Control

Multiprogramming and multiprocessing cannot be done effectively without
the ability to establish priority between programs and to interrupt operations
when events of higher priority demand attention.

Present systems provide multi-level interrupt ability so that an interrupt
causes direct transfer of control to the location of the program which is to
handle the interrupt.

Several types of interrupt may be provided. Some types are:

1. 1/0 interrupts; at the completion of an assigned task by a

peripheral, arrival of an I1/0O request or perhaps from an
operator at a console.

2. Program interrupts may occur due to arithmetic overflow, the
periodic signal from an elapsed time clock or an interrupt
instruction in the program itself.

3. Malfunction interrupts are those from an I/0 malfunction such
as a broken tape, card jam, or parity error, or major equipment
malfunctions such as memory parity, error or failure of a subsystem

to respond when interrogated.
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Each interrupt must be accepted and eventually handled. If too many
control interrupts come in and some are lost there is loss of input or output
information. To prevent this, interrupts must be handled rapidly with the
highest priority items handled first. Queues of interrupts are built up on each
requested facility under the control of a supervisory program in the operating
system.

The requirements of service are taken into account in assigning priority
levels. Highest priority must go to serious malfunctions such as power failure,
next to error causing malfunctions such as memory parity error, then to
peripherals which must be serviced within a limited time, and finally to requests
from the processor itself.

3.1.2.2 Central Switching

Requests for memory access can come from many processors. It could
come from Data Sampling Processor, Communication and Telemetry Processor,
Power Management Processor, Guidance and Navigation Processor, Check-Out
and Satellite Monitor Processor. Many of these requests may be urgent and must
he handled on a priority basis.

Crosshar Switch

The crosshar switch or cross point matrix provides multiple-wire paths
from M requesting modules to N accepting modules. Each path may be on the
order of 50 to 100 lines wide in order to carry full memory words, memory
addresses and control signals. Sometimes cables are unidirectional so that
another set of 50 to 100 lines is required in the opposite direction. (Figure 3-1)

Crossbar switches were first developed for telephone switching and were

electromechanical. The crosspoint matrix switches used in computers have been
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transfluxor magnetic cores or diode AND gates. Tremendous flexibility is
obtained in a crosspoint switch since any processor can connect to any memory
in a fraction of a microsecond. Also, there are numerous ways to provide a
function in case of failure in any part of the system. Duplication of the cross-
point matrix is required in a system requiring maximum reliability.

Multiple-Bus Connected

A lower cost system than the crosspoint matrix is provided by use of
separate busses connecting a processor (or input-output channel) to one or
more specific memories (Figure 3-2). The saving is due to the reduction in the
number of switch points. Each computational module may have a direct connec-
tion to private storage in addition to sharing common storage. This technique
is less flexible than the crosspoint matrix but may be completely adequate in a
system designed for a specific range of applications. If connections arc casily
changed physically, it is much less expensive to set up new paths by plugging
rather than by switching.

Time-Shared Bus

The lowest cost switching system, Figure 3-3, takes advantage of the
availability of memory registers in each processor and each memory module to
allow the bus system to be time-shared. Instead of connecting a processor and
memory continuously, they are connected for only the time required to transfer
information. This technique is especially useful if memory accesses can be
preplanned such as in sequential instruction fetches and data fetches. More than
one channel can be used if the number of accesses required becomes large
enough to slow down the total access time. Multiple bus channel control, priority
switching requirements and the need for two-way transmission add to control
complexity.

3-8




E:\E]]\ Housekeeping J
Module °<\\
[:]/ N Storage
I Yo Module
: N Computational P2 79
| ° Module °
|
|
T Housek |
Housekeeping | /
Computation%l
 Module 9 | 5 o
Storage
E%-\ Module
D\Houskeeping o
D/WdUle
l:l/ Storage
b 0o o o ¢
Module ﬁ

St
L 7o 8%

Module

Figure 3-42.‘ Two-Computer System With Private and Common Storage

3-9




Storage Module Storage Module Storage Module

Storage Module Storage Module

Processor No. 1 Processor No. 2

Figure 3~3, Time-Shared Bus Assignment

3-10




3.1.2.3 1/0 Switching and Control

Asynchronous Input-Output Requirements

Multiprocessor systems must operate in an uncontrollable environment,
accepting information from many sources simultaneously, processing it and
dispatching the processed information to many points.

Earlier systems attempted to provide synchronous switching systems to
cope with these problems but had no way to handle the frequent, probabilistic
stacking up of control or information requests. It was found necessary o
provide for queuing of requests and buffering of information {low.

Control Word Philosophy

Instead of providing hardware registers to store addresses and counts for
the control of peripheral channels, the control words are stored in a fast core
memory and one set of hardware registers are time-shared in a rapid, asynchronous
sequence. When a memory access request is made, the required control words
are pulled from memory to the control registers and used to set up the necessary
switching paths. These control words are then updated by adding one to the address,
deducting one from the word count, modifying status conditions, and replaced in
memory.

Queuing of 1/0 Requests

Systems loading is controllable to some extent by refusing to start new
tasks until previous tasks are completed.
Three types of queues are maintained in a multiprocessing system:
1. New tasks not yet started.
2. Tasks partially completed, awaiting completion of a specific
peripheral operation.

3. Tasks being run on one of the system processors.
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In addition, there may he "standby" tasks such as diagnostics, program
check runs, or hilling runs which can be pulled in whenever processor loading
permits.

Qucuing is controlled by an operating system program called the Peripheral
Control Program, Input-Output Supervisor or a similar title. These programs
maintain peripheral control tables containing essential information about each
program and cach piece of equipment.

I1/0 Processors

It is possible to use the central control computer as an I/O processor.
In a multiprogrammed system with powerful interrupt and sufficiently rapid
storage and retrieval of status information, time-sharing of the central control
processor hecomes feasible. When all registers are in thin-film memory,
for cxample, program interruption can be accomplished by merely changing
the program counter to a new address so that no time penalty is paid for an
interrupt.

3.2 Design Considerations

A configuration of a multiprocessing system is shown in Iligurc 3-1.
In this figurc, a central control computer on board the space vehicle controls
five special purpose processor units. These processor units arc sampling
data, communication and telemetry, checkout and channel monitor, guidancc
and navigation, and power management processors. All of these processors
can have access to the central control computer by interrupting it, and a priority
interrupt will be assigned to them to regulate and control the multiple access

problem.
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The central control computer is linked with on-ground computer and also
with other central control computers in the orbit via the satellite link. A
hardwirc connection will be established by any two computing centers through
central control facility using link modems. This configuration provides a truly
centralized multiprocessing network. Such system is capable of replacing any
of the five processor units by the central control computer in the case of a
catastrophic failurc in any one of them. Also, when the central control
computer ails, it will be replaced by any other central control computer
whether it is in the orbit or onthe ground. In addition, the multiprocessing
nctwork provides the flexibility to share the load among various central
control computers. This can easily he done through the satellite links, and
also through the communication facilities on the ground. The latter is
possible since the Jocal computing center in the central control facility is
connccted to other remotely located computing centers via private and switched
nctworks (sce Figure 3-4).

During the study, tradeoffs hetween the amount of processing on board the
multifunctional space satellite and channcl capacity will be established. Clearly,
a large quantity of raw data will be generated on board the satellite and the
critical problem is to filter out the redundant data and transmit the essentind
information. This is highly important since channel capacity is limited and thus
only certain bit rate (thruput) can be transmitted down. For this rcason and
many others, we prefer to look upon the multiprocessing system not strictly

from the computer standpoint but also from the communication end. Most of
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the concepts in communication theory and information theory are applicable
to a system of this nature, and therefore we intend to bridge the gap that
exists between computer and communication techniques.

In the design of multiprocessing system, we shall consider various
techniques that are conventional in nature and are used extensively in the
logic arca of digital computers. In addition, several advanced techniques
of switching theory which are presently not in use will be considered. As an
example, partitioning theory seems to offer unique features if applied to the
design of a multiprocessing system. This has not been done yet, and we
intend to utilize it as one possible approach of synthesis. For example, any
of the processor units in Figure 3-4 can be looked upon as a sequential machine
of finite internal states. The behavior of such a machine can be described

quantitatively in the following excitation matrix.

L L —------ I
511 11 Spg " - Sim
Sy | Soq Y Som
5o | St Spg T T T T 77T nm

The left-hand column indicates the present state, the top row,the present input
and the entries give the corresponding next state. For example, if the input I1

is applied to state S In general

1? the resulting next state will be Sll'
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L -8

The concept of partitioning theory may be applied to the synthesis of this
machine to decompose it into several parallel submachines each independent

of the other. Certain requirements will have to be met in order to accomplish
this goal. But we feel, once we embark on the study program and are able to
define the functions of each processor unit, then the internal states could be
defined in terms of hinary variables and hence the partitions could be constructed
to possess a substitution property. Such a property is esscential for parallel
decomposition, and it lends itself to a design that is modular, reliable and casy
to maintain. For example, the machine described in the above matrix will
result in the configuration shown in Figure 3-5. Note in this figure how cach
subsystem is completely independent from the other oncs, in the scnsc that
there arce no feedbhack paths from one subsystem to the other. This means a
malfunction in any subsystem does not cause total system failure. The impact
of this approach hecomes evident if one thinks in terms of system maintenance
and the time it takes to locate and detect the malfunction. Thus, the problem
of optimizing the reliability and maintainability of a multiprocessing system
can hc accomplished in the most efficient and economical way. IFurthermore,
the approach makes it very easy to provide self-repairing capabilities which
are of vital importance, especially to systems of this nature that are used on
hoard unmanned multifunctional space satellites. To get the fecl for the rcliability
improvement using these new techniques, consider Figure 3-5 again, and lect the

failure rates of the parallel decomposed subsystems be designated by
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The total failure rate of a processor unit will be simply

n
A A+ - - - - - +
Al A2 An
n
JIAN
_ i=1 M
. . (3.1)
A
i=1

n
5‘ A ; (3.2)
d

If these subsystems were not in parallel, the failurce rate of the processor unit

would be the sum of all the failure rates, i.e.,

n
A — A—l -+ 7\2 e S, -+ An = ?'_J: Ai (:).:))
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( ‘ Conscquently, the overall reliability will exponentially increase by this
factor, i.c., the increasc in the overall reliability of a processor unit over a

eriod t is
p n

n
exp ~t e 7)\.
) 1

= exp -t

It follows from the above that we at IBM cnvision scveral advanced techniques
( that can he developed and applied to the problem of synthesizing a multi-

processing system that is most efficient, reliable, casy to maintain and cconomical.
The above approach has heen one example of many that we will consider during
the study program.

In addition to developing new techniques that will lend themselves to a
reliable design, tradeoffs hetween hardware and processing time (softwarc)
will be estabhlished. Tor example, if it is found that to compute a given operation
the "ime'" is not critical, then a program will be allowed to pcrform the compu-
tation. On the other hand, hardwarc units such as a counter will be provided
to perform the computation at the fastest speed (shortest time) possible. All
this and many other tradeoffs will be considered during the study in order to

successfully optimize the design for maximum reliability.
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Thus far, we have touched hriefly on the system reliability and showed
onc way to improve it using partitioning theory concepts to design the system.
The other trend in reliability is the protection of information during parallel
operations within the system and also when it is transmitted from the satellite
to ground via the satellite link. Clearly, to protect the information in the
channel is of the utmost importance. There are several methods that can be
applicd to resolve this problem. Most of these techniques utilize cyclic codes
to encode the raw data on board the satellite and decode it when it is reccived
hy the central control facility for error detection and correction. Here we
shall consider other codes during the study program and try to develop ncw
techniques of applying them. Codes such as Hadamard, orthogonal, biorthogonal
and simplex which have special properties will be among many that we will study.
In Section 2, a discussion on error controls has been presented in some
detail. There, we show how the information can be protected against both
random and hurst noisc, since the noise is the principal agent of causing crrors.
Next is to show a method of establishing memory capacity for cfficient
multiprogramming. Onc way to cstablish such criteria is as follows:
Let kl’ kz, ..... , kn be total number of instructions required to
execute N programs simultaneously. Further, let Ml’ M2’ ..... , M
be the storage capacity in bits required to store the above instructions

respectively. Therefore, maximum memory capacity "M'" required is given by

M =k1M1+k2M2 +.o.. -Fann

or

y—

n

woS e
J, i
1

(=
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If the word length is w, the memory capacity in words becomes

n
1 [}
S ji kM, < 2 (3.4)
i=1
where £ is the number of bits in the address register.
Since it is a good practice to make
n
LY om -2
w /, ii
i=1
Therefore,
n
Stog ) koM (3.5)
2A'w 7, i
i=1

Thus, the hardware complexity '"C'" for the memory and the related address

register is given hy

n n
C = }; kj Mi + 1og2 w 7/, ki Mi (3.6)
i-1 i=1

If the memory cycle (speed is T microseconds, then the time required to excceute

N programs sequentially; is

(3.7

=i
E (T
-
=
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To exccute N programs in parallel, the time required is simply

(, M_) = (3.8)

Where the product kmMm represents the longest instruction within N programs,
i.c., the instruction that requires maximum storage capacity in bits.

Clearly, one can conclude from equations 3.7 and 3.8 that

w 'm m w i
i=1
n
or k M <« S k., M,
m m /, i
i1

This last result proves that parallel multiprogramming systems arc by [ar more
efficient than sequential multiprogramming systems. Consequently, our approach
during the study will emphasize on parallel multiprogramming operations, but
still consider the merits of sequential operations. This by no means is to be
interpreted that we will be restricted to these two trends. Our intention is to
cvaluate the present techniques and develop new tools that arce by far more
powerful than the existing ones.

In addition to what has hcen already mentioned, several other system
configurations will be considered during the study program. For examplc,
real and virtual systems will be among those system configurations that we
will evaluate, since they seem to offer the features that are significant to
future long-lived multifunctional space satellites. Therefore, the following

discussion will consider these two types.
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A recal system is a configuration of real duplicate hardware units operating
in a multiprocessing mode, and a virtual system is a conversion of the real
system operating in a multiprocessing or sequential mode. A virtual system
shown in Figure 3-6 consists of n virtual computers, each of which has an
cenlarged sct of resources. In particular, cach has a directly addressable
storage, address [iclds in its instructions, instruction and index registers in
its processing unit, and the required number of channels. The storage size is
extremely large and the registers are correspondingly wide.

In all other respects we may take each virtual machine to be conventional
in nature. Its processing unit has a conventional set of instructions, it has an
interrupt system, problem /supervisor mode provisions, memory protect [catures,
etc. In short, the virtual system is best thought of as a set of n machines, cach
like the real machine hut with more storage and channels than any installation could
really afford to have.

I'rom this point on, the system organization is quite conventional. The
conversion mcechanism provides none of the required user functions, and these
are supplied in an operating system for the virtual machine. Finally, there
grows up a hody of applications program. Here the operating system and
applications are written directly for the real system. Thus from an architectural
point of view, the difference between the virtual system approach and the ordinary
one lics in the ingertion of the conversion mechanism between the real system
and the main hody of programming.

The resources managed by the conversion mechanism are the processing
unit or units, channcls, and core storage. We turn now to the question of how

this management is done.
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Consider a list of resources that include a number of virtual processors,
a larger number of virtual channels, and a very large number of virtual core
hlocks, and if one imagines computational activity to be proceeding in the virtual
system, then at any moment of time some of the items in the list will be in use
by the computation and the remainder will be idle. In the real system there are
a certain number of real processors, real channels, and real corc blocks. The
conversion mechanism assigns these real resources to play the roles ol the virtual
resources required by the computation. It monitors the computational activity
as itproceeds, so as to know when virtual resources become required by the
computation, and updates the set of assignments accordingly. Thus, the resource
management consists of dynamically mapping the set of real resources into the
set of virtual resources, hopefully in such a way that it is at all times mapped
into that subsct of virtual resources which can best allow the computation to
proceed.

It is envisioned that multifunctional spacce system applications will require
a multiprocessing configuration that is some combination of real and virtual
systems. Therefore, it is proposed that in the formulation of one or more advanced
multiprocessing configurations that the feature of each system type be incorporated

to the fullest extent in order to satisfy all operational factors.
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Section 4
METHODS OF APPLYING INFORMATION THEORY

TO ANALYSIS AND SYNTHESIS

The theoretical work presented here is extracted from a paper
entitled "A Statistical Theory of Automatic Observing Systems" by H. Blasbalg
(IBM) which appeared in the publication, (September 1963), of the Second
Symposium on Adaptive Processes as part of National Electronics Conference,
Chicago, Illinois, October 28-29, 1963. This symposium was sponsored
by the IEEE Discrete Systems Theory Committee. The author, Dr. H. Blasbalg,
will he the over-all program manager of this contract if IBM is sclected as
the successful hbidder. This work shows methods of applying the concepts
and techniques of information theory to systems analysis and synthesis
and therefore addresses the problem areas of this RFP.

In this theory, we recognize that a partially specified information
system must necessarily consist of certain operators that are arbitrary;
that is, the choice of the operators cannot result from a mathematical for-
malism. We call these transformation opcrators. The output of a sct of
transformation operators on an input signal is a sct of ncw signals derived
from the input, each of which contains a property of interest. Once the
transformation operators (or the measurable properties) have been defined, we

can develcp a mathematical theory which describes the information system.



The theory is realized by defining a set of operators (at the output of the
transformation operators) which have the same functional form except for

a parameter. We call these characteristic function or statistical operators.
The output of a statistical operator is "one" if a measured property takes on
a particular value and "zero" otherwise. In some situations, an input signal
combined with the transformation and statistical operators appears to an
observer as a Markov System having certain transition probabilities. An
input signal is discussed only in terms of its effect on the information
system. In the Markov case, the results of measurement are the transition
probabilities of the system.

We also recognize that the choice of a criterion for deciding if the
results of measurement come from a known system or not, is arbitrary. We
therefore attempt to choose an observable which has a consistent physical
interpretation in the light of statistical decision theory and information
theory. The importance we attach to the mathematical formalism is judged
by the properties of the observablce which the theory allows us to measurce.
Furthermore, we require that the basic statistical structurce of the information
system description remains invariant with respect to complete or incomplete
a priori information concerning the class of signals. This requirement per-
mits incompletely specified information to evolve into complete knowledge
when the a priori distribution of the signal class is statistically stable.

The results of measurement can then be reflected back into the information



system for subsequent optimization.

There are three types of information systems and operations that
are generally of interest.

First, we will consider an information system where the statistics
of the signal class are known completely including the a priori probability
of occurrence of each member of the class. The result is an indication as
to which member of the class occurred. This is the pure detection problem
often encountered in digital communication. An optimum decision procedure
will be defined as one which minimizes the average error probability. (This
concept can be generalized to minimize the average "loss." However, our
criterion is adequate.) It is also applicable to those problems where the
validity of one of a set of possible physical laws is being tested.

The second information system considered is where all signals and
their statistics are known except for the a priori probability of occurrence.
This is incomplete information and is often encountered in radar detection
problems. Under certain conditions, estimates of the a priori distribution
can be made and complete information can be obtained.

The third information system is also incompletely spocificd. In
this case, we do not know either the signal statistics or the a priori pro-
babilities. We also do not know the number of members in the class.

' Here, we must find if the measured data is caused by a signal previously

observed, or if it is a new data. If new, this data must represent optimum
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estimates of the new signal statistics. Here, the frequency of occurrence
of each decision must also be measured. Once again, under suitable con-
ditions of the signal environment, complete information can also be ob-
tained. This is the most common problem encountered in space missions.

We will show that the system description is invariant with respect
to complete and incomplete information. Furthermore, it will be shown
that the mathematical model will lead to estimation and decision pro-
cedures whose performance can be predicted prior to measurement; a
necessary requirement if the theory is to be useful. The information
system description is adaptive in the sense that it reflects the results of
previous measurement in subsequent observations to improve system per-
formance--possibly attaining optimum performance. Finally, it will
become evident that the results of the theory will be consistent with
information theory and statistical decision theory.

This work should serve as a useful guide for the application of
theofy and concepts to problems in space telemetry, spectral analysis,

pattern recognition and other fields of present and future interest.
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INFORMATION SYSTEMS THEORY CONCEPTS

This section develops a generalized mathematical model of repre-
senting information systems. The discussion covers those operations Which
must be specified by the observer (used in the most general sense) prior
to measurement. The discussion also treats those operations which are
independent of the measurable properties. A statistical decision procedure
for recognizing "new" and "old" information which has very desirable
characteristics is defined.

4.1 Mathematical Transformation Operators

The output of a transformation operator F corresponding to an input
signal (or effect) f(t) is a new function F [f(t)} = F(t), which contains the
property of interest. For example, the signal £(t) can be considered as tﬁe
output of a particular sensor in a telemetry or in a biological system. If F
is a narrow band spectral filter, then the filter output F(t) is the spéctra],
component of the sensor output f(t). The transformation operator F can be
linear or non-linear, information preserving or information destroying. If we
define a set of transformation operators F = {Fj‘g pi=1,2, .., K;all of

th

which operate on the r*** sensor output fr(t) , then we have the set of outputs
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Fity (t) =Fip ()i Wnore j=1,2, ..., K,
(4.1)

containing the K properties of interest.

4.1.1 Orthogonal Transformations

Of particular interest is where F represents a set of linear orthogonal
filters. It is emphasized, however, that the general results are just és
applicable to nonorthogonal, nonlinear transformations. If the impulse
responses of the filters are of duration T, the present output represents
the orthogonal coefficients of the past T seconds of the input function.

In the time domain, the output of a filter at time t is given by the convolu-

tion integral

c@ =f; £(7)g (t-7) 7,

(4.2)
where f(t) is the input and g(t) is the response of the filter to a unit impulse.
It should be clear from Eq. (4.2) that the mirror image of the impulse response

weights the past of f(t) according to g(t).

Let
g =, (7-8); 0s¢t <7
(4.3)
then, ¢
¢, (2 =L i /7’);6” (7r7-2)dT” s
Whent=T,

Ca(7) =) #(T) by (1) T (45)

Thus, the present output is the nth orthogonal coefficient of the input

which occurred T seconds previously.
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4.1.2 Characteristic (or Indicator) Function Operators
("Statistical Operators")

To obtain the information in a form which is independent of the
transformation operator, the filter outputs are expressed in terms of
characteristic functions. If Cnr(t) is the nth orthogonal coefficient at

time t when the input is fr(t) , then the result of measuring A G is

AG,.=AGF, L, () =4 G Cpre (#) =1 1EX; ) <Cpp (&) <x; (4.6)

/

.

= O otherwise ‘=L 2., N

Hence, at any given instant of time, the value of an orthogonal coefficient
can lie in one and only one quantum interval. The transformation operators
{A Gi} map every input function into a volume element in the space
discussed. In particular, a finite set of orthogonal filters combined with
the {A Gi} operators maps a finite set of input functions into a set of
volume elements. The mapping is universal and applicable tc any
physically realizable set of input functions. Furthermore, since the volume
elements are disjoint the mapping goes over into an orthogonal representa-
tion, which is desirable.

To summarize, an information system is defined by a set of transforma-~
tion operators or measured properties

F=[/"/-},',_/'=//2/ cea K5 (4.7a)

on an ensemble of signal sources,

F=ff 0 7 =L,2 0n M. C(4.70)




The result of measuring F is a set of numbers,
O A A (4.70)
The result of measuring the set of characteristic function operators

AG={a6l; /=4 2,...4, (4.7d)
on the jth property is,

4 GEE, = [A G ’;'/r} {4 G’,‘:}"}.ﬂ [2Ly2yc0c My (4.7e)

where,
. . = ‘0 = < , X -
AG/f/'r A&l/ /Wﬁeﬂ)(/_/ﬂf"/r(./ o
=0 whern 674 /€5 outsrae.
Hence,
AGmAGn =/ ;/773/7 |

Eq. (4.7g) expresses the fact that properties m and n are not simultaneously

compatible.

4.1.3 Measurement of Statistics of an Ergodic Ensemble of Signals

Let us now assume that the information signals f(t) are members of
an ergodic ensemble. We can therefore obtain the ensemble statistics by
using sufficiently long, non-overlapping pieces of waveform of duration T.
From a practical point of view we can postulate that the statistics are
stationary for time intervals that are much greater than the measurement
time required to obtain stable statistics.

In order to measure the distribution of each coefficient independently,

we require at most N log_S bits per orthogonal coefficient, where S is the

2
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number of members of the ensemble used to measure the distribution and

N is the number of values of C. The system complexity grows as KNlogZS(K) .
which represents the required system capacity to measure the independent
signal coefficients. The sample size is a function of the number of quantum
levels since we will require more samples to obtain a stable estimate when
the coefficient occupies many quantum levels. To measure the joint
statistics we require a large capacity binary counter of capacity S(NK)> nK
and one counter per cell, This leads to a system complexity approaching

K) , which is an extremely large number and far beyond practical

NKlogZS(N
considerations. The amount of data required is also prohibitively large.

One attempts to choose the orthogonal coefficients (in general, the
coordinates of the process) so that they are statistically independent. For
stationary Gaussian processes, which are of particular interest practically‘,
this can be achieved (at least in principle). The success of the orthogonal-
ization procedure (i.e., the choice of coordinates) not only leads to a
practical system, but also to a useful mathematical model from which a
system can be synthesized and its performance predicted. In those cases
where the statistical independence of the coordinates of the process is not
evident, one is often forced to treat the problem as if independence existed.
The defined operations still make sense although one may not be able to

predict system performance precisely. In certain applications, the trans-

formations will not be orthogonal and maybe highly non-linear. Hence, itr



( will not be possible to go from measurement back to the effect in a
one-to-one manner. However, in many useful applications information
may not be contained in the detailed signal structure, but only in a set
of defined properties or transformations.

4.1.4 The Measurement of the Discrete Probability Density of Independent
Orthogonal Coefficients

Let S be the number of realizations of duration T which are used to
measure the discrete probability density of the M sensor output f.(t).

Let ny; be the number of the S-measured realizations corresponding to the

jth orthogonal filter which falls in the ith quantum level. Then,
N
. ,.”/./'Ks)- / ZAG”
Ay T L v) (4.8)
y=

where A ij(S) equals the empirical probability that the jth orthogonal
coefficient will have a value which falls in the interval (Xi"l' Xi) . The
probability is one that A 1] (S) approaches the mathematical probability

)\ ije ,S—’oo and,

<7 @

Corresponding to each orthogonal filter there exists a discrete probability

{ density

{)‘/_’/'.r/)’ /=42y 0eny N (4.10)
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measurement of the corresponding property. Thus, there will be one

element in each row which will be unity; the others will be zero. The

A -array is the average of A G over S realizations. The sum of the elements
in each row is unity.

4.1.5 Mathematical Formulation of Pure Detection - Completely Specified
Information Process

Let{-A- r) forr=1, 2,...,M, represent a set of M signal statistics shown
by the array of numbers in Eq. (4.10). Also,. A (S) is the result of measure-
ment of an unknown signal in the class based on S realizations. The results

of the observation is a set of a posteriori probabilities

£, ;A(5) = i(/‘r) P{A(S); A, )

Zg//lj)P/./l(S);/ljj
J=/

r=lZ,.0.,/M
(4.11)

where
_51 (./l,,) = the a priori probability of signal data or system (or state)_/\r;
p [./L (5),'/[ } =the probability density of the measured results A (S) on
r condition that these originate from signal or system (or
state) A .
For the case where the coordinates of the process and the realizations
are statistically independent, as assumed here,

PinG); A, }:Jé’j PIG): A )

(4.12)
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and specifically,

N A-.5]
) s/ 7/
FAE); A L 5 e
” A v e 5’ ./
i=/ Y
‘ (4.13)
" (8)
» & =————— = relative number of measured realizations whose jth coordinate

falls in the ith quantum interval.
A /-/',. = the theoretical or previously estimated probability that the
jt coordinate of the r~" signal will fall in the ith quantum

interval.

The optimum decision procedure for choosing the origin of the data .A.(S)

is, decide A r if

Max(;(/t/, AK‘};-"; é(/t,.., A@)/"“' £ (A-M;/l(5))j =_§(/l,,,/i(5))

(4.14)

The decision procedure equivalent to ‘4.14), is the following: The origin

of the data isArif,
E(1,) “ThZ M

K N
A..
~5'§ J A log L 5 /fo ;

(4.15)

From Eq. (4.15), note that when the data originates fromA ,, A i (S)"7\ijr

almost certainly as S —= 0o0. Thus,

4 A/‘j/’ - 2ir ,
/'Ir.(({}"—[g' A/-/-fsj/ogﬂ'l—-[[h(/,./%ﬂa”( 20
j=lr=l I O 7/
| (4.16)
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as S —» o , almost always. The effect of the a priori probabilities goes

to zero as 1/8 log //S/og![;’m()/g(’./tr.ywéeﬂj—t oo.

It is informative to express Eq. (4.11) in the form

{

€N N (s))= M N -
r y Z' éleK) exp —Sf Z Aij (s) /og }_’,L_"_}

*
A
k=/

) jo i ifk
s (4.17)

If the true state is in fact A cs @s S—+ oo it is certain that

EN,;N(5)) — | exponent,/ally (asS —» oo)
and

£ C/L/,’ AL5) )/-#/, — 0 exponermtially
This follows from Eq. (4.18). Thus, we can conclude that the initial
information as represented by the a priori probabilities influence the result
of a final decision less and less as more and more experimental data is
accumulated, and in the limit the influence of the initial information vanishes
entirely. Hence, in the absence of a priori probability, it is reasonable to
observe many realizations and to assume equal a priori probabilities. The
latter assumption leads to a decision procedure whose threshold is inde-
pendent of a priori probabilities and only a function of the known and
measured data.

4.1.6 Case Where Some Signal Statistics are Known and Some Unknown

An incompletely specified information éystem where some signals are

known while others are unknown will now be considered. This situation

4-13



corresponding to a particular input f (t). The result of a measurement on a

particular information system is therefore the array of numbers:

X ? )‘2/,- soeer Ay

s o8 ® ¢ & 0 0 0 0000 e o o

A A L > o o A
r ir’ "2/r? * TN

7L//(r ’ AZKr’ o1 MK

(4.18)

The sum of the elements in each row is unity; each row belongs to a single
orthogonal coefficient. For each sub-system output there will be an array
of numbers as shown in (4.10). IfN =K, A r has the properties of a Markov
matrix, with indicated transition probabilities. Thus, to each signal f,
there corresponds a Markov system. The results of measurement on such a
system are the transition probabilities. The interesting part of this interpreta-
tion is that tﬁe formalism has lead to it; the formalism did not begin here, but
with a formulation of the measurement or system description process. A
system description based on the first order distribution of the input would
be quite trivial; however, a description based on the first order distribution,
with respect to a set of transformations on the input, is not trivial,

Fig. 4-1 is a mathematical block diagram of an information system. The
{ ¢ i } represent the transformation operators; the output of the ith operator

is the coordinate Cj. Each row in the A G array corresponds to a single
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also implies that the a priori probabilities are not known., Let

2

K

Ay
Ah, =S A log L - Jog £(N.).
g Jé/'/g I/ ! Aljf Z r P=/,Z,g..,M

(4.19)
The decision procedure of Eq. (4.15) is equivalent to deciding thatJ\.r
is true if

minfdh, A by, oo Db, ne sh, = DA, . w30
| 20

’Thus, the decision based on the likelihood ratio or a posteriori probability

is equivalent to a decision procedure based on the "minimum information
statistic" of Eq. (4.20). ‘
i

For the case where some signal statistics are unknown we can regard
this problem as similar to the case of unknown a priori probabilities. In
addition, we must specify a confidence interval 4 hX with a confidence
level a.

That is, if

m/n{-Aﬁ/,'Oo’ Ah,. g ooy AhM;A/’X] :‘:Ahx, (4.21)

the presence of a new signal is indicated, but when equal to 4 h,, /A, is

présent. When a new signal is recognized{ A ij} are optimum estimates

of the statistics and can be stored. When a previous signal is detected




o T s g

this occurrence is counted. A careful examination of this modified
decision procedure shows that it is structurally equivalent to Eq. (4.20).

Of particular importance is that the distribution of

A
ZSZ Z)\,./ag._f.{
Lo Lo Nij 8 3,
7=/ 7=/ 7]

(4.22)
for large S, is chi-square with K(N-1) degrees of freedom under the null
hypothesis and approximately (2), (8) noncentral chi-square under the
alternative hypothesis also with K(N-1) degrees of freedom. C‘onfidence
intervals and confidence levels can be constructed and system performaﬁce
can be predicted.

4.1.7 Consequences of Finite Measurement Time

Let us consider the consequences of making measurements on informa-
tion systems ffom a finite number of ensemble members. In particular, it
is of interest to examine those probabilistic statements which can be made
logically with regard to the validity of the outcome of the measurement for
the cases of completely and incompletely specified information systems.

We will also consider the measurements of a priori probabilities. It
should be clear that in the case where some of the signals are unknown each |

time a decision is made that a signal is new it is possible that this data is

caused by a low probability sequence which can originate from one of the already

known systems. It is also possible that such a measurement does in fact
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represent data from a previously unobserved system. After many measure-
ments, there will be a certain percentage of decisions which will falsely
indicate that the data come fr_'om previously unspecified informétion signals
and a certain percentage which will in fact be caused by new events. The
confidence associated with the validity of the decisions can be supported
by counting the number of times each decision is made. In this manner
when the relative number of decisions made favoring a particular class is
significantly greater than the expected probability of error such data can be
considered valid. On the other hand, all the systems speéified which have
a frequency of occurrence comparable to the expected enfors are rejected
as possibly caused by statistical fluctuations; that is, significance cannot
be attached to these results. Depending on the application, such further
screening can always be performed by a human observer who may have
additional information at his disposal. For example, the observer might
define another property, which tends to characterize a potential system
which he expects to be the cause of the data, in order to see if this pro-
perty is in fact associated with some of the low probability classes.

Some of the concepts discussed here will now be examined with respect

to the mathematical model presented.

41.7.1 Complete System Specification

A completely specified system was defined previously as a description

of an ensemble of systems whose state probabilities are known along with
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the probabilities of occurrence of each syStem. This is the pure detection
or recognition problem. It can be shown that the decision procedure which
we have defined for recognizing such a system minimizes the probability of

)

a wrong decision'’ for a given sample number S. The probability of making

a wrong decision can be calculated for this theory.

Let
7; (o;'./ ‘A'/') = probability of the decision d, on condition
that the data ./A(S) come from the state 'A'i'
and
W/ y o= O /=r

(4.23)

The probability of making a decision on condition that the data come from
A ; is given by p
AGa) L W B @)

/
/

/’:/; 2’...,M
(4.24)
Then, 1 -,6’ g(d;A,) is the probability of a correct decision when the data

comes from A i+ In order to obtain the probability of a wrong decision we

average,@ S(d; A ;) over all states and obtain

oM M M
A @/)i’ £N,) B 6/,'/1-,.) --2; Z;»f;,,_ g/d/,)i;@/_,vt,),
r=/ . 1=/ r=

(4.25)
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Thus, for a completely specified class of information systems, the error
probabilities of various types can be obtained.

4.1.7.2 Incompletely Specified Information Systems

The error probabilities, Eq. (4.24) (type I error), does not require a=
priori probabilities since it is conditioned relative to a particular state.
if £ , =1inEq. (4.25) we obtain Eq. (4.24). For a particular value

d,, Eq. (4.25) is

& @4)-

/

w
L W) (M) % i),

(4.26)
or the probability that degision d, is made when one of the other states
occurs (i.e., type II error) is dependent on prior probabilities. Thus,
/ﬂ g(dy) cannot be obtained without this prior knowledge. The total error ,
probability of Eq. (4.25) can be bounded by bounding/é’ gld; A < .
Then, Eq. (4.25) is /53(d) S/ﬂ. In the absence of a priori probabilities
we can only obtain conditional error probabilities and a bound on the
average error,

When some of the statistics are unknown, Eq. (4.24) is
M
ﬁé’ @A/) :,.Z; ”///'/OS (‘7//'/ "/L/')'f g @/(/' '/L/')

(4.27)
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The conditional error probabilities relative to each known state are
therefore known. Hence, we have some idea how the decision process
behaves.

4.1.7.3 On the Estimation of A Priori Probabilities

We have stated previously that it is important to count each decision.
Hence, if D decisions are made and dr is the number that are in the rth

o

class, then

S = _{L
r D ! (4.28)
such that,

(4.29)
When the signals and their statistics are known, but the a priori

probabilities are not, then we know the conditional probabilities { Pji } ,

i=1,2,...M;i=1,2,...M, for example, the probability of d]. when_Ai

is true. The probability of the jth decision follows from Eq. (4.26);

M
S =) E.P, ; =/, 2, enny M
VAN A ST S (4.30)
also, M
Zé/n :/
. 4.31
J=/ ( )
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We assume that each of the M signals is randomly chosen. If D
is the total number of decisions (i.e., the number of experiments) each
of which occurs with probability 8]- then the probability of making the

set of decision {di } ,i=1,2,...M, favorable to the ith signal.

The maximum likelihood estimates of 6j are given by
6F¥==i/=42 M
I D 22 (4.32)

Eg. (4.30) represents M linear algebraic equations in the variables

‘é J . Thus .
JI? (4.33)

where A is the determinant of the coefficients which is, incidentally, a
stationary Markov matrix. The coefficients { bji} are sums and products

of terms containing the { Pji } . The maximum likelihood estimate of

é j is simply

/v

M
* / *x
£ i = _S_ S 6/./. 5
S=/ (4.34)

since any single valued function of a maximum likelihood estimate is also

a maximum likelihood estimate(3) . If the total number of decisions D is

4-22



sufficiently large, thez_(é ;‘ } can be reflected back into the detection
problem as thresholds, and the incomplete information has now evolved
into one of pure detection. This is consistent with our philosophy that
only "good" estimates are reflected back into a system descfiption in
order to specify it more completely.

Assume that there are two sources available for measurement, each
occurring with the unknown probabilities (£ ,1- £) where & may be equal
to unity. The observer makes D experiments and estimates that the pro-
portion of decisions favorable to each state is (6 11 6 ¥). Itis
desired to test the hypothesis & I‘ = pll and & ’2‘ = pg) Or equivalently
(£,=1, 1-€, =0). Applying the information statistic, Eq. (4.16) to
this problem yields |
7 -8 ,*)

2/

*
S/ag———-—-/-// 6*)/; £

@ > (4.35)

when the null hypothesis is satisfied. If Eq. (4.35) is not satisfied,
a different source is present, for example g?; /. An equivalent test

exists for the multidecision problem. When

é/=],
& =i S=6 20 M (4.36)
and A1 5x
) /
Z 8 log - < €, (M) (4.37)
=/ {;/
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To test if the measured results come from sources of probabilities
£ =[§;] ;i=1,2,...,M we compute6={bj} pi=1,2,...M

from Eq. (4.30) and construct a test of the form & * =[6 ? } .If

fé Ylog é—‘-":\; £ (M)

o v/ & = ° (4.38)
then the hypothesis that the distribution of states is(gj, is verified;
otherwise the hypothesis is rejected.

Thus, the theory developed can be reapplied to further improve
recognition. If the a priori probability is of the same order as the cohdi—
tional error probabilities, thep clearly a sufficiently long sample is |
required in order to decide that the low probability events are in fact
distinct events rather than just fluctuations. In this sense, the problem
is equivalent to trying to measure a parameter whose value is of the
same order of magnitude as the fluctuation in the measurement,.

The previous discussion is also applicable to the multivalued decision

problem. Eq. (4.30) can be expressed as

M

5/.:;; 23;/. */g/v ;’/ 14{/ Zr (4.39)
Let A?Uqffz,, For EWVV'?é/l 779&7@

6, < ;/- ke (7 -£;) "’ | (4.40)
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or

L -7
£ 2 é 2,
77 -7 (4.41)
and
XV
£ 2 b % (4.42)
J ;3,'/"% .

For a stable environment, after a sufficient number of observations, if

4 ;‘ = Po, then gj = 0. Such events can only be associated with decision
errors. In general, any value ofé J* in the neighborhood ‘of po must be
rejected as possibly resulting from statistical fluctuations unless a
sufficient number of decisions have been made.

4.2 Empirical Probability Distribution Function of Information Statistics

Theoretical considerations indicate that the large sample distribution
of the information statistic 2S H(S) (Eq. 4.16) under the null hypothesis,
is chi-square with (N-1) degrees of freedom per measured property.

(2). (3), (8) Under neighboring alternative hypotheses the distribution

is noncentral chi-square of noncentrality, 2S Hrj(z) , (8) Eq. (4.16).

It is essential for us to determine: "How large is large?" By examining
some of the properties of the chi-square distribution of 28 H(S), for large

S we can obtain some insight how to proceed.

The mean and variance of H(S) are
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—_— -/
H(s) = ZM_S_ (4.43)

and,

e —— 2 _ ‘
[H) ~H (D] = A—-/g-/ (4.44)

Thus, for large samples the ratio of the number of states to the number
of samples is important as far as statistical stability is concerned. It
therefore appears that by taking N greater than two, for example N = 5
(as we have chosen), in our measurements we can find the value of S
for which the asymptotic distribution is applicable. Since only the ratio
is significant, we should be able to extrapolate the results obtained for
these parameters for any value of N. For measurement burposes we have
chosen random variables that are distributed according to arc-sine, rec-
tangular and Gaussian probability densities, since these have typically
different shapes. In the curves shown the number of quanta per random
variable is N = 5, and the sample numbers used are S = 64, S = 127.

Fig. 4-2 and 4-3 are curves of the empirical distribution functions. The
odd-numbered curves represent the null hypothesis whereas the even-numbered
ones contain the theoretical distribution under the null hypothesis, along
with empirical measurement for the alternative hypothesis. 'The curve are
self-explanatory. For practical applications, it is apparent that the chi-square
fit under the null hypothesis is adequate. For the alternative hypothesis,
the theoretical noncentral chi-square distribution was not computed. It

does appear, however, that the distribution under the alternative hypothesis
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and,

2 ) |
[HGE) -H D] = ’-\!5——/ (4.44)

Thus, for large samples the ratio of the number of states to the number
of samples is important as far as statistical stability is concerned. It
therefore appears that by taking N greater than two, for example N = 5
(as we have chosen), in our measurements we can find the value of S
for which the asymptotic distribution is applicable. Since only the ratio
is significant, we should be able to extrapolate the results obtained for
these parameters for any value of N. For measurement pﬁrposes we have
chosen random variables that are distributed according to arc-sine, rec-
tangular and Gaussian probability densities, since these have typically
different shapes. In the curves shown the number of quanta per random
variable is N = 5, and the sample numbers used are S = 64, S =127,

Fig. 4-2 and 4-3 are curves of the empirical distribution functions. The
odd-numbered curves represent the null hypothesis whereas the even-numbered
ones contain the theoretical distribution under the null hypothesis, along
with empirical measurement for the alternative hypothesis, 'The curve are
self-explanatory. For practical applications, it is apparent that the chi-square
fit under the null hypothesis is adequate. For the alternative hypothesis,
the theoretical noncentral chi-square distribution was not computed, It

does appear, however, that the distribution under the alternative hypothesis
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is a shifted version of the null hypothesis distribution. As expected, the
greater the ratio of numb‘;ar of quanta-to-sample size, the smaller the
confidence interval or the closer the fit which can be obtained for a

given confidence level. Similar results were obtained for N = 8 and

S =163, 127,

4.3 Some Further Important Properties of the Observation Theory
In this section we will discuss briefly some important properties of
the theory developed which have not been discussed previously.

s : 4,3,1 Other Information Measures

There are modifications of the fundamental measure given by Eq. (4.16)

which have similar properties. These measures are also positive and have

an asymptotic distribution which is chi-square. Two such measures have

been studies in (2), (8), and are of the form,

?\
: 7 =Z z N log g * A & Vo 2ik
rk . ijr T8 A, k E ~. (4.45)
J=i )=l v
I ¢ 2 + //.&‘
i . & /0 /‘//‘
SALX .. Jda? i ™Dk O Xy T - iy~ Yy £ _
; Lra Z' Z’/é [ igr "k CE et -
Fo b T ! 2 2
A
: K N Y )

’~

- vaf X .log X L. V&
é ZZ % vr 1 7&/..2,»‘2/;/-,@ h',/'é /‘?fA A | (4.46)
3 J=l =/ A = ye oy
| z
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£ (A AGD)

If[) ‘.-/',%}represents statistics which have been measured previously
and/,l,_-/-,-'z 7\‘.-/- Kf’)} represents statistics which have been measured
presently, ../,_k orl,k can be used as criterion for deciding if both
measurements have come from the same distribution with a predetermined
confidence interval and confidence level. Eq. (4.45) is a sharp measure
while Eq. (4.46) is not. When a good sample is available, Eq. (4.16)

is preferable.

4.3.2 The Adaptive Structure of the A Posteriori Probability Measure

It can be shown (1) that Eqg. (4.11) has an "adaptive" structure in the
sense that the probability of the state /A ¢ based on independent measurements
A (8S) is the a priori probability for the next or (S—i—l)th measurement. The

a posteriori probability for./1.r after (S+1) observations is, simply,
£, ) PG A, )

M
ST ) FA) A}

=/

PKZS+ /"Ar' )

£,)PU5)iA} EAJNGA )

M > .
Z‘M,’)Pﬂg)ﬁ’t/'} (zsf/,-/l/)?‘..-?" M
£ D) AP, AT
J=/

P{%f/,‘/i‘

;{A,;Aﬁ)]P/z;*//./L,.)

M
S iACI Pl Ay)

=/

(4.47)
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4.3.3 Geometrical Interpretation of Decision Procedure Using Information
Statistic -- Clustering

The problem of concern to us can be given another interesting and precise
i
interpretation. (5} Gonsider a set of probabilities {) "(},{A J-,} and the
measurements [) ‘-j ,i=1,2,...,N. If we take an arbitrary ¢ > o such
that /)\/'- ),//{ £ ,i=1,2,...,N, defining a region £2 , then after S
observations of the statistics with probabilities[k /-,.} , the probability
that the empirical measurements {A ,'} will cluster about {,\ {/} in the
region {2 is given by
il A,
PUR Ny 126+ I dn gl o] = exppsl- 5 e b5t rO@OLED]]
=/
(4.48)

Thus, for every distribution {,\/'} ,1i=1,2,...,N, the conditional probability
clustering about one of the other previously observed distributions falls
off exponentially with S and depends on the information statistic and the
size of the region. This gives us the large sample distribution of obtaining the
conditional probabilities of the alternatives. Reference (5) treates the
entire problem of interest here rigorously and in great detail.

4.4 Application of Theory--Important Examples

In this section the application of the theory to the following problems

is discussed:
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(a) Complete Observatioh-—-—(%aussian Process

(b) Complete Observation--Gaussian Spectral Process

(c) Incomplete Observation--Message Compression (Adaptive Coding)

(d) Application of theory to pattern recognition.

The first is a well-known, important <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>