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FOREWORD

This final report describes the results of the Phase II portion of a study con-
ducted under NASA contract NAS 12-108, 'Spaceborne Multiprocessor Study'. It was
performed by Autonetics, a division of the Aerospace and Systems Group of the North
American Rockwell Corporation. The work was administered under the direction of
the National Aeronautics and Space Administration, Electronics Research Center,
Computer Research Laboratories, Cambridge, Massachusetts. The NASA project
manager was Mr. G. Y. Wang.

The contract participants during this phase and their primary contributions are
listed below:

L. J. Koczela - Principal Investigator, Requirements, Paral-
lelism, Input/Output, Failure Detection and
Reconfiguration, Cell and Group Switch Design
Communication Bus, Reliability Simulation,
RF Communications

P. N Bogue - Group Architecture, Executive Design,
Example Program, RF Communications

G. J Burnett - Computer Structures, Cell Design
T. T Carter - Reliability Simulation

H. W. Copenhagen - Reliability Simulation

J. A Luisi - Technology

J. R Macy - RF Communications

W. E. Meyer - RF Communications

D. M. Motley - RF Communications

This report is being published as Autonetics document number C6-1476. 22/33.
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SUMMARY

This final report presents the results of a research study of an advanced multi-
processor computer organization for future space missions. The organization is
entitled the "Distributed Array Memory and Processor' computer. A manned Mars
lander mission was selected as a representative mission for application and the
computer requirements were developed. The organization developed utilizes an array
of cells capable of a high degree of computational parallelism. The feasibility of such
cells is dependent upon future LSI technology. Research was carried out in the hard-

ware degiorn and softuvaras analwvai i i i
ware design and software analysis of this organization.

1. INTRODUCTION

The purpose of this study was to investigate an advanced multiprocessor com-
puter organizational concept. This organization is called the '"Distributed Array
Memory and Processor' and will be referred to as the "distributed processor.' The
distributed processor evolved from the Phase 1 portion of this study (Reference 1);

the purpose of the Phase 1 portion was to evaluate various multiprocessor organiza-
tions for future space missions.

As a base for the study, computer requirements for a future manned space
mission were used; in particular, a manned Mars lander mission in the 1980's was
used. The basic requirements for this mission were developed during Phase 1. These
requirements were updated for this phase of the study and are presented in Section 2
of this report. This mission covers a broad spectrum of requirements (long duration,
widely varying computational loads, and high reliability demands); therefore, using it
as a base will result in applicability to many other missions in the same period such
as extended earth orbital space stations.

In addition to defining the requirements, it was necessary to define the technology
to be considered as state-of-the-art for the time period of interest before proceeding
with an investigation of the organization. Although the time period of the mission con-
sidered is in the 1980's, it is necessary to have the technology available to hardware
designers considerably ahead of when the missions are actually flown. Therefore,
technology was projected out 10 years from the present. In particular, Mos(1) LsI
technology was considered and it was projected that large wafers containing 100, 000 or
more active devices would be available.

The organizational concept exhibits the capability for computational parallelism.
Section 4 contains a discussion of parallelism within computations and results of an
evaluation of the space mission computations to determine the amount of parallelism
contained therein are presented.

(1)MOS — Metal-Oxide-Semiconductor
1-1



Figure 1-1 contains a block diagram of the organizational concept. The organ-
ization is seen to consist of a number of identical cells interconnected in a particular
manner. Each cell consists of a general purpose processor section and a small
amount of memory (512 16-bit words) on a single MOS wafer. The cells are divided
into groups (4 groups of 20 cells each are considered for the spaceborne application)
and these groups are connected by an intergroup bus for communication. Within each
group the cells communicate with each other by an intercell bus and by neighbor
communication lines. Each group will have one cell designated as a controller cell;
the remaining cells can be operated independently or dependently of the controller
cell. This organization is thereby capable of simultaneously taking advantage of
applied (global control) parallelism and natural (local control) parallelism within com-
putations. The organization is seen to be somewhat technologically dependent in that
it is desirable to have each cell manutactured on a single wafer, thereby resulting
in having one identical wafer throughout the entire organization. However, this is
not a rigid restriction since more than one wafer could be used to construct a cell,

The organization offers considerable advantages in application to future manned
space missions: (a) efficiently meeting the widely varying computational loads of
different phases of a mission, (b) efficiently mechanizing the diverse requirements of
various subsystems of a mission such as a command module and a lander module,

(c) an overall net reduction in power due to the ability to turn modules on and off,

(d) increase in reliability, given that failure rates of dormant equipment are lower
than operating equipment, and (e) enhancement of probability of mission success and
availability due to reconfiguration around failures at a low module level. The latter
advantage is most prominent for this organization since it offers many levels of grace-
ful degradation by reconfiguration around individual cell failures.

The organization was subject to a detailed analysis, in particular, the following
topics were considered: (a) the development of this distributed organization, (b) the
development of the architecture of the organization, (c) input/output methods, (d) fail-

ure detection and reconfiguration, and (e) software and executive programming
methods.

As a result of this analysis, a preliminary design of the cell was conducted.

In addition, a detailed design of the communication system (the inter-cell bus) was
accomplished.

In addition, a reliability simulation using Monte Carlo techniques was conducted
for the manned Mars lander mission. Statistics for probability of success and avail-
ability were thereby generated.

1-2
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2. REQUIREMENTS

The previous Phase 1 portion of the study included a detailed investigation of
the computer requirements for a manned Mars lander mission in the late 1970's -
early 1980's time frame. To be compatible with the greater flexibility and later time
period of probable application of the distributed processor, the requirements were
re-evaluated to include applicability to more missions and to move the time frame out
to span the 1980's. In the first paragraph of this section, the requirements for various
missions will be evaluated and updated for the manned Mars mission. In addition,
further considerations on the requirements of failure detection and reconfiguration
will be presented in this section..

2.1 MISSIONS
Manned and unmanned space missions shall be discussed in this paragraph;
within these two classifications several types of missions shall be presented as shown

in Figure 2-1,

2.1.1 Manned Missions

2.1.1.1 Orbital Space Stations

These applications may be expected to begin with post Apollo applications and
continue indefinitely. It is expected that the first stations would be semipermanent
with a lifetime of approximately 1 to 5 years; eventually the space stations would be
permanent installations. They will require the servicing of a large crew (9 to 12).

On board repair capability due to both on board maintenance facilities and resupply
from earth may be expected. Space stations with an extended lifetime may be
resupplied periodieally or possibly on demand by shuttle vehicles. This is particularly
evident when the fact that crews will be interchanged after some length of duty is noted.

This mission/application requires computer system availability as the primary
consideration of reliability. Two portions of the mission may be considered to have
somewhat of a critical nature associated with the computations: (a) rendezvous and
(b) orbital plane changes. However, the criticality of these computations does not
appear as severe as those associated with re-entry or midcourse corrections
encountered on other missions since failures here may not have as much of a direct
effect on crew survival.

Computational Functions: Some of the primary functions to be accomplished in
this mission are inventories of earth resources, astronomical observations, weather
observations, advanced communication services, and other scientific experiments; in
addition the function of a planetary assembly and launch base may also be required.
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The computational functions that will be required in this mission are:
(1) Orbital Coast functions, (2) Orbital Maneuvering, and (3) Orbital Experiments.
A further listing of functions required in each of these three phases is given below.

1. Orbital coast
a. Orbital navigation

(1) Rectify osculating orbit

(2) Update osculating orbit

(3) Compute pertubations and derivatives
(4) Update for runge kutta integration

(5) Update state vector estimate

(6) Correct state vector

b. Orbit determination

(1) Noise covariance matrix
(2) Output matrix

(3) System description matrix
(4) A priori statistics

(5) Filter computation

(6) Compute correction

c¢. IMU aline and bias

(1) Initialize matrices

(2) Propagation and noise covariance

(3) Measurement vector and output matrix
(4) Optimum estimate and control vector

d. Landmark tracker operation

(1) Selection executive routine
(2) Pointing signals

(3) Acquisition and tracking
(4) Observational residuals
(5) BM computation

e. Attitude reference

(1) Star selection executive routine
(2) Tracker pointing

(3) Acquisition and tracking

(4) Kalman filter star data

(5) Compute C? from gimbal angles

(6) Compute C%“ matrix
(7) Compute CI}; matrix
(8) Generate attitude control signal

2-3




f. Status monitoring

(1) Self test operations
(2) Performance monitoring

g. Telecommunications

(1) Data compression and processing

(2) Data formatting

(3) Command processing

(4) Transmission instrumentation pointing commands

h. Data display
Estimated requirements

Storage: 12,500 words
Speed: 60, 000 operations/second

2. Orbital experiments

a. Weather observations

b. Advanced communication networks

c. Experiment on demand (There will be many experiments onboard;
however, generally, only one particular experiment will be conducted
at any one time.)

d. Continuous scientific experiments

There will probably be a considerable amount of data compression done
here. Also there will be some data reduction for the experiments. A few major
experiments such as in the MOL mission may be expected to require considerable
computer mechanization.

Estimated requirements

Storage: 15, 000 words
Speed: 150, 000 operations/second

3. Orbital maneuvering

a. IMU mechanization

b. Navigation computation
c. Steering

d. Set up orbit injection

Some of f, g, and h (status monitoring, telecomm, display) under
Orbital Coast will also be required here,

Estimated requirements

Storage: 6,500 words
Speed: 30, 000 operations/second

2-4




It is expected that items (1) and (2), orbital coast and orbital experiments,
will be conducted simultaneously; during (3), orbital maneuvering, a small
portion of (2), the orbital experiments, may be required. Therefore the maxi-
mum requirement occurs during the orbital coast operation when full experi-
mentation is being used.

Estimated total requirements

Storage: 27,500 words
Speed: 210, 000 operations/second

It should be noted that it is also possible for the vehicle in this mission to
N | 4
be unmanned at times and possibly still be required to perform some functions
such as scientific experiments.

2.1.1,2 Shuttle Vehicles

Logistics support is essential to long duration space stations both for resupply
of expendables and transfer of crews. The duration of the mission depends on the
length of stay at the space station. Typical missions may be expected to last on the
order of 1 to 3 days. During the active portions of the mission no onboard repair can
be made. However, the mid-portion of the mission, or the time after rendezvous, may
be utilized for repair if necessary.

In general, all of the navigation and guidance computations of this mission may
be considered as critical. Probability of success will be the primary reliability
consideration in this mission.

Computational functions: the computational functions may be broken down into
seven basic phases: Prelaunch, Boost, Orbital, Orbital Maneuver, Rendezvous,
De-orbit, and Re-entry.

The subfunctions required during each of these phases are tabulated below.
1. Prelaunch

a. Accelerometer Calibration

b. IMU Aline and Bias

c. Status Monitoring and Checkout
d. Data Display

2. Boost

a. IMU mechanization

b. Navigation computation
c. Status monitoring

d. Data display

e. Telecommunications



3. Orbital

TR e ae T

Orbital navigation

Orbit determination

IMU aline and bias
Landmark tracker operation
Attitude reference

Status monitoring

Data display
Telecommunications

4, Orbital maneuver

.

S0 o R0 T

IMU mechanization
Navigation computation
Steering

Set up rendezvous injection
Set up midcourse maneuver
Status monitoring

Data display
Telecommunications

5. Rendezvous

a. Sensor pointing
b. Navigation computation
c. IMU mechanization
d. Steering
e. Status monitoring
f. Data display
g. Telecommunications
6. De-orbit
a. Set up de-orbit
b. Steering
c. Navigation computation
d. IMU mechanization
e. Status monitoring
f. Data display
g. Telecommunications
7. Re-entry
a. Navigation computation
b. IMU mechanization
c¢. Steering
d. Status monitoring
e. Data display
f. Telecommunications

2-6




The first five phases will probably be loaded into the computer initially; then
the last two phases, De-orbit and Re-entry, will be loaded into the computer when
needed. This then results in the following computer requirements:

Phases 1 through 5

Storage: 19,500 words
Speed: 85, 000 operations/second

Phases 6 and 7

500 words

Storage: 1
75, 000 operations/second

1,
Speed: 5,

2.1.1.3 Extended Lunar Exploration

The computational functions required during this mission are very similar to
those required in the interplanetary lander mission. The primary difference in this
mission is the exclusion of certain functions such as spin up, de-spin, and aero-
braking maneuvers required for the command module in the interplanetary mission.
Computational functions associated with the lander module are expected to be closely
identical for both missions. The lunar lander may be expected to have more equip-
ment on board for experimentation; however, it will also have the capability for a
much higher data transmission rate to earth, primarily due to the shorter communi-
cation distance. Therefore, the total computational requirement is expected to be
similar since more experiments are involved; however, less data processing for
each of the experiments (data compression, etc.) need be performed at the lunar
base, There will be a significant amount of information collected from satellite
probes, roving vehicles, etc, The lunar bases are expected to be semi-permanent
or permanent in nature with periodic resupply. The capability for on site repair is
expected to exist due to the extended nature of the mission.

2,1.1.4 Interplanetary Lander

As a prelude to most interplanetary lander missions,one or more flyby missions
will be conducted to gain preliminary data on important parameters such as atmos-
pheric parameters, radiation environment, etc. The early missions will be to the
planets Mars and Venus. A thorough discussion and presentation of the computer
requirements for this mission was given in the first quarterly report of the Phase 1
portion of this study. (1) A brief summary of some of the requirements along with new
information and changes in the requirements due to the extended time period of
application (the 1980's) is given here.

The computer functions fall into four major categories:
1. Vehicle guidance and control
Telecommunications

2
3. Scientific experiments
4

System checkout and monitor

(I)Reference 2
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This is not intended to imply that the vehicle contains equipment with four independent
or separate computational functions. For example, the system checkout and monitor
function services all the equipment interfacing with the computer system and the
vehicle guidance and control function and the scientific experiments function inter-
change computed results primarily derived from navigation and guidance equipment.

A list of potential instrumentation for scientific experiments was given in the
Phase 1 final report. (1) As more data became available (References 3 and 4) it was
possible to update and add to the initial scientific experiments function. Also, since
the time period of application is beyond that considered in Phase 1, it is likely that
a considerably larger scientific experiment payload will be used. The following is a
revised tabulation of scientific experiments for interplanetary and Mars orbital
phases. This list contains only experiments that require or have the possibility of
computer usage. Examples of experiments that do not require the computer are
maintenance with special tools, collection and observation of soil samples, etc.

2.1.1,4.1 Interplanetary Experiments. These experiments are all conducted
in the command module and will utilize computational facilities on board this vehicle.
The experiments may be listed in four basic classes:

1. Investigation of interplanetary bodies: comets and asteroids in close
approach with the vehicle will be studied.

2. Analysis of the interplanetary medium: various environmental properties
need to be monitored such as: neutral gas, charged particles, neutrons,
electromagnetic radiation, meteroid, magnetic fields, etc.

3. Observations of solar phenomena: various observations will be made to
determine properties of the photosphere, chromosphere, corona, and
magnetic moment and fields.

4. Analysis of the aeromagnetosphere: measurements will be made to
determine a magnetic field map and magnetically trapped energetic
charged particle belts.

A tabulation of some of the specific items to be obtained from these classes of
experiments is as follows:

Meteoroid (flux, mass, density, velocity, directional, and spatial distribution)
Magnetic field (mapping)

High-resolution photographs of the Sun

Coronal Photography

Sequential White Light Coronal Photography

Coronal spectra

X-ray scans of solar disk and corona

(I)Reference 1
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Large-~scale coronal photos

Lyman-Alpha spectra of flares

Stellar photometry

Neublar photos in Lyman-Alpha

Multi-color mapping of the Milky Way

Map entire sky in the 1 to 10 uIR

X-ray mapping of the entire sky

U.V. photometry of strongly reddened stars

U.V. polarimetry of strongly reddened stars

U.V. photometry of galaxies and radio stars

Galaxy photography

Zodiacal light photometry

Solar high-energy protons

Galactic protons

Solar high-energy electrons, Alphas

Solar wind protons

o 1 1
Liede Lo Xe & Vi

4.2 Mars Orbital periments, The scientific experiments to be con-

ducted in the Mars orbital phase of the mission may be broken down into three basic

classes:

1.

Analysis of the topography and surface composition of Mars: Measure-
ments will be made to determine the amount of energy absorbed and
reflected by the planet in different regions of the electro-magnetic
spectrum, the composition of various areas of the plant, the existence
and distribution of plant life, the topography of the planet, geological
and geophysical investigations, etc.

Determination of the periods and gravitational properties of Mars: The
gravitational field and rotation of the planet will be determined and various
properties of the satellites of the planet will be determined.

Analysis of the martian atmospheric structure and composition: Measure-
ments must be made to determine the molecular and isotopic density
distributions, the atmospheric density, the pressure, the temperature,
ete.



In addition some of the four basic classes of experiments listed under Inter-
planetary will be applicable during the Mars orbital phase also such as magnetic field
measurements, charged particles measurements, etc.

To accomplish the desired experimentation objectives the performance of the
scientific experiments may be divided into those centering around two separate areas:

1. Mars orbital
2. Mars surface

more specifically, this could be listed as those experiments centered around (1) the
Command module which remains in Mars orbit and (2) the excursion module which
descends to the surface of the planet and then returns to rendezvous with the command
module, A further breakdown as to the location of experiments within these two
centers is given in Figure 2-2,

The command module is initially in orbit with the excursion module. There are
a number of experiments that will be conducted directly from the command module.
In addition, there will be several probes launched from the command module; these
may be divided into orbital and lander probes. Orbital probes will be used to attain
widely different orbits than that used by the command module such as highly elliptical
orbits. These probes will monitor environments and perform reconnaisscance func-
tions in areas out of reach of the command module. One or more lander probes will
be launched from the command module; these may either be hard or soft-landing
probes. Also it is possible for probes to be launched to the martian moons, Phobos
and Deimos, in addition to the Martian surface.

In most likelihood these probes will not contain their own computational capa-
bility. The scientific and engineering data that is collected will be transmitted back
to the command module for data processing, analysis, and storage. The specific
scientific experiments to be conducted by these probes will not be listed here since
the only interface the computer system has with them is via the transmission link
and the data processing on the data received from the probe experiments is expected
to be quite similar to that on the experiments conducted in the command module.

The excursion module is launched from the command module at some time after
the command module probes have been launched. A base will be set up as a base for
surface activities. The scientific experiment activities that will be conducted outside
the base will include those on (1) the MOLAB (a roving manned vehicle), (2) automatic
stations (unmanned fixed stations), (3) rockets and balloons (launched from the base
primarily to study the atmosphere). Computation capability will exist at the base and
more than likely on the MOLAB. The other scientific experiment facilities will
transmit their data back to the base for data processing, analysis, and storage. The
base, in turn, will transmit reduced and formatted experiment data back to the com-
mand module. A listing of surface experiments is given in this section.

Some of the specific items expected to be derived from the experiments are
listed. The experiments are divided into two areas as noted before: (1) those center-
ing around the Mars orbital activities and (2) those centering around the Mars surface
activities. :
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MISSION

VEHICLE
| 1
COMMAND EXCURSION
MODULE MODULE
PROBES BASE
AUTOMATIC
DER MOLAB ROCKETS BALLOONS
ORBITAL LAN STATION

Figure 2-2. Experiment Location Tree

Mars orbital;

1,

10.

Orbital parameters such as: semimajor axis, period of revolution,
eccentricity of orbit, orbital inclination to the ecliptic, mean daily
inotion, longitude of the node, longitude of the perihelion, mass,
axis inclination, perihelion, aphelion, mean-orbital velocity, length

of year, etc.

Radiation belts

Ionosphere and radio wave behavior

Photographic mapping

IR mapping

Radar mapping

Wind velocity

Cloud photography

Solar spectral absorption

Magnetic field
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11, Solar plasma

12, Charged particles
13. Topside ionosonde
14. Electron density

15. Ion composition

16, Radio noise monitor
17. Gust distribution

18. Search for satellites

19, Determination of the martian moons' Phobos and Diemos, parameters
such as size, shape, surface features, orbital parameters, etc.

Mars surface:

1. Topographic mapping
2. Siesmic station short-period range
3. Seismic station long-period range
4, Short-range seismic reflection and refraction
5. Long-range seismic refraction
6. Gravimetry
7. Magnetic field
8. Magnetic permeance
9. Resistivity

10, Temperature

11. Heat flow

12, Beta Gamma mapping

13. Gamma mapping

14. Neutron flux

15. Alpha scattering

16, Gamma scattering

2-12
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17,

18.

24,
25,
26.
27.
28.
29,
30.
31,
32.
33.
34.
35.
36.
37.
38.

39,

Neutron scattering
X-ray diffraction

IR spectrophotometry
Emission spectroscopy
X-ray fluorescence
Neutron activation
Mass spectrometry
Gas chromatography

Thermal analysis

UV absorption spectrophotometry

Atmospheric pressufe
Atmospheric density
Wind velocity

Total incident sunlight
Cloud photography

Solar spectral absorption
Atmospheric composition
Water vapor

Oxygen

Ozone

Lander ionosonde

Radio noise monitor

Riometer
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2.1.1.4.3 Computational Functions for the Scientific Experiments: There are
basically four computational functions required to mechanize the scientific experiments.
These are:

1. Data processing

2, Sequencing and scheduling
3. Pointing and control

4, Data storage and retrieval

Figure 2-3 shows these four basic functions and the next sublevel in these
functions.

2.1.1.4.4 Data Processing. The data processing function consists primarily
of data compression, data handling, and data reduction and analysis., The Phase 1
final report contains a detailed discussion of computational algorithms that may be
applied in data compression. Two main types of data compression were cited in
this report, namely: Compression by an encoding or curve fitting method whereby
the data may be reconstructed after compression and compression by computing some
statistical properties of the data (such as mean and variance), Examples of the first
type of compression are:

1. Debiasing

2. Difference coding

3. Zero order polynominal predictor

4. Zero order polynominal interpolator

5. First order polynominal predictor

6. First order polynominal interpolator

7. Orthogonal polynomial series
Examples of the second type of compression are:

1. Quantiles representation

2. Representation by moments
As mentioned above detailed computational algorithms were given in the Phase I
final report for the data compression methods. Data compression will be used
wherever applicable on scientific experiment data to reduce the amount of data (1) to

be transmitted back to earth, thereby reducing the communication band width require-
ments and (2) to reduce the total data storage requirements.
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The data handling function primarily consists of sampling experimental data
and routing it to the proper area for processing, display, transmission, or storage.
This is principally an executive control-type function with tables that are cycled
through periodically. It should be noted that these tables can be both fixed and
variable, since some may require changes on the basis of previous experimental
results, changes in the mission, etc.

Data reduction and analysis functionally is the complete reduction of measured
data into a useful and meaningful result, With man on board this function becomes
important since there is now an adaptive element in the loop controlling the sensors.
Based on the results from experiments the astronaut may decide to perform more
extensive experiments on an item of particular interest or even to possibly reduce or
eliminate certain experiments, This capability is very important when one considers
that there is a considerable time delay in communicating data to a ground facility for
data reduction and analysis, The communication time delay may preclude the
adaption of an experiment to changes in conditions which may exist for a very short
time,

Two examples of data reduction and analysis were given in the Phase 1 final
report, namely (1) composition analysis of a soil sample and (2) human performance
evaluation. The particular computational algorithms will of course depend on the
particular experiment involved.

2.1.1.4.5 Sequencing and Scheduling. These computational functions are mainly
executive control type of operations. Experiments may be sequenced or scheduled
based on time and position information and other events that occur in the mission. The
sequencing and scheduling could be fixed or adaptive. The computer is particularly
useful when an adaptive role is needed in sequencing and scheduling, The procedures
followed could vary considerably based on the outcome of previous experiments,
changes in mission plans, etc. Computational functions required to mechanize this
consist primarily of tables containing conditional logic sequences.

2.1,1.4.6 Pointing and Control. Some of the experiment sensors will require
pointing and control to obtain the desired information in an optimum manner. The
more obvious of these being the telescopic systems including the TV, infrared, etc.
Computational functions here will require the computer to accept angular position and
rate signals from the sensors and based on inertial navigation information compute
appropriate pointing commands.

The computer can also be used to control the pointing of scanning sensors to
prevent excessive overlap between frames. This involves the coordination of the
pointing mechanization with navigational data. This is one example of an interface
between two major computational functions namely navigation and guidance and
scientific experiments. Another application of the computer in a real time control
loop is in the performance of image motion compensation. The functions required
here involve logic and arithmetic manipulations similar to those required in the
navigation and guidance routines.

2.1.1.4.7 Data Storage and Retrieval. There will be voluminous quantities of data

from a wide variety sources and in a broadlv diffrent spectrum of formats.The computer can
assist in the data storage and retrieval function by assembling and formating the data for storage.
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This will involve placing appropriate headers with blocks of data noting important
or revelant mission parameters such as time, position, calibration data, etc. Also
the computer can assign storage locations depending on the rate and quantities of
data coming in from the total scientific experiments package.

It is expected that the astronaut will require the capability to retrieve data at
will from the central data storage facility. He will desire access to data taken from
experiments. This data may be called up in different catagories, some examples
are, by experiment number, by time period, by sequence number (position in a file or
experiment), or simply by storage location, The astronaut should have the capability
of interrogating the central storage system through simple commands and have it
respond by selecting and displaying in an optimally useful way the data relevant to
the inquiry.

An example inquiry may be the request by the astronaut to review all temperature
measurements made by a sensor over a certain period of time, The system should
therefore scan the memory for the relevant data, compile the data with respect to
chronological order, and display the results in a form for ease of reading and inter-
pretation. It is conceivable that the requests may also be for data which will require
computation on certain measured data. For example, instead of temperature alone
the astronaut may desire the heat transfer rates at certain places in the vehicle
over a given period of time. The computer system should be flexible to respond to
a wide variety of interrogation requests, thereby relieving the astronaut of manual
manipulation of data.

In addition to accessing data taken during the mission it is expected that
significant quantities of prestored scientific and operational data will be desired in
the computer system. The prestored data can be used for a direct comparison with
the measured data and generally to assist in the initial interpretation of the measured
data.

2.1.1.4.8 Requirements, One new function has been introduced in addition
to that presented in the Phase 1 final report namely the data storage and retrieval
function. As can be seen from the discussion above this function can essentially use
associative features in searching the memory in retrieval of requested data. There
are two primary methods of implementing the associative features required. One way
is to have an associative memory, the operation of which is well known and need not
be discussed here; secondly, it is possible to construct pseudo associative programs.
The software approach is particulary attractive since it naturally eliminates the
need for the associative memory. Basically the software approach requires the
placing of data in areas which are located by one or more identifying headers or keys.
When a request for retrieval of data is made, the keys are compared and once a
match is achieved that particular block of memory identified by the matching key is
searched until the desired data is found. What this method requires is the ability
to locate the data according to some fixed number of keys. The data storage and
retrieval function for the scientific experiments is expected to be readily implemented
by the pseudo associative programming approach,

The requirements in the Phase 1 final report were based on a more near term

time period and consequently the resultant data transmission bit rate was considerably
lower (20,000 bits/sec) than that which will be realized in the time period of interest
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here. The capabilities presently predicted for the 1980's appear to be in the range
of 106 bits per second (Reference5).

The fact that a higher information transmission rate will be available coupled
with the inclusion of a larger quantity of more sophisticated scientific experiment
instrumentation will result in a significantly larger amount of computational require-
ments for the scientific experiment function. An example of more sophisticated
instrumentation is higher resolution video data from better reconnaissance equip-
ment (108 to 109 bits per frame),

In addition to the increased requirements of the data processing, sequencing
and scheduling, and pointing and control functions there are the requirements to be
added by the new function, data storage and retrieval. An estimation of the increased
requirements for the scientific experiment function is given below. It should be noted
that the significant factor in affecting the speed requirements is the percentage of
data that will be subject to data processing (data compression or data reduction) prior
to data transmission. With the assumption of the higher transmission rate (106 bits/
sec), it was assumed that 10 percent of the experiment data was subject to data
processing such as compression or reduction prior to transmission.

Mars Orbital Phase

Speed: 1,325,000 short ops/sec.
Storage: 9,200 words

Non Mars Orbital Phases

Speed: 235, 000 short ops/sec
Storage: 6,500 words

The remaining three major computational functions, navigation and guidance
telecommunications, and status monitoring are also expected to increase in terms of
computational requirements. However, the increase is expected to be considerably
less than that of the scientific experiment function, Therefore, since the effects of
these increases will be quite a small percentage, the computer requirements will
simply be updated on the basis of the new scientific experiment requirements. A
tabulation of the requirements as a function of Mars mission phase is given in
Table 2-1.

It should be noted that the same discussion as given in Paragraph 2.9 of the
Phase 1 final report on computer requirements applies here. Basically the require-
ments assume a conventionally organized 18-bit-word-length computer, with multiple
accumulators, indexing features, and a basic instruction repertoire.

2.1,1,5 Interplanetary Flyby

The interplanetary flybys will be conducted prior to the lander missions and may
contain similar scientific instrumentation in a number of areas. Computational
functions similar to those required for the interplanetary lander mission will also be
required here, The primary difference between the missions being the fact that there




Table 2-1. Mars Planetary Mission Computation Requirements

Storage Speed
Mission Phase (words) (short ops/sec)
1. Atm ascent 2,224 4,812
2. Earth orbital 10, 303 110, 802
3. Trans Mars Inj 6, 161 57,554
4. Trans Mars coast 17, 886 314, 860
5. Trajectory corr 12,799 379,454
6. Spin up 12,180 308, 550
7. Spin cruise 18,476 318, 660
8. De-spin 12,180 308, 550
9. Mars appr corr 13,919 379, 454
10. Aerobraking 14,520 287, 550
11, Mars\t)rbit Inj 12,449 285,454
12, Mars orbital 24,633 1,449,402
13. Trans earth Inj 12, 869 301,254
14, Trans earth coast 17, 886 314, 860
15, Trajectory corr 12,799 379, 454
16. Spin-up 12,180 308,550
17. Spin cruise 18,476 318, 660
18, De-spin 12,180 308, 550
19. Earth appr corr 5,964 199, 554
20. Earth re-entry 8, 620 69,010

will not be a planetary orbital phase, During the orbital phase for the lander missions,
the scientific experiments data is operated on in real time and transmitted back to
earth; for the flyby mission there will only be a very short time during which data
close to the planet will be obtained. The collected data will be stored on board and
then transmitted back to earth during the cruise mode,
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There are two approaches to data processing for this data: one is to process the
data in real time before it is stored and the other is to store it in real time and simply
process it later as it is being transmitted. The first approach will reduce the total
storage required at the expense of requiring very high processing speed capability.

In most likelihood a combination of the two approaches will be used, that is, for data
which is expected to have a very high compression ratio it is likely that real time
processing will be applied. The computer requirements for this mission will be similar
to those for the lander mission. Of course the requirements for certain phases such

as planetary orbit injection and aerobraking are eliminated here. The requirements
associated with the data processing function for the scientific experiments are expected
to differ somewhat; there will be a lower processing speed requirement during the
planetary phase due to the fact that much of the data are simply being stored and the
processing speed requirement will be greater during the trans-earth cruise phase

when the stored data are being processed for data transmission.

2.1.2 Unmanned Missions

2.1.2,1 Earth Orbital

Unmanned earth orbital missions may be broken down into three basic classes:
extensive scientific 1ab satellites, advanced reconnaisscance satellites, and scientific
applications satellites. In general, the computer requirements may be characterized
by several features: long lifetime satellites will require operation over several years,
the computational requirements are relatively constant and not varying as a function
of time, and as characterized by all unmanned missions the capability for on board
repair due to human action is not available.

The computational requirements are expected to be relatively low in these
missions. Some of the basic functions that the computer may be required to perform
are:

1. Attitude control

2. Status monitoring and checkout

3. DPosition determination

4, Data processing and control for experiments
5. Command decoding

2,1.2,2 Interplanetary

Two types of unmanned interplanetary missions will be involved: flyby and
lander. Both missions have the characterisitic that the capability of human action for
unboard repair is not available, The computer requirements for the lander mission
are very similar to those for the manned lander up to and including the planetary
orbital phase (spin up and de-spin phases are not required here); the unmanned lander
mission terminates in the orbital portion, however. The unmanned lander mission
will, however, have slightly lower computational requirements due to the elimination
of certain functions, such as: display, biomedical and life support, status monitoring,
and information storage and retrieval.
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The computer requirements for the unmanned flyby are similar to those for the
manned mission, However, the unmanned flyby does not require the earth re-entry
phase and, therefore, terminates in the trans-earth cruise phase. Spin-up and de-spin
also are not required here. In addition the same comments hold true for lower com-
putational requirements due to the elimination of certain functions required in the
manned mission,

2,2 FAILURE DETECTION AND RECONFIGURATION TIME

The most critical periods during the manned Mars lander mission occur during
the atmospheric entry phases (Mars entry and Earth re-entry). The critical nature
of the computations during these phases may be appreciated when one considers that
the computer, as part of its navigation and guidance routine, is computing attitude
commands to guide the vehicle along some narrow corridor at very high speeds. A
malfunction in the computer could cause the issuance of erroneous commands which
could force the vehicle towards a temperature or acceleration limit and result in
disaster to the space mission,

The entry corridor defines the limits of the incoming velocity vector such that
an atmospheric braking maneuver can be accomplished. Entry corridors are generally
determined by establishing overshoot and undershoot limits. The overshoot limit
is defined as the skip out condition and the undershoot limit is defined as a load factor
limit for either structural or biological requirements, Several study reports were
investigated to determine what is currently being used as entry corridors and
velocities (References 6 and 7)., The worst case conditions (generally considered for
an 0.5 L/D vehicle) are on the order of 50, 000 to 60,000 feet/second entry velocities
and 70, 000 to 100, 000 feet entry corridors. Currently even more stringent require-
ments are foreseen for further out time period missions (Reference 8); entry velocities
on the order of 75, 000 feet/second and corridors of 25, 000 feet are predicted. These
predictions will be used here in this consideration of failure detection and reconfiguration
time,.

The determination of the maximum allowable time a failure can exist in the entry
guidance system is required in order to determine the necessary failure detection and
computer reconfiguration time. The determination of this time requires the assump-
tion of some nominal position of the vehicle in the entry limits and an analysis of the
dynamics of the vehicle if an error occurs (such as a hard over attitude command).
Such an analysis is beyond the scope of this study. However, based on some simple
assumptions a worst case time may be determined. If it is assumed that the vehicle
is in the center of the corridor (12, 500 feet from a boundary limit) and an erroneous
command forcing it towards the corridor limit occurs, a worst case time to the limit
may be found by assuming the vehicle velocity vector is pointed instantaneously toward
the corridor limit, This time then is 166 milliseconds to reach the limit; following
through with the same assumption a correction may be applied up to this time to
correct the erroneous command, For the purposes of this study a time limit of
100 milliseconds will be set as the failure detection and reconfiguration time. Recon-
figuration is defined here as having the critical computational program with all the
necessary values of the variables mechanized and being performed correctly in a
computational facility after a detected failure. The time defined includes both failure
detection and reconfiguration.
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2.3 COMPUTATIONAL REQUIREMENTS

The requirements (speed and storage) for the interplanetary missions are shown
in Figures 2-4 through 2-7. For purposes of assigning a specific time scale on each
figure, Mars planetary missions were considered. These figures basically contain
three mission phases: trans Mars, Mars (Mars Orbital or Flyby), and trans Earth;
this has been done to clarify the requirements and differences between missions. It
should also be noted that portions of the requirements are not continuous but required
periodically such as 1/2 hour every 5 hours etc., this also has not been shown so as
to point out the basic differences between the missions.

The requirements for the lander mission (manned and unmanned) are shown in
Figures 2-4 and 2-5. The unmanned mission is expected to have slightly lower require-
ments as discussed previously, primarily due to elimination of certain functions
associated with manned missions (display, biomedical, etc.) and also because that it
will probably precede the manned mission by several years there by utilizing less
sophisitcated technology (lower transmission rates, less experiments, etc.) It
should also be noted that the manned mission has a fixed Mars orbital time whereas
the unmanned does not.

Flyby mission requirements are shown in Figure 2-6 and 2-7 for manned and
unmanned missions. The requirements show a rise for a short period of time (approx.
1 hour) at the period of flyby and then subside to a level somewhat higher than that of
the trans Mars phase. This is due to the fact that the data collected during flyby
will be processed during its transmission to earth, For the same reasons as given
above the requirements for the unmanned mission are slightly lower than the manned
mission, The manned mission has a fixed duration, terminating at Earth re-entry
whereas the unmanned mission continues on indefinitely.

Comparing the lander and flyby missions, the requirements during the trans
Mars phase are the same for each mission. During the Mars vicinity phase, however,
the flyby mission has a much lower requirement in terms of speed and storage increase
over the trans Mars phase. This is due to the fact that there will not be real time
data processing to any significant extent on data being collected. Only a small portion
of the data may be processed and the remainder simply stored. The exact amount
of processing done here is not firm and therefore the requirements during this phase
are only postulated. The stored data collected during flyby is processed and transmitted
to Earth during the initial portion of the trans Earth phase. This accounts for the
increase in requirements during this phase over that for the lander mission (data will
be processed and transmitted in real time during the Mars orbital phase for the
lander mission).

Figure 2~8 and 2-9 represent updated versions of the speed and storage require-
ments given in Paragraph 2.9 of the Phase 1 final report. This is primarily based on
the increased scientific experiment requirements as discussed in Paragraph 2.2
of this report.
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3. TECHNOLOGY

The objective of this section is to indicate the means for mechanizing a novel
machine-organization, the distributed processor, within the constraints that are part
of the microelectronics revolution. The distributed processor will be introduced
and developed in later sections of this report in addition to detailed design des-
criptions. A summary of this description is presented in this section to place
the technology discussion in perspective,

The distributed processor is a computer organization made up of a number of
cells, each cell fabricated by large-scale-integration (LSI) on a single substrate. A
cell has both processing logic and memory and operates as a small computer. For
example, a cell may contain a memory of 512 words of 18 bits each and a small par-
allel-by-bit processor having approximately 5, 000 active devices. (See Figure 5-4).
The cells are organized into groups, each group may contain on the order of 20 cells.
For the requirements defined in Section 2, the computing system may contain about
four groups as shown in Figure 5-5. These numbers represent preliminary estimates
to describe the nature of the distributed processor and the numbers are subject to
revision as further detailed design of the distributed processor is undertaken,
However, this does establish design goals for the technology.

This section also describes current work on LSI, and some of the immediate
research-and-development goals. From this base, trends are identified which can
be extrapolated to predict the capabilities of technology for mechanizing aerospace
computing hardware within the next ten years. This speculation is a necessary part
of the dialogue between system-organization designers and hardware-fabricators in
the pursuit of advanced systems. The conceptual approach must exploit the expected
progress in the fabrication-technology without indulging in wishful-thinking. This
section points out the anticipated developments that will make it possible to construct
a distributed-processor-computer in the 1980's. Given the undeniable trend toward
more complexity, as exemplified by LSI, the concept of the distributed processor was
conceived and is being advanced as a candidate organization which effectively trades
increased hardware complexity per wafer for an advantage in reliability, expandability,
and power dissipation.

The following discussion of technology is presented in three parts: (1) A review
is given of the contemporary technologies for LSI describing the state-of-the-art today;
(2) The problems and goals of present R&D programs are outlined to anticipate the
progress toward LSI within 2 years; and (3) A projection is made to predict the achieve-
ments in LSI within ten years. Special attention is given to those recognized problems
most difficult to solve and needing particular attention to realize an effective solution.

3.1 LSI TODAY

There are two device-oriented technologies that lead the development in LSI
today. Complete functions are being mechanized by integrated networks using; (1) bi-
polar transistors or (2) metal-oxide-semiconductor-field effect transistors (MOS-FET).
Both of these competing approaches to LSI take advantage of the planar-fabrication
process in bulk silicon wafers to produce monolithic structures. Each technology
offers unique characteristics which can be exploited to achieve digital signal processing
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These characteristics are summarized in Reference 9. For any given size of the
active devices, bipolar transistors offer a basic speed advantage over MOS-FETS for
two reasons: (1)Bipolar transistors can deliver charge faster to change the voltages
across capacities that are associated with the interconnections in a large-scale-integrated-
circuit; (2) The effective Signal-swing, AV, is smaller for the operation of a bipolar
transistor. The speed advantage for bipolar over MOS transistors is about 10X (Ref-
erence 9). However, the process for making bipolar transistors is harder to control
and the transistors are larger in area compared to fabrication of MOS-FETs. The
MOS-FET approach has advantages of 2X in process simplicity and 5X less area com-
pared to the fabrication of the same function using bipolar transistors (Reference 9).
These two technologies do compete because system/circuit designers can scheme to
trade increased complexity for speed to achieve an overall desired function. There

are both advantages and disadvantages associated with complexity, but with the use of
batch-fabrication, the cost of complexity is no longer the principle factor to be con-
sidered. In particular, aerospace computing hardware is not evaluated in terms of
maximizing through (speed) or in terms of the number of computations per dollar.
Instead, the characteristics of low power, high reliability, and small physical size

are important factors. As attainable complexity increases, the advantages of MOS-FETs
over bipolar transistors become increasingly important to the system/circuit designers.

Table 3-1 is a comparison of some results achieved in LSI by each of the two
technologies as summarized in Reference 10. Also included, are entries describing
integrated circuits manufactured by Autonetics which use p-channel, enhancement mode
MOS-FETs in four-phase dynamic logic networks.

The basic feature of the distributed processor organization is the integration of
memory with processing logic on a single substrate. Assuming that the storage and
control for a single bit of memory requires about 10 devices, each cell of the processor
would then require about 100,000 devices to mechanize (N =512 x 18 x 10 + 5, 000
= 97,160 devices). Using the data from Table 1, the required area and power dissi-
pation can be estimated for a cell mechanized today by the two leading technologies.
These estimates are presented in Table 3-2, The arrays chosen from Table 3-1 are
somewhat representative of complex logic although the Honeywell Memory probably
has a more regular and simple structure then the Autonetics DDA.

It is clear from the estimates in Figure 3-2 that stand- gf power dissipation is
the dominant limiting factor which makes the fabrication of 10° devices on a single
substrate unfeasible today. It is also clear that at this level of complexity the advan-
tages of MOS-FETs over bipolar transistors are impressive.

There are other batch-fabrication technologies being developed that might provide
low-standby power and, therefore, should be considered as a means for mechanizing
the proposed distributed-processor. Three of these are: (1) Cryoelectric thin film
devices; (2) Optically coupled logic and memory devices and; (3) Heteroepitaxy of
thin semiconductor films in which active devices are fabricated.

Cryoelectric technology has been promoted as a means for realizing very large
memory subsystems in which the overhead-like expense and power consumption of the
refrigeration equipment can be spread over a very large number of bits e.g., 109 bits.
(See Reference 11). However, one of the principle motivations for developing the con-
cept of the distributed processor is to improve computer reliability. The use of
cryoelectric technology would require that the reliability of the refrigeration

3-2




mur 919 92 4 ZHY 002 00L°92 3S1 L5000 SO I5p0oos(d IL
39y 11ys

mu 10 8 6g ZHW ¢ 008 ‘12 08¢ 9210°0 | xerodig 119-22 LL
8oy NYS

MW G6 0 11 0¢1 ZHY 00§ 009 ‘L€ 8S1 2¥00°0 SO 1ng-12 O-d D
8oy BIYS

MU Ze 0 g1 00g [zZHW T 00S ‘76 €19 S900°0 SO 119-001 O-V AND
J1Ys TerIog

AW 8T 22 0.3 14 000 ‘ST 0¢S1 10°0 | xejodlg | peo [o[[eied LL
Krowopy

AW G g VI 0Sg 4 000 ‘%1 001 1.,00°0 | xejodig [[omlouoy 1L
doy

N A | 9 061 |ZHW G 006G ‘92 091 900°0 | xerodig 1Ys 119 8 IL
Leaxy

L ige 09 0021 6g 034°1 002°1 L0 | xejodig €G SOLI9g IL

mur G900 0¥ 0S ZHY 063 000 ‘6S 0LL €10°0 SO vad [soneuoiny

90149 sped MU J9su ~Ul/ 801a8( S901A9(] Zul 90149 musuoduio) ‘81
Iad 1emod Jamod poadg | sua(g s99143( Jo "oN BOIY

9961 ~ sjusuodwo) juowdmby pajexdajul - 1-¢ 9[qBL

3-3




Table 3-2. Extrapolations to Distributed Processor

Bipolar* MOS**
Required Area for 10° devices 7.0 in2 @ 14, 000/in? 1.6 in2 @ 60, 000/in2
Power dissipation for 10% devices 250 watts -25 ns speed 6.5 watts -250 kHz clock
Figure of merit

*Honeywell Memory used as representative (See Table 1)

**Autonetics DDA used as representative (See Table 1)

equipment was much superior to that of the distributed-processor-cells, a claim which
has never been suggested. The power consumption and size of such a system would
also be very large.

Optical computing elements have been described in the literature; (Reference 12)
and their use for inter-cell data-transmission has been considered. The use of optical
coupling from radiating storage and logic devices to sensing devices should be faster
than achievable by wired interconnection but the efficiency of the coupling, in terms of
the energy required to transfer the data, probably will be less. The most complicating
feature in the use of LSI with optical devices is the additional constraints of physical
registration and allignment of devices to achieve the desired optical paths. The LSI
technique of discretionary wiring, to enhance yield, is more difficult to use because
the physical location of electrically tested circuits is no longer arbitrary. The develop-
ment of materials, devices and LSI techniques for optoelectronic computing systems
may lead to dramatic advances in computing performance. While the potential for
such breakthroughs is acknowledged, the use of optoelectronic technology does not
appear to offer predictable advantages for the proposed distributed-processor.

The growth of thin-semiconductor-films, in which active devices can be fabri-
cated, is receiving considerable attention because of the potential for LSI. Aparticular
example is the growth (Heteroepitaxy) of single-crystal silicon-on-sapphire (SOS) by
chemical-vapor deposition. Since this technique was developed by Autonetics research
chemists (Reference 13), Autonetics engineers have taken a particular interest in this
new candidate for LSI. The basis of this interest is the possibility of creating large
networks of devices having unusually small stray capacity, i.e., high speed potential.
There are two reasons for the small stray capacity:

1. Interconnecting lines are made on top of the insulating sapphire surface.
Conductor-to-substrate capacity is eliminated.

2. The P-N junctions for devices are formed perpendicular to the substrate.
Therefore, the junction area is directly proportional to the thickness of
the film which is typically one micron. Junction capacity is extremely
small, a few femto-farads (femto = 10~ 19),
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Using SOS, three kinds of useful computing devices have been fabricated: diodes,
p-channel MOS-FETs, and n-channel MOS-FETs. Combinations of all three have been
fabricated successfully on the same substrate so that complementary devices can be
used to realize memory and logic functions. Based on these developments, two LSI
projects have been attempted at Autonetics:

1. Project 1 involves the design and fabrication of large diode-arrays. Perfect
96 x 70 arrays have been delivered to the Massachusetts Institute of Tech-
nology for a read-only memory application.

2. Project 2 involves the design and fakrication of large complementary flip-flop
arrays for high-speed, very low-power read/write memory applications.
Yield of the R-S flip-flops in a 22 x 24 flip-flop array is low at present, but
the characteristics of working flip-flops are encouraging. The description of
this memory array and some measured characteristics are summarized as follows:

Size: 17 devices per flip-flop (6 p-channel MOS-FETs, 6 n-channel MOS-FETs,
and 5 diodes)
25 x 25 mils per flip-flop.
22 x 24 flip-flops per array
The array includes power distribution and read-out electronics.

Packing Density: 22, 000 devices/inz on 1 in. dia sapphire substrate

Standby Power: 60 nanowatts per flip-flop at room temperature.
(512 x 18 flip flops would dissipate less than 1 milliwatt)

Speed: Read operation - 200 nanoseconds
Write operation - 300 nanoseconds

The development of the complementary SOS technology is important to the
realization of the proposed distributed processor. The combination of high speed and
very low standby power is unique to the complementary circuit and, with SOS, the
mechanication is very attractive. The major cause for the low-yield at present is
the critical nature of the doping-process step which converts the silicon to form the
channels in half of the MOS-FETs. Experimental work is in progress on new process
steps and device structures to simplify or eliminate this critical step in the fabrication
of complementary integrated circuits. It should be noted that the dimensions of the
individual devices on SOS are about three times larger than comparable dimensions of
devices built in monolithic form. This is an indication of the current state of the
development and does not constitute a fundamental limit due to photolithography or
imperfections in the silicon film. Work on devices with smaller topologies is planned.
Figure 3-1 is a photograph of the complementary flip-flop memory array.
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3.2 LSI IN TWO YEARS

Research and development programs are in progress to solve the recognized
problems in LSI. This work can be divided into three categories:

1. System/circuit design through mask-set fabrication
2. Materials, devices, process improvements and packaging
3. Testing and customizing

This section of Section 3 will describe the nature of the problems under study
and predict the state of the development in two years.

3.2.1 Research Category 1 - Computer Aided Design

When circuits are assembled from discrete components, it is possible to confirm
the validity of a circuit-design or adjust parameters by building a bread-board model.
A valid comparison could be made between actual performance and predicted perform-
ance. Two basic complications frustrate this approach in LSI. First, LSI makes it
possible to build systems which were impractical to build with discrete components.
The word, '"large", in LSI really adds a distinctive new feature to the design problem.
It must be recognized that LSI will produce complex circuits of non-linear elements
which are many times more difficult to analyze, in terms of device models and
equivalent circuits, than any previously analyzed circuits. This fact could be ignored
if it were not for the second complication: the system/circuit designer cannot avoid the
detailed selection of the topology of the integrated circuits. The relationships of device
sizes and layouts to design-performance-goals could be used by systems/circuit
designers for performance-optimization if the design process were augmented with
machine-aids. However, the optimization of dynamic-performance through a man-
machine interchange (e.g., conversational-mode computing) is a huge undertaking.

LSI leads to smaller packages but to simulate the complex inner working will require
the solution of many simultaneous non-linear differential equations which describe the
network-dynamics. As a result, it can be seen that smallness in size does not make
the system problems any easier to solve. In fact the problems are more difficult if
only for the reason that integration excludes the flexibility afforded by the manipulation
of separable subsystems.

Current R&D work on computer-aided design is directed toward the creation of
new design tools for the automatic handling of design details as described above. The
objectives are to permit the designer to exer cise simulated alternative designs, to
select optimum device characteristics and to create the tooling (optical masks) for the
fabrication of systems using LSI. -Further, computer-aided design development
promises to relieve the designer of the greatly increased, tedious, book-keeping chores
in which the human is most prone to error. In two years, these design tools should
develop to permit the dynamic simulation of MOS-FET networks with about 100 nodes.
The quality of the device-models will still be fairly crude and the man-machine interac-
tion will still be painfully awkward, but estimation of dynamic performance and
optimization of topology should be possible in 100 node networks. However, the auto-
matic layout and generation of art work (masks) for LSI will not be possible within the
next two years. Human pattern-recognition-skill will outperfrom machines for these
tasks in the foreseeable future.
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3.2.2 Research Category 2 - Materials, Devices, and Processes

Significant advantages have been attributed to complementary MOS-FET circuits
on sapphire for the fabrication of the proposed distributed processor. The anticipated
development of this technology, CMOS by SOS, is judged to be of special interest for
the purposes of this report.

The Autonetics project on the CMOS by SOS memory array should produce a
complete working memory module with about 10,000 devices integrated on a single
substrate. This accomplishment will result from three developments:

1. Improvements in the quality of the single-crystal silicon film which are
grown on the sapphire will permit predictable and repeatable diffusion
operations.

2, An alternative method will be found to replace the critical process step
which is used now to convert (dope) the silicon when forming the channels
in one-half of the complementary devices

3. Discretionary wiring will be used to enhance the yield by combining function-
ally- tested flip-flops into custom-wired sub-arrays, e.g., 16 x 16 working
flip-flops from a total of 22 x 24 flip-flops.

It should be noted that CMOS by SOS is not a one-company development any
longer. In particular, RCA is reporting significant progress under a USAF sponsored
program in this same technology (Reference 14 and 17).

There are other process developments in LSI which will contribute to the eventual
mechanization of the proposed distributed processor. For example, the experimental
work at Texas Instruments on multilayer-interconnects and their pioneering work on
automated discretionary wiring are of particular interest (Reference 10). Both of these
developments are keys to the successful fabrication of very large, high-density arrays
of devices such as those in the proposed distributed processor. Texas Instruments has
made substantial investments in capital equipment, e.g., automatic CRT generation
of masks and automatic laser-position-s ensing plotting machines, to support their
judgement on the potential of discretionary wiring and automation in LSI.

Packaging of CMOS by SOS wafers will be developed to increase the volume-
density of devices to form more complex computing subsystems. For example, it
would be possible to realize one cell of the proposed distributed processor in a cubic
inch within two or three years by stacking 18 of the previously described Autonetics
CMOS memory wafers with a processing wafer to form a physical structure resembling
that shown in Figure 3-2. This packaging concept is under development at Autonetics
for the Diode-Array Memory program. Interconnection from wafer to printed-circuits
are shown as conventional ball-bonds but a better method should be developed. Two
candidates are:

1. An adaptation of the beam-lead concept, developed by Bell-Telephone
Laboratories

2. The combination of ultrasonic techniques with flip-wafer to execute simultane-
ous bonding of the metalization pattern on the wafer to external wiring patterns.
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3.2.3 Research Category 3 - Testing and Reliability

One of the most sobering aspects of LSI involves the matter of establishing the
testing program and the criteria for acceptance of a processed wafer. It should be
noted that a computer cannot be tested completely because it can exist in too many
internal states to permit the complete exercise of the machine. The fact that a
machine might exist on a single substrate does not change the astronomical number of
tests that would be required for complete testing. In addition, integration tends to
add a number of unplanned for internal states, characterized by unique worst-case
combinations of regular internal states and signals, whose existence would be difficult
to predict. Finally, the option to exercise seperable subsystems is lost by the act of
integration. Under these conditions, the question of what constitutes a failure-in-the-
field is difficult to answer. It is apparent that a designer must prepare carefully to
be able to define the test-for-acceptance at the end of the fabrication process. This
preparation will involve three areas: 1. Simulation will assist in the search for
worst-case conditions before array-designs are cast. 2. Discretionary wiring will
help to restore the advantage of being able to perform functional tests on smaller sub
systems on the wafer using external-to-the-wafer instrumentation. 3. Built-in-test-
equipment will be included to provide integrated instrumentation to assist in the testing
of large integrated systems.

In two years, a combination of special probing/testing machines and built-in-test-
equipment will be used to inject test-signals at operating speed, to monitor the responses,
and to perform the data-management required during acceptance-testing. In this same
period the development trends in LSI technology will become clearer as experience
with largeness is gained and new problems are recognized. These trends will further
influence the machine-organization designer as he attempts to exploit the technology.
For example, the ease of building shift-registers in integrated form might lead to
conceptual approaches which trade memory capacity for access speed. Another strong
possibility is to incorporate error-detection and error-correction coding into the hard-
ware so that reliability may be improved using data-redundancy, as described in
Reference 15. Reliability improvement through hardware redundancy has also been
described in very great detail in Reference 16. The distributed processor is another
candidate organization which suggests an approach to afffect a trade of hardware for
reliability. However, on the question of predicting the reliability of complex integrated
arrays, very little is known. The claim that batch-fabricated interconnections on a
wafer must improve matters is generally accepted; as already discussed, the distinction
between production faults and in-the-field failures is blurring due to the difficulties in
defining acceptance tests for the complex products of LSI. Nonetheless, it is possible
to predict that integrating complete complex functions on a wafer, such as a cell from
the distributed processor, will probably provide a good increase in system reliability
due to a decreased number of interconnections from each wafer and a decreased
number of packages.

3.3 LSIIN TEN YEARS

The feasibility of building the distributed processor, described in this report by
1978 requires the development of a number of disciplines in parallel; e.g., computer-
aided design, materials, devices, processes, automatic testing and data-management.

The states of development for these LSI fundamentals have been described in
previous parts of this section. In the following paragraphs of Section 3, a closer
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examination is made of the distributed processor so that the progress required to
achieve this advanced computing hardware can be appreciated. The question of feasi-
bility in ten years can then be resolved into specific judgments concerning the reality
of specific predictions.

Figure 3-3 is an illustration suggesting a gross layout using SOS for a cell from
the proposed distributed processor. The memory section of this diagram includes
provision for both data redundancy (double-error-detection, single-error-correction
using 8 extra bits for the coding) and for discretionary wiring (within each memory
subarray, 768 flip-flops exist from which 512 will be selected by discretionary wiring).

It is not the intention to specify a [irm commit ment to using data redundancy
and in particular 8 extra bits for purposes of achieving higher yields. However, these
numbers are used to illustrate a possible method to approach higher yields and will be
used in the sample calculations for a cell.

The processor section includes sufficient area so that more than one copy of the
processor can be fabricated. Discretionary wiring can then be used to choose a good
processor and thus increase the wafer yield. The first obvious question concerns the
density of devices required to integrate such a cell on a single substrate. The highest
densities will be within the memory arrays. The number of devices that must fit into
such a subarray is computed as follows:

N = 19 devices/x 768 flip-flopg/ _ 7680 devicey/
flip-flop subarray subarray

The alloted area on Figure 3-3 for each subarray is computed as:
2

. D 1l _D _ D . 2
A= 12 /—2-] X [3 ﬁ:l = 5 inches

where D is the diameter of the sapphire wafer.

The growth of larger sapphire crystals can be anticipated to provide wafers which
are 1.5 inches in diameter (compared to 1 inch maximum diameter now). Thus the
required density within a memory subarray will be:

; - i . ; . 2
Density = 3.25/72 inchos = 245,000 devices/in

Compared to the present Autonetics CMOS memory project, this is an increase of
about 10X in density. It was noated earlier that a factor of 3X decrease in linear dimensions
could be expected within the CMOS by SOS array of static flip-flop without pushing the
present state-of-the-art in Shotolithography. Therefore, it does appear feasible to
achieve an increase of (3X)% which approximates the required factor of 10X to realize
the densest part of the cell. If more memory capacity were desirable, it might be
possible to trade access time and power to gain the higher density found in dynamic
shift registers. This option is available to the machine-organization designers to
increase the cell memory as the concept of the distributed processor is developed.

(An explicit tradeoff of static versus dynamic shift register memories is not in order
here; however, the shift register memory will be practical to build if its power dissi-
pation can be sizably decreased from that of today).
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The second basic question concerns the power dissipation of the static memory.
Total power dissipation is composed of two parts: (1) standby power, and (2) dynamic
power. The basic advantage of CMOS by SOS is that low standby power can be achieved
simultaneously with high speed performance within the memory subarrays. This
standby power is computed using measured data from Autonetics CMOS static Flip-flops
as follows:

512 Flip-Flops/ x 60 nanowatts/

P_ = 24 subarrays x Subarray Flip-Flop

s
= 740 microwatts per cell at room temperature

‘The standby power for an entire distributed processor should be less than 0.1 watts.
(1mw /cell x 20 cells/group x 4 groups< 0.1 w). Recalling that the duty cycle on memory
cells is very low, the basic advantage of CMOS by SOS is impressive.

Dynamic power, consumed by charging and discharging the nodes of the network
during operation, is more difficult to estimate. The dynamic power associated with
any single node of the cell would be computed as:

_ 2
PD (1 node) = CN V™ f watts
Assuming an average of 10,000 active nodes in the whole distributed processor,
each having an average of 5 pf capacity, a supply voltage of 10 volts, and an operating
frequency of 2 mHz (easily obtainable using CMOS), the dynamic power is:

Py = (10% x (5 x 10712) x (102) x (2 x 105) = 10 watt

The dynamic power completely dominates the standby power at room temperature.
The total operating power, 10 watts, is divided among some 80 cell wafers so that there
does not appear to be a power dissipation (heating) problem using CMOS by SOS.

The capacity to produce, in 1978, CMOS by SOS integrated cells of about 200, 000
devices for the processor including redundant processor arrays, is more a question of
management and company goals than of technical limitations. Progress in materials
and processing techniques, e.g.,ion-implantations, multiple heteroepitaxy, multilayer
interconnects, must be matched by progress in the following contributing fields within
the next ten years:

1. Computer aided design including advanced I/O equipments should permit the
man and machine to function in the conversational mode. Dynamic simulation
of an entire memory subarray (7680 devices) or the processor (5,000 devices)
must be possible. The simulation programs should permit the detailed
selection of topology of the networks including device dimensions, physical
location, and interconnection patterns to optimize performance.

2. The use of computers will be extended to the automatic production of the tool-
ing i.e., the layout and fabrication of the photo-mask-sets. At the level of
complexity represented by a cell from the proposed distributed processor,
the quantity of detail in such a mask set is too great for human generation.
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3. The use of computers will be extended to the control of the acceptance testing
including dynamic functional testing and data management followed by the
automatic generation of masks for discretionary wiring. Retest of the custom-
wired packaged cells must also be under computer control. The access to
various subsystems on the wafer will make particular use of multilayered
wiring and built-in test signal generators.

The importance of all these parallel developments in LSI is appreciated by the
management throughout the industry as evidenced by their direction of R&D funds.
Therefore, it is predicted that the technology will exist in 10 years to build the

distributed processor
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4., PARALLELISM

4,1 INTRODUCTION

This section of the report covers parallelism within the computations. Definitions
of parallelism will be given and a discussion of the methods and procedures used to
evaluate parallelism within a set of computations will be presented. Parallelism will
be investigated in order to provide a basis for evaluating various parallel or distributed
computer organizations. In particular, the amount of parallelism that may be utilized
will be evaluated and the methods of making usc of parallelism or assigning parallel
operations shall be investigated. Finally, results derived from the application
of parallelism studies to the spaceborne computational problem shall be presented.

Two types of parallelism, applied and natural, may be defined as follows: Applied
parallelism: The property of a set of computations that enables a number of groups of
identical operations within the set to be processed simultaneously on distinct or the
same data bases. Natural parallelism: The property of a set of computations that
enables a number of groups of operations within the set to be processed simultaneously
and independently on distinct or the same data bases.

It may be noted from these definitions that applied parallelism is a special case
of natural parallelism, since the naturally parallel operations could be groups of
identical operations. The distinction between the two types is introduced since it has
important implications with regards to computer organization. The two types of
parallelism will be illustrated with the simple example in Figure 4-1.

The example is the computation of the expression a/x + b/x + cy = Z. Figure 4-1
illustrates how the expression would be computed in a sequential manner. The numbers
above each circle indicate the time that might be required to compute each term on a
sequential computer (S). If applied parallelism were capable of being taken advantage
of, the computation on such a machine would take place as illustrated in Figure 4-2.
The term A/S in this figure is the ratio of the time required on the machine with the
capability for executing applied parallelism to the time required on the sequential

Figure 4-1. Sequential Steps in Computation
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Figure 4-2. Applied Parallelism in the Computation

machine. It should also be noted that a degree of applied parallelism of 2 is utilized
in Figure 4-2 (this occurred during the parallel computation of a/x and b/x).

If the capability for taking advantage of natural parallelism is now introduced,
then the computation may take the form illustrated in Figure 4-3. It should be noted
that the term cy may now be computed in parallel with a/x and b/x. The total
computation illustrated by Figure 4-3 may be classified as utilizing natural parallelism;
however, it should be noted that a subset of this may actually be classified as applied
parallelism as indicated by the dashed lines. Therefore, the computation may be said
to consist of applied and natural parallelism; this combination may be referred to as
total parallelism. Utilization of total parallelism results in the reduction ratio T/S
in Figure 4-3. With this introduction to the notion of parallelism, some of the
problems in attempting to analyze a set of computations to determine the utilization
of parallelism will be given next.
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Figure 4-3. Applied and Natural Parallelism in the Computation
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4.2 ASSIGNMENT AND SEQUENCING PARALLEL OPERATIONS

It can be seen from the above simple example that an important part of any
parallelism analysis is the formation of computation graphs to study the degree of
parallelism utilized and the inherent reductions in computation time. Unfortunately
the graphs are quite complex to construct for problems of practical interest. It will
be shown below that the problems encountered in forming the graphs are analogous
to those studied in assembly line and job shop scheduling theory. This particular
topic will be treated first before discussing the overall problem of analyzing
parallelism in the spaceborne computational problem.

An important consideration in the analysis of parallelism is the degree of
parallelism utilized and the computation time reduction or "effectiveness of the
parallelism'. In determining this effectiveness of parallelism one approach that may
be used is to assume a certain degree of parallelism and then determine the minimum
computation time by re-ordering the computation graph to make use of the parallelism.
Following this procedure a curve of the degree of parallelism vs. computation reduction
ratio is obtained. It should be noted that this problem can be approached another way
to arrive at the same curve; this alternate approach is to assume a certain computation
reduction ratio and solve for the minimum degree of parallelism required to achieve
this reduction ratio. ‘

These two approaches of obtaining the '""parallelism'' curve are analogous to
problems proposed and studied in the area of operations research. The first approach,
determination of minimum computation time given a degree of parallelism, is analogous
to the problem encountered in job shop scheduling or assembly line balancing, namely:
given m jobs or tasks to be performed by n men or assembly stations, determine the
sequence or assignment of the jobs or tasks that completes them in the shortest time.

The second approach is analogous to another job shop scheduling or assembly
line balancing problem, namely: given m jobs to be performed, the total time spent
by any one man or at any one assembly station is not to exceed T, what is the sequence
or ordering of the jobs to minimize n the number of men or assembly stations required?

Considerable research has been carried out in this field of operations research
and several references were reviewed to determine if any of it could be extended to
the parallelism investigation carried out in this study; some significant points from
the references are discussed below. An extensive list of references was found in a
fairly recent report: '""The Automatic Assignment and Sequencing of Computations on
Parallel Processor Systems' by D, F. Martin at UCLA (Reference 18),

The following problem is considered in Reference 19: n jobs with partial or total
ordering restrictions are to be performed, if all jobs must be completed by time T
arrange a schedule that completes them with the minimum number of men, or if n men
are available, arrange a schedule that completes all jobs at the earliest time. It is
assumed that all jobs require equal time to complete by any man and that any man can
do any job with the capability of immediately starting another after finishing one.

Under these assumptions a lower bound for the number of men is found. A brief
description of how this lower bound can be found will be given here.
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is true then it is impossible to complete all jobs with y men in@+c units of time,
Where

y = number of men

pt+1-j) = number of nodes on the graph withat; =oat+1-j

o5 = Xj +1, where Xj is the length of the longest path from the node Nj to

the final node in the graph (it is assumed that each branch takes an
equal unit of time, 1, to complete)

o = maximum X; over the entire graph
c = a non-negative integer
y* = a positive integer such that

j=y*

b4
pa+1-3) | = 1/ (* +0) pla+1-j)
] / Zj =1 (2)

=Y

max,, [ 1/()+c) ZJ
]

Basically, the lower bound (y) is found by: labelling all the nodes of the graph with
their appropriate p(@;), determining ¢ from the allotted time, T, to complete the tasks
(c corresponds to a time interval that may be added on to the shortest possible time to
complete the tasks, thereby giving the alloted time, T, to complete the tasks, c units
of time greater than the minimum), and then determining y* for Equation 1 by solving
Equation 2.

Unfortunately in using this algorithm to find the upper bound on the minimum
number of men, the ordering restriction that the graph be a tree* must be imposed.
With this restriction the minimum is given by m, where m is the integer satisfying:

j=y*
m-1<1 7 (y* + c) Z p(@+1-j) < m (3)
=1
and where the same definitions apply.

It is also proven that for these assumptions a very simple algorithm may be
applied to determine the sequencing procedure for the jobs. This algorithm states that

*A tree may be defined as the ordering restriction that the directed graph has no nodes
whieh contain more than one successor node.
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if the number of jobs that may be started at any point in the graph is greater than the
number of men available, then the jobs assigned are those with the longest path through
the graph, in case of a tie the choice is arbitrary. This method is simply that of
starting the longest job first or as soon as possible.

The restrictions that each job requires an equal amount of time and that the
ordering of the graph be a tree are severe in terms of attempting to extend this work
to parallelism studies of computations. It may be possible to reduce computational
graphs to the micro-operation level where each job takes an equal amount of time;
however, for problems of reasonable complexity, this may become a monumental
task . The restriction of a tree limits the type of graphs that may be analyzed;
unfortunately most of the computations involved here do not form trees (This is
because the intermediate results are often used at many points within a computation).

Nevertheless this work has been pointed out here since it represents the only
pure analytical approach found in the literature to solving the assignment and sequencing
problem. If the first restriction namely equal lengths of time can be reckoned with,
it does offer a lower bound for any computational graph.

The following problem is investigated in Reference 20: given n jobs, the sum of
the execution time at any one station is not to exceed some T, what is the ordering of
the jobs to minimize the number of stations? The approach taken for solution here is
by means of dynamic programming. A recursion type approach is proposed. Basically
what is proposed is to vary the assighment of the last job that is executed and determine
the assignment over all feasible cases that results in the minimum cost (cost here is
the number of execution stations). Then recursively the remaining assignments are
determined to minimize the total cost. This method will yield an optimum solution,
However, for all but modest size problems the program will become extremely lengthy.
For large problems approximate solutions are proposed by testing subsets of all
possible sequences thereby yielding a suboptimal solution.

An apriori assignment and sequencing approach to assigning jobs on a computer
in order to minimize overall computation time is given in Reference 21. The problem
is stated for a set of autonomous processing units where the jobs take different times
depending on which unit it is assigned to; the situation where a job may be assigned to
only one particular unit is considered here however. The graph of the computation
flow is used to derive a "precedence' matrix which is then used to derive an ""assign-
ment" matrix., This matrix contains information as to what must precede each task,
its time to complete, and also the number of tasks that must follow it (called the
precedence number).

Several rules are defined for assigning the tasks; the objective being to minimize
the overall computation time. One rule given for assigning tasks in the case where
more than one task can be assigned to a given processor is to assign the task with the
highest precedence number. Another case is considered for this situation where the
precedence numbers are the same; a very simple situation is examined and some
special rules are stated. It is noted that when more tasks and processors are involved,
the solution becomes very complex and in fact it is stated that no general solution
exists for the general case of n tasks and m processors.

Evaluation of these references and others show that there are no general
solutions to the optimum sequencing problem that are applicable to the study of
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parallelism here. The only solutions to the problem are generally very lengthy
computational programs considering all permutations of the solution space to find a
minimum; analytical procedures are non-existent for general solutions. It should
also be mentioned here that there is another field in the assignment of computations,
this is the scheduling problem where jobs are scheduled on one or more processors
to achieve a minimum cost. What is generally assumed here is that there is a cost
function, ¢ (t), associated with each job and a schedule is to be determined which will
minimize the total cost. The methods used here are generally applicable to and used
for time sharing or multiprogramming applications.

Some work has been done on several specific mathematical algorithms in
Reference 22 to determine parallelism and computation reduction ratio. The type of
algorithms investigated were matrix multiply, solving ordinary differential equations,
etc. This work may be useful in analyzing the problems here when these types of
specific mathematical operations are encountered in the computations to be analyzed.

4.3 APPLICATION OF PARALLELISM STUDIES

The foregoing has presented some general concepts of parallelism and their
relationships to the problems involved in job shop scheduling and assembly line
balancing. In this section the application of parallelism studies to the spaceborne
computational problem shall be investigated. The theoretical approach to the
application of parallelism studies shall first be presented; this approach is too complex
to apply to the problem at hand. Therefore, at the end of this section an approach that
will be used with simplifying assumptions shall be presented.

Two types of parallelism shall be considered: applied and natural. The com-
putations as executed on a sequential computer for the spaceborne computational
problem are shown in Figure 4-4. These computations are shown as a sequential
solution of tasks 1 through n. The computations are cyclic, in thatwhentask n is
completed, task 1 is once again initiated. These tasks are subtasks of the four major
computational tasks, namely:

1. Navigation and Guidance

2. Telecommunications

3. Scientific Experiments

4. Status Monitoring and Checkout

The subtasks may be items such as '"compute body to inertial transformation matrix, "
"compress video experiment data, ' etc. These subtasks are either periodic in that
they require a certain repetition rate or they are asynchronous in that they are required
upon request, as background, etc. As might be expected the four major tasks consist
of a variety of subtasks in terms of size and repetition rates of solution. Some of the
tasks shown in Figure 4-4 are identical due to the required periodicity of certain tasks
for example task 4 may be required to be computed once per second and assuming
task 1 thru n are cycled thru once per second then task 4 is unique and represented by
only one task in this figure. Now assume task 5 is required to be computed twice per
second, then this task would appear twice in Figure 4-4; for example as task 5 and
say task n.
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Figure 4-4. Sequential Solution of Computational Problem
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4.3.1 Applied Parallelism

If the computational facility has the capability for execution of applied parallelism,
the execution of the set of tasks shown in Figure 4-4 may now be depicted as shown in
Figure 4-5. Referring back to Figure 4-4, the sequential solution of a task is depicted
by the sequential set of steps shown in task 4. The application of applied parallelism
is shown in Figure 4-5 by the formation of an applied parallel graph shown in the
solution of tasks 1 and 2. As inferred by the definition of applied parallelism, the
vertices of these graphs that are executed simultaneously (indicated by vertices lying
in the same horizontal plane), consist of an identical computational step (e.g. add,
transfer, etc. is the level considered here). The degree of parallelism utilized varies
as a function of time or vertical position in each graph. The degree of parallelism is
given by the number of vertices in a particular horizontal plane.

The considerations of parallelism in Figure 4-5 are within tasks only. It is
possible to consider applied parallelism between tasks also. For example, the graphs
for tasks 1 and 2 in Figure 4-5 may have several horizontal planes that execute the
same applied parallel operations and as a result may be combined horizontally; this
combining cannot be carried out if precedence relationships exist, however. Likewise
many of the graphs for the remaining tasks may have horizontal planes that could also
be combined. The application of applied parallelism to be considered in this study will
be within a task only or between tasks only when the tasks have identical graphs so
that they may be combined directly. This limitation is introduced since the considera-
tion of combining applied parallelism between tasks and the timing of the remaining non-

TASK 1

TASK 2

TASK 3

TASK n

O

Figure 4-5. Utilization of Applied Parallelism in the Computational Problem
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applied computations between these tasks becomes a very complex problem. Indeed it
may not be practical to program the tasks in such a manner since executive costs in
attempting to schedule tasks to take advantage of all the applied parallelism between
tasks may prove extremely high. Some consideration will be given to this problem
when software studies are conducted on the distributed organization later in the report.

The computational tasks will be studied as described above and a curve will be
derived indicating the degree of applied parallelism vs. the computation reduction
ratio. The computational reduction ratio is basically the speed advantage gained by
using applied parallelism or how much faster the problem will run. It is determined
by dividing the time it takes to execute the problem on a sequential machine
(Figure 4~4) by the time it takes on a machine with applied parallelism (Figure 4-5).
The curve is obtained by varying the degree of applied parallelism available when
constructing the solution as shown in Figure 4-5. This curve gives a measure of the
effectiveness or efficiency of applied parallelism, e.g., if a reduction ratio of & were
obtained with a degree of parallelism ofa, then one could say the effectiveness was
100 percent or the applied parallelism were utilized all throughout the solution of
the problem.

4.3.2 Natural Parallelism

The next step in investigating parallelism within the spaceborne computational
problem is to consider natural parallelism. If natural parallelism'is assumed available
on the computational facility, the solution of the computations may take the form shown
in Figure 4-6. In this figure the tasks have utilized applied parallelism as in

TASK 6 TASK 9
TASK §
TASK 7 TASK 10
TASK 8

Figure4-6. Utilization of Applied and Natural Parallelism inthe Computational Problem
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Figure 4-5 and then natural parallelism when possible. This utilization of natural
parallelism occurs both within a task and between tasks. Consider task 6 for example
some of the graph of this task may exhibit applied parallelism and some of it natural
parallelism. It is seen in Figure 4-6 that task 5 may be solved in parallel with

tasks 6, 7, and 8 and also tasks 9 and 10 and all the other tasks indicated by the
dashed lines. However, note that tasks 6, 7, and 8 contain certain precedence
relationships and must be solved in the sequence as indicated. Solving the tasks in
this manner, one can obtain the minimum computation time or maximum computation
reduction ratio by finding the tasks or set of tasks which take the longest to compute

in Figure 4-6, for example say tasks 9 and 10. Of course this assumes that whatever
degree of parallelism that is required to achieve this is available. The problem that
one is interested in however is to find this minimum computation time using the mini-
mum degree of parallelism to achieve it. This then requires assigning and sequencing
the computations in an optimum manner, it should be noted that this must be done
within a task and also between a task, as might be expected this is not an easy problem
to solve due to the large amount of permutations involved.

As an example consider the situation depicted in Figure 4-7. In task n is shown
the degree of applied and natural parallelism required as a function of time through
this task; the remainder of the tasks also have similar graphs associated with them.
It should be remembered that these graphs of the degree of parallelism are obtained
by an optimum assignment and sequencing analysis within each of the tasks. The
problem of optimum assignment and sequencing between the tasks involves arranging
the tasks both vertically and horizontally while observing precedence relationships

TASK n
DEGREE
OF APPLIED DEGREE
PARALLELISM OF NATURAL
PARALLELISM

Figure 4-7. Assignment and Sequencing of Tasks in the Applied and Natural Parallelism
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between certain tasks. As may be expected this involves many permutations. To
further complicate the problem it is also desired to utilize as much applied
parallelism as possible., This requires trying to match up identical applied operations
between tasks where possible and also trying to sequence the tasks so that as much
applied is being utilized at any one time as is possible. The total problem has two
curves similar to that given for task n and it is desired to have as much applied
parallelism as is possible utilized and the minimum amount of natural parallelism
utilized to achieve the maximum computation reduction ratio. (It should be noted that
the natural parallelism curve also includes the applied parallel curve by definition,)

In general the final result desired is to consider the degree of parallelism
required throughout the total problem, as shown in Figure 4-8, and minimize the
maximum point on this graph. Each permutation in assigning and sequencing the tasks
will result in a new graph in Figure 4-8 and the objective is to determine the optimum
permutation.

4.3.3 Limiting the Amount of Parallelism

The above discussion was centered about determining the minimum computation
time or maximum reduction ratio. As noted above some task or set of tasks will
require the longest to compute, for example 9 and 10, in Figure 4-6. Then with the
above objective as a goal the problem involved a horizontal and vertical permutation
around these longest tasks. The next consideratica involved in investigating parallelism
is to limit the degree of parallelism (lower than that degree obtained above) available

DEGREE OF PARALLELISM

hl”“lh;__—_

SEQUENCE THROUGH PROBLEM

Figure 4-8. Degree of Parallelism Utilized
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and determine the maximum computation reduction ratio with this degree. The
procedure now is the same as above, however, since there is now a lower degree of
parallelism considered, additional tasks must be vertically combined with tasks 9 and
10 (the longest tasks). Essentially as the degree of parallelism is reduced the graph

of the set of computations as shown in Figure 4-6 will be stretched out vertically and
reduced horizontally. It should also be noted now as the degree of parallelism is
reduced the permutations involved in determining the optimum computation reduction
ratio become more complex. This is due to the fact that not only must the permutations
between the tasks horizentally and vertically be considered but also the permutations
within each task must be considered at the same time.

The result of the above analysis would be a curve as shown in Figure 4-9. .This
curve shows the degree of parallelism required vs. the computation reduction ratio.
The curve shows the computation reduction ratio from 1 with a degree of parallelism
of 1 (equivalent to solution with a single sequential computer as in Figure 4-1) to the
maximum reduction ratio and the minimum degree of parallelism required to achieve it.

4.3.4 Computer Organization Relations

Relating the above effort to computer organization, it is possible to think of
computational cells executing the above parallel operations where one cell is required
for each degree of parallelism. The computation reduction ratio essentially dictates
at what speed the cells must be capable of operating. (Details of organizations such as
this is given in Section 5.) The above, however, assumes as much storage available

100%
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X
COMPUTATION REDUCTION RATIO

Figure 4-9. Degree of Parallelism vs. Computation Reduction Ratio
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per cell as required. After having gone through the above analysis it is possible to

consider the programming of the tasks on the cells and a curve of storage required per

cell as a function of the degree of parallelism (or number of cells) would be obtained

as shown in Figure 4-10. Given the curves in Figures 9 and 10, it is possible to select adegree of
parallelism (or number of cells) and determine the required speed and storage capabil- '
ity of each cell.

It is possible to group together tasks or portions of the total computational
problem as shown in Figure 4-11; this figure is identical to Figure 4-4 except that
tasks are now assigned as parts of groups as shown. The purpose of introducing this
concept of groups is that is offers the possibility of making use of more applied
parallelism; for example, if two groups were used two different types of applied
parallel computation could be executed simultaneously if one considers the two groups
as assigned to two independent computation facilities. In considering groups, one will
obtain a set of curves for degree of parallelism vs. storage required per cell as shown
in Figure 4-12. This figure is identical to Figure 4-10 except a new parameter, the
number of groups, has been added. The degree of parallelism in Figure 4-12 refers
to the total parallelism (or total number of cells) required within the groups (e. g.

2 groups with a degree of 10 each result in a total parallelism of 20). Only an equal
amount of parallelism for each groupis considered here since this is perhaps the most
practical from a computer organizational viewpoint as discussed in Section 5.

Figure 4-12 is not intended to imply the exact shape of the curves or which curves lie
on top of each other. Actually the curve for 2 or more groups could lie below that for
1 group etc. The determination of this would require the plotting of curves as shown
in Figure 4-13 which shows the total nhumber of cells vs. the number of groups

DEGREE OF PARALLELISM

STORAGE REQUIRED PER CELL

Figure 4-10. Degree of Parallelism vs. Storage Required Per Cell
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Figure 4-11. Computational Problem Assignment Among Groups
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Figure 4-12. Degree of Parallelism vs. Storage Required Per Cell Using
Groups of Cells
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Figure 4-13. Degree of Parallelism vs. Number of Groups

(assuming a given computation reduction ratio and storage/cell). Curve 1 in

Figure 4-13 shows the situation where a minimum is achieved with more than 1 group;
this can occur if there is a significant amount of applied parallelism in the computa-
tions. This results since it is assumed that in distinct groups applied parallel
operations can be executed independently and simultaneously of each other whereas in
one group only one type of applied parallel operation can be executed at any one time
by definition.

Curve 2 shows the situation where for a low number of groups the number of
cells are approximately the same. In curve 3 the number of cells increases rapidly
as more groups are used, this would occur if the computations contained little applied
parallelism and there was considerable inefficiency in splitting the tasks among
groups (e.g. one group used 27 cells and the other required 29 ete.). Given a set of
curves as in Figure 4-13 one would attempt to pick a point which made efficient use of
the number of cells.

4.3.5 An Alternative Approach

The entire discussion above has been oriented from a computation reduction ratio
or speed viewpoint. That is with a certain degree of parallelism the maximum com-
putation reduction ratio has been found and associated with each of these points is a
storage requirement per cell if one considers a cell required for each degree of
parallelism. It is possible to approach this problem from the other viewpoint: assume
a certain degree of parallelism or number of cells available, arrange the computations
S0 as to minimize the storage per cell, and associated with each point will be a speed
requirement per cell. )
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It is obvious that the two approaches can yield completely different results. The
latter approach will not be gone into detail here since the general problems associated
with it have been brought out above in the first approach. It is possible to take both
approaches simultaneously and set up criteria which yields a sub optimum approach
in terms of speed and storage. This would be similar to finding the optimums by each
approach and backing off each somewhat to determine the effect on the other parameter
and selecting a suitable point.

4,3.6 A Practical Approach to Parallelism Studies

The theoretical approach to studying parallelism within the computations has
been presented above. Unfortunately the approach is too complicated, as pointed out
above to be used with a reasonable degree of success. To apply it however certain
simplifying assumptions will be employed. The applied parallelism investigation as
outlined above will be followed and a curve of degree of applied parallelism vs.
computation reduction ratio will be obtained. A number of tasks will be analyzed to
determine curves such as Figure 4-9 for each. Suitable points will be selected for
each task to represent the degree of parallelsim. For tasks not analyzed or for which
no information is available, curves will be hypothesized. As mentioned above one task
or set of tasks will take the longest to compute and therefore determine the minimum
overall computation time. The tasks will then be laid out as in Figure 4-14. In this
figure task m takes the longest to compute, T, and defines the maximum computation
reduction ratio, The remaining tasks are assigned as shown. The assignment can be
based on following an algorithm as shown in the lower portion of Figure 4-14. Essen-
tially this assigns the tasks in order of increasing or decreasing degree of parallelism
as indicated by the arrows. The time allotted is now varied and the assignment
procedure repeated to obtain the degree of parallelism vs. computation reduction ratio
curve for the total problem. It should be noted that the above assumes a certain
constant degree of parallelism is required for each task throughout its execution. This
is of course a gross simplifying assumption since as pointed out previously this degree
of parallelism varies as a function of time through the task. The storage required
per cell will be determined by combining storage graphs of the type indicated in
Figure 4-15 for each task, The graphs will be combined for all the tasks assigned to
any one vertical column (e.g. task i, j and k in Figure 4-14). This procedure may
require the shifting of tasks somewhat if the storage requirements per cell are very
unbalanced between vertical columns (e. g. fask k may require being exchanged with
two or more tasks which total up to the same degree of parallelism to smooth out the
storage requirements). Following this very over simplified procedure curves as
shown in Figures 4-9 and 4-10 will be derived.
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4.4 RESULTS OF PARALLELISM STUDIES

The prior sections of this chapter contained a discussion of parallelism in
general and methods for analyzing computations to determine the amount of paral-
lelism within them. The computations for the manned Mars lander mission were
analyzed for parallelism. The results of this analysis are presented in this section,
Each of the computational tasks as defined in the requirements in the Phase I study
(Reference 2) were investigated and the results are summarized in Tables 4-1 and
4-2,

Figures 4-16 and 4~17 coniain the applied parallelism speed curve; they show
the computation reduction ratio vs the degree of applied parallelism available in the
computation system. The 100 percent utilization curve in the figures is the 1-to-1
curve, i.e., for a degree of parallelism of 2 the computation reduction ratio would
be 2, for 5 it would be 5, etc. The actual curve is seen to deviate slowly from the
1-to-1 curve at first and then reaches an asymptotic reduction ratio value of 13, 66
for higher degrees of parallelism. The knee of the curve occurs at approximately
a degree of 15; beyond this degree the curve deviates sharply from the 1-to-1 curve.

Figures 4-18 and 4-19 contain the computation reduction ratio and storage
required per cell (assuming one degree of parallelism results in one cell), respectively,
vs the degree of natural parallelism available in the computation system. It should be
recalled that natural parallelism includes applied parallelism by definition. The
vertical scale in Figure4-18 is the same as in Figure4-16; however, note that the hori-
zontal scale is considerably larger. The computation reduction ratio curve does not

Table 4-1. Applied Parallelism Results

Degree of Applied Parallelism Computation Reduction Ratio

1331 13. 66
800 13,66
300 13, 65
100 13.47
50 12,58
15 8.75
5 3.98

2 1,895

1 1
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Table 4-2. Natural Parallelism Results

Degree of Computation Storage
Parallelism Reduction Ratio (Words/Cell)
1342 42,4

300 42,4 200

100 42,4 350

50 28.2 575

15 12,15 1,800

5 4.6 5,250

2 1. 96 12,700

1 1 24,633

have as sharp a knee as in the applied parallelism case. However, it appears that
somewhere in the range of 40 to 60 in degree of parallelism the curve starts to deviate
rapidly from the 1-to-1 curve. The storage curve is drawn on log-log paper to bring
out the deviations from the 1-to-1 curve, It can be seen that the curve begins to
deviate rapidly from the 1-to-1 curve in the vicinity of a degree of parallelism of

80 to 150,

The above curves give an indication of the efficiency or utilization of parallelism.
They may also be used in determining the speed-storage characteristics of the cells.
It should be recalled from the technology section of this report that a storage capability
of approximately 512 words per cell was considered to be achievable. If this storage
is available per cell, then, referring to Figure 4-19, one can see that approximately
58 cells are needed (assuming a degree of parallelism equals one cell). Translating
this into speed requirements one can see from Figure 4-18 that a computation reduc-
tion ratio of approximately 31 results with 58 cells. Since the speed requirement for
a single computer is approximately 1,450, 000 short operations/sec (the parallelism
investigations were carried out for the Mars orbital phase which has the maximum
speed and storage requirement), the speed requirement per cell is therefore approxi-
mately 25, 000 short operations (ADD, SUB, etc.) per second. Since these require-
ments did not include overhead functions (such as the executives) one may estimate
the number of cells required at approximately 80 with a storage capability of 512 words
each and requiring a speed capability of 25, 000 operations per second. One can now
see that the cells will most likely be storage restricted rather than speed restricted
since the cells should be capable of more than 25, 000 short operations per second.
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5. COMPUTER STRUCTURES

5.1 DEVELOPMENT OF COMPUTER SYSTEM ARCHITECTURE
5.1.1 Introduction

This section discusses a number of approaches to construction of general
purpose computer systems. It is included in order to put into perspective the Distri-
buted Processor System under study in this contract, (Hereafter the Distributed
Processor will be referred to as DAMP for Disiributed Array Memory and
Processor.)

The various system approaches are presented in an order that is consistent
with the development of the technology necessary to implement each structure. This
order will be seen to be almost chronological; however, there will be some deviation
since a number of interesting and practical computer organizations have been
conceived both a number of years after and before the technolology was available to
practically implement them, It should be noted that each organization was not
developed to explicitly use the technology but rather was developed to attempt to meet
a certain set of requirements (cost, high speed, reliability etc.) in a more efficient
manner by taking advantage of new hardware technology. In fact, in many cases,
initial organizational considerations of a system may have not even considered
technology, but instead were totally concerned with a theoretical structure suitable
for meeting certain requirements.

The discussion of computer organizations is pointed toward general purpose
structures since the requirements for the missions discussed in Section 2 dictate a
machine capable of carrying out a wide variety of computational tasks. As a result,
associative memory structures will not be discussed here since it is generally felt that
associative machines are not practical for general purpose computers. (See Refer-
ence 23.) There are also such a large number of these structures suggested in the
literature for solution of certain types of problems that it would not be practical to
present a synopsis here., However, this lack of discussion does not necessarily
eliminate the possibility of using associative memories for carrying out certain
specific functions within a more generalized G. P. computer. On the other hand the
Solomon and Illiac machines are discussed even though they are also recognized to
only be practical for execution of a relatively limited set of computational tasks,
However, these structures are of interest since they are powerful distrubuted
processing structures that can be practically implemented with near-term LSI technology
and because they provide good examples of the use of global control (a single instruc-
tion stream with multiple data streams).

5.1.2 Single Computer

In the early stages of computer development machines were generally built
from a variety of digital circuits with varying fan-ins and fan-outs, such as AND
gates, OR gates, inverters, etc. The development of the transistor enabled machines
to be efficiently built with a very few basic circuits, for example, simply NAND gates.
This eased the design and fabrication process considerably; and as a result, much
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less expensive machines could be constructed. With the more recent development of
integrated circuits the construction of computers from a very small number of types
of circuits has become wide spread. This has not only vastly decreased the price

of computers, but has also simplified reliability programs, sparing, and maintence.
The above developments have, of course, also reflected into more economical and
reliable memory circuitry.

The economy possible with transistor and IC computers enabled multiple com-
puter and multiprocessor structures to be proposed and constructed for applications
with requirements that were difficult to meet with a single computer. For example,
large scientific computing centers with requirements for greater processing power
than available from a single computer are able to use multiple computers or multi-
processors (time-sharing systems, etc.). These structures have also found use in
aerospace applications where greater on-line reliability than that offered by a single
computer was required.

5.1,3 Cellular Arrays

The development over the past number of years of batch fabricated complex
integrated circuits has helped foster a good deal of research., Of particular interest
here is the increase in research activity pointed toward development of a single logic
element that could be used with a fixed connection pattern to implement a wide
variety of combinational (and sequential) circuitry. This type of work can be seen to
be the logical extension of the early use of IC's to minimize circuit types since
structures built from these IC circuits required complicated interconnections. Com-
binational circuitry of the above type has been called cellular arrays. The cells or
the single logic elements in the arrays can either be fixed or variable (using cut-
points as in Reference 24); and the interconnection structure can also be fixed or
variable. (It can be variable in the sense that cells can be preset so thatthey do not
use certain available connections.) A survey of this microcellular research is
given in Reference 25.

Reference 24 by Minnick et. al. at SRI provides a good example of research
being carried out on cellular arrays. It is concerned with the organization, use, and
design of arrays constructed from 'cutpoint" cells. These cells are constructed
on part of an IC chip and are provided with cutpoints (switches or flip-flops) that
can be used to specialize the operation of the cell to one of six simple logic functions
or to an R-S flip-flop. The usefulness of these cells within a variety of fixed and
variable connection structures is then discussed and evaluated. The structure of one
representative array organization is shown in Figure 5-1. This organization can vary
its connection structure by disconnecting various input leads from any cells, These
structures used to implement the logic in a computer coild offer a number of advant-
ages by the good utilization of IC technology. For example, a number of cells including
an interconnection structure could be fabricated on one IC chip and then mounted in a
package. If this was practical it would clearly provide very inexpensive and reliable
logic for the processing section of a computer. (It would be reliable since a small
number of external connections would be required.) However, there are a number of
problems with the approach that may make it impractical: (1), In order to use the
fabrication and packaging structure described above, an efficient algorithm to avoid
faulty cells must be developed. The present algorithms require extensive duplication
of hardware; (2) the number of cells required to implement a given switching function
is much larger than the number required with non-cellular logic; (3) at the present,
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Figure 5-1. Structure of the Cob Web Array (From Ref. 24)

effective logical design techniques do not exist; and (4) much more effort is required
to be able to simply design a computer with the circuitry. Solutions to the above
problems are necessary to make the Minnick's arrays and in fact cellular arrays in
general at all practical for computer design and fabrication. In fact, an even greater
draw back to these structures is the fact that the onset of LSI technology in the future
will make it practical to construct a complete processor on a chip. (Just a few chips
in the near future) As a result, a single computer, 2 multiprocessing system, or a
distributed processing system using a single chip for a processor may well preclude
the use of cellular arrays to construct processors. However, these techniques, if
efficiently developed, may find some use in increasing yields of processor chips by
using discretionary wiring or some other faulty cell avoidance algorithm.

5.1.4 Distributed Processing Arrays

In the past and at present a considerable amount of thought has been devoted to
developing arrays of processors capable of carrying out a number of computations in
parallel. For the most part these structures have been suggested to solve various
types of problems, such as associative processors for information storage and
retrieval, Holland machines for direct control of highly parallel systems (e. g.,
pattern recognition etc.), and Solomon machines for solution of linear systems,
ordinary and partial differential equations, matrix operations, etc. Some work has
also been pointed toward the use of these machines on a set of general purpose
problems; however, although they would be capable of solution of these problems,
the array structures are quite inefficient in this case when compared to conventional
computing systems. An additional reason for interest in these distributed processors
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is that they could take good advantage of the present and developing LSI technology.
Each processor could be constructed from a single chip and the chips could be
packaged on a standard board with a fixed connection structure. Two distributed
processing structures will be briefly discussed below,

5.1.4.1 Holland Machine

The Holland machine has been discussed in an earlier report Reference 1 and
also in the literature, Reference 22 and 26. It consists of an array of cells, see
Figure 5-2, each of which has a small amount of storage and is capable of executing
a small number of arithmetic and control instructions. This structure, like the
Minnicks logic elements, would take good advantage of IC technology by implementing
each cell as a chip and by packaging the chips on a board containing the fixed standard
interconnection structure. The real advantage here over the Minnicks structure is
that both the processing and memory are included in this regular structure. The cells
operate under local control and as a result can execute a number of different instruction
streams in parallel. Any cell can act as a controller cell, an accumulator, or a
storage unit. Paths to operands are then built from the controller cell to storage cells
and then back to a cell designated as an accumulator to carry out the operation, This
basic iterative machine structure, investigated in some depth at the University of
Michigan (see Reference 22), was found to be impractical because the path building
necessity extremely complicates the programming and also makes it difficult to
reconfigure after failures. The above problems were also compounded by the fact that
very little memory was available to each cell and that only a small instruction set
was available.

Although this machine was not considered practical, the discussion of parallelism
and the usefulness of local control for executing parallel computations is of interest,
In particular the ability to locally control computations enables a large number of
distinct problems as well as parallel parts of a single problem to be executed simultan-
eously. Although the Holland machine was investigated for problems in the fields of
pattern recognition, games, simulation and adaption etc., this local control feature
can be seen to be of value for executing a set of general purpose problems on a distri-
buted processor machine without severe programming problems. Each separate
problem can be executed simultaneously if the computing power is available; however,
the efficiency of hardware utilization would not be as high as for a fast single computer
since some problems or groups of problems will be found to be sequential in nature.
Nonetheless, it will be shown below that the use of a distributed processing machine
capable of local control is worthwhile under certain sets of requirements (e.g. high
reliability, high speed on certain problems).

5.1.4.2 Solomon and Illiac Machines

The Solomon machine was developed in order to obtain a high solution rate on
certain classes of problems by applying parallel processing. The class of operations
involve ''sets of variables which permit simultaneous independent operation on each
individual variable within the set". The high solution rate is achieved by utilizing
a central control unit to control the operation of a large number of processing elements
operating on separate variables (global control). This machine, shown in Figure 5-3,
is also discussed in Reference 1 and in the literature (References 27 and 28). Each
processing element has two thousand bits of memory available to it along with some
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Figure 5-3. Solomon Machine
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processing ability. The local control is limited to simple decisions as to whether or

not to receive the present control word from the central control unit, This structure
simplifies the processing element which of course is important since there may be a

few hundred of these in the system. It is also organized to take good advantage of
present LSI technology. (The connection structure is regular and the processing
elements and memory can be constructed from a small number of common LSI chips;
however, separate types of chips must be used in the central control unit, the processing
elements, and the memories. Note that the Holland machine, if practical, could

have used just one chip type for everything.)

The Solomon structure, as mentioned earlier, was developed to efficiently solve
the class of problems characterized by a single instruction stream simultaneously
operating on multiple data streams (global control). This means that the structure
would be relatively inefficient (and speed limited) on a set of general purpose com-
putations since global type operations would only occur a portion of the time. For
example, whenever sets of sequential calculations must be performed all but one of
the cells are idle. (Even with parallel computations many cells are idle since each
calculation may not involve enough data streams to use all the available processing
elements simultaneously.) This limitation of processing capability for general purpose
computations is lessened to some extent in the Illiac machine by dividing the
processing elements up into separate groups each with its own control unit. The
Tlliac is an advanced version of the Solomon machine and as a result its operation and
purpose for development (application area) is basically the same as for the Solomon
machine. The main difference is that the grouping of processing elements enables the
Nliac structure to obtain higher hardware utilization since all the groups can operate
simultaneously on separate tasks or on the same task. It should again be noted that
the limitations of the Solomon and Illiac machines on general purpose computations,
shows the problems of using only global control for execution of these computations;
however, this is not intended as a criticism of these machines since they were not
developed to efficiently execute a wide variety of computations.

The real interest here in these array structures is to introduce and investigate
the value of global control for execution of certain parallel computations., It was
stated above that the global control of a large number of processing elements enabled
high solution rates on appropriate problems, These high rates are obtainable since
a single central control minimizes the overhead associated with obtaining instructions
and sequencing computations on the processing elements. (As mentioned earlier this
structure also saves a significant amount of control hardware in the Solomon processing
elements) In addition to saving overhead the use of global control can save a good
quantity of memory since only one instruction stream must be stored to operate many
processors. With a local control structure the same instruction stream would have
to be stored in a number of places in order to be accessible to a large number of
processing elements. (This would be necessary since a central subroutine memory
would have low accessibility because it would need to be used by many processors. )
Because of these advantages of global control, it would be useful to add global control
capability to a local control distributed processor if the hardware did not become unduly
complex. Such a structure is discussed in the next section.
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5,1,5 Distributed Array Memory and Processor (DAMP) System

The DAMP System was developed to provide general purpose computing with very
high reliability for long duration space missions. In addition it was desirable for the
system to make good use of future circuit and memory technology, to dissipate a
small amount of power, and to be easily expandable or contractable so that it could be
flexibly applied to a variety of missions. The high reliability requirement can actually
be interpreted as a need to continue executing a critical subset of the computations in
spite of hardware failures (see Paragraph 2.2). In other words the computations
can be "gracefully degraded. " The DAMP system meets this goal by dividing its
memory up into a number of modules (approximately 512-16 bit words used per module)
and then integrating each memory module with a processor to make an independently
operating ''cell. " These cells can then individually fail without bringing down the
whole computing system. In addition they can be turned on and off to match the require-
ments from phase to phase. This will substantially decrease the power dissipation of
the system and also increase the reliability (assuming off line or dormant reliability
is higher than on line or operating reliability), The same DAMP structure consisting
of many cells can meet the expandability requirement by adding a small or large
number of cells to match a new set of requirements, The system also makes good use
of future circuit and memory technology since each cell can be fabricated on a single
LSI (MOS) wafer in the 1980 time frame (see Section 3 on technology). In particular,
the regular pattern of the memory in a cell will enable discretionary wiring or encoding
techni ques to be used to obtain reasonable yields on large complex wafers (or cells).

In addition the cells are used in a regular fixed connection pattern so that they can be
easily packaged on a board. This discussion of the general features of the DAMP
System is expanded below,

The organization of a cell is shown in Figure 5-4. Other possible cell
organizations could use additional chips in order to give each cell more memory. For
example separate wafers containing 512 to 1024 words of memory and no processing
could be added to the cell shown in Figure 5-4. Further investigation and programming
effort is necessary to determine if the presently chosen single wafer cell is memory
limited and thus in need of additional memory wafers. Clearly the single wafer cell
is preferable if the system is not memory limited since it requires somewhat less
connections, offers higher processing rates on certain problems, and because it offers
a higher degree of graceful degradation (more memory per cell would mean less
cells in the system).

The cells, as previously mentioned, are organizedinto groups that have a regular
connection structure that results in simplified packaging. The system grouping and
connection structure is shown in Figure 5-5. Appendix F presents a discussion of
the alternative organizations that were also considered, thereby leading to the structure
shown in this figure.

In light of the above discussion of the cell and group structure the ability of the
system to gracefully degrade can be better understood. A few spares will be placed
in each group so that a few cells can fail and simply be replaced by the spares without
affecting computation. After these first initial failures, the computation power of
a group would simply degrade in small increments with each additional cell failure.
Note that this enables the critical subset of computations to be continued in spite of a
large number of failures. It should also be noted here that a failure of an inter-cell
bus would cause a whole group to fail, but the system is designed such that this

5-7




ONINILL

wreadelq yo0id 1190 [Baousn -G aandig

SNOILLVOINAWINOD
SNg TT4D-YILNI

0/1

TOYLNOD ®
DLLINHINY

NOILLYD
-1JLLN3Ial

LIONWIN

5-8




NEIGHBOR

COMMUNICATION
LINES
CEWLd B «—GROUP —--Q_Q----
[5 "D INTER
' CEWL
e sl I 3
GROUP
SWITCH INTER
GROUP
BUS
|
L“ l b i}.,uocouuzcnon
PANEL
INTER INTR  CEUS
CELL GROUP
BUSSES  BUS —2
nuu(iz INPUT/OUTPUT
COND COND STORAGE [ cono [--{ cowp | { CONDITIONERS
DEVICES

Figure 5-5. Distributed Processor Organization

5-9




failure mode has a very low probability of occurance. (The bus contains no hardware,
besides lines and hardwired or deposited connections. )

The interesting point to note about the DAMP System is that it is able to meet
the reliability, expandability etc., goals as described above with only a small addition
of hardware to the memory of a conventional computation system. (In fact, depending
on the particular set of general purpose computations, discussed below, this may run
from slightly more to even less total hardware than would be needed in a multiple
computer system to do the same tasks.) To understand this statement, consider the
point brought out in Reference 1 that in the time frame of interest the main memory
of most computation system could be equally well constructed from semiconductor
wafers or from magnetic arrays; as a result, the DAMP System can be considered
to be simply a semiconductor memory that has a small amount of each wafer devoted
to processing (the processor will take up less than 1/10 of each wafer containing
precessing and 512-16 bit memory words as discussed in the technology section).

This means that the high reliability, flexibility, etc., gained with this system has

cost a very small hardware increase. In fact, for some computation mixes the

DAMP system may use less hardware than the equivalent multiple computer. For
example the DAMP System would use less hardware if the computations were somewhat
specialized sothat they contained a good amount of applied parallelism and/or small
high rate programs that are naturally parallel. This point will be made clearer by the
discussion of local and global control in the next paragraphs.

The DAMP System provides reasonable efficiency on general purpose computa-
tions by taking advantage of both local and global control.l In addition, each cell has
a reasonably large instruction set and memory; as a result, relatively large subtasks
can be executed by a cell. This large capacity significantly eases the programming
and communication problems typically encountered with distributed processing
organizations. The use of local control (global control is described in the next para-
graph) enables each cell to execute any computation simultaneously with other com-
putations as long as there is no sequential dependence of this computation on others
being processed or about to be processed. (In other words no precedence relations
amongst the parallel computations.) This latter restriction provides almost no con-
flicts for execution of separate tasks simultaneously, such as the navigation and
guidance task and the status monitoring task. However, for those subtasks or tasks thatare
sequential in nature, the above restriction means that only one cell can be used at any
one time to execute these computations. (Other independent tasks or subtasks can
still be in executio:, however). For the latter reason during certain periods, the
DAMP system can be operating in an inefficient manner when compared to a uni-
processor capable of executing the same set of computations. 2 The processing

1A uniprocessor would provide the most efficiency on a set of general purpose compu-
tations, if it could be made fast enough, since less overhead is required; however,
this type of system would clearly offer much lower reliability. In addition, if the
computations had some specialization as noted in the last paragraph, the DAMP System
would offer both higher efficiency and reliability.

2This local operation can be thought of as a simple extension of a multiprocessor (or
multiple computer) system. The same restrictions clearly apply here too, but they
are not as pronounced since there are a smaller number of processors and memories.
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section of a cell will be described in detail in section 9, however it will be stated here
that each cell contains a processor capable of executing a reasonably large instruction
set in a parallel by bit fashion with clock speeds as high as a few MHz. This means as
mentioned earlier, that the operation of a cell may be limited by the amount of memory
available within itself. This will not be the case only for computations that require
small programs that are executed at high repetition rates. One method used to
alleviate the possible memory restriction involves letting one cell use another cell's
memory via the communication buses. This enables the cells with small high-rate
programs to share their memory with other cells that are memory restricted. A
second method of alleviating the memory limitations is by providing the system with
the ability to use global control where it is applicable. (As mentioned earlier, global
control is characterized by the use of a single instruction siream on miultiple data
streams and is therefore useful in problems that require the same set of operations
on different pieces of data, e.g., matrix manipulations etc.) The DAMP System takes
advantage of global control by using one cell to hold the instruction stream and to send
this stream over the communication bus to the other cells in a group executing the
same problem. In this manner, redundant storage or sequential redundant access

of the same program is avoided. The use of global control as discussed here thus
enables a number of processors to be used with only a minimal amount of memory.,

A third method of decreasing the amount of storage required per cell is to provide -
less buffering in the DAMP's memories for 1/O data, This would increase the
required I/0 rates but that is acceptable since extra processing is available, In
addition to the above, one of the groups that operates as the central executive will
provide a storage area for common variables and constants if appropriate.

One of the primary advantages of this organization, as previously discussed,
is its ability to withstand many failures and still continue executing at least some
computations. Another way to look at the system is to say that it is designed to be
tolerant of cell failures, It is tolerant in the sense that not only can a number
of cells fail and simply be replaced by spares connected into a group but also cell
failure beyond the number of spares available only causes small degradations of the
system. A little reflection will show that this type of operation is significant since
actual on-line failures (caused by overstresses etc.) can be tolerated along with a
reasonable number of on-line failures caused by use of originally defective parts.
This failure distinction, also made in the technology section, is a fine point, but
it is important, since it has been observed that a great many failures in complex
IC's are actually caused by manufacturing defects that were not detected prior to
placing the system on-line. In fact, many of these failures only occur under a very
specific set of circumstances and so may not cause on-line failures for thousands
of hours. These failure modes can generally be removed by feeding back information
to the production line, but it is a long and expensive process to obtain very reliable
components. Of even more importance is the fact that as circuitry reaches greater
and greater complexity on a single chip, the practicality of giving a chip a 100 percent
test on the ground before inclusion in a system decreases immensely. As a result,
the ability of the computation system to tolerate a number of latent manufacturing
defects will gain more significance in the future. It should also be noted that this
ability to tolerate cell failures does not exist to the same extent in a global structure
such as the Solomon machine. A single failure in the main control unit or memory
of such a structure could bring the whole system down. (Clearly making these central
units redundant is costly in terms of hardware when compared to a structure like the
DAMP System. )
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The main anticipated difficulty with the DAMP System is making it relatively
casytoprogram. Thetasks mustbe splitup into subtasks suchthat when programmedthey
will fit into a single cell. This splitting should also give as much freedom as possible
in scheduling the tasks on cells. In other words constraints on executing certain
computations in a sequential fashion should exist, as possible, only within the sub-
tasks to be executed on an individual cell. The allotted subtasks must then be assigned
to the minimum number of cells. This assignment problem is similar to the problem
of determining the minimum number of cells necessary to implement a system for
a given set of requirements, This latter problem was discussed in Section 4 on
parallelism; the discussion in that section indicated that an optimum assignment is
difficult to achieve.

An additional problem exists once an assignment of programs to cells is made,
The subtasks must be scheduled so that all of them can be accomplished in the required
period of time. This requires consideration of allocation of separate periods to the
global control programs and to avoiding conflicts on the intercommunication busses.
Clearly the scheduling operation could also feedback on the assignment of subtasks to
cells such that a new assignment is necessary.

From the foregoing discussions it can be seen that actually programming a
subtask for a cell would not be much more difficult than programming the same sub-
task for a single computer system; however, if the programmer is required to sub-
divide tasks, assign them to cells, and setup the scheduling, the programming job
will be relatively difficult. Therefore some important areas of development are
software packages to automatically subdivide programs into tasks that can be exec-
uted by a single cell, to handle the automatic assignment of subtasks to cells, and
to schedule automatically the global control programs and intercommunication on
the busses. Section1lwill present some preliminary considerations of these topics.

It should be noted here that there are other possible approaches to obtaining
very high reliability that have been and could be investigated. One approach is to
use throughout the system encoded information that contains enough redundancy to
correct multiple failures. However, this type of system requires considerable
redundancy to withstand many failures; it will also totally fail after a fixed maximum
number of failures have occurred. This maximum would be considerably less (for
any practical system) than the number of failures that the DAMP System can tolerate.
A second possible approach would be to develop a multiprocessing system with a
number of processors and with memory modules that are subdivided into small
individual blocks with separate sets of read/write and addressing circuitry. This
type of system could gracefully degrade by losing part of a memory module or a
processor with each failure,

5.2 OPERATION OF THE DISTRIBUTED ARRAY MEMORY AND PROCESSOR
SYSTEM

The last section described the development of a number of computer
organizations. The last such organization, the DAMP system, was shown to be well
suited to advanced space missions due to its high reliability, easy fabrication and
expandability, and ability to be turned on and off in small increments. The chosen
form of the DAMP system is described in this section.
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The distributed processor structure consists of cells. Cells are interconnected
to form a group and a number of groups are interconnected to form the complete
structure as shown in Figure 5-5. A cell may be thought ofas a small conventional
computer that has a relatively small memory. Parallel operation may exist between
cells in a group and between the groups in the system. The structure thereby appears
as a highly parallel computational facility. For the purpose of this study, the groups
will be considered as being all located physically in one central location so that the
organization appears as one large parallel system. (An alternative physically distri-
buted system is discussed in Appendix F.)

The computational tasks that are presently required to be carried out are
divided or assigned to various groups and finally to various cells in the groups. Groups
of cells may carry out a complete task (such as the navigation functions in a space-
craft), a number of small tasks, or even part of a large function or program. One of
the primary considerations used in dividing programs among the groups is to limit the
inter-communication between groups as much as possible. A second consideration is
to enable as much global control as possible to be used in order to take advantage of
applied parallelism and thus maximize hardware utilization. This point was discussed
in Section 4 on parallelism. As will be explained below, each group will be capable of
executing a global program 1 by a number of cells in the group, this capability allows
the system to take advantage of applied parallelism in the computations assigned to the
group. It should be noted that at any one time, only one global program may be in
execution in the group; however, since there are a number of groups in the system and
the groups operate independently of each other, a maximum of one global program per
group can be in simultaneous execution in the organization at any one time. Therefore,
one of the considerations in dividing programs among the groups is to assign them so
that as much applied parallelism in the total computational task is being utilized as
possible.

The tasks assigned to a group are subdivided or assigned to individual cells
within the group for actual computational mechanization. The actual task or tasks
assigned to a cell will, in general be a part of a larger task. Therefore, there may
exist, in a group, a certain amount of sequential relationships or precedence restric-
tions on the execution of the tasks in cells that must be taken into account when assign-
ing tasks. An example of a sub-task that might be assigned to an individual cell is to
compute position and velocity from navigation sensor input data. This sub-task may
may be part of a larger navigational task assigned to a group. The results of this
individual cell's sub-task may be used to initiate the start of another sub-task that
might be in another cell, for example, update Kalman filter data for the state vector
computation,

In addition to the groups of cells in Figure 5-5, the bulk memory shown is used
only for loading programs and data since the cells themselves provide all the main
system memory. The conditioners and sensors are shown to represent the peripheral
equipment and controllers connected to the computation system.

The cells in a group and in the entire system are all identical in terms of
hardware. However,at any particular time some cells will be functionally operated
differently from other cells. Each group will have one cell designated as a controller

(1) A global program is simply a program executed by global control of a number of
cells.
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cell. The remaining cells in the group will be designated as working cells. The cell
that is the controller cell will be responsible for controlling the inter-cell communication
bus and providing the executive control of the group's operation. All the cells in a

group are connected to the inter-cell communication bus. This bus will be a 1/2 word
parallel and serves as the primary means of communication among the cells in a group.
The inter-cell bus will be used for communicating data between cells and also for the
transmission of global instructions and commands to cells. The cell that has the

unique function of the controller cell willcontrol the use of the inter-cell bus and will
provide all the global instructions and commands.

The working cells in a group can either accept and execute global instructions
that are sent on the inter-cell bus or they may fetch and execute instructions from their
own memory. In fact, some cells may be using the global instructions from the
inter-cell bus while others are using instructions from their own individual memory.
Since all the cells are physically identical, this operation will be described by stating
that the cells are capable of existing in different states functionally. In this way, both
local and global control may be carried out simultaneously within a group. As a result,
both the natural and applied parallelism inherent in a group's tasksrhaybe efficiently
carried out. As was noted above, the controller cell will control the inter-cell bus.
The functions to be carried out on the inter-cell bus include communication of data
between cells, the sending of global instructions and commands, and the sending of
commands to individual cells. As mentioned above, only cells operating under global
control will be using global instructions and commands from the inter-cell bus. How-
ever, all the cells in the group will be responsive to commands sent to individual cells
via the inter-cell bus regardless of whether the cell is operating under local or global
control (these commands are addressed to one particular individual cell). It may,
therefore, be seen that the controller cell can command one or more cells operating
under global control simultaneously while cells operating under local control must be
commanded or talked to on an individual basis.

Global control implies that one or more cells are using this type of control. The
controller cell provides all control information sent on the inter-cell bus. It may
therefore be seen that cells that are being operated in a global control mode are highly
dependent on the controller cell in that they are receiving instructions from it and are
also responsive to its global commands. However, the cell operated in a local control
mode is considerably more independent of the controller cell in that it fetches its
instructions from its own memory and must be talked to or commanded individually.

It can be seen that the controller cell has the overall control of the cells in a group and
the degree of this control can be varied depending on the functional use of each cell.
The above discussion is intended to serve only as a brief introduction to the operation
of a group of cells, a considerably more detailed explanation will be given in Chapter 6.

A simplified block diagram of a cell is shown in Figure 5-4. Each cell is
planned, as mentioned earlier, to be a single MOS/SOS chip, although, depending on
the cell memory requirements for certain applications, more than one chip could be
used. In fact, initial prototype systems could be constructed using more than one
chip to make up a cell (see Section 3 on Technology). The cell consists of a memory
and arithmetic and control section in a similar manner to conventional computers.

In addition, the cell will contain logic for inter-cell bus communications and for its
own identification; this is the part of the cell that differs significantly from conventional
computers.
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All storage within a cell is directly addressable and is divided into storage
registers and a number of control registers. The storage registers hold the programs
and data to be used by this cell and possibly other cells. The control registers are
the general processor registers used in the execution of instructions. Instructions,
whether they come from the cell's own memory or from the inter-cell bus, are
decoded and executed in a manner similar to conventional computers.

In addition to the inter-cell bus communications path, another means of
communication if provided for, this is the neighbor communications. Each cell con-
tains a single serial connection to each of its 4 adjacent neighbors (north, east, south,
and west), with wrap around connections at the edges of the array of cells. This
communication means is primarily included to facilitate the global programming of a
group where small amounts of data are required to be communicated between cells;
€.g., a matrix multiply utilizing applied parallelism.

Storage in the cells of the distributed processing system is volatile
semi-conductor memory; however, investigation of this feature showed that it should
cause no problems. The primary power supply would be backed up and could be fed
into the distributed processor on separate, isolated lines. These lines could then be
connected to the computation system through separate voltage regulators with diode
isolation. If one of the supplies were to go out of tolerance, the other would simply
take over. In this manner, the power supply could be made more reliable than the

computation system hardware. Another simple possibility would be to use presently
available small Nickle-Cadmium batteries to provide backup power for the computation
system. This would be practical since a DAMP System as discussed above would only
dissipate a few watts of power.

The above discussion briefly describes the mechanization of a cell and how the
cells can operate. The cell that operates as the controller cell will either execute or
transmitt instructions contained in its own memory; instructions identified as global
instructions will simply be sent on the inter-cell bus for execution in cells operating
under global control. In addition, to the functions outlined previously, the controller
cell will contain various executive routines to control the operation of the group and
the execution of the assigned tasks to the group.

The operation of a group was briefly outlined above; it was seen that the cells
were capable of operating under either local control or global control. The organiza-
tion consists of a number of groups interconnected by an inter-group communication
bus as shown in Figure 5-5. Each of the groups can operate independently and simul-
taneously of the other groups. Therefore, this introduces another level of parallelism
in the organization in that it is possible to simultaneously have more than one group in
operation where each group may be utilizing local and global control to carry out its
tasks. Each group is connected to the inter-group bus by a group switch as shown in
Figure 5-5. The group switch will be controlled by the controller cell of the group.

One of the groups will contain additional functions in its controller cell that
enables it to operate as the system executive group. This will primarily involve
coordinating and controlling the communications that take place on the inter-group bus.
Since all the cells are identical, the system executive can be located in any one or
more groups. It is responsible for the following tasks: (1) Controlling the inter-group
bus, (2) handling communication with the bulk storage unit, (3) handling data communi-
cation from group to group, (4) sending out commands to load the system, and (5)
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allocating I/O time on the inter-group bus. The System executive will be discussed in
Section 11 along with all the other software and executive aspects of the organization.

There are many factors in determining the number of cells in a group and the
number of groups to be used. One of the influences on the number of cells in a group
is the capacity requirements of the various independent system functions. For
example, a task with very little parallelism could require many cells for its execution
due to the need for a great deal of instruction and data storage. Another important
influence on the group size is the degree of applied and natural parallelism within a
task. These points are also discussed in Section 4 on parallelism.

From the requirements given in Section 2 and the parallelism studies of
Section 4, it has been determined to use 4 groups of 20 cells each (512 words/cell). It
should be noted that the system could be designed using a variable number of cells per
each group; however, there is at least some impetus toward using fixed size groups.
Such a structure is more symmetrical and as a result more capable of many levels of
graceful degradation in small increments. For example, in a structure with 3 groups
of 30, 15, and 15 cells, a failure of the bus in the group of 30 would eliminate one-half
of the system computation power. Admittedly this will be an unlikely failure mode, but
the situation is certainly not ideal.

Finally, it should be noted that input/output connections are provided directly to
each cell and will be connected to the appropriate sensors and conditioners (some may
not be used if the cell gets I/O over the bus). In addition, I/O devices may also be
connected directly to the communication busses in the system. This section has
served to introduce the general concepts of the DAMP System and its general operation.
The remaining sections of this report will present detailed descriptions of features and
operation of the system. The next section on Group Architecture will clarify the
detailed operation of the group and many points presented here.

5.3 COMMUNICATION STRUCTURES

There are a large number of possible schemes for communication amongst the
cells (and/or groups) in a distributed processor. For example, the Holland machine
shown in Figure 5-2 is structured so that each cell can communicate directly with
its four neighbors. This scheme is satisfactory as long as the communication
amongst cells can be highly localized. However, if one cell must communicate
instructions or data to another cell that is not located physically near, path building
problems would generally result so that the communication delays may be intolerably
long. In particular the DAMP System's use of global control requires some long
communication paths; as a result, a simple neighbor communication scheme is not
sufficient. There are other more complex neighbor communication schemes, such
as the cobweb array connections shown in Figure 5-1, but these schemes still suffer.
from path building problems and are therefore not applicable to the DAMP System.
The logical extension of the neighbor communication schemes would be a full inter-
communication structure similar to that used in a multiprocessor system. Such a
structure, shown in Figure 5-6, would provide no communication delays since each
cell can communicate directly with any other cell. However, for a group of reasonable
size (20 cells or so), the number of connections and extra circuitry required make the
system impractical. This is especially true since the high communication rates
obtainable with this system are not required. The Solomon system uses neighbor
communication for data and a bus from the central control unit to all the cells for
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Figure 5-6. Full Intercommunication Distributed Processor

the global instructions. This type of communication is well suited to the needs of a
global structure with a central centrol unit. However, a global-local structure where
any cell can act as the controller (the DAMP System) required a communication system
of somewhat greater complexity than that of the Solomon machine. Two alternative
structures are discussed.

Presently the most promising communication structure for the DA MP System is
that shown earlier in Figure 5-5. This structure uses a common central bus in each
group with each cell connected directly to the bus through a driver/receiver circuit.
The bus and connections are byte parallel. The driver/receiver circuits in each cell
will be designed such that a single component failure in these circuits will not short the
bus directly to ground or to the supply. This will make the probability very small that
a driver/receiver will fail and short out a complete group. It should be noted that this-
system does not require redundant driver/receiver circuits in the sense that a second
circuit should be available within a cell if the first one fails. The only requirement is
that a failure of the cell's driver/receiver does not short the common bus. Each cell
will also carry out self checks such that if a failure is detected a flip-flop will be set
that will inhibit driving the common bus. In addition, each cell will have a connection
to each of its four neighbor cells. This will be a single serial line since it's use will
be at a relatively low rate (Section 6 will present reasons for including neighbor
communications).

The foregoing communication structure between cells within a group would be all thatis

required if only one group of cells was used in the DAMP System. However, for
reliability purposes a second central bus would have to be added thus doubling the
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number of connections in the system. The approach taken for the DAMP computer is
to subdivide the system into groups where each group contains one inter-cell bus
connected as described above. This approach requires less total connections in the
system, provides for more failures to occur before bringing the system down, and
enables global programs to be flexibly scheduled so that the minimum number of cells
will be required to execute a given set of requirements. (Dividing the cells into groups
also significantly eases the problem of assigning tasks to cells.) The latter point is
discussed in Section 4 on parallelism.

A group switch is used in order to connect together the buses within each group
and still insure that all groups can simultaneously communicate within themselves.
Each switch, shown in Figure 5-5, is connected to its inter-cell bus in the same
manner as a cell; it is in turn ccnnected to the inter-group bus that provides
communication between all group switches. This switch then looks like another cell to
the group controller cell since it must be monitored for communication needs and must
be sent words that go to other groups. The group switch has the following tasks: it
honors requests from other groups for communication to its group and it receives
information from its group and places it on the inter-group bus.

A little reflection will show that the group switch is a single failure point for a
group since if it fails a group can no longer communicate with some 1/0 devices, other
groups, or the bulk storage unit. As a result the switch must contain some redundancy
and must have a failure rate significantly lower than that of a cell. This low failure
rate will be achieved by using redundancy within the chip that carries out the group
switch function and by using redundant group switches in each group if necessary. It
should be noted that this low failure rate should be relatively easy to achieve since
the complexity of the group switch chip is significantly less than that of the cell wafer.
It should also be noted that the central inter-group bus will have to be made redundant
since a single failure of this bus would bring down the system.

The alternative to the chosen communication structure is that shown in
Figure 5-7. This structure uses a new element, the arbitor, to handle communication
between cells and between groups. The arbitor is connected to each cell on two-way
byte parallel lines and to the arbitors of other groups on the same type of lines via a
central bus. The arbitor simply carries out a round-robin (circular) scan of requests
for communication from each cell or from another arbitor. When a request is found
up, the arbitor reads a header word and connects the requesting cell or arbitor to
the requested cell (or central bus). The simplest system would only allow one set of
connections at a time, but would prepare for the next set of connections while two cells
are communicating. (A more complex arbitor providing for more than one simultan-
eous cell to cell communication link could be used if this increased communication
rate was necessary; however, such an arbitor would have somewhat lower reliability
due to greater complexity.) The main advantage of the arbitor structure is that it
would decrease the overhead associated with obtaining a communication link between
cells. This is true since in the chosen structure with a group switch, the controller
cell must sequentially monitor each cell for communication requests. This process
requires words to be sent between each cell and the controller: therefore, if one cell
was to make two requests in a row while no other cell was requesting service, a
sizable delay would occur between obtaining the first and second requests (all the
other cells in the group would have to be monitored in between). In this case the
arbitor method of scanning request lines will be considerably faster. Of course how
much time savings this amounts to depends on the communication rates necessary on
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Figure 5-7. Arbitor Communication Structure

the buses. Another possible advantage of the arbitor is that additional hardware
could also enable it to ignore requests from cells with failed communication lines or
drivers. The real disadvantage of the arbitor structure is that it is a single failure
point for a group. It will clearly be fairly complex (a few thousand FET's) and have
a large number of external connections. As a result, its reliability will be signifi-
cantly lower than that of the simple common bus used in the chosen communication
structure. (This bus is also a single failure point within a group.) Since the arbitor
also handles the task of the group switch it should be compared to it too. Agaih the
arbitor is much more complex and has more connections. Of even more importance
is the fact that although the group switch could be connected redundantly into the group
bus if necessary to increase its reliability, it is relatively impractical to use two or
more arbitors in each group since that would at least double all the connections in the
system.

The preceding discussion points out the reasons behind the chosen communica-
tion structure for the DAMP System (Figure 5-5). The important point behind the
choice was that the bus structure with a group switch offered considerably higher
reliability; however, the calculations were not made to obtain the actual relative
reliability of the arbitor scheme.
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6 GROUP ARCHITECTURE

6.1 INTRODUCTION

Many different computer systems have been studied during the course of this
study. A description of these systems was given in Section 5 of this report. The
distributed array memory and processor system was found to be the most useful for
the general computations needed on future spaceflights. This distributed system,
shown in Figure 1-1, requires a unique architecture to make a capable and reliable
system.

Architecture means the combining of software and hardware features to make a
balanced useful system that will meet the requirements set upon the computing system.
Some of the considerations, such as memory size and approximate processor capa-
bility, are based upon the ground rule to build a cell upon a single wafer. This section
describing the group architecture will describe the features desirable to unify the cells
into a working group.

The distributed processor system consists of groups, which are made up of
cells. Because the cells in a group are connected by neighbor communication lines
and the controller cell can send global instructions to cells, the group is the funda-
mental unit of the computing system. The software studies to date indicate the
compiler must be aware of the cell memory contents, the cell bus loading, and the
controller cell capabilities when compiling programs. For these reasons the
architectural studies were applied to the group.

The features and characteristics of a group are described here. All these
features may not be needed; future studies are needed to determine the useful
features to be retained and the features of little value to be discarded.

6.2 CELL STATES

A fundamental ground rule has been to make all cells of identical hardware.
Although all the cells are identical in hardware, a cell always exists functionally in
one of seven different and mutually exclusive states. These states are listed in
Table 6-1.

A permanently failed cell is placed in state 1 by a combination of software and
hardware controls. These cells will not be used again.

State 2 is the power saving state for cells that are not needed presently. If
standby power is applied to the identification registers and the cell bus gates, the main
power to this cell may be turned on by the controller cell and switched to another
state. The controller cell then may reload the cell's memory. If all the power has
been switched off, a special restart procedure, using the neighbor communication
lines, must be used.
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Table 6-1. Cell States

1. Permanently failed - power off

2. Shut down - power saving state

3. Independent

4. Dependent under global control (Global State)
5. Dependent under local control

6. Dependent in wait state

7. Controller cell

Independent cells are functionally similar to a conventional computer. These
cells fetch all instructions and operands from their memories. The cell that is in the
independent state stays in this state until the controller cell sends a command on the
inter-cell bus commanding this cell to change states. The independent cells can
process problems that are not amenable to global processing.

Dependent cells respond to global instructions and global level commands sent
out from the controller cell. A dependent cell exists in one of the states 4, 5 or 6.
Which of the three depends upon the level of instructions being sent from the controller
cell and the cell's level register contents. The concept of levels is described later in
the next section under cell identification.

The concept of having both independent cells and dependent cells in a computer
system is an important concept developed in this study. Other studies of similar com-
puter systems require all cells to be independent or all dependent. With this improved
system, problems may be solved more efficiently by using both independent and
dependent cells as was noted previously.

A dependent cell in the global state (also called the active state) is receiving
instructions from the controller cell via the inter-cell bus.

As mentioned above the instructions being sent from the controller cell to depen-
dent cells are identified as being at a certain level. A dependent cell that is not at the
proper level to receive global instructions can idle and not execute instructions. This
is the wait state. Therefore, if the controller cell is servicing certain dependent
cells, other dependent cells may wait their turn for service.




A dependent cell, instead of waiting for the controller cell to send the instructions
for its level, may fetch and execute instructions from its own memory. This is the
local control state of a dependent cell. This state may appear to be quite similar to the
independent state of a cell in that both operate in a local control mode. The basic dif-
ference between them is that the dependent local catrol state implies that the cell is
dependent and dependent cells respond to certain global commands on the inter-cell bus.
Therefore, the dependent local cells are under more control of the controller cell than
the independent cells are. This will be clarified later in this chapter. This state has
advantages when one wants to use a cell partly for global programs and partly for
local programs.

The capability of dependent cells to use local control means that the cell bus is
not wasted on sending instructions when the instructions could be better stored in the
cell's memory. With this feature, the cells can efficiently use local programs to cor-
rect for bad data and handle exceptional conditions. The cell can enter the dependent
local control state, do some processing, and later inform the controller cell of the
situation. It should be kept in mind that even though the cell may use local control in
state 6, it is still a dependent cell. This means that it is basically under control of
the controller cell and will respond to certain global commands.

The seventh state of a cell is the controller state. In this state, a cell controls
the cell bus and may issue global instructions. The fundamental ground rule of making
all the cells of the same hardware allows any cell to become a controller cell. This
gives the advantage that the controller cell functions may be switched among several
cells. Thus there is no requirement that all the executive and controller programs
fit in one cell. At any time, there is only one cell in the controller cell state in a
group. The reason is the controller cell controls the cell bus, and two cells cannot
be allowed to issue conflicting commands. Software and hardware interlocks will be
used to insure only one cell is in the controller cell state in a group.

The group switch, shown in Figure 1-1, is part of the group although it is not a
cell. The group switch, like a cell, has an ID register. The group switch responds to
control words containing the proper ID bits and will perform the operation given in the
control word (CW). Thus the controller cell will operate the group switch.

6.3 CELL IDENTIFICATION

The distributed processor computer system has two methods for identifying the
individual cells. One method identifies the cells by a level. A cell will be identified
as being at one of eight levels. The other method results in each cell being given an
identifier. also known as the cell address. Thus a cell has two ""names', a common
first name (level) and a unique last name (identifier). This concept of having two
names is important when discussing the dependent and independent cells.

Independent cells use only one name, their identifier or cell address. The level
(or first name) is not used and, although present in a level register, has no meaning
unless the cell later assumes a dependent state.



Dependent cells use both names. The controller cell can send out information
using a first name (level number) to all the dependent cells; all the dependent cells at
this level will respond. If a last name (cell address) is sent, only the cell with this
name will respond since each cell has a unique last name regardless of state. Thus
it can be seen that the controller cell must communicate with independent cells
individually or to more than one at the same time since the dependent cells respond
to levels and more than one cell may have the same level.

The global instructions that are sent by the controller cell on the inter-cell
bus to dependent cells always follow the sending of a name. The cells that responded
to the name will receive the instructions. For example, assume a system with
7 cells as follows:

First Name Last Name Dependent Independent

JOE SCOTT

BOB ROSE X

HELEN TRUMP X

BOB MILLER X

BOB JOHNSON X

JOE SMITH X

HELEN DAVIS. X

As an example assume the controller cell sends the following instruction groups.
The results are explained below.

JOE: Load X, Store Y, BOB: Load A, Add X, Subtract B, Store Y,
HELEN: Load A, Store Y, ROSE: Add M, Add N, ...

Two cells (JOE) will Load X, Store Y. Three cells (BOB)
will execute the next four instructions. One cell will execute
the next two instructions. (The cell TRUMP is an independent
cell and does not respond to first names.) The name ROSE

is a last name, thus only one cell will execute the last group
of instructions.

6.4 SOURCE OF INSTRUCTIONS

The traditional computer has instructions stored in a memory which is always
available to the processor. The processor controls the instruction fetch sequence
by using the program counter. In most modern machines, the instructions are




located in a random access core memory, and the program counter is incremented
to fetch sequential instructions. A jump is performed by loading the program counter
with the address of the next desired instruction.

Independent Cells:

The independent cell receives all of its instructions from the cell's memory,
like the traditional computer. The program counter is used to control the fetch of
instructions.

Dependent Under Global Control:

The dependent cell in the global state gets its instructions from the controller
cell. These cells receive the instructions from the inter-cell bus and then execute
them. The controller cell precedes the instructions with a name. The name (level
number) is contained in a control word sent on the inter-cell bus. This control word
is a prefix to a group of instructions. This prefix is the level of all instructions
until a new level prefix is sent or another control instruction is sent. Thus, a group
of global instructions is defined as that information contained between control words
on the inter-cell bus when a certain type of control word preceeds the group of
instructions. The group of global instructions is variable in length. It will be
mentioned here that the cell will execute the instructions in a manner quite similar to
independent cells; the primary difference being that the source of the instructions is
the inter-cell bus and not the cell's own memory. The particular details of the
instruction execution for each state of a cell will be given later in this chapter.

A detailed discussion of the inter-cell bus operation will be given later in this
report. However, in order to facilitate the discussion here a brief discussion will be
given here. The bus is a half-word (8 bits) parallel. In addition one extra line is used
and designated a control line; this line is used to define control words or commands on
the bus. The commands or control words utilize levels or addresses (first or last
names) to identify which cell or cells the command or control word is intended for.

Every dependent cell compares the level prefix sent by the controller cell to the
level register contents contained in the cell. If the prefix and the level register con-
tents are different, the cell ignores all the instructions, data, etc sent by the con-
troller cell, until a new level prefix (or other control word) is put on the bus by the
controller cell.

An example is given in Figure 6-1. Note that every cell is required to examine
every control word, but will not perform the control word operation if the cell is at a
different level (only the dependent cells examine the level), or has the wrong ID (cell
address). ' :
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Figure 6-1. Bus Operation Example

Control Byte (CB) All cells will examine this byte. If the cell(s) matches
this CB (either by level or cell address), the cell(s) will receive the
control word.

’/// ! Control Word (CW) This word includes the CB, and defines an operation
4 to be performed by the cell. Often the CW consists of only a CB.

E] ! Data. In this example, it shall be assumed that the Control Word
specified that instructions are contained here (note that the number of
instructions can be variable).

When segment 1 in the example occurs, all the cells in the system will examine
the CB. Assume the CB is a type that specifies a level. Thus,all the dependent cells
at this level will be ready to receive the CW (segment 2) and are automatically placed
in the dependent active (global) state. These cells in the global state will receive the
CW (segment 2) and will receive the instructions and/or data following (segment 3).
No other cells will receive any instructions or data (segment 3) from the bus until the
next CB occurs (segment 4 in the example).

When segment 4 comes on the bus, all the cells will again examine the control
byte. In the example, it shall be assumed the CB specifies a different level. The
following actions will occur:

In dependent cells that were active (global state) the CB at a new level will set
these cells to the dependent wait state.

In dependent cells that were not active and are at the new level indicated in the
new CB (segment 4), these cells will become active and will receive the data
(instructiongfollowing (segment 5). All other cells are left unchanged.

Thus, it can be seen that many sequences of global instructions may be sent to
many sets of cells at very low overhead cost to switch between sets. The low over-
head is advantageous when many cells are at each level and short sequences of instruc-
tions are to be transmitted to each. Also the bus is used very efficiently. This is
primarily possible because of having the dependent local and dependent wait state in
addition to the dependent global state. Since dependent cells respond to level com-
mands, it is possible to switch many cells quickly and efficiently from one dependent
state to another dependent state.
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To summarize, a dependent active (global) cell is a cell that is receiving
global instructions and data. By definition, a global cell is at the same level as the
global instructions being sent on the bus. Actually. the level is in the prefix CB,
there is no level transmitted with each instruction. The term ""global instructions
level" will refer to this prefix, although the term is not exactly correct.

Dependent Under Local Control:

The dependent cell not receiving instructions from the inter-cell bus may fetch
instructions from its own memory. This cell is in the dependent local control state.
The fetch of instructions is identical to an independent cell. The difference in this
cell being that it is constantly examining the bus for a command at its level as noted in
the above example.

Controller Cell:

The controller cell always fetches instructions from its own memory. The
instructions destined to be executed by the dependent global cells are not executed by
the controller cell. All other instructions are executed by the controller cell and are
not sent to the global cells. This is explained further in the section describing the
controller cell instruction execution (Section 6. 7).

6.5 SOURCES OF ADDRESSES

The computer technology has developed over the years many ways of specifying
a memory address. The early machines had the operand address given in the instruc-
tion. Later. index registers were used to modify the instruction address and memory
banks were used to save instruction bits. The traditional computer had several ways
of determining the final (or effective) address that was used to address memory.

The cells in the distributed processor computer also have several ways to specify
an address. All the ways will be described here, although some are not used by cells
in certain states.

The address may be specified by adding the instruction displacement and the
bank register (also known as a base register). The bank register is 9 bits long since
a cell will have 512 words of storage. The displacement is obtained from the instruc-
tion. Since the displacement is less than 9 bits, a bank register will always be added
to the displacement when a full (9 bit) address is required.

Bank

calculated address

The sum is called here the calculated address. If an index register is speci-
fied, it is also added.
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These two calculated addresses use the registers located in the cell.

Independent cells will obtain all the parameters that make up the address from
the cell itself. Dependent global cells will obtain the displacement from the instruc-
tion that was sent on the inter-cell bus, the bank and index register are always from
the cell itself.

In addition to the calculated address, a new concept of a given address is used.
A given address is an address that is used instead of the calculated address. This will
be explained below.

A dependent global cell recognizes a given address by a special control
instruction received on the inter-cell bus. This special instruction is called a GC
instruction. The GC instruction is sent from the controller cell to signal the dependent
global cells that a given address, in addition to an instruction, is to be sent on the cell
bus. This particular GC instruction is called a format instruction. It will be seen
later that there are several types of format instructions, the particular one under
discussion here is called a format-given address. The sequence is as follows:

Time Contents of Cell Bus Length
GC Format-(given address) ( 8 bits)
Instruction (16 bits)
Given address (16 bits)
subsequent instructions (16 bits)

Section 10 contains a detailed description of the inter-cell bus, however it will
be mentioned here that the bus is 8 bits in parallel (1/2 word). The global cell
normally expects to receive 16-bit instructions. However, this normal sequence is
altered by a format instruction. This instruction is a control byte and tells the
dependent global cells that something new has been added. In this case, that a 16-bit
address follows the next 16-bit instruction. The global cell will execute the instruc-
tion using the given address instead of the calculated address. Thus the controller
cell may send an address to all the global cells instead of having the cells calculate
the address.

The independent cells (and the dependent cells under local control) may use the
GC instruction. In this case, the format instruction is located in the cell's memory.
After the format instruction is executed, the processor knows the type of data
contained in the following memory locations. An example is given below.
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Location Contents Length

START GC Format Instruction- 16 bits
address is given

+1 Instruction 16 bits

+2 Given Address 16 bits

(subsequent instructions) 16 bits

Here, the instruction at START +1 is executed using the given address instead
of a calculated address. The use of the GC format instruction is called instruction
modification. The modification is usually not a change in the operation of the instruc-
tion, but rather a respecification of the address. As seen from the above examples this
modification can be done in any cell that executes an instruction,

6.6 SOURCES OF DATA

The cell in the distributed processor computer system can obtain data from
many sources, Some sources are available to all cells irregardless of their state,
others are available only to cells in a particular state.

All cells have access to data stored in their memory. The present cell concept
has no division of memory into data areas, read-only areas, etc. Thus any location
in a cell is available to the processor.

All cells may obtain data from their neighbors. The neighbor to neighbor data
transfer is independent of the cell state, and is described separately in Section 6.8
and 9 of this report.

Cells may receive data from outside the group via the cells' I/O line. This
system is described in the section on Input/Output Operation (Section 7.1).

Cells may receive data from outside the group or from other cells in the group
via the inter-cell bus. This system of a cell communicating directly with another cell
via the inter-cell bus is described in the section on the communication bus operation
(Section 10).

Some special cases of how a dependent global cell can receive data over the
inter-cell bus will be given below. Dependent global cells may receive data from
the controller cell. A GC format instruction may be used to indicate to these cells
that data is being transmitted in addition to instructions. The GC format instruction
is used in a similar manner to that described in the preceding section, Sources of
Addresses. In the preceding section, the format instruction was called, given address.
The format instructions described below will deal with data and will be identified
differently as will be explained below.



A 16-bit data word may be sent to dependent global cells by sending the following
sequence on the inter-cell bus. The GC format instruction is called a D16 format:

Time Contents of Cell Bus Length
GC Format - 16 bit data follows 8 bits
Instruction 16 bits
Data 16 bits
(subsequent instructions) 16 bits

This format instruction indicates an instruction is followed by a data word of
16 bits. The instruction is executed by the cell. The operand used, however, will
be the data word received from the inter-cell bus and not the data word usually
fetched from memory. More details concerning the operands and data are given in
the section on instruction execution (Section 6.7). Having data sent by the controller
cell means that the individual cells do not each have to store constants. To have
20 cells all store pi, e, and other constants is an inefficient use of cell memory,
whereas the controller cell has to store the constant but once and send it out when it
is needed. The constants are sent at the time they are used; thus they need not be
saved in the individual cells memory.

A 32-bit data word may be sent to dependent global cells. The GC format
instruction is now called a D32 format:

Time Contents of Cell Bus Length
GC Format - 32 bit data follows 8 bits
Instruction 16 bits
Data 32 bits
(subsequent instructions) 16 bits

This situation is similar to the D16 format. The instruction will use the 32-bit data
word in performing its operation.

It is possible to have the dependent global cells use as data, the displacement
field in the instruction. Naturally, the magnitude that may be sent depends upon the
length of the displacement field in the instruction. This is accomplished by using
another format instruction called the I (Immediate) format. The I format is especially
useful when loading registers with small values. The I format is received by a
dependent global cell as shown below:

Time Contents of Cell Bus Length
GC Format-Immediate 8 bits
Instruction 16 bits
(subsequent instructions) 16 bits
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As an example, if the instruction is a Load Index Register 3, the displacement field of
the instruction, preceded by zeros, will be loaded into index register 3.

The last GC format instruction that concerns data is the DS format. This is a
very special format whose usefulness is yet to be entirely determined. It was designed
to rapidly move data from the controller cell to a number of cells or a cell. The
sequence received by a dependent cell is as follows:

Time Instruction and Data Length
GC format - DS bits
Instruction 16 bits
address 16 bits
data word 1 16 bits
data word 2 16 bits
data word 3 16 bits
data word N 16 bits
GC format-End of DS 8 bits

The dependent global cells will receive the DS format instruction. The instruction
following will be executed using the given address and the first data word. The given
address will be incremented by one, and the instruction will be repeated using the
second data word. The operation will continue until the GC format byte, End of DS,
is received instead of a data word at N+1. The DS is seen to be useful if the instruc-
tion is a store or compare to memory type of instruction.

The above description of instruction modifiers (GC format instructions) to allow
the controller cell to send data to the dependent cells applies to dependent global cells.
The instruction modifiers may also be used by cells in other states. Of course, the
format instructions must then be stored in the cell's memory, and are not sent over
the intercell bus. Section 6.7 describing the instruction execution should be consulted
for more details. An example of how one of the above GC format instructions can be
stored in a cell's memory and used to modify instructions is given below:

Location Contents Length
START GC Format-D16 data follows 16 bits
+1 Instruction - Load Acc 1 16 bits
+2 data word 1 16 bits
+3 Instruction - Load Acc 2 16 bits

+4 (subsequent instructions) 16 bits
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The instruction at location START is a CC instruction that will generate a GC Format -
D16 and indicates that the next instruction is followed by a word of data. The load
accumulator 1 instruction will load accumulator 1 not with the contents of the memory
location specified by the calculated address but with data word 1 located at START +2.
It is seen that the GC format instruction is used here to respecify the location of the
data to be loaded into the accumulator. The instruction at START +3, because it is
unmodified, is executed in a normal manner.

MOST instructions may be modified by a GC format instruction. This will be
explained in the next section where table 6-3 will be presented that gives a list of all
the instruction types and how they are affected by modification.

6.7 EXECUTION OF INSTRUCTIONS

The instruction execution in the distributed processor computer system is a
complex subject. The execution depends upon the state of the cells and upon where the
addresses, instructions, and data are located. This section does not contain the
detailed instruction list or details on the operations in a cell to execute the instruc-
tions (see Section 9); the intent of this section is to present the general concepts on
how the different types of instructions are treated. Instead of first presenting the
detailed processor section of the cells, it will be stated that it contains the program
counter, instruction decoding logic, adder and several registers as in a conventional
machine. The registers are accumulators, index registers, and base registers.

The registers may be located in an addressable section of the cell's memory, or they
may not be addressable by the programmer. The cell also contains a cell address
register and a level register for purposes of cell identification as discussed in
Section 6. 3.

Instead of treating each instruction, the instruction list was divided into several
general categories as shown in Table 6-2. The instructions in a category are executed
quite similarly in most states, however the differences will be pointed out in this
section. An explanation of the execution for each of the categories will be given below
for each state of a cell. Table 6-3 contains a summary of the execution of instructions.

Two instruction categories have been defined that are quite unique, namely (1)
CC (Controller Cell Instructions) and (2) GC (Global Control Instructions). Actually
both of these categories are mechanized with only one operation code in the processor
by using an operation code extension scheme. However, they will be considered
separately for purposes of clarity. Table 6-4 summarizes the types of CC instruc-
tions and Table 6-5 summarizes the types of GC instructions. The term instruction
is used freely here and may not be exactly correct. The CC instructions are conven-
tional type instructions in that they are stored in the cell's memory that executes
them (this will normally be the controller cell). However, GC instructions are sent
over the inter-cell bus to the cells by the controller cell; the controller cell can send
out these GC instructions only by executing a CC instruction. This area of discussion
is quite complex and the explanation of instruction execution in this section should
serve to clarify it. In addition, the types of CC and GC instructions will be explained
in this section (some of the GC - format instructions have already been discussed in
this chapter).
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A summary of the GC and CC instruction execution is given in Table 6-6 for
each of the cell states. This table will be explained in detail in the remainder of
this chapter. It should be noted that in Table 6-6, that the communications bus
I/O commands, C, are listed as GC instructions while not being listed in Table 6-5.
This is due to the fact that they are sent by the controller cell by the execution of a
CC instruction therein in much the same manner as those of Table 6-5 are. They
are not truly GC instructions but rather inter-cell bus I/O commands. They are not
discussed in this chapter; chapter 10 contains the detailed mechanization of these
commands and the operation of the inter-cell bus.

Table 6-2. Instruction Categories

1. LR Load Register from a memory location
2. STR Store Register into a-memory location
3. OPR An operation is performed between a register and a memory

location contents, the results are in a register,

4. RR An operation is performed between one register and another
register,
5. R Single register operation, such as shift.

6. EXEC Execute an instruction in a memory location.

7. COMP Compare the contents of a memory location (or register) with
a register. The results of the comparison are saved in the
COMPARISON flip-flops.

8. SKIP Test the contents of a memory location (or register) with a
register or implied value, The result is true or false.

9. JUMP A new sequence of instruction is begun. The jump may be
combined with a test to make a conditional jump.

10, CC Controller Cell instructions,
11. GC Global Control instructions. These instructions control the
states and levels of all cells and dependent cell execution of

global instructions.

12, 10 Input-Output instructions. These instructions initiate and
control I/O operations.
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Table 6-4. CC Instructions

Control inter-cell bus I/O logic

Generate GC and Bus I/O commands to be sent over the inter-cell bus
Transmit mode, single

Transmit mode, all

Execute mode, single

Execute mode, all

Do not change mode

7.1 No Operation

7.2 Format - - = === === == c=-———-====—-=-=-== (F)
7.2.1 A - Given Address
7.2.2 D16 - 16 bit Data Word
7.2.3 D32 - 32 bit Data Word

7.2.4 A, D16 Given Address and 16 bit Data

7.2.5 A, D32 Given Address and 32 bit Data

7.2.6 I - Immediate
7.2.7 DS - Given Address and Data Stream
7.3 State and Level Control = - = = = = == = = = = == - == — == (SIL)

7.3.1 Controller Cell State - Set Level
7.3.2 Independent State - Set Level
7.3.3 Independent State - No Level Change
7.3.4 Dependent Wait State - Set Level

7.3.5 Dependent Wait State - No Level Change
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Table 6-5. GC Instructions

Format = = = = = = = & & - 0 & L m L L L L e oD oo (F)
A Given address follows the next instruction
D16 16 bit data word follows the next instruction
D32 32 bit data word follows the next instruction
A, D16 Both a 16 bit data word and given address follow the
next instruction, the address comes first
A, D32 Same as A, D16 only the data word is 32 bits long
I The displacement field of the instruction is the data
DS A number of 16 bits words preceded by a given address
follow the next instruction,
END DS Indicates the end of DS data words
State Control of Dependent Cells on the basis of levels = = ~ - - - (SL)
Level, G All dependent cells at this level go to global state;
Instructions follow,
Level, L All dependent cells at this level go to local control
Level, W All dependent cells at this level go to wait state
Level, R All dependent cells at this level reply on inter-cell
‘ bus with a constant
Level, R, DG All dependent global cells at this level reply on
inter-cell bus with a constant
Level, IND All dependent cells at this level go the independent state
State and level control of Individual Cells = = - = = = = = = = - = (SIL)
IND, Level The cell is made independent and level register set
to the value specified
IND The cell is made independent with no change in the
level register
DG, Level The cell is set to the dependent global state and the
level register set to the value specified
DG The cell is set to the dependent global state with no
change in the level register
DW, Level The cell is set to the dependent wait state and the level
register set to the value specified
DW The cell is set to the dependent wait state with no change
in the level register
DL, Level The cell is set to the dependent under local control state
and the level register set to the value specified
DL The cell is set to the dependent under local control state
with no change in the level register
CC The cell is made the controller cell
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Table 6-6. GC-CC Instruction Execution

Fetched from Own Rcv'd from Sent Over
State Memory (CC Instr) Bus (GC Instr) Bus (GC Instr)
cC ALL® X F, SIL, SL, C
IND F, SIL() SIL, C X
DL F, SILG) SIL, SL, C X
DG X F, SIL, SL, C X
DW X SIL, SL, C X
Legend:

X: Not Applicable

F: Format

SIL: State Control, Level Control, or both of Individual Cells

SL: State Control of Dependent Cells on the basis of Level

C: Communication Bus I/O Commands

1): Except 7.3.2 thru 7. 3.5 of Table 6-4

2): For Independent Cells only a Level Control CC and no State Control

is allowed from its own Memory (7.3.2 in Table 6-4)
(3): For Dependent Local Cells only State Control to the Dependent

Wait or Independent State is allowed from its own Memory
(7.3.2 thru 7.3.5 in Table 6-4 are allowed)

6.7.1 Dependent Global Cell

A dependent cell may receive instructions, data, and commands from the inter-
cell bus. The global cell, or active cell, is receiving instructions and executing them
as they are received; the level prefix placed before the instructions by the controller
cell is the same as the contents of the level register in the global cell.

Although the global cell receives instructions from the intercell bus, the
registers, addresses, and data are usually from the cell's memory. Thus several
global cells will receive the same instruction, but all may use different addresses
and process different data, The exceptions are indicated by the use of a GC Format
modifier byte preceding the instruction. This concept was explained in the previous
sections.

6-18




A description of the execution of each instruction category is given below.

1. LR instructions are all instructions that fetch an operand from a memory
location and load the contents into a register. The address of the memory location
is calculated by adding the base register, index register (if one is specified) and the
displacement from the instruction. Only the displacement is received on the inter-
cell bus. The low-order nine bits are used to address memory; the remaining seven
high-order bits are ignored. Of course, if the memory in a cell were greater than
512 words, more bits would be used. The operand is fetched from this cell's memory
and placed in the specified register.

The LR instructions may be modified with a GC format byte. This byte, when
transmitted by the controller cell just before the LR instruction, modifies the address
or the source of the operand. The A (address) modification forces the cell to use the
given address instead of the calculated address. The D (data) modification forces the
cell to load the register with the data word sent on the inter-cell bus. The I (immedi-
ate) modification will load the register with the displacement field of the instruction.
The DS modifier is invalid.

No matter what the source of the address, the address always specifies a word
in the cell's memory. Of course, the A and D modifications can not both be used
with LR instructions. The controller cell may use a D modification to send the same
data to all cells.

2. STR instructions store registers into memory. The address is calculated,
and the contents of the specified register are placed in the addressed memory location.

A GC format byte, when received just before a STR instruction, will modify the
instruction. If an A modification is used, the given address is used instead of the
calculated address. A data word, either 16 or 32 bits (D16 or D32), may be specified.
In this case, the register contents are ignored and are not used. The data word from
the cell bus is placed in the specified memory location. Thus words may be placed
directly in a cells memory without changing register contents. Both A and D may be
given. In this case, the controller cell sends out both the address in which the data
is to be placed, and the data to be stored. This serendipitious result is used by the
controller cell to start up cells that have had their memory cleared for some reason,
such as a reconfiguration.

The DS modification, when used with a store instruction, is similar to using a
GC format with an A and D. The difference is the instruction and address are not
repeated with each data word, they are sent to the cell but once. Each time a data
word is sent to the cell, the data is stored and the address is incremented. An End
DS GC format byte will end the sequence.

The I modification can not be used with store register (STR) instructions,
because the displacement field is needed for an address.

3. OPR Instructions. The address is calculated in the normal manner, using the

base (and perhaps an index register), along with the displacement in the instruction.
The contents of the memory location specified by the address are obtained, and are
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used as operand 1. Operand 2 is always obtained from a register. The instruction
specifies what operation is to be performed with the two operands. The results are
always placed in a register or registers.

The following modifications are allowed.

A A given address may be specified, which will be used instead of the calcu-
lated address.

D A data word is sent on the bus, which becomes operand 1. No address is
used. Depending upon the operation, the data word may be either 16 or
32 bits in length.

The displacement field from the instruction sent over the cell bus becomes
operand 1. No address is used.

lH

DS The DS modification may be used; however, the address is not used.
Because the same operation is performed with each word of data, this
DS modification may not be very useful.

4. RR instructions operate exactly as in the independent state. No modifications
are possible. Because both registers are in the same cell, no transmission of data
by the cell bus is required. Only the instruction itself is sent on the cell bus.

5. R instructions are the same in both dependent and independent cells. No modi-
fications are possible with register (R) instructions.

6. EXECUTE instructions can be sent from the controller cell to the dependent
global cells. In this way every global cell can execute a different instruction. The
address is calculated, the contents of the specified memory location are obtained and
executed as an instruction. The fetched instruction may be any legal instruction for
a dependent cell, The address (A) modification is allowed, in this case, the address
of the memory location would be sent by the controller cell. No other modifications
may be used.

7. COMPare instructions are executed much differently in dependent cells than in
traditional computers. In the traditional computer, a comparison is made between
two values; one is located in a register. The comparison results set some flip-flops.
In some computers, a separate instruction tests the flip-flops and jumps or otherwise
modifies the program counter. In other machines the same instruction actually
modifies the program counter. Sometimes, of course, the instruction does not modify
the program counter, depending upon the results of the comparison.

The dependent cells in the global state do not use the program counter, thus
another means of using the comparison results is needed. The concept adapted here
is to change the level register instead.

The instruction is received from the inter-cell bus. The address is calculated
and the specified word from the cell's memory is fetched. This word (operand 1)
is compared with the cohtents of a register (operand 2). The results of the compari-
son will set a pair of flip-flops to one of 4 states. These will probably be overflow,
greater, equal, less than.
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Another instruction will test the state of these flip-flops and take some action.
Sometimes, the same instruction may compare, set the flip-flops and take some action.
The action to be taken may be one of the following. How many are mechanized would
require further study.

Continue at this level.

Increment level register by 1.
Increment level register by 2.
Decrement level register by 1.
Decrement level register by 2.

(DQ-O.U'_N

Any level register change will always discontinue the reception of instructions
from the inter-cell bus.

The conditions above are several that could be used. A compare instruction
could state:

If Flip-flops are 00 or 01 or 10
THEN increment level register by 1,
ELSE continue at this level.

Many other combinations are possible. How many would require software studies to
determine their usefulness.

It is seen that, because the compare instruction uses data that may be different
in each dependent global cell, some cells may change levels and thus discontinue
receiving global instructions. In these cells, data processing will be continued at
a later time when the controller cell sends out a GC for the new level.

Some compare instructions may use several words of memory, or perhaps
several words from the inter-cell bus as a DS modification. The setting of the
compare flip-flops and the subsequent action is the same as an instruction that uses
only two operands.

The modification possibilities have not all been explored. Some possibilities
are given here.

A The given address is used instead of the calculated address.

D The data sent on the cell bus is used instead of a register operand.

I  The displacement in the instruction is used instead of a register operand.

DS The words of memory starting at the given address are compared with the
data words sent on the data bus. If the comparison changes the level

register, the reception of data words is discontinued. If no level change
is made, the flip~-flops are left at their last state.
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8. SKIP instructions are really test and skip. A test is made between two operands,
the result of this test is always True or False. The true state will always increment
the level register by 1. The reception of instructions from the inter-cell bus will be
discontinued immediately and the cell is placed in the dependent wait state. The cell
will remain in this state until a CG command is sent indicating instructions of the new
level are being sent on the cell bus. The false state will not change the level register;
reception of instructions will continue. If an address is required, it is calculated

and the operand is fetched from memory. One operand is usually from a register.
Some modification possibilities are:

A A given address is sent on the intercell bus.

D The data word sent on the intercell bus is used instead of the register
operand.

{ =

The displacement in the instruction is used as an operand instead of
using a register operand.

DS The words of memory starting at the given address are tested against the
words sent on the inter-cell bus. If any test is true, the level is changed
and data reception is discontinued. If every test is false, the GC format
command which indicates the end of the data string will be received; the
level register is not changed.

9. JUMP instructions are very seldom sent to dependent active cells because they
have no meaning. A Jump instruction will always be preceded by a GC format,
because a JUMP, by itself, is never sent over the inter-cell bus. The GC format will
indicate a special operation is to be performed. One operation is to load the program
counter with a value. The program counter is not incremented or used as long as the
cell is in the global state.

10. CCinstructions are not sent over the inter-cell bus.

11. GC instructions are received by the dependent global cells. Dependent global
cells may receive any of the GC commands: format, state and level control of individual
cells, and state control via levels.

The GC format instructions ha ve been described in the preceding sections on
addresses and data. These GC instructions describe what is to follow on the cell bus.
Eight categories are possible (Table 6-7).

The other GC instructions that may be received control the levels and states.
These instructions may control the state of cells on the basis of levels or may control
the state and/or level of an individual cell.

The GC instructions for state control via levels are given below:

GC level, G

All dependent cells at this level to go the active global state. Instructions for
this level normally follow. If the cell is in the dependent global state when this
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instruction is received, two cases occur the levels match or don't match. If the
levels match the cell continues in the dependent global state and this is essentially
treated as a no op. If the cell's level is different, the cell will go to the dependent
wait state; essentially a new set of cells are then made dependent global.

GC level, L

All dependent cells at this level go to the dependent under local control state.
Dependent global cells whose level matches will change state, the others will remain
dependent global. If the cell goes to the dependent local state, the next instruction
for this cell will be taken from a fixed location in the cell's memory.

GC level, W

All dependent cells at this level go to the dependent wait state. The procedure
is the same as above except no next instruction is fetched for the dependant global
cells that change state here.

GC level, IND

All dependent cells at this level go to the independent state. This instruction wil
will set all the dependent cells at this level to the independent state; the cell or cells
will begin by initializing the program counter from a predetermined location in the
cell's memory.

These four above GC instructions will force all dependent cells at the given
level to change state. Of course, independent cells are not changed, neither are
cells that are at a different level from the level number in the GC instruction sent
over the inter-cell bus.

Another instruction is the GC reply.
GC level, R

All dependent cells at this level will respond to this GC instruction. The con-
troller cell will now allow the dependent cells to transmit on the cell bus. All cells
which responded will now return a constant number to the controller cell. Because
all cells are setting the cell bus lines to the same value, the hardware design is
simple.

This instruction is used by the controller cell to determine if one or more
dependent cells are at a certain level. The cells may switch levels dependent upon
the value of the data processed by a cell. Thus some cells may or may not be at a
specific level. To enable the controller cell to quickly and at low overhead determine
if there are any cells at a given level, this reply instruction is included. If no cells
are at this level, no cell will send back a constant to the controller cell, and the con-
troller cell will not receive the constant reply number. The controller then may not
need to send this level program. If at least one cell replies, the controller cell
will note this and send out the program to process this level of cells. There is no
way for the controller cell to know how many cells are receiving the instructions at
a level without interrogating each one individually. With the reply instruction, the
controller cell knows only that there is at least one cell at this level.
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Table 6-7. GC Formats

Cell Bus
Bits 5-7 Description
1 D16 (16 bit data word)
2 D32 (32 bit data word)
3 A (Given address)
4 A and D32
5 A and D16
6 I (Immediate)
7 DS (Data is being sent)
8 Instructions follow (end of DS)

In addition, another GC reply instruction is:
GC level, R-DG

All dependent global cells at this level will reply as in the above instruction.
However dependent local and wait cells will not respond. This instruction is
particularly useful to determine if any dependent cells are still in the global state.

The GC instructions for state and/or level control of individual cells will be
given below.

These instructions were listed in Table 6-5; the general form is:

GC State, Level
or GC State, No Level Change

The GC command is sent over the inter-cell bus by the controller cell. This com-
mand is addressed to an individual cell regardless of state and only the addressed
cell will pick up the command and execute it. The command is executed similarly in
all cells regardless of their initial state. The addressed cell will change state as
indicated by the command and also change its level as indicated by the command. If
the cell is already at the indicated state and/or level, no change occurs. Therefore,
it is possible for example to keep a cell at the same state and change its level,

The procedures for changing states depend on the initial state and the final

commanded state in the cell. Since this section is concerned with the execution of
instructions in dependent global cells, only this initial state will be considered.
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To enter the dependent local state the cell will fetch its next instruction from a
location in the cell's own memory given by a fixed address. Entering the dependent
wait state will result in the cell entering an idle mode and suspension of reception
of instructions over the inter-cell bus until a GC instruction is received forcing it to
again change states.

If an independent state is indicated, the cell will place the contents of a location
in the cell's own memory, given by a fixed address, into the program counter. The
cell will then begin fetching instructions from its own memory under control of the
program counter. This location may simply be the address saved when the cell was
last independent and told to go to the dependent global state, an address placed there
by the controller cell, etc.; the possibilities here are numerous on how to restart
the cell in an independent state.

The controller cell state is entered by having the cell fetch its next instruc-
tion from a location in its own memory given by a fixed address. One of the first
things the new controller cell will do is to change the old controller cell into the
independent state.

12. IO instructions are described in the section on input-output (see Section 7).
Dependent global cells will usually not execute I0 instructions, since the inter-cell
bus is being used for global instructions. Dependent global cells will normally be
switched to local control to execute IO instructions.

6.7.2 Dependent Cells - Local Control State

The dependent cell can have its level register at a different value than the
instruction and data level that is being sent over the cell bus. These dependent cells
that are not active and not receiving global instructions may (1) idle or (2) execute
instructions from its own memory. The first case is called the wait state, the
second is local control and is discussed in this section.

The execution of instructions from the local memory will continue until one
of the following events occurs:

1. A CC instruction is executed that puts the dependent cell in the wait state.

2. A GC instruction is received from the inter-cell bus that specifies this
level and causes a change of state.

3. A GC instruction is received on the inter-cell bus specifying this cell's
address and causing a change of state.

In the second case, the global instructions will always be used whenever they
are identified as being at the same level as the level register. The programmer is
responsible to be sure that the local control program is at a completed state before
global instructions at this level are sent from the controller cell.

Because the instruction execution is similar to the dependent global cell, only
the differences will be noted below. Note that any GC format instruction modifiers
must be stored in the cell's memory, preceding the modified instruction. The
sequence of instructions is controlled by the program counter,
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STR

OPR

RR

R

EXECUTE

COMPARE

SKIP

JUMP

The instruction is fetched from the cell's memory, the register is
loaded from the memory location specified by the effective address.
The calculated address is used unless a CC format modifier instruc-
tion is present. The D, A, or I modifier may be used.

The instruction is fetched from the cell's memory, the register is
stored in the memory location specified. The calculated address is
used unless a CC format modifier is present. The D or A modifier
may be used.

The operation is performed between the memory location contents and
the register. The CC format modifier can specify an A, D, I, or
DS modification.

These are executed exactly the same way in all cells. No modifications
are possible,

The register instructions are executed the same way in all cells.

Execute instructions are executed as in an independent cell. The
address is calculated and the contents of the specified memory
location are executed as an instruction. The fetched instruction
may be any legal instruction for a dependent local control cell. A
CC format modifier may specify a given address.

instructions are executed in the same way as in a dependent global
cell. The comparison is made in the same way, only the instruction
and all data are obtained from this cell. The flip-flops are set in
the same way.

The level register is either changed or will remain the same. If
the register is changed, the cell will automatically go to the wait
state. If the register is unchanged, the cell will continue to execute
instructions in the local control state.

The compare may be modified as given in the dependent global cell
description,

These instructions are executed exactly as in a dependent global cell.
The results of the test, if true, will increment the level register and
force the cell into the wait state. The false state will not change the
level register and thus the program will continue and fetch the next
instruction. The skips may be modified, as described in the dependent
global cell description.

These instructions will usually be executed as in an independent cell.
The new value of the program counter is calculated and replaces the
present program counter value. Conditional jumps are also possible.
One jump will take place depending upon the comparison flip-flop
setting.
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cc

GC

A very restricted part of these instructions may be executed by the
dependent local cells. This includes the Format modification (7.2 in
Table 6-4) and part of the state and level control instructions (7.3 in
Table 6-4). It should be kept in mind that these CC instructions will
be located in this cell's memory, The following state and level control
instructions may be executed.

Ind, Level

Ind, No level change

Dep Wait, Level

Dep Wait, No level change

Any other CC instructions (1 through 6 in Table 6-4) will not be executed
in this state.

The use of the format instructions has been described in the
previous sections.

The use of any of the state and level control instructions will
result in a change of state and possibly a level change. The procedures
for entering the Independent or Dependent wait state are the same as
these presented for entering from the dependent global state.

Format GC instructions sent over the inter-cell bus are ignored by
dependent local cells.

The GC instructions that control state on the basis of level and
those that control state or level on the basis of cell address may be
executed by dependent local cells.

The GC instructions for state control via levels will be executed
only if the level register matches that of the instruction.

GC level, W
GC level, DG

The execution of the above two instructions will result in the cell
assuming the new state. Going to the global state means that the
cell is now ready to accept instructions via the inter-cell bus.

GC level, IND
GC level, R

The above two instructions are executed as in the dependent global
cells (see Section 6.7.1),

The GC instructions for state and/or level control of individual

cells are handled quite similarly to that described for dependent global
cells; the differences will be brought out in the discussion below.
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To go to the dependent global state, the present instruction will
be completed, the program counter saved, and the hardware accumulator
stored in its memory location. Then the state is set to dependent
global and the cell is ready to receive instructions over the inter-cell
bus.

The dependent wait state will simply result in the cell entering
an idle mode as before. The comments as to the present instruction,
program counter and accumulator in the above paragraph apply here
also and to every change of state for the dependent local cell.

The same procedure is followed to enter the independent and
controller cell states as given for the dependent global cell.

10 These instructions are executed as in an independent cell. They are
described in Section 7.

6.7.3 Dependent Cell - Wait State

This cell is not executing instructions. The program counter is not being
incremented.

The dependent cell in the wait state is always examining the cell bus. When a
GC instruction that controls states via levels is received which has the same level
number as the contents of the cell's level register, the cell will switch to the com-
manded state. A GC instruction may also address this cell individually to change
state and/or level. The procedures followed to change state are identical to that
described previously.

6.7.4 Independent Cell

The cell operating in the independent state is described below. The independent
cell operation is very similar to the traditional computer operation. These cells
fetch all instructions and operands from the cell's own memory. The instruction
fetched is located at the address contained in the program counter.

The independent cell cannot set its ID register. The level register, although it
is not used by an independent cell, may be set to any value via a CC instruction.

An independent cell will respond to GC commands received on the bus that
specify this cell address (last name). Independent cells do not respond to commands
based on level. The cell that is in the independent state must stay in this state until
the controller cell sends a command on the inter-cell bus with a cell address equal
to the contents of the cell's ID register to change states. Thus each independent
cell must be addressed individually. The independent cell concept is an important
part of the distributed processor system. Other similar computer systems require
all cells to be independent or all dependent. It should be noted that the capability
for having independent cells switch themselves to dependent states was not included.
The reason for this is that it is felt to be of little use since a dependent local cell
acts very much like an independent cell and programs that may want to change states
and be performed locally may be done in a dependent local cell. This approach
simplifies the executive procedures in the controller cell.
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LR instructions are all instructions that fetch an operand from a memory
location and load the contents into a register. The address of the memory location
is calculated by adding the base register, index register (if one is specified) and the
displacement from the instruction. A CC format modifier instruction may be used,
however, the address is always in the same cell. The D, A and I modifications may
be used.

STR instructions are the reverse of the LR, the register contents are stored
in the given memory location. An A or D format modifier may be used.

OPR instructions are simiiar to LR, only the present contents of the register
are combined with the memory location contents according to the operation code.
The results of the operation are placed in the register. OPR instructions include
add, subtract, multiply, divide, AND, OR, etc. An A, D, I or DS modifier may be
used.

RR instructions are all instructions that use two registers, and place the results
in one register. Add accumulator 1 to accumulator 2 is an example. No memory
operations are required (unless the registers are stored in main memory). No
modifiers may be used.

R instructions are all single register operations, such as shift, complement
accumulator, etc. No modifiers may be used.

EXEC instruction is the traditional computer execute instruction. The specified
memory location contents are treated as an instruction; this fetched instruction is
executed. The independent cell can only execute instructions located within its own
memory. A CC format modifier may be used to specify a given address.

COMP instructions compare two values. One is located in a register, or is
understood (such as zero), the other is located in another register or in the cell's
memory. The resuit of a comparison will set two flin-flops to a certain state, which
will be one of 4 states. An equal comparison, for example, may set the flip-flop to
00, greater to 01, and less than to 10. The compare may be modified as in the

previous descriptions; A, D, I or DS modifications are possible.

SKIP instructions are always a test and conditional skip. The value tested may
be in a register or in memory. The result of a test is always true or false. The A,
D, I or DS modifiers may be used.

The independent cell will modify the program counter contents based upon the
results of a skip test. If the test results are true, P+ 2 replaces the contents of the
program counter P. If the test results are false, P + 1 replaces the contents of the
program counter P. In other words, the following instruction is skipped if the test
results are true.

JUMP instructions are either conditional or unconditional. Additional operations

may take place in addition to the jump, such as storing the program counter in an
index register.
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The jump is implemented in an independent cell by replacing the contents of the
program counter with a new value. This new value is the location in the cell's
memory where the next instruction to be executed is located. The calculation of this
new value is dependent upon the type of instruction; however, in all cases, a new value
replaces the old value. Conditional jump instructions make a test, usually on some
register. If the test results are true, the program counter contents are replaced.
If the test results are false, the program counter is handled in a normal manner, i.e.,
the program counter is incremented by one. The A, D, I or DS modifiers may be used.

CC A very restricted part of these instructions may be executed in the independent

cell. This includes the format modification (7.2 in Table 6-4) and one of the
state and level control instructions (7.3 in Table 6-4). The only state and level
control instruction that may be executed is to change the level in the independent
cell:

IND, Level
Any other CC instructions will not be executed by an independent cell.

The use of the format instructions has been described in the previous
section. The instruction to change level simply results in the level register
being set to the new value specified.

GC The only GC instructions on the inter-cell bus that will be executed by an inde-
pendent cell are those that control state and/or level on the basis of cell address.

If the cell address in the GC command matches the cell's ID register, the
command will be executed. The procedure to change states is identical to that
given previously for the dependent local cell; namely, the present instruction is
completed, the accumulator stored in its memory location, and the program
counter saved in the location used for interrupts. Then the state is changed as
described previously. In this case the procedure in going to the dependent local
state is similar to that of going to the independent state for the dependent local
cell, namely, the next instruction is fetched from a location given by a fixed
address.

I0  Input-Output instructions are executed normally, as described in Section 7.2

of this report. In fact, the Input/Output operation is the same for all cells
except those that are failed (obviously cannot perform I/0) and those in the power
saving state (there are no memory words, the memory is shut off), In all

other states the I/O is the same.

6.7.5 Controller Cell

The controller cell is the most difficult to describe. This cell has the charac-
teristics of the independent cell and of a storage bank. The controller cell controls
the inter-cell bus. The bus is used for local communication between cells and global
control and communications. The local communication operation between cells is
described in the section on the communication bus (Section 10).
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As far as instruction execution is concerned, the controller cell can operate in
basically two modes: the transmit mode and the execute mode. That is, the controller
cell can either send out instructions over the inter-cell bus or execute them internally,

The controller cell supplies instructions and data to the dependent cells. The
controller cell will first be described in the transmit mode. In this mode the con-
troller cell will be transmitting instructions to the global cells; the instructions are
executed only in the dependent global cells and not in the controller cell.

The transmit mode is entered by executing a particular controller cell instruc-
tion (see Table 6-4). This instruction will be discussed below when a description of
the CC instructions is given. Essentially this instruction causes the controller cell
to place the subsequent memory words on the inter-cell bus. The program counter
controls the fetch of instructions.

Most fetched instructions that are transmitted are NOT executed by the con-
troller cell. The transmit mode causes non-execution (by the controller cell) of
the instruction categories shown in Table 6-8. An appropriate delay between trans-
missions is made so the dependent global cells will have time to execute the instruc-
tions before the next instruction is sent.

JUMP instructions are not sent out unless they are preceded by a GC format
modifier instruction. JUMP instructions are normally executed by the CC. The
program counter is usually modified to start a new sequence of instructions as in an
independent cell. Conditional jumps are executed using data from the controller cell.
The address and registers used (if required) are always from the controller cell.

Table 6-8. CC Transmitted Instructions

LR Load Register

STR Store Register

OPR Operate on Register
RR Register to Register
R Register

EXEC Execute

COMP Compare

SKIP Test and skip
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In the execute mode, the controller cell fetches and executes instructions like
an independent cell. All the instructions except the CC and GC instructions are
executed identically to the independent cell. Therefore, only the execution of the CC
and GC instructions will be discussed below.

CC instructions are listed in Table 6-4. There are seven basic types of CC
instructions.

1. Control inter-cell bus 1/0 logic - Instructions of this type control the logic
associated with the inter-cell bus communications section of a cell. Some
instructions of this type are: prepare to input from the bus, prepare to
output over the bus, etc.

9.  Generate GC and Bus I/0 commands - CC instructions of this type when
executed by the controller cell will result in the formation and transmission
of control words on the inter-cell bus. All of the GC commands listed in
Table 6-5 are generated by this instruction. This includes the format,
state control via levels, and state and/or level control of individual cell
commands. In addition, the commands to control local communications
between the cells are generated by this instruction. Section 10 contains
a detailed discussion on how the GC and Bus I/O commands are formed
from this instruction.

3. Transmit Mode, Single - This instruction forces the controller cell to
enter the transmit mode until one instruction (including any GC modifiers,
given address, etc.) has been transmitted and then return to the previous
mode.

4. Transmit Mode, All - Same as above except the transmit mode is retained
until one of the two CC instructions given below is executed.

5. Execute Mode, Single - This instruction forces the controller cell to
execute the instruction (including any format modifiers) that follows in
the controller cell. Then the controller cell is to revert to the previous
mode.

6. Execute Mode, All - Same as above except the execute mode is retained
until one of the CC instructions, 3 or 4 above, are executed. .

7. Do Not Change Mode - These instructions are used to control the execution
of instructions in the controller cell and to change its level. The present
mode of the controller cell will be retained.

a. No Operation

b. Format - These are the format modifiers previously described
(A, D, I, DS). They are used in the controller cell to modify the
next instruction it executes (not transmits). These are not sent over
the inter—cell bus. Format modifiers sent over the bus are generated
by the CC instruction of type 2 described above.
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c. State and level Control - The only one of these instructions (Table 6-4)
that the controller cell may execute is ""Controller Cell State - Set
Level." This instruction may be used by the controller cell to change
its level register. '

GC instructions are sent over the inter-cell bus by the controller cell. There-
fore, the controller cell will not normally be receiving and executing any GC com-
mands from the bus. The one exception occurs when the controller cell is to change
state. This is accomplished by the controller cell executing a CC instruction of
type 2 above. The particular GC command generated by the execution of this instruc-
tion and sent over the inter-cell bus will be a command for a particular cell to change
its state to the controller cell state. The original controller cell will now be waiting
for a command over the inter-cell bus to tell it to change states. A timer is set
so that this command is received in a certain maximum allowable time. The command
will of course be a GC command sent by the new controller cell. If this command is
not received in this maximum allowable time, the original controller cell will inter-
rupt and enter a software routine to diagnose the no response condition.

One point should be made with regards the execution of global programs. It
is possible to be sending out a global program at a certain level and only have part
of the cells in a group at that level be executing this global program. Recall that a
cell will be executing the global program if it is in the dependent global state. This
situation could occur due to several cases: :

1. The cell is independent - its level has no meaning and may therefore be
the same as the level of instructions on the inter-cell bus.

2. The cell is dependent local or dependent wait - a cell may be dependent
local and initially at a different level than that of the instructions on the bus,
then the cell may change level and/or state under its own control and be at
the same level as the instructions on the bus. However, the cell will not
switch to the dependent global state under this condition,

3. Only one cell is made Dependent Global - It is possible for the controller
cell to send out a GC command addressed to an individual cell and place it
in the dependent global state. This is the DG or DG, Level command in
Table 6-5. The level register may or may not be changed by this command.
In any case, if the controller cell sends out instructions over the inter-cell
bus following this command, the cell will execute them and assume they
are at the same level as its level register. Other cells may be at the same
level as this cell, in fact they may even be dependent local or dependent
wait; however, they will not enter the dependent global state since a GC
to change state of an individual cell was used.

’

6.8 NEIGHBOR TO NEIGHBOR COMMUNICATIONS

This section will discuss the reasons for including neighbor communications in
the distributed processor system. Neighbor-to-neighbor communication is a means
for one cell to communicate with a restricted number of neighboring cells. These
communications paths are separate from the inter-cell bus. Because the bus is

6-33



always needed for global instructions (applied parallelism), the question arises,
should special communication paths be provided to neighboring cells, or should all
communication go via the intercell bus ?

The advantages of neighbor-to-neighbor communication come from the problems
of using the bus and the fact that certain computations may be placed with a geometric
relationship (matrix and vector manipulations, etc.) that may efficiently utilize
neighbor communications. The inter-cell bus requires control as to which cell gets
to use the bus, how long the cell may use the bus, and how control is to be passed
from one cell to another. A controller cell must have means of controlling transmis-
sion priorities. Even if some of this control can be done by hardware, the fact
remains that there will always be an overhead in software and storage. To address
any word in a group requires 14 bits; thus to send a 16-bit data word requires 14 bits
of storage to hold the destination address. Thus for a word of data, a word of
address is required. Adding words of program to control the transmission will
require additional words of storage.

The time delay in transmitting via the inter-cell bus will depend upon the bus
design and how long it takes to establish control. If the bus is 8 data bits wide, for
example, about 6 clock times are required to transmit a single 16 bit word. When
many words are transmitted in a single message, the clock times per word will
approach 2 (one clock time per 8 bits). A detailed discussion of how communication
is carried out on the bus may be found in Section 10.

The time delay in transmitting is seen to be a problem, especially when few
words are transmitted. A more serious problem is the delay in obtaining control of
the intercell bus. The time delay between the time a cell needs the intercell bus
and the time a cell actually gets control of the bus is called the request delay. The
longest delay will occur when all the other cells have transmissions to make and the
requesting cell must wait its turn. The shortest time can be almost zero. Some-
where between these two times will be the average request time delay. This delay is
variable, unknown, and could be very large. For any program where the timing is
critical, the unknown times could make the programming difficult. In many cases
where data has to be passed to neighboring cells the timing is critical, such as in the
navigation and guidance routines. It should be noted that the more applied parallelism
that is being utilized, the longer the request delay. Since this may mean that more
cells are involved in the neighbor communications; if they all had to be serviced over
the inter-cell bus, the average request delay can be very large.

It is of course possible to do without neighbor communications providing one
does not run into a time problem and can complete the computations in the allotted
time. However, as noted above, it would prove very inefficient and difficult to use
the intercell bus where small amounts of data have to be passed between neighbors
as in the use of applied parallelism.

To improve the system, neighbor-to-neighbor communication is needed. The
system implemented must provide the following advantages:

1. Low overhead (no more than one instruction to execute a data transfer)
2. High reliability
3. Known times to implement a transfer
4. Adaptable to reconfiguration
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The disadvantages to including neighbor communications are two: (1) additional
connections are required to each cell, and (2) reconfiguration is more difficult. The
number of connections required per cell increase by four; while this is not a large
increase, it does of course provide more failure points. The most serious disadvant-
age appears to be that of reconfiguration since now the organization is spatially
oriented. One approach to this problem is to require the programs to be set up
using small independent sets of cells so that one may pack the sets of programs around
a number of failed cells in a group. This problem requires further investigation to
determine how effectively it can be solved.

While a firm answer as to whether or not neighbor communications are required
cannot be given at this time, the advantages in including it appear to outweigh the
disadvantages that may be encountered. In addition, inclusion of the neighbor com-
munications provides an organization with increased capabilities (notably speed) so
that it may be applicable to a wider variety of applications (for example a high speed
video data reduction problem). Therefore, for purposes of this design neighbor
communication will be included.

6.9 ADDITIONAL TOPICS

The concepts described in this section result in a powerful system with many
options on how operations can be performed. Further study may show how features
can be changed or added to improve the system. A number of alternate concepts are
given in this section to show some other ideas that were considered.

The given address type of format modifier, as described above, was used with-
out modification by the receiving cell. An alternate idea, which may aid in the soft-
ware, is to have the cell always add a base register to the given address before it is
used. Because each cell can have its base register set to a different value, the place-
ment of programs and data in the cells may be made easier by using a base register
with all the given addresses.

The use of a special instruction (GC) modifier was selected here because it
used the least amount of time on the inter-cell bus. Another way to modify the
instruction execution is to reserve a bit or so in each instruction (or memory word)
to indicate its length and any special address modifications, and how much data was
attached. The advantage is that each instruction carries its own length code, etc.
The disadvantage is that each instruction must be made longer. Using the GC modi-
fier makes only the modified instructions longer, but they are very much longer than
they would be in the other method. The present decision was to make the unmodified
instructions as short as possible, even though this made the modified ones long. The
net result should be a storage saving, especially in the independent cells.

The two modes of a controller cell, transmit and execute, are only one way of
selecting which controller cell words are instructions to be executed in the controller
cell or in the dependent global cells.

Another method is to place extra bits on each memory word, telling what the
word is. This method requires many extra memory bits in all cells.
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Another method is to use two program counters. One program counter controls
the fetch of instructions to be executed by the controller cell, the other program
counter controls the fetch of instructions to be transmitted to the dependent global
cells. This two program counter idea allows the modes to be discarded. The result-
ing system is now much more elegant and powerful. However, the processor now
requires much more hardware.

In addition, another method would be to store in the controller cell, as input/
output data for the inter-cell bus, all the instructions and data that are to be placed
on the bus. This approach is very inefficient since the controller cell must identify
control words by setting the control line in the bus; it has no means of distinguishing
between instructions and data since they are all stored as I/O data. Of course one
approach as noted above would be to have extra bits stored with each word identifying
it as instructions or data with the resultant penalty of increasing the number of bits
used for storage. Another method here would be to store the count of the number of
words between the control words and use these counts to identify the control words.
This approach requires storing a number of counts, additional control hardware and
makes program modification difficult.

The above are only some alternatives in the design of the group architecture.
Many other possibilities undoubtedly exist. The chosen architecture is believed the
most efficient and flexible compromise among many alternatives and possibilities.
However, further investigation into some alternatives could result in modification
and improvements to the present design.
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7. INPUT/OUTPUT

7.1 INPUT/OUTPUT OPERATION

This section of the report discusses the operation of the input/output system in
the DAMP Computer. Input/output is handled by the hierarchical structure shown in
Figure 7-1. This figure shows that the interface to the computer consists of serial
and parallel digital lines. The conditioners Cj through Cpy each have a number of
sensors connected to them. The sensors provide a variety of signals to the condi-
tioners and the conditioners, in turn, accept these signals and provide a standard
digital interface to the computer. Some devices contain their own conditioner circuitry
and are connected directly into the computer; these devices will generally be connected
in a full word parallel format. The bulk storage memory unit will be one of these
devices; other parallel devices may include items such as buffers for video sensor
data, etc.

The I/0 structure described above was chosen over a completely centralized
1/0 structure which would absorb the conditioners into the computer and have the
sensors interface directly with the computer for the reasons given below:

1. A completely centralized I/O structure is generally used to gain a more
efficient hardware utilization by the consolidation of common signal condi-
tioning functions. In this computer, reconfiguration is possible around a
number of failures (down to the cell level). Since some of the 1/0 signals
are connected directly into the cells as will be explained later, reconfigura-
tion around a number of failures now makes a completely centralized I/O
structure inefficient., This is due to the fact that all the cells would be
required to have the capability for interfacing directly with any of the
sensors. This approach would result in a large amount of redundant hard-
ware and not provide an overall hardware savings.

2. The conditioner structure is easily able to adapt to a change in sensors,
addition of sensors, or improvements in the sensor design, All that is
necessary is to add a conditioner or replace one that is already there;
whereas in the completely centralized 1/O structure there is a need to
redesign the cells and replace the entire computer with new chips.

3. The conditioner 1I/0 structure also provides ease of adapting the computer
system to various vehicles between missions and within missions such as a
command module and a lander module of a Mars Lander Mission, These
vehicles will have significantly different sensors. As a result the condi-
tioner structure will provide the ability to use exactly the same basic com-
puter with only the need to change the appropriate conditioners in each
vehicle,

Many of the techniques that will be used in the Mars Lander Mission for handling
guidance and control, status monitoring, and scientific'data have been established;
however, there will certdinly be many new developments. As a result the sensors to
be used in such a mission are presently not well defined, especially in the area of
scientific experiments. This of course means that the conditioners also cannot be
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Figure 7-1. 1/0 Structure

well defined since their primary task is to generate control sequences, carry out
analog to digital conversion, etc, for the sensors, However, certain general proper-
ties of the programs necessary to operate upon and handle the data from the sensors
can be defined, These properties, typical of a wide range of spacecraft programs,
will be used to obtain a first approximation to the operation of the I/0 system.

The method in which the I/O ties into the block called the computer in Figure 7-1
will now be developed. A discussion of the possible methods of handling the 1/0
internally will be given first and then further details will be given on the selected
method,

7.1.1 With the Intergroup Bus

Figure 7-2 shows the structure of the computer using an intergroup input/output
scheme. The intergroup bus actually consists of two redundant half word parallel
busses. Groups in the computer organization use these busses for communications
amongst themselves, therefore the 1I/O devices attached to the busses will appear as
groups functionally as far as the computer organization is concerned. The conditioners
will transmit serial data to the computer; therefore, a conversion from serial to
parallel is required before they get on the intergroup bus. This is accomplished in
the blocks labeled I/O Cell in Figure 7-2. Two of these I/O Cells are shown in
this figure, one to each of the intergroup busses, this connection provides the recon-
figuration flexibility required. Conditioners handling data from critical sensors are
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duplicated and connected redundantly into each of the I/O Cells, Therefore, if a
failure occurs in the bus, I/O cell, or conditioner, the other conditioner - I/0O Cell -
bus connection can be used as a backup.

As noted above, sensors supplying critical data are connected to both I/0
Cells; the non-critical sensors such as experiment data will be connected to only one
of the I/0 Cells. Two alternatives are present here: (1) to have all the non-critical
sensors connected to one I/0 Cell, or (2) to divide the non-critical sensors between
the two I/0 cells; these two schemes are shown in Figure 7-3. It should be kept in
mind that Figure 7-3 shows only the sensor connected in a serial manner through
conditioners to the I/O cells, there are also the parallel sensors which connect
directly onto the bus. Each of the two schemes results in a different operation of the
I/O system in the computer.

The first scheme where all the non-critical sensors are connected to one 1/0
cell results in using Bus 1 primarily and Bus 2 serves only as a backup in case of
failure of Bus 1, I/0 Cell 1, etc. This is due to the fact that the only I/O connections
to Bus 2 are redundant connections from the critical sensors, With the second scheme
both busses must be used since the non-critical sensors are divided between the two
busses. The first scheme requires a higher communication rate capability on the bus
when compared to the second scheme. However, note that in case of failure and
reconfiguration the first scheme will be able to offer a full reconfiguration since
either bus can handle the total I/O requirement. The second scheme besides reducing
the communication rates required on the bus introduces a new executive method of
handling the I/0. Since the I/O control and data are now divided onto two separate
busses, the executive in charge of I/0 has the additional task of scheduling and
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interleaving I/O into the groups and avoiding conflicts of simultaneous I/0 on the two
busses into one group. Of course the scheme with two busses also offers more flexi-
bility in handling the I/0O from an executive viewpoint since it is possible to handle
periodic high priority on one bus and background type of I/0 on the other bus, etc.

It should be noted here that the I/O cells are identical to the cells used in the
groups in the distributed processor. The connections to the bus are now directly
made through the cell and not a group switch as is the case in the groups. The serial
connection to the conditioners is mechanized with the neighbor communication line.

It should be noted that it is possible to use each of the four neighbor lines of a cell
to sets of conditioners; this could be done to increase the communication rate capa-
bility to the conditioners (serial lines) if this became a bottleneck problem,

The cell contains processing and storage ability and can therefore function very
well as an I/O processor since it has general purpose computer capability. Memory
in the cell can be used to store programs for inputting/outputting data, some of these
programs may be permanent and some may be loaded into the I/O cell by the executive
group. The memory may also be used to store data, thereby acting as a buffer device.

7.1.2 With the Intercell Bus

In Figure 7-4 the I/O concept introduced above is extended to the intercell bus.
The 1/0 scheme is quite similar to that given above and only the differences will be
pointed out here. Only one bus is required in the group for the intercell bus, whereas
two are required for the intergroup bus; therefore, only one I/O cell is shown in the
figure. The sensors connected to the I/0 cell may be critical sensors, non-critical
sensors, or a combination of the two. Redundant inputs of critical sensors would be
connected to another group, thereby providing the reconfiguration capability required
if a group failed. The I/O cell is physically the same chip as the other cells in the
group. It is connected on the cell bus just as the other cells are; however, its
neighbor communication lines are not used with neighboring cells but for communica-
tion to the I/0 conditioners. The same comments apply with regards using all four
neighbor lines for I/0 conditioner connections.

This approach has a communication advantage over the previous one in that the
intergroup bus now is not tied up with all the I/0O data since the data is now fed
directly into the group where it is being used. It also does not require the overall or
intergroup bus executive to be concerned with handling and scheduling the 1/0; it is
simply handled by the executive directly in a group. The disadvantage with the
approach just presented is that the I/O cells in Figure 7-4 are somewhat specialized in
comparison to the other cells in the group since the neighbor lines of the I/O cell are
not connected to neighboring cells. This then makes reconfiguration difficult if the
I/0O Cell in the group should fail. With this approach it is also difficult to handle data
which may be required by any or all the groups, e.g., data from the bulk storage
device. If it is not possible to connect such devices to more than one group then a
group may be required to transmit data from such devices to other groups via the
inter-group bus. This obviously can place quite a burden on an intercell bus.

The logical extension of the two approaches thus far discussed would be a combi-
nation of the two: connections to the cell bus as presented above and connections to the
group bus similar to that discussed previously. There are many possibilities open
here. One scheme may be to connect noncritical sensors and one of the inputs from

7-5




TO INTER-
GROUP BUS

I/0
CELL

| PARALLEL
' DEVICES
CONDITIONERS
PARALLEL | /
SERIAL
C
I 1 M)

p SENSORS

INTER CELL BUS

]

r— — — = =

|
(@]
[en]
|'U
4
|
|

Figure 7-4. Intercell Bus I/O

critical sensors directly to groups and the other input from critical sensors and
devices such as the bulk store directly to the intergroup bus. An alternative may be
to connect the critical sensors directly to different groups; there are numerous possi-
bilities here, each with certain advantages and disadvantages.

7. 1.3 With the Cells Directly and the Communication Busses

Another scheme considered and the one selected is to provide connections
directly to the cells in the groups for 1/0 and also connections to all busses in the
system. This I/O approach is shown in Figure 7-b.

It should be recalled that with the previous 1/O approaches of communicating to
the busses; a cell had to be provided for connecting the serial conditioners into the
system (I/O Cell). This cell was identical to the other cells in the system. However,
it was specialized in that it was not connected in the regular pattern (array) of cells
in the groups. Therefore, since the 1/O cell was specialized it could not be replaced
by the other cells in case of failure. The selected approach requires a separate lead
to be brought out from each of the cells in the groups to an I/O connection panel; this
is similar to another neighbor communication lead. Every cell therefore has the
capability for handling /0. Connections from the busses are brought out to the panel
also. This scheme requires no additional or specialized I/0 hardware in the system.
All that is required is to provide an additional connection from each of the cells in the
system (the I/O hardware can principally be thought of as connections here). Since
the 1/0 is handled by cells directly in the group, reconfiguration around failures in
terms of 1/0 is relatively straight forward. This is due to the fact that any of the
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cells can handle I/0 functions. It may be necessary to unplug - plug connectors on
the 1/0 panel. However, a group will not necessarily then be lost due to the failure
of an I/0O cell.

Another possibility along these lines that was given some thought, was that of
using one of the four neighbor leads for I/0 as shown in Figure 7-6. In this approach
connections are made to half of the neighbor lines and brought out to an I/O panel as
in Figure 7-5. This eliminates the extra connection to each cell as described in
Figure 7-5.

Some of the neighbor lines are now shared between neighboring cells and I/O
conditioners. The problem that arises in doing this is that of avoiding conflicts of
usage on the common line. If only a single line is used (bidirectional channel) for
neighbor communications, then an additional connection must be added to the cells
to serve as a request/acknowledge line for use of the common line between 1/0 and
neighbors. This is required since a request/acknowledge approach must be used --
otherwise, communications over the common line would be random and meaningless.
It is impossible to use only one line with a request/acknowledge approach, since the
request signal from one source would naturally interfere with any established com-
munications by the other source sharing the line. It should be noted that since it is
now required to add the request line, one might just as well use this extra connection
for a separate I/0 line as in Figure 7-5.

If two unidirectional lines are used to mechanize the neighbor communications,
the situation is somewhat different. A request/acknowledge type of approach is still
required since there still would be possibilities of simultaneous usage of the communi-
cation lines (although not as probable as with one line). With a request/acknowledge
approach and unidirectional lines it is possible not to require any additional lines
since the scheme can be mechanized on the two unidirectional neighbor lines. This
scheme would require using one of the lines for notification purposes to inhibit a
request from the non using source. If two requests occurred simultaneously the
proper acknowledge signal can be inhibited.

It is thus seen that if bidirectional lines are used for the neighbor communication
lines, no advantage results in tying the 1/0 directly into the neighbor lines. However,
if unidirectional lines are used, this approach could save two connections per cell.

Further explanation of the selected approach shown in Figure 7-5 will be given
below. Each cell contains communication lines as shown in Figure 7-7. The I/O
line shown in this figure is similar to an additional neighbor line added on to a cell.
Each of the I/O lines are brought out to the I/O panel as shown in Figure 7-5. This
results in an increase in the number of connections in the system, which, of course,
degrades the reliability of the system. However the actual increase in terms of
connections actually used is not as great as that provided (approximately 80), since
only a small portion of the 1/0 connections to the cells will be used (approximately 10),
as will be pointed out below. Therefore, this scheme actually results in only a small
number of extra connections in the system.

As shown in Figure 7-5, a number of conditioners, Cy --- Cn, are connected

to a cell's (Cj) I/0 line. This connection hierarchy is the same as described in the
preceeding approaches, Connections are brought out from both the intercell busses
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and the intergroup bus to the I/0 panel. These are parallel connections and the type
of devices that will be connected here are, e.g., the bulk storage unit, special buffers
for scientific experiment data, high rate experiment sensors with large quantities of
data, etc.

As mentioned previously, only a small number of the cell I/O connections will
be utilized. There are a number of reasons for taking this approach, If one tended
to use many of the cell 1/0 lines then many cells would be associated with particular
conditioners or sensors. This places a severe restriction on reconfiguration. Con-
sider reconfiguration due to phase changes for example from midcourse cruise to
midcourse velocity correction; if the sensors are closely associated with particular
cells one is now constrained as to where new programs may be placed in the system,
It would be undesirable to have the I/O information coming into many different cells
which may not even need this information and then have to be placed on the inter cell
bus to cells that require it. It may be necessary to unplug-plug sensors to affect a
reconfiguration in this manner,

Another disadvantage with this approach is that the reconfiguration of the system
around cell failures is difficult. While the probability of a single cell failing may be
quite low, there are many cells in the system (approximately 80). Therefore, by using
I/0 connections to many cells the probability of having a failure now associated with
1/0 signals is increased. If a cell fails that is being used with an I/O connection and
the conditioner is connected only to this one cell, then this conditioner has to be
unplugged-plugged to affect reconfiguration, The reconfiguration cannot be handled
by software alone.
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The advantage in using more connections is that more of the I/0O can now be
brought into cells that will use the data directly, thereby reducing the amount of I/O
that has to be handled over the busses or the neighbor lines. In order to provide the
reconfiguration flexibility, the approach of limiting the number of I/O connections to
cells was taken.,

One or more cells per group will be connected to 1/O conditioners as in Fig--
ure 7-5 (typically 2 or 3 cells). The 1/O control in the group may be handled in a
number of ways. One approach is to have the 1/0 handled by both the individual cells
and the cells connected to the conditioners. The individual cells will have small I/0
routines for calling and accepting I/O data from the cells acting as I/0 cells. The
1/0 cells will contain routines for servicing requests from other cells and for generat-
ing requests to other cells; they may also contain autonomous routines such as for 1I/0O
of periodic sensor data. The I/O cells will also have some memory available for
buffering of 1I/0 data.

Other possibilities include having the controller cell in the group supervise the
1/0 programs and/or also contain a good portion of I/O routines within itself. This
may be useful for 1/0 data intended for more than one cell. It is also possible for
the 1/0 cell to use its neighbor lines to pass I/O data to its four neighbors, thereby
eliminating the use of the bus for certain 1/0 data; this could prove useful for pre-
cisely periodic sensor data, The intent here is to present the general concept of the
1/0 system; further definition of the requirements and in particular the sensors is
needed before an exact approach is designed.

As mentioned previously, connections are provided to the busses. Devices
connected to the intergroup bus such as the bulk storage unit will effectively function
as groups. The system executive will control the communication (I/O) between such
devices and the groups in the system. Devices connected to the intercell bus will
effectively function as cells; the controller cell in the group may control I/0 to such
devices and/or the individual cells may also provide requests for 1/0 action to such
devices.
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One other point should be mentioned here, critical sensors will be connected
to 1/0 cells in two different groups. This will provide for the required reconfigura-
tion capability if the intercell bus or 1/0 cell that a critical conditioner is connected
to should fail.

7.2 1/0 MECHANIZATION

A preliminary design of the I/0O system was completed to get an estimate of
the I/0 mechanization requirements. This section presents a summary of this
investigation.

The 1/0 cells are to carry out their communications (both in and out) with the
conditioners over a single line connected between the I/0O cell and all conditioners
that are to communicate with the cell. The 1/0 cell has control over this line and
operates under control of an internally stored program.

I/0 is performed by executing the 1/0 instruction in the processor section.
This instruction will be presented in Section 9 where the entire instruction set will
be discussed. However, it will be introduced here so that the mechanization of the
I/0 operations can be clarified. It will be stated here that the basic instruction
length is 16 bits with 6 bits used for the operation code. The I/O instruction uses a
long instruction format; this means that two 16 bit words are used to form the
instruction (a 32 bit instruction). The contents of the 1/0 instruction are shown
below:

bits: 6 1 9 7 9
Op .
Code 1/0 Address Cond/Device Word Count

The first word of this instruction identifies the operation as either input or output and
also contains the address of the location in the cell's memory where the first word
will either be output from or inputted to. The second word identifies the conditioner
and device that the 1/0 is to be carried out with. Seven bits are provided here for
identification of the conditioner/devices. This provides the capability of handling up
to 128 devices per 1/0 cell. If this proves too few devices, one may possibly use one
of the word count bits for additional conditioner/device identification. A preliminary
feeling for the breakdown is to provide for 8 conditioners and 16 devices per 1/0 cell.
Nine bits are provided for the word count. This results in the capability of inputting/
outputting up to 512 words (full memory) with one instruction.

The sequence of events occurring in executing the I/0 instruction will now be
explained. A combination of hardware and software will be used and the relative
usage of each to accomplish the instruction may be varied; the description given is
for preliminary design purposes only.
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The following sequence of operations are carried out to execute the 1/0
instruction: (by hardware)

- Place Address in a certain index/bank register

- Place proper bits in buffer register

- Shift out buffer register over 1/0 line

_ Place word count in a certain location in memory

- Transfer to the input or output (depending on rd/write bit) software routine

The address of the input/output routine could be hardwired or previously setup
in a certain index/bank register. As noted above hardware and/or software may be
used to execute the I/0 operation described above. A preliminary feeling is that the

above may be carried out most efficiently by hardware.

The buffer register contains the following information in it when it is to be
shifted out:

bits: 1 1 7 8 1

Sync Cont/data Cond/Device Spare Rd/Write

The buffer register is seen to be 18 bits in length. This is due to the fact that two
control bits must be added to utilize only one line in the I/O mechanization; these

are the sync and control/data bits, The sync bit is always a one and is used to
synchronize the conditioners. The control/data bit identifies the following 16 bits

as either a control word or a data word. The control word shown for the conditioners
uses 7 bits for the conditioner/device identification--8 bits are not used (actually the
word count may be placed in here if this is deemed useful to the conditioners) and

one bit for identification of the operation as input or output.

The conditioners are clocked with the I/0 cell and utilize the sync bit to set a
counter. Upon counting to 18 the conditioners reset and are ready for the next trans-
mitted word. Upon detection of a word identified as a control word, each conditioner
will examine the conditioner/device bits to determine if the control word is for this
particular conditioner. If it is then this conditioner will lock on to use the 1I/0 line
for receiving or transmitting the data that follows.
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A preliminary description of the output routine will be given below. This routine
will be described as a software approach. It should be kept in mind that hardware may
be substituted to achieve a faster execution if this is found to be necessary.

Output routine:

- Load Accum. with first word (address specified by previously setup index/
bank reg.)

- Transfer Accum. to Buffer Register (with this the buffer is automatically
started shifting out)

- Load Accum. with word count
- Subtract 1
- - Test and transfer on 0
- Modify index/bank reg. for 1st instruction

=0| - Jump to some location back
in program

—= - Jump to master I/O routine

To get back to the output routine (when the buffer register is shifted out), an interrupt
is sent from a counter associated with the buffer register; this transfers the program
to the output routine (location of this routine could be a hardwired location or previous-
ly loaded in an index/bank register).

Input Routine:

- Transfer Buffer to Accumulator

- Store Accum. in first word (location setup by index/bank reg)

- Load Accum. with word count

- Subtract 1

- Test and transfer on 0

~ Modify index/bank register used in 2nd instr,

= 0| - Jump to some location back in program

-~ Jump to master 1/0O routine
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To get back to the input routine (when the buffer register is full again), an interrupt
is sent from the same counter associated with the buffer register (the I/O instruction
sets a mode flip flop to determine if the input or output routine is to be entered).

The above description results in an I/0 system completely under control of the
I/0 cell. The conditioners cannot interrupt or request I/0 operation independently
from the 1/0 cell. To facilitate requests from devices for I/O operations (for
example a request from the astronauts panel or a buffer holding experimental data),
it is possible to insert in each (or possibly only several) conditioners a request
register that may be sampled periodically by an input operation by the 1/0 cell.
Then the 1/0 cell may decide how to handle the requests, if any.

Another possibility is to add a separate request line as shown in Figure 7-8.
This line passes serially through the conditioners. Periodically, the I/O cell sends
out a request pulse. If no requests are present in the conditioner, the connection
will be successively completed to the last conditioner where the request line will be
grounded. This, then, signifies no request is present. The first conditioner with a
request that receives the pulse will not complete the circuit. The 1/0 cell recogniz-
ing this knows a request is present but not from which conditioner. The conditioner
with the request that received the pulse will now send a control word to the 1/0 cell
indicating what 1/0 action is desired with the proper identification.

The advantage with this scheme is that the conditioners may be sampled very
quickly and easily (minimum software in the 1/0 cell) by the 1/0 cell to handle
requests by the devices for 1/0 operation. Its disadvantage is that it costs an extra
connection. Note however that if a failure occurred in this connection one could
always revert back to the original approach without this scheme.

For purposes of this design the request line scheme was not incorporated.
Further definition of the requirements is necessary if it is to be justified. It was
seen that software routines were proposed for actually inputting and outputting data.
Further study is required to determine if some or all of the functions of these
routines should be handled by hardware. This depends on what operations can
actually be interleaved with the 1/O operation.
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8. FAILURE DETECTION AND RECONFIGURATION

The ability to detect failures and reconfigure the distributed processor around
failures is required in order to meet the probability of mission success and availability
goals. This section of the report presents the design of this capability.

Some of the basic guidelines forming a framework for this section are given
below. The time from the occurrence of an error to the time the system is reconfig- |
ured and functioning properly should not exceed 0.1 seconds for critical mission |
phases. Similarly, the time from the occurrence of an error to the time it is detected
should not exceed 0.1 seconds for critical maneuver phases. This time applies to the
critical mission phases and can be much longer for the non-critical mission phases
such as transplanetary coast. Crew participation can be considered for the following
functions (a) reconfiguration during non-critical mission phases, (b) turn-on and
requests for checkout of idle stand by equipment, and (c) replacement of failed equip-
ment with a spare, verification of the repair, and insertion of the equipment back
into the system.

8.1 FAILURE DETECTION METHODS

There are many approaches to detecting the failures that may occur in the system.
This section will discuss the approaches considered and select the most promising one.
Two important guidelines should be stated before proceeding with the discussion: (a) it
is desired to detect intermittent type of errors and (b) it is desired to detect and iso-
late failures to the cell level.

There are two basic approaches that may be considered: hardware and software.
The selected approach consists of a combination of hardware and software methods.
Hardware methods will be used where a large percentage of errors are detected for
a reasonable increase in hardware complexity. Software methods will be used primarily
where it is difficult or inefficient to implement hardware detection and also to supple-
ment hardware detection where a small amount of software checks a large percentage
of hardware. It should be noted that the desire to detect intermittent errors results in
relying more heavily on hardware methods. Intermittent errors may or may not be
detected by software methods when they occur. As time increases from the occurrence
of an intermittent error, the probability that it will be detected increases. However,
this probability may not increase fast enough to guarantee detection and reconfiguration
during a critical mission phase. A discussion of the selected approach and others con-
sidered will be given below.

The first approach to be considered involves a "floating test-cell" concept. In
this approach, one cell in each group contains a test program. In operation, all other
cells perform the operational problem while this cell tests itself. After a prescribed
number of program steps, the testing task of the successfully tested cell is exchanged
with the operating task of another cell within the group, this cell then tests itself during
the next program sequence. Thus, the testing is multiplexed, with all cells eventually
executing the self-test. A drawback of this method is the storage limitation of an indi-
vidual cell. It is questionable whether a very comprehensive self check program can




be placed in one cell. However, it should be possible to use a neighbor cell as addi-
tional storage to hold the program if this becomes a problem. The most serious draw-
back however is that the geometric properties of the array of cells are disrupted.
Neighbor communications assignments would change as the operational programs

move and secondary connections would be required for 1/0 signals since I/0 programs
would have to be reassigned as cells performing I/0 are tested.

A second approach uses active redundant cells in a multiplexed manner. Refer-
ring to Figure 8-1, a cell group containing 20 operational cells and 5 test cells is
depicted. The operational data flow paths between cells are not shown, only those
for testing are shown. Cell T1 is responsible for testing cells C1, C4, C5, and C17;
T2 for testing cells C2, C6, C7, and C11; etc. Periodically, during normal operation,
four test time slots are reserved so that each test cell may check its adjacent cells.
All test cells act in parallel, testing one operational cell at each test time slot. The
test action at any test time slot consists of checking the results of the previous test,
and if OK, setting up the test of the next cell by loading its contents into the test cell.
Upon resumption of the operational program, the test cell performs the same opera-
tional calculations as the cell under test. As an example, assume that T1 is now
checking C5 and is to test C1 next. Operationally T1 is performing the same problem
as C5. At testing time the results generated by T1 are compared with those gener-
ated by C5. This may readily be performed by global control of the testing cells.

If disagreement exists the error is reported to the controller cell. If no disagree-
ment occurs, T1 is loaded with the contents of C1 and will redundantly perform Cl's
calculations during the next operational cycle.

Some of the pitfalls of this approach are as follows: First, there is a loss of
flexibility of operational communication paths between cells since one of the four
paths is used only for testing. Second, the ability to provide the test cell the same
inputs as the cell under test during the active redundant test phase may pose a severe
programming constraint. Third, all the neighbor communication paths are not
checked. Fourth, errors in circuitry peculiar to the execution of a particular instruc-
tion are detected only if that instruction is being executed while the cell is tested.
Fifth, the symmetry and efficiency of test cell utilization is geometry dependent. For
example, in Figure 8-1 each test cell uses all four of its neighbor communication
paths and 5 test cells test 20 operational cells. In a4 x 4 test cell matrix the symme-
tric approach is to have 4 test cells checking 12 operational cells with each test cell
checking 3 operational cells. Finally, the controller cell would be required to con-
tain a program for global control of the test cells and to move data between the
operational cell tested and the test cell for disagreement detection.

A third approach reduces the amount of redundant hardware by employing
time-redundancy. By this method a sequence of program steps is performed by the
group, the tasks of the cells within the group are interchanged, the program steps
are repeated, and the results of the two executions are compared. The obvious dis-
advantage of this approach is the reduction in operating speed by a factor greater than
two. It also will require some overhead in storage of the controller cell to globally
control the interchange of programs, the interchange of redundantly computed data
and the programs to detect disagreement.

A fourth approach uses a central self test program that will be executed period-

ically by the controller cell and sent out to the other cells in the group for simultaneous
execution. This program may be fairly lengthy for a comprehensive check and may be
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Figure 8-1. Active Redundant Test Cells Within a Cell Group
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contained in a neighboring cell due to storage limitations in the controller cell. The
test routine would be sent from the controller cell; it would be executed by all the cells
in a global manner and also by the controller cell itself.

The cells of the group would execute a test problem in the following manner.
Each cell would perform the same instruction at the same time, transmit computed
results to each of its four neighbors, check the data received from each of its four
neighbors against its own computed result, and report to the controller cell over the
inter-cell bus. Assuming that only one failure will occur at any one time, a cell's
failure will generally result in each of its four neighbors identifying it as a failed
cell and possibly it will identify all of its neighbors as having failed. The controller
cell will decode the failure reports and perform further tests if necessary to isolate
the failed cell.

Finally, the last approach is to incorporate fault detection hardware into each
cell. No special testing mode would be required. Checks would be performed con-
tinually-along with the operational problem. Parity checking, special error detecting
codes, feed-back checks on decoders, are typical of the type of fault detection hard-
ware that would be incorporated. The disadvantage with this approach is the amount
of hardware that must be incorporated to achieve a high probability of detection.

It should be pointed out here that the approach of placing self test programs
that would permanently reside in each cell was not considered. This is due to the
relatively small amount of storage available in each cell.

The selected approach is a combination of the last two approaches discussed
above. Hardware detection methods would be used where they are fairly efficient
in terms of the amount of hardware checked compared to the amount required for
checking. A failure detected by hardware would set an error flip-flop which is
sampled periodically by the controller cell. Software detection methods would be
used to supplement the hardware methods to achieve a very thorough test and a high
probability of error detection. The self test programs are sent out from the control-
ler cell as noted above. All of the other cells in the group are in the dependent
global state when these programs are executed. In general a neighbor cell will detect
a faulty cell since neighbor responses are checked as part of the program. Note
that this also checks out the neighbor communication paths. Part of the program
may be to see if the error FF has been set. If it has, then this cell will not trans-
mit a certain response to its neighboring cell. Detection of an error will cause a
cell to change its global level. The controller cell can test to see if any cells have
changed level at the end of the self test program. If none have changed the group
resumes its normal operational function. If an error has occurred, the controller
cell may simply ask the suspected faulty cell for the contents of its accumulator which
can contain a predetermined value only upon successfully passing the self test program.

It should be noted that this approach will also detect errors in the controller cell
since it can also execute the same instructions. However, the controller cell does not
have another "controller cell" to report to. To resolve this problem, the approach
taken was to require the controller cell to report to the group switches.
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The group switches will contain BITE timing circuitry. This timing circuitry
simply consists of an out of tolerance voltage detector. The setting and resetting of
a flip-flop at a certain rate will produce a voltage of a certain value. If the voltage
is too high or too low this will cause an error signal to be generated. The timing
circuitry flip-flop can only be set by a predetermined fixed code word. This is the
code word that the controller cell will contain and send to the group switches only after
it successfully completes the self test program (note that if the hardware error
detection FF is set the software self test program will not be completed).

The timing circuitry has been included primarily for the purpose of reconfigura-
tion during critical mission phases as will be explained later. The executive group
can also check on another group's status by interrogating the controller cell response
register in the group switchers. This approach was selected over that requiring the
executive group to interrogate the controller cell directly. While the latter approach
may save some hardware in the group switches, it makes reconfiguration more com-
plex. It should be noted that the controller cell response word is used to indicate
failures of the controller cell only. Failures in the working cells of the group are of
primary concern to the controller cell in that group. However, periodically the exec-
utive group may interrogate the controller cells of the other groups to determine
what is the status of the individual group resources.

Present organizational concepts call for using two inter-group busses and two
group switches per group to reduce the possibility of single failures bringing down
the entire system. This results in having the controller cell response word reported
to two group switches. The executive group can then check the group switches to
determine if a failure is in the group switch or the controller cell. Conflicting reports
from the group switches would indicate a failure in one of the group switches.

The executive group contains the highest level executive in the system. In
most likelihood a backup minimal executive will be contained in another group.
This backup executive can monitor the executive group for failures just as the exec-
utive group monitors other groups.

The group switches will contain logic to shut off power to the cells in their
group if a failure is indicated by the controller cell response word. The reason
for including this function is to prevent a group from malfunctioning in a mode that
will tie up or bring down an inter-group bus. An example of this situation is where
the executive group fails in a mode such that it continually outputs erroneous infor-
mation over the inter-group bus.

8.2 RECONFIGURATION

This section discusses the task of reconfiguring the distributed processor after
a failure has been detected and reported to the space crew. Inherently this system
results in a high probability of mission success and availability because an individual
group can continue to operate in the presence of a failed cell(s), and because the
system can continue to operate in the presence of a failed group(s). There exists
a status zone between full available computing power and mission failure for which

additional failures may result only in the elimination of lowest priority computing tasks

and not in mission failure. This zone can be termed one of degraded performance.
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The mission phases were presented in Section 2 of this report and for purposes
of reconfiguration analysis may be classified as consisting of three basic types:
(1) Non-Critical, (2) Critical, and (3) Mars Orbital. The organizational configurations
for each phase are listed below:

1. Non-Critical: 3 group; on, 18 cells per group
2. Critical: 4 groups on, 16 cells on per group
3. Mars Orbital: 4 groups on, 18 cells on per group.

These configurations are based on the requirements in Section 2 plus an esti-
mated 30% for overhead functions. The reconfiguration plans will be based on the
phase in which the failure occurs.

8.2.1 Non-Critical Phase

Reconfiguration for this phase as well as the other two phases will depend on
the type of failure. The types of failures may be classified as follows:

1. Working cell fails
a. In a manner not affecting other cells
b. In a manner affecting the other cells, either bringing down the
inter-cell bus or contaminating information in other cells

2. Controller cell fails

a. In a manner not affecting other cells
b. In a manner affecting other cells

3. Group switch fails

a. In a manner affecting only internal operation
b. Bringing down one of the two busses connected to it

4, Executive Group fails
Either by the controller cell in this group failing; by a working cell
failing, and affecting other cells; or by a group switch failing and bringing
down the intercell bus of this group.
5. Conditioner/Sensor fails
The configuration during this phase is to have three groups turned on. The
computational functions are distributed among the groups. One of the groups will
contain the overall system executive.

Working Cell Failures

Reconfiguration around a working cell failure will be considered first. Assum-
ing the failure has been detected and does not affect another cell, the controller cell
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will be informed of the failure and will go into its reconfiguration executive routine,
It will scan its cell assignment and status tables to determine what the failed cell
was assigned to do.

The controller cell does not know at this point whether the failed cell could
have contaminated data in other cells of the group. This could happen if the cell
failed and transmitted data to another cell. Therefore, the controller cell will
assume that any data transmissions that took place from the failed cell since its last
self check routine resulted in the transmission of erroneous data. As part of the
reconfiguration routine the controller cell will determine which cells the failed cell
has communicated to and inform these cells to ignore these data or any computed
results based on these data (if this is not possible to mechanize, it may be required
to reinitialize the entire group).

Continuing through the reconfiguration routine the controller cell determines if
there are any spare cells available in this group. If there are any spare cells avail-
able, the controller cell will enter its full capability assignment routine. This will
involve assigning the failed cell's program (reloaded from the bulk storage unit) to
either a spare cell or moving cell assignments around to maintain certain geometri-
cal relationships between assignments (this will occur when neighbor communication
capabilities are being used).

If there are no spare cells left in this group the controller cell can take one of
two courses of action: (1) it can ask the executive group if this group's functions or
part of the functions can be reassigned to another group or (2) it can reduce or elimi-
nate some of the functions being performed in this group according to some degrada-
tion procedure. Obviously the executive group must maintain tables of active/spare
cells in the various groups and also tables of a certain level of functions assigned
within the groups with degradation procedures. It should be noted that degradation
may take place in two forms: (1) lowest priority functions may be completely elimi-
nated from the computations or (2) the computational rate may be reduced on some
functions, i.e., the programs may be loaded in periodically from the bulk storage
unit and essentially time share storage in the computer with other low priority
programs.

The reconfiguration executive programs are discussed in the software section
on the distributed processor executive routines (section 11),

A working cell failure that affects other cells in the group will be discussed
next. If it fails in a manner bringing down the inter-cell bus, the controller cell will
not be able to respond to the group switch with its status word. The group switch
will then indicate a failure in this group. The executive group will attempt to isolate
the failure following the procedure outlined below for a controller cell failure, This
type of failure will cause the entire group to be rendered useless (unless the bus is
not affected when power is turned off to the individual cell).

If the working cell contaminates information in the controller cell then the con-
troller cell will indicate a failure when it enters the self test mode and the group
switch will indicate a failure in this group. How this failure is treated will be
discussed below under controller cell failures.
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Controller Cell Failures

Failures of the controller cell whether or not they affect other cells will be
treated in the same manner. The group switches will not receive the proper response
word and this will be detected by the executive group when it samples the group
switches. The executive upon detecting the failure has no further information as to
what the specific failure in the group is. It must assume that the entire group is
down. An example of an entire group being brought down is a failure in the controller
cell that results in erroneous global commands to all the cells in group. As a result
the cells can be in totally false states or levels.

The executive group therefore has to assume that it has no capability to access
the cells in the group. Communications with the failed group will be initiated by an
external source, similar to that used to initially start up each group. Upon detection
of the failure, a light on the display panel will be lit indicating which group has
failed. A new cell in the group will then be initialized as the controller cell.. This is
accomplished by initializing the cell to the controller state via this cell's I/0 line
following the normal start up procedures. It should be noted that this may require
the astronaut to plug in a new connection to the computer I/0 panel. This can be cir~
cumvented if an alternate connection is initially provided that would be used whenever
a group failure is indicated. In any case a new cell is attempted to be started up as
a controller cell by having the executive group load in a self test routine to be exer-
cised by this cell. This routine could be contained in the executive group or called
in from the bulk storage unit.

If the new controller cell is functioning properly it will issue the proper response
word to the group switches as is required in normal operation. The executive group
will check the group switches for the proper response word. If the cell is functioning
properly thus far, the executive group may attempt to communicate with the new
controller cell to further check out the cell. When the cell is finally determined to be
functioning properly, the executive group will command the controller cell to load up
and check out the remaining cells in the group. It will also give the controller cell a
list of cells that were known to have failed prior to the group failure so that the con-
troller cell can avoid testing cells already known to have failed.

The controller cell will then begin turning on and naming cells via the neighbor
lines. It will checkout one cell at a time until all cells, exclusive of those listed by
the executive group, have been tested and their status determined. After a fixed
period of time the executive group will interrogate the controller cell to determine
what the failure was. The executive group working with the controller cell will now
reconfigure the group. The reconfiguration routine will consist of one similar to that
described for the working cell failure where the programs are attempted to be rein-
stated in the group and secondly in other groups if they cannot be efficiently mechan-
ized in this group.

It may be possible that the failed cell that caused the group to indicate a failure,
could have transmitted erroneous data to another group. The procedure that will be
followed is exactly identical to that followed by the controller cell when a working
cell fails. Namely the executive group will inform other groups to ignore data
received from the failed group or computed results based on such data since the time
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the last self check was run by the group that failed (the executive group will always
interrogate the controller cell in a group as to the time of its last self check prior to
allowing it to transmit data on the inter-group bus).

It should be noted that the failed cell may bring down the bus when it is turned
on. Should this occur the controller cell will turn it off via the neighbor communica-
tion lines. This should be accomplished in time for the controller cell to continue
its reports to the group switch.

If the initial cell identified as the new controller cell fails to respond properly
to the group switches, another cell will be attempted to be initialized as the controller
cell. This procedure would be followed until some number of cells in the group have
been attempted to be started up by the executive group. If it is not possible to get the
cells started, the executive group will declare the group as having completely failed.
This situation can exist if a cell fails in a mode permanently bringing down the bus.

This procedure will require the executive group to output the results of testing
the group to a display panel and inform the astronaut of the necessity to initialize new
cells as controller cells.

If the group is declared as having totally failed, the executive group will go
into a specific assignment program to reinstate the program of the failed group.
This will involve first checking to see if any spare groups are available in the system
(the non-critical phases will initially have 1 spare group since only 3 groups are
required here and 4 in the most heavily loaded phase). If a spare group is available,
it will be started up using the normal start up procedure. However, if no spare
groups are available an assignment program will be entered that will allocate the
programs to the other groups in the system. This will probably result in a degraded
mode of performance. The assignment program will be quite similar to that used
when a working cell fails except that it must contain specific information on all the
tasks currently assigned to the system.

Group Switch Failures

If one of the group switches fails and does not affect any of the busses, it will
simply not be used. As long as spare group switches are available the group can
continue functioning. The executives in all the groups must be informed of the failed
group switch so that they may update their communication routines to not use this
group switch for communications with this group.

A group switch may fail in a manner bringing down the intercell bus of its
group. The executive group will detect this failure when it samples the group switches
for the controller cell response word. This failure then appears identical to that
treated above for the controller cell failure. An identical procedure will therefore
be followed to start up the failed group. One group switch will be turned on first to
check out the cells in the group. Assuming this is the failed group switch, it will be
impossible to get the group initialized with a controller cell. This group switch will
then be turned off and another one, if available, turned on and the procedure repeated.
If this group switch is functioning properly and the failed group switch does not affect
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the intercell bus when it is turned off, the group will be initialized. The executive
group has then isolated the failed group switch and proceeds as discussed in the
preceeding paragraph. If the failed group switch affects the intercell bus when it is
in an off state, the entire group will be declared faulty.

A failure of a group switch that brings down an inter-group bus will be detected
by the executive group when it tries to communicate to other groups over this inter-
group bus. The group switches connected to this inter-group bus will then be turned
off one at a time until the bus is operative once again. The failed group switch will
then be kept off and the executive group will reconfigure around the failure as des-
cribed for the previous two cases above. If the failure results in bringing down the
inter-group bus when the failed group switch is in an off state, the inter-group bus
will simply not be used.

Executive Group Failure

A failure in the executive group of the type described above under "controller
cell failures' will result in the executive group's group switches reporting a failure.
First it will be assumed that there is a minimal backup executive in the system con-
tained in some other group. This backup executive monitors the executive group for
a failure. Upon detecting the failure, it will output a signal to the display panel inform-
ing the astronaut of the failure. The astronaut can check this report against the
go/no-go signal from the executive group's group switches. Assuming the two reports
agree, the astronaut will proceed to reconfigure around the failure of the executive
group by having the minimal backup executive enter its reconfiguration routine (which
is what the backup executive primarily consists of). This routine has no alternative
but to assume the executive group could have contaminated data and control in any of
the groups in the system. (The minimal backup executive cannot be altered there-
fore any failures external to it should not affect it). Therefore it assumes the
entire system must be reinitialized.

The minimal backup executive will now load in from the bulk storage unit a new
executive group routine into the group in which it is residing, preserving a record of
where the executive group resided when it failed. The new executive group will first
check to see if any spare groups are available. If a spare group is available, the
system is reloaded as is done when initially starting up the system. After the system
is started up, the new executive group will inform the astronaut that the previously
failed executive group should be checked out in order to isolate the failure and possibly
return the group to a spare status. The procedure for checking the failed group is
exactly identical to that described above for a controller cell failure (working group
failure). The routine for assisting in checking out the failed group is of course a
normal part of the executive group functions.

However, if the situation occurs that a spare group was not available, the new
executive group would proceed to check out the failed group prior to loading up any
other groups. In this manner it would know whether the failed group can be placed
back in service. If it has completely failed, then the new executive group would pro-
ceed to its degraded mode reconfiguration routine as previously described above.
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If a minimal backup executive is not contained in the system then the astronaut
must reinitialize the system just as if the system were being first turned on. The
primary difference here is of course that he would not use the failed group in recon-
figuring. He would load up a new group as the executive group and give it the loca-
tion of the failed executive group so that the same procedures as outlined above may
be followed by the new executive group.

It may not be very difficult for the astronaut to essentially act as the minimal
backup executive. However, the minimal backup executive should be relatively simple
and would probably fit into a single cell.

In any case, a failure of the executive group may be considered as a hard core
type of failure. It essentially requires the system to be completely reinitialized as
from a cold start.

Sensor/Conditioner Failure

It is possible for sensor/conditioners to be connected to the cells, the inter-
cell busses, and the inter-group busses. Assuming the failure has been detected
and isolated the system would continue operating in a mode not using I/O associated
with the failed device until a new one is plugged in to the I/O panel replacing the
failed device.

A failure may occur in a sensor/conditioner bringing down the part of the system
it is connected to. For example, bringing down the inter-cell bus, causing a group
failure indication. In such a case, if the group cannot be started up following the
procedure discussed above for controller cell failures, the sensor/conditioners
would be disconnected by the astronaut one at a time thereby isolating the failure.
Similarly the same procedure would be followed for failures on inter-group busses
and the cells themselves.

8.2.2 Mars Orbital Phase

The configuration during this phase requires 4 groups of 18 cells each. One
group will be designated as the executive group with the system computational func-
tions divided up among the groups.

Working Cell Failures

The same procedure is followed as in the non-critical phase. There will be a
minimal Navigation and Guidance function being performed in another group. If a
cell fails which is concerned with the full Navigation and Guidance computation, the
minimal program will take over to prevent complete loss of data until the full naviga-
tion and guidance programs are reassigned. A complete loss of data will result in a
reinitialization of navigation and guidance parameters which could take approximately
a half hour. This could be detrimental say in correlating video data with position
information. While this is not a critical type of backup function, it is one that can
enhance the system availability.

8-11



Controller Cell Failures

The same procedure as outlined for the non-critical phase is resorted to. Note
that if the failure is in the group performing the full Navigation and Guidance function,
part of these functions would be loaded into the group with the minimal backup Naviga-
tion and Guidance function. Also note that this phase requires the full computing capa-
bility; therefore there may not necessarily be spare groups to resort to in case a
group is declared faulty.

Group Switch Failures

Same as non-critical phase.

Executive Group Failures

Same as non-critical phase. Note however that there is less likelihood of having
a spare group in this phase.

Sensor/Conditioner Failures
Same as non-critical phase.

8.2.3 Critical Phase

The configuration during this phase consists of 4 groups turned on. Groups 1
through 3 are considered the primary system, one of these groups will be identified
as the primary executive group. Group 4 will be considered the secondary system.
It will contain its own executive and the critical mission computations. Note that
this also implies that there are redundant connections to the critical sensor/
conditioners.

Working Cell Failures

The cell that failed or the cells that it affects can be involved with critical or
non-critical computations, Failures are detected as before in the other two phases.
If the failure is involved in non-critical computations, the controller cell will deter-
mine if any spare cells are available in the group to assign the failed computations to.
They would be loaded in from the bulk storage unit. There would be no reassigning
of programs in the group to affect a certain geometrical reconfiguration of the pro-
grams as may be done in the other two phases. If no spare cells are available, the
failed cells computations would be simply suspended. To reassign programs to other
groups would probably require plugging/unplugging sensor/conditioners to effect a
reconfigurdtion and it is doubtful this would be done in a critical phase for non-
critical computations.

A failure associated with critical computations will result in the controller cell
issuing a faulty response word to the group switches which will indicate group failure.
The group switches will output the group failure signals to switches that control the
steering of output signals to the critical sensors as shown in Figure 8-2. This will
result in switching over control to the secondary system as far as the critical sensors
are concerned. The executive group in the meantime will have also noted the failure.
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Figure 8-2, Output Switching of Critical Conditioners

At this point it does nothing. The controller cell will attempt to reconfigure within
the group so that the critical computation can be reinstated and serve as an additional
backup if the remaining system failed.

The executive group will therefore wait a fixed amount of time to determine if
the group has been reconfigured internally. If the group has been reconfigured, it
must then be restored to operational status by providing it various computational
parameters. There are several ways this can be done: either by using the last known
good set of parameters of the failed system which have been continually stored in
another cell or group during operation, or by obtaining the latest values from the
system which did not fail.

If the group has not been able to reconfigure itself, the failure will be treated
as discussed under controller cell failure given below.

Note that the above discussion applies to the primary and secondary systems
except that in the secondary case no actual output switching takes place. It should
- also be noted that the executive group reconfiguration routines are simpler than those
in the prior two phases.

Controller Cell Failures
As above the group switches will control the output switches to switch control

to the operating system for the critical sensors if the failure involves a group with
critical computations. The executive group will follow a procedure similar to that
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given for the prior two phases as far as attempting to check out and isolate the failures
in the failed group. Unless alternate connections were provided for in each group, so
that the astronaut could quickly initiate such action upon a signal from the executive
group, it is doubtful that the astronaut would plug in the necessary connections,
although it could be done.

If the failed group were reinitialized, it could be loaded up with critical com-
putations to serve as a backup for further failures. In the meantime, prior to
checking out the failed group, the executive group will reload one of the other groups
with a set of the critical computations from the bulk storage unit if the failed group
contained critical computations. In this way another group could serve as a backup
to further failures in critical computations. Note that this capability would require
redundant I/O connections to groups unless the astronaut plugged/unplugged the con-
nections during the critical phase (this may not be practical for him to do).

Group Switch Failures

Same discussion as in prior two phases applies here. The controller cell fail-
ure procedures outlined above will be followed here in attempting to reinstate the
failed group.

Executive Group Failure

If the executive group's group switches indicate a failure and a minimal backup
executive exists as discussed in the prior two phases, the backup executive can
follow the same procedure as discussed previously. It would probably reload the
executive group function in its own group (assuming it initially contains no critical
computations) and attempt to bring up the failed group as is normally done by the
executive group function. Once again the comments about connections to the groups
and requiring the astronaut to make connections applies here. Note that the backup
executive can only be located in one specific group since the other two non-failed
groups would be associated with critical computations.

If a backup executive were not provided the above would not be possible except
by astronaut participation. However, the two groups assigned the critical computa-
tions would continue operating normally.

Sensor/Conditioner Failures

Failures associated with non-critical functions result in suspension of the
associated computations. However, if they affect a critical function, the controller
cell would simply indicate a group failure and result in switching over control to the
operating system. Unless redundant connections were provided, the astronaut would
have to plug/unplug connectors to reinstate another backup system for critical
functions.

It should be noted that in the above discussion for the critical phase, failures
in one group affecting other groups are not mentioned. The reason for this is that
the programs in the groups are expected to be well isolated and contain check routines
to validate any data received from other groups. They will also have routines to




validate requests for any control changes or locations that data may be read into. In
this manner each group essentially locks out other groups except for certain predeter-
mined functions which will not affect this group if another group failed that it is com-
municating with. The group switches will also contain logic to inhibit their group
from getting on the inter-group bus should they fail to get the proper response word
from the controller cell. In this manner, it is very unlikely that one group's failure
will affect the remainder of the system.

It may be seen that the organization contains many possibilities for sustaining
multiple failures during a critical phase. This is particularly true if a number of
extra I/O connections are provided to the system as discussed above.

8.3 BACKUP EQUIPMENT ASSURANCE

There may exist at any time in the system a number of spare cells in each
group. These cells will be periodically tested along with the other cells in the group
to determine their status.

A spare group will exist during the non-critical phase. This group will be
turned on periodically by the executive group and told to run the standard self check
routines. Therefore, the executive group will be informed of its status for possible
use in reconfiguration. This status will also be required prior to entering the criti-
cal or the Mars orbital phase.

8.4 EXTERNAL STATUS REPORTS

The executive group is the primary central source for status reports., It will
issue reports to the display panel that a group has failed and a new controller cell
must be initialized. It will also indicate the number of failed and operable cells in
each group. Each group will al so have a connection from its group switches to
indicate a failure in a group. This report could be compared with the executive
group's report for any discrepancies in the system. The executive group will also
issue status reports on the group switches in the system and on the inter-group
busses.

The cell that the backup executive is in will also have a connection to the display
panel (via the cell's I/0 line) to indicate any failures in the executive group.
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9. CELL AND GROUP SWITCH DESIGN

This section presents a detailed description of the cell. First the features are
presented and secondly some detailed aspects of the design are discussed. Finally
some design considerations of the group switch are given in 9. 3.

9.1 PROCESSOR FEATURES OF THE CELL

This section will describe the general features of the processor section of each
cell. In particular, the word length, accumulators, index-bank registers, and the
instruction word format will be discussed. Since the requirements to be designed to
are not very firm at this point in time, some of the alternatives discussed cannot be
explicitly chosen as optimum. In addition, some general considerations with regards
to the instruction set will be given.

9.1.1 Accumulators and Index Registers

This sub-section will discuss the use of multiple accumulators and multiple
index registers in terms of their ability to save storage. Since it is not necessary
for the processor to operate at high speed, as many of the processor registers as
possible will be stored in the memory. This enables many registers to be used
for the processor at a small increase in system complexity or lowering of
wafer yields. This is the case since registers in the memory can be easily
fabricated with high yields by using discretionary wiring or similar techniques.

On the other hand, the registers constructed in the processor are generally part

of lower yield complex logic. (If this differences in ease of fabrication is eliminated
in the future the multiple accumulators and index registers can be included in the
processor section of the chip. The instruction execution time would then be
decreased.) Because of the above points there will be just one accumulator in the
processor section of a cell and any additional accumulators will be accessed from a
specified area of the memory. (The chosen processor uses four accumulators. )

The index-bank registers will also be contained in a fixed area of memory.

Accumulators

The use of more than one accumulator can save a significant amount of
execution speed and, of more importance for this application, storage. The storage
savings comes about since intermediate results do not have to be stored in the memory
or in hot storage. As intermediate results are obtained they are simply left in the
accumulator in use and another accumulator is brought into use. In this way it is not
necessary to store the first accumulator while further operations are carried out
before the intermediate value is again needed. The accumulator to be used in any
operation is simply specified in the up~code. As a result when the instruction is to
be executed the proper accumulator is pulled out of the memory and exchanged with the
accumulator in the hardware location or if the hardware accumulator is the one
specified no exchange is necessary. This process clearly takes a longer time than if
the accumulators were in the processor hardware itself: however, for the processor of
interest the main interest is in saving storage and as a result the processor hardware
that would be devoted to multiple accumulator registers can be eliminated or used in
other fashions, e.g., for complex macro instruction control, etc.
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The usefulness for memory savings of a second, third, or more accumulators
for intermediate storage must be evaluated for any given application. However, an
evaluation that was carried out (Ref. 29) showed that for guidance and navigation in
an avionics system addition of a second accumulator reduces the instruction count
by as much as 8 percent and the inclusion of six or more accumulators bring this
reduction to as much as 12 percent. How much the saving is for scientific experi-
ments, telecommunications, etc. has not been determined, but it is clear that the
use of at least 2 accumulators is a very valuable asset for saving storage. Since
these accumulators are in memory, their only hardware cost is additional control
circuitry. It can be seen that the majority of the advantage of multiple accumulators
is accrued with the addition of the second accumulator, as a result each processor
cell will have at least two accumulators. The inclusion of additional accumulators
depends on both the availability of instruction bits to specify to which accumulator a
particular op-code is being applied and the relative usefulness of additional accumu-
lators versus additional index registers. These points are made clearer by the
discussion on each possible word size given later.

Indexing

Full word length index and bank registers are used. Therefore, there is no
real distinction between the two since they both accomplish address generation and
address modification in the same manner. They will be referred to as index, bank,
or index/bank registers throughout this report.

Indexing in each processor of the cells will be carried out by memory index
registers. For an instruction that requires banking or indexing, the proper index/
bank register or registers are accessed from the memory, loaded into the memory
buffer register, and added to the memory address register (the memory address
register holds the address displacement obtained from the initial instruction word).
From this it can be seen that an instruction that needs to be banked and indexed
before picking up the operand would require four memory cycles, including the
memory cycle to pick up the instruction itself (accumulator may be in memory).

The advantage of indexing in terms of memory saving has been discussed in
many places. Two such discussions are given in References 29 and 1. From these
references and from an investigation of the requirements, it can be seen that the
inclusion of at least three index registers along with one or more bank registers will
provide significant storage savings (20 percent or more); however, the addition of
more index registers than three provide significantly less storage savings., As a
result, at least three index registers will be included in the processor of each cell,
the use of additional index registers depends on the availability of instruction word bits
and on a comparison of the value of these additional registers to the value of addi-
tional accumulators. The index registers could also be used for temporary storage;
however, use of the index registers in this manner would provide no memory saving
unless register to register instructions were included (instructions carrying out
basic operations such as add from one index register to another index register).

The reason for this is that the index register used as temporary storage cannot be
addressed directly by bits in the op code if an operation is to be carried out between
the temporary storage and a memory operand. This is clear since there are index
register bits in the instruction word that must specify the indexing of the address for
the memory operand. Therefore, only operations that address two index registers
used as temporary storage and then add or subtract them, etc., could provide

9-2




an instruction saving over the use of memory addressing for intermediate results.

On the other hand note that if accumulators are used for temporary storage, they
may easily be addressed by additional bits in the op-code portion of the instruction
word since these registers will not be used for indexing a memory address. Investi-
gation of the usefulness of register to register operations versus the usefulness of
providing accumulators that may be used for temporary storage has shown that the
register to register operations find very little usage in comparison to the accumulators.
As a result using accumulators instead of index registers for temporary storage pro-
vides a much greater storage savings. (Referencel discussed the use of hardware
index registers for temporary storage in order to provide increased execution speed
by using these registers for temporary storage. Note that this increased speed can-
not be obtained for the processor specified above since the temporary storage or
index registers are located in the memory and must be accessed with a memory
cycle in a similar fashion to any other operand held in the memory. )

Indirect Addressing

Investigations of the usefulness of indirect addressing have been carried out and
are discussed in reference 1. It was found that indirect addressing in a machine with
a number of index registers had a limited usefulness; however, when it was used, it
provided some storage savings. (The primary use was for sub-routine linkage.) As
a result of this limited usage it is not recommended that an indirect bit be added to
the instruction word, but that instead where applicable, certain instructions may use
only indirect addressing or may have the facility to use indirect addressing if desired.

9.1.2 Word Size

The desire to save storage (to use the least number of bits in the memory
possible) gives a reason for considering small word sizes. If a small instruction
word can include enough features, it may provide enough flexibility such that it would
require only a slight increase in the number of words for instructions in the memory,
over that for a larger instruction word. This may then result in a smaller number of
bits in each cell's memory for instructions. Larger instruction words are generally
used to offer more flexibility and increased processing speed. The increased proces-
sing speed is not required here, but the amount of storage saved by increased instruc-
tion word flexibility must be investigated. It is also necessary to determine the amount
of extra data words that would be necessary with a small word size. A small word
would require increased double precision and possibly some triple precision opera-
tions and would result in smaller byte sizes for storage of multiple bytes per word.

Twelve-Bit Word

A 12-bit instruction and data word was first investigated to see if it would offer
enough flexibility for a savings in the number of bits in the memory over a larger
word. The chosen 12-bit instruction word is shown in Figure 9-1. Five op-code bits
should be sufficient to offer a reasonably large and flexible instruction repertoire
including the ability to use 2 accumulators. More than 32 instructions can be made
available by the use of op-code extension on instructions that do not require a memory
address. Two uses of the tag bits B/T, are shown in Figure 9-2. Figure 9-2a would
have a bank register, B, contained in the memory added to the address bits in the



bits: 1 - 5 6 7 8 - 12

5 2 Address 5
op code B/T Displacement

B/T = index/banking bits

Figure 9-1. 12-bit Instruction Word

00 B 00 T1

01 B+T1 01 T2

10 B+T2 10 T3

11 B+T3 11 T4
a b.

Figure 9-2. Use of Two B/T Bits

instruction word for every memory access. In addition, one of three memory index
registers can also be added to the address. Figure 9-2b proposes using the index/
banking bits to specify one of four index/bank registers. Since this scheme does not
enable multiple indexing to be carried out, it will require a few more instructions
for execution of loops. However, it does not have the disadvantage of the scheme
specified in 9-2a, of requiring that the index register contents be changed any time
the bank register contents are changed. None the less, the scheme in Figure 9-2a,
seems to be somewhat more flexible and would be chosen for a 12-bit word.

The last part of the instruction word provides 5 bits for specification of an
address within a bank. Clearly this is only a 32 word bank; as a result it is probably
too short to hold the majority of the programs and/or their associated data. This
means that a reasonably large number of load bank commands would have to be
inserted into the instruction stream both for jumping to separate parts of a program
that is located in a number of banks and for picking up data for separate banks. A
complete investigation of the programs is necessary to determine the percent
increase in storage due to these load bank commands; however, an investigation
(reference 30) showed that for navigation and guidanee programs a 32 word bank could
cause substantial increases in the amount of memory required. This short bank is

especially inefficient in a 12 bit word where the index/banking scheme is relatively
inflexible.

There are a number of additional problems with a 12-bit word. One of these
would be the inability of a memory word to contain the complete address for any word
in a group. A group may typically contain on the order of 20 cells of 512 words per
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cell. This would amount to at least 10, 000 words per group, whereas a 12-bit word
can only address 4,000 words. As a result, a 12-bit word would require two locations
to hold this address and the second location would only need two of the 12 bits for
additional addressing. This could amount to a substantial inefficiency.

In addition, the use of a 12-bit word would certainly require triple precision
operations to be carried out in the navigation and guidance routines. This could cause
an inefficiency of bits in the data word and would also require the addition of triple
precision software, It also appears from the requirements that the half word size or
byte size of 6 bits would be somewhat small for the needs of many of the scientific
experiments and other operations that will use byte manipulations. In particular, a
seven to eight bit byte would probably be necessary to offer sufficient flexibility, A
precise answer to the size of the byte required for efficient utilization of data storage
is difficult to provide; however, 7 or 8 bits would certainly offer more flexibility to
meet the requirements for byte manipulation when they are explicitly specified.

It should be noted when discussing byte manipulation that the number of bytes
per word should be a power of two for the most ease of operating on bytes. (The
most flexible byte manipulation is when the number of bits in the word is a power of
two.) If this is the case bytes can be manipulated and obtained from data words by
simple shifts of the addresses of the bytes. In addition, indexing with respect to
words or with respect to bytes can be done simply by adding or by shifting and adding
the specified address to an index register.

The addition of a number of half word or byte instructions to the instruction
repertoire, such that bytes are directly accessed and operated on and then replaced
in memory without affecting the remainder of a memory word, may save a consider-
able amount of storage (e.g., in the scientific experiments in a spaceborne applica-
tion). The addresses of these instructions could handle the additional length required
due to byte specification since they would be relative to an initial address of a word in
a list. (The initial address would be held in an index register.) Therefore, since a
considerable amount of byte manipulation is expected in at least the scientific experi-
ments, only word lengths that are a power of two and a multiple of some useful byte
length, such as 6, 7 or 8 bits, will be considered, i.e., 12, 14, and 16 bit word
lengths. Longer words that are a power of two and a multiple of a byte and that
would hold two instructions per word could also be considered from the above stand-
point (24 bit words, 28 bit words or 32 bit words). This may result in problems in
trying to pack data into the word for efficient byte manipulation. However, the most
important point is that for the requirements considered for the given space missions,
the majority of the words tend to be 12 to 16 bits and as a result a processor with a
considerably longer word length can result in inefficiencies of storing data. From
the above it can then be seen that there appear to be no real gains from a long word
and there are some losses.

Because of the considerations given earlier a 12-bit instruction word has been
eliminated as a possibility. It does not seem to provide sufficient flexibility to save
storage over a longer word length. In fact, it appears that it would require consid-
erably more storage primarily due to the addressing and short bank problems.



14-Bit Instruction Word

Two examples of the 14 bit instruction word are given in Figure 9-3. Figure
9-3a shows 6 bits used for the op-code. This should easily be sufficient to offer
instructions to take advantage of the multiple accumulators (as many as four would be
practical), to provide byte manipulation instructions, and even to provide some com-
plex macros. Two bits are provided for index/banking using the same scheme as
discussed in relation to figure 9-2. The address section of the instruction word,
provides six bits for a 64 word bank. This bank should be sufficiently long for some
flexibility since full length bank/index registers are used. However, since only a
maximum of 4 index bank registers are available from the B/T bits, this 64 word bank
could provide some inefficiencies.

The addition of more index/bank registers could alleviate much of the possible
addressing problem due to the 64 word bank. Such a scheme is shown in the instruc-
tion word of Figure 9-3b. Here the op-code bits have been decreased from 6 to 5, but
the B/T bits have been increased to three to offer the usage schemes shown in Figure
9-4, There are clearly other possibilities of using 3 B/T bits, -but those shown in
Figure 9-4 offer the most flexibility. The advantage of the scheme in Figure 9-4a
over than shown in Figure 9-4b is simply the availability of more total registers that
can be used for index-banking purposes. However, Figure 9-4b offers 5 registers and
a considerable amount of flexibility in terms of multiple indexing. In particular the
index registers do not have to be adjusted every time a bank register is changed.

(This is the case in the scheme in Figure 9-4a). Because of this multiple indexing
flexibility and the possibility that it may save some storage, the scheme in Figure 9-4b
would be chosen. The instruction word in Figure 9-3b also has six address bits for a
64 word bank.

An explicit decision to choose between the instruction words shown in Figure 9-3a
and 9-3b cannot be made until an investigation into the use of various op-codes is carried
out. After this a relative evaluation of the use of an additional bit for a 6-bit op-code
or for a three bit B/T specification can be evaluated so that either Figure 9-3a or 9-3b
can be chosen for a 14 bit instruction word. The question of course would center
around which scheme provided the most storage savings; however, there are additional
considerations, such as, the ease of programming, etc.

1 6 7 8 9 14
6 2 . 6
op code B/T Address Displacement
9-32
1 5 6 8 9 14
op code ° B/T Address Displacement 8
9-3b

Figure 9-3. 14-bit Instruction Word
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1
001 B+T1 001 B1+T1
010 B+T2 010 B1+T‘.2
011 B1+T3

100 B2
1 01 B2+T1
110 B2+T2
111 B+T7 111 BZ+T3

a. b.

Figure 9-4, Use of Three B/T Bits

A 14-bit word may be an efficient choice for the computation system in the space
missions under consideration, however, it does have some inefficiency problems due
to its relatively short length. For example, double precision operations of 28 bits will
not be sufficient for some navigation and guidance systems. As a result, triple pre-
cision will be required, but a triple precision word containing 42 bits will offer greater
accuracy than that required and consequently will waste some amount of data storage
area. In addition, the use of triple precision will require triple precision software to
be added. There is also some question as to whether a seven bit byte will be sufficient
for byte manipulations in the scientific experiments,

There is, therefore, some push toward a 16-bit instruction word due to addi-
tional flexibility in the instruction word, the use of 8 bit bytes, and more flexibility in
bit manipulation. The latter point will be made clear by a renewed consideration of
the discussion of byte manipulation given earlier. If a considerable amount of bit
manipulation is necessary in the computations (in other words manipulation of bytes
that can vary in length from one bit to eight or more bits), the use of an instruction
word with a number of bits that is a power of two would be useful. These varying
length bytes can then be packed into words and can be accessed by instructions by
simple shifts of the address in a fashion similar to that for the half word bytes dis-
cussed earlier. All that is necessary is to place the address of the first word in a
list in an index register and then to address all varying length bytes relative to this
initial address by using an address in the instruction word that represents the bit
number in the list, For example, a 16-bit word would simply require that the bit
address be shifted four positions to the right and then indexed with the initial word
address in the list. This would give a word address of the word that contained the
required bits, The four bits that were shifted right would be saved and used to choose
the particular starting bit in the chosen word. (The bit address can also be indexed
if desired. )
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Clearly, if a fairly large amount of bit manipulation was necessary, a word
size that is a power of two could provide substantial storage savings in that simple
instructions could easily be included to automatically carry out the bit manipulations,
For example, a single instruction to load the accumulator with some desired byte
would simply pick up the address bits from the instruction word, shift them four posi-
tions to the right, save them, index the shifted address with the register specifying
the initial address in the word, pickup the word, and then left adjust it to the specified
starting bit location given in the instruction. Additional instructions to add another set
of bits to the ones that were loaded could also be implemented. These byte manipula-
tion instructions would take a reasonable amount of time; however, they would only
require a very small number of instructions for very complex manipulations.

The actual amount of byte manipulation required in the programs would have to
be extensively investigated before the above discussion could be used as a strong
reason for choosing a 16-bit word over a 14-bit word. However, there are also a
number of additional points to be considered when trying to choose a 16 or 14 bit
instruction word for the cell processor and memory. A word size increase from 14
to 16 bits would increase the number of memory bits 14 percent if the same number of
total words were required. Therefore, in order for the 16-bit word to be more effi-
cient in terms of storage savings than the 14 bit word the additional features and
flexibility gained with 16 bits would have to make up 14 percent or more of the memory.
The factors contributing to a decrease in the number of memory words with a 16-bit
word are the following: less instructions would be required due to the ability for addi-
tional indexing or longer banks and/or additional op-codes, there would be no require-
ment for triple precision operations for data storage with a 16-bit word, and there
may be more flexibility of byte storage as discussed above. A precise comparison
of the storage usage of a 14- and 16-bit word cannot be carried out until the require-
ments are explicitly specified in the future. However, a rough evaluation seems to
show that there would not be a sizable memory difference between the two approaches
since the additional features possible with a 16-bit word would off-set the increase in
bits per word by a reduction in words required. As a result, a 16-bit word will be
chosen for the present design of the distributed processor cell since it will offer
additional flexibility in terms of meeting a variety of requirements while providing
somewhat greater programming ease. If in the future when a distributed processor
is to be designed explicitly for a specified mission or set of missions and the require-
ments can be clearly specified, the precise trade-off can be carried out to decide
between a 14— and 16-bit word. The features used in a 16-bit word are given in the
next paragraph,

16-Bit Word

Two useful instruction word formats for a 16 bit word are shown in Figure 9-5.
Clearly, there are other formats that are possible, but the two chosen appear to be
the most applicable to the space mission requirements. One other variation that
would use seven op-code bits and a lesser number of address or B/T bits may be of
some interest. The additional op-code bit could be used to take full advantage of
multiple accumulators (four or more) and to provide an extensive set of macros to try
to save storage. However, a preliminary evaluation of the instruction set and macros
seems to indicate that a six bit op-code would be sufficient; as a result, only the two
6-bit op-code formats are shown in Figure 9-5. The instruction word in Figure 9-5a
uses 6 op-code bits, three bits for index banking (either of the schemes shown in
Figure 9-4 could be chosen), and a 7-bit bank. The seven bit bank should provide very

9-8




few inefficiencies in terms of requiring load bank commands for jumping from pro-
gram to program or from one data bank to another. The instruction word in Figure
9-5b uses a 6-bit banked address and uses the additional bit to obtain 4 B/T bits,
These bits can then be used for two bank registers and any one of seven index regis-
ters. This gives a powerful banking indexing and multiple indexing capability, such
that a 64 word bank may cause very few inefficiencies. Further evaluation is
certainly necessary to obtain an accurate tradeoff between these two 16 bit instruction
word formats. However the indication thus far is that the 7 bit bank will be more
important than 4 B/T bits. Therefore the instruction word shown in Figure 9-5a will
be chosen. It should also be pointed out here that a number of instructions will be
added to the op-code list in order to provide a reasonably flexible byte manipulation
capability in each cell. As mentioned earlier, these will not require extensive
processor hardware when a 16 bit instruction word is used (a power of 2).

18-Bit Word

An eighteen bit instruction word with the format shown in Figure 9-6 could also
be considered. However the addition of a longer bank and more op codes would not
save enough memory bits to warrant the increase from 16 to 18 bits. This can be
realized since the 16 bit word has very little memory restriction from either lack of
op codes or bank size. The eighteen bit word would allow bigger bytes, but it pro-
vides a less flexible word size for bit manipulation (word not a power of 2), The
primary advantage of this larger word would be in terms of speed increases both due
to slightly less double precision operations and to a larger and more flexible instruc-
tion set. (The instruction set for the 16-bit word will not contain a number of
instructions aimed at speed savings.) Therefore since storage is of primary concern
in the distributed processor, it is felt that an 18 bit word is not necessary,

9.1.3 Control Hardware

The control hardware in the cell's processor section could be implemented with
MOS gating or with a microprogrammed control unit, The primary advantages of a
microprogrammed control unit are: ease of changing the instruction set by replacing
the unit (e.g., replacing a diode array fixed memory wafer with another wafer), ease
of design and implementation of the instruction set, and a relatively easy unit to
checkout, The latter advantage may be realized since instead of complicated gating
signals and combinations of signals spread throughout the processor the micropro-
grammed unit can be considered to be a black box with a finite fixed set of inputs giving
a finite fixed set of outputs; therefore, it can be checked out by sequencing through a
set of inputs that checks each memory location.

The distributed processor integrates memory and processing on a single wafer;
So a primary consideration in constructing the control unit is its usage of wafer area
and its affect on the yield of the processor section of the cell. A control unit con-
structed from MOS gating could take good advantage of redundant logic terms and
could also be spread throughout the processor section of the wafer thus providing
efficient gate utilization and short interconnection lines. (Note that the micropro-
grammed control unit would require a considerable number of long control lines. )
Both of the above points would enable the gating control unit to use considerably less
area than the microprogrammed unit, Therefore even though the microprogrammed
control unit offers the advantages stated above a MOS gating network will be chosen
for the processor section control unit in order to minimize control area., This
decision can certainly be changed in the future, particularly if it is evaluated that the
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1 6 7 9 10 16
3 . 7
op code B/T Address Displacement
5a.
1 7 10 11 16
4 . 6
op code B/T Address Displacement
Bit7=0-B1 Bit8-10=000
Bit 7=1 - B, 001-7T,
010~ T2
111 - T7
5b.
Figure 9-5. 16-bit Instruction Words
1 8 11 12 18
op code B/T 4 Address Displacement 7

Figure 9-6. 18-bit Instruction Word




instruction set may be changed often in the distributed processor in order to apply the
system to a variety of missions. (In order to change the instruction set with MOS
gating the processor area of the wafer mask must be remade; however if a diode

array fixed memory control unit is included in the processor a new one-zero pattern
must simply be encoded into the mask, )
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9.1.4 MACRO Instructions

INTRODUCTION

The DAMP system is basically an array of cells consisting primarily of storage
with a small amount of each cell devoted to a processor (arithmetic and logical). An
important consideration is what can be added to the processor section that can result
in requiring less storage and a net reduction in total hardware required in the cell.
Macro instructions (MACROS) were one such feature considered and this section will
give a brief discussion of Macros in general and several specific types investigated.

A considerable amount of additional effort in this area would be necessary in
order to choose a set of Macros to add to the set of common instructions (add, sub,
transfer, etc.). In particular the amount of hardware necessary to implement a
Macro should be traded-off against the amount of storage necessary to implement it
as a subroutine using common instructions. In addition, it should be determined how
much each macro would be used, since including it in the instruction repetroire
requires including it in all cells. This would clearly only be worthwhile if the Macro
was used often and it required a relatively small amount of hardware compared to the
amount needed for common instruction storage necessary to implement the same
operation. The above trade-off is biased against including most macros that may be
suggested. In fact the situation is even worse when it is considered that many func-
tions that are candidates for macros, such as sine or cosine, could be implemented
as a common subroutine in a single cell devoted to receiving parameters from other
cells and sending back sines, cosines, etc. as required. As a result storage for
certain routines may only be required in a small number of cells.

CORDIC ALGORITHM

The Cordic Algorithm is adequately described in the literature as a useful
means of generating sines, cosines, and other trigonometric or hyperbolic functions
(see ref. 31 and 32). Some consideration was given to including the hardware necessary
for an efficient use of the algorithm in the processor sections of the cell. The
algorithm could of course be implemented by programming with a normal instruction
set; however this would require more instructions than the typical series solution
implemented. (The series solution for sine and cosine simultaneously requires on the
order of 30 instructions depending on the machine). As a result consideration was
given to making the necessary additions to the general purpose hardware in the cell.
(The cordic hardware does not provide sufficient flexibility to replace the GP hard-
ware; however it may enable some instructions to be deleted from the normal
instruction set.)

The hardware used to implement the algorithm typically involves three registers
capable of being shifted, two adders connected to two of the registers so that cross
addition of two of the three registers can occur, a third adder for the third register,
gating hardware to enable a variable pick off from two of the three registers (this
enables 2-J, j =0, 1, 2...n, times the contents of a register to be picked up for cross
addition), and control circuitry. In addition to the above, for an n bit word, n angle
constants must be stored either directly in fixed hardware or in the memory. The
above registers can be simply made available from the normal processor registers
(accumulators); however it would be necessary to add additional connections, adders,
gating, control circuitry, and possibly the n constants. (If the constants are not in
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fixed hardware they must be accessed from memory via stored instructions or by
control circuitry.) In any case, implementation of the cordic algorithm, including
the stored constants, would require a few thousand FET's in addition to that required
for the general purpose hardware. Even with this hardware the algorithm still
requires a number of instructions at least for initialization and storing the result.
The hardware implementation of the algorithm would offer increased computation
speeds for trigonometric functions, but this is not what is needed in the distributed
processor system. :

An accurate comparison can not be made of the above hardware that would be
required in every cell with the number of instruction locations in the whole machine
that would be required to execute the same functions. However, the applications for
which the cordic algorithm would be useful, navigation problems involving sines,
cosines, coordinate transformations etc., represent only a small percentage of the
requirements for the space missions under consideration. As a result trigonometric
routines would only be required in a small percentage of the cells. In fact use of
separate cells for subroutine storage and execution as mentioned in the introduction
would reduce to an even smaller number the percentage of cells storing trigonometric
routines. From the above discussion it can then be realized that increasing the com-
plexity of each processor by the addition of cordic hardware would bring a small
return in additional available memory. As a result it is considered to be not worth-
while to implement this algorithm. (A relatively large increase in processor com-
plexity of course makes the processor more difficult to fabricate and can result in
lowered wafer yields, as a result complex macros should not be included unless they
save a good amount of storage.)

DDA

The cell could be made into a DDA~GP structure. The DDA portion of the
machine could be used for generation of trigonometric and hyperbolic functions as
with the cordic hardware; however this DDA-GP organization would not be worthwhile
for the same reasons as for the cordic algorithm. Quite a large number of FET's
would be needed since at least two complete DDA's would be required including pro-
gramming flexibility for the interconnections. In addition, the DDA implementation
would require a number of memory words for initialization and storing the result.

GENERAL MACRO SET

Macros are being considered for the DAMP System primarily from the stand-
point of saving storage. As a result, the present investigation of macros is pointed
toward those that would replace a number of common instructions (decrease the
number of bits associated with instructions so that less instructions can be used) and
that would be used in a reasonably large number of computations. Actually, limited
usage of macros would be acceptable if they did not require very much additional
hardware in the processor.

The following paragraphs discuss a few basic types of macros in order to point
out the type of macro that is the most fruitful to investigate for storage savings. The
first type presented are basic instructions (add, etc.) that operate on non~ordered
lists of data (i.e., each data word must be individually addressed). These macros
save some bits, but it is felt they will not be used very often in the applications of
interest here. A second type of macro would again carry out basic instructions but on

9-13



ordered lists of data. These macros are shown to be of relatively small value because
they only replace loops that generally contain a very small number of instructions.

The third class of macros are characterized by complex instructions on any type of
data. These macros are shown to offer the best possibilities for storage savings; as

a result, investigations of macros should emphasize this latter type.

It should be emphasized that when trying to save memory, the number of bits
used by a macro instruction is of importance. There are a number of types of
macros that can be investigated for memory bit savings. One example is multi-
operand macros that individually address a number of operands (operation on non-
ordered data that must be addressed from random locations) and carry out a basic
logical or arithmetic operation on all of them. These macros require sufficient bits
to address each operand; as a result the only memory savings is due to the saving of
the op code bits that would be necessary to individually access and combine the
operands. This saving could be large if enough operands could be combined at once.
However, for macros that would be used sufficiently it seems that only a very few
operands could be combined at once as described above and as a result the bit savings
would be typically small.

Many operations with a single basic arithmetic or logical operation are typically
carried out with data that is ordered into some type of a list in memory so that inher-
ent operand addressing is possible. An example of this type of addressing is the
processing of a list of information with an instruction loop that uses index registers
to hold and update the operand addresses. (Note that the list does not have to be
simply sequential. It could use every other memory location, etc.) The inclusion
of a repeat mode in a processor enables loops, as described above, that contain a
single instruction to be executed very quickly since the count of the times through the
loop and the termination of the loop are automatically handled. However the use of
a repeat mode or of a macro to initialize the appropriate index registers and execute
an operation on a list of ordered data can save very little storage since the loops used
to carry out the same operation require only a few initialization words for the appro-
priate index registers plus the basic loop (one operation plus index handling instruc-
tions). As a result a macro to carry out a basic operation on an ordered list would
save very few bits (only the op code bits for the index initialization and handling
instructions). The inclusion of such macros or even a repeat mode is then not worth-
while in the DAMP System unless an increase in the speed of execution is needed.
Another type of macro that could use basic arithmetic or logical instructions and
forms of inherent operand addressing to save storage bits involves using a push down
stack in the processor. Data could be processed and placed in the stack, and when
appropriate a macro could be issued that executes a basic arithmetic or logical oper-
ation on the top members of the stack. The number of words to be combined would
be the only parameter required in addition to the op code (no addresses). This macro
would then save the loop initializations and index handling that would be necessary if
the same instruction was executed on the list of data by a loop. The stack may also
find other uses for the programs, however, it is not clear at this time that such a
stack would find any real usefulness.

The class of macros characterized by a single instruction that replaces a
quantity of basic instructions offers a good opportunity for memory bit savings; how-
ever, macros of this type that will be used fairly often and do not take an unreasonably
large amount of hardware are difficult to find. Useful macros of this type could
operate on very few operands or could use some form of inherent operand addressing
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to operate on lists of operands. In fact use of the cordic algorithm to generate
trigonometric functions could be considered an example of such a complex macro.
This macro could call out sine, for example, and then give the angle to a hardware
unit set up to return the answer; however, this macro was shown to be impractical
from a hardware standpoint since it provided high speed sine generation but saved
very little storage and was not used very often. Exactly the same arguments eliminate
consideration of special function generators using diode arrays, for example. One
possible useful instruction of the complex macro type is the vector dot product. It
would address the first element in each vector and place the addresses in index
registers. The instruction would also specify the number of elements in the vector
and place this value in a third index register. The elements of the vectors would be
stored in the memory in sequence following the first element, The instruction would
then address all elements by simply incrementing the index registers, multiplying
corresponding components, and adding to the previous sum (stored in the second
upper accumulator and the lower accumulator) until the third index register reaches
zero and the operation is terminated. This macro would then save the bits necessary
to specify the initializations and the sequence of operations within the loop that could
be used for the calculation. The main usefulness of this instruction would be in
executing matrix multiplies, however it may also find use as a substitute for a sum

of products multiply. The difference in this latter case is that two memory locations
would be multiplied instead of one of the upper accumulators and a memory location.
This is acceptable except that more bits are required than for specification of a simple
sum of products multiply; therefore the vector dot product instruction would be an
improvement in this case only if the use of the sum of products instruction generally
requires the accumulator to be loaded first. (This is probably not generally the case. )
In order to get a good evaluation of the value of this macro its use in a matrix multiply
needs to be compared to a loop implementation of a matrix multiply. The amount of
usage of the instruction should also be evaluated. Other macros of the above complex
type need to be investigated. Two possibilities are a full matrix multiply and complex
operations on a stack,

9.1.5 Byte Manipulation Instructions

Byte manipulation instructions were investigated and several included in the
instruction set that will be presented in the next section. The byte manipulation
instructions were included to enable the DAMP system to flexibly manage variable
length bytes for requirements such as the scientific experiments. These same
instructions can be used for character instructions,

The instruction word format for byte instructions is shown in Figure 9-7. In
order to set up this word a few assumptions were made about the operation on byte
data. It was assumed that the bytes to be operated on are generally located in a list
such that they could readily be addressed relative to the first word containing the
first byte in the list. It was also assumed that one particular byte length was
operated on for a number of instructions such that it would be efficient to use a separ-
ate instruction to setup the byte length in a separate register (This separate register
will be referred to as the LENR register). Of course if the length was changed very
often the overhead of setting up the LENR register by separate instruction would be
impractically high; however if one length is used for a number of instructions, as
assumed, the scheme specified above will be efficient since the length bits will not
have to be included in each instruction. (The length bits are used for compare
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instructions, for automatic right adjustment of bytes, for storing in memory without
affecting other bits in word, etc.)

An explanation of Figure 9-7 follows. The op code bits will give a basic byte
instruction by using the op code extension bits in addition to bits one to six. The
address will be relative to index/bank register Bj for all byte instructions. This
register will be setup with some position in the list of bytes and it will be assumed
that bit position one is the starting bit position of the first byte in this word. The
address portion of the instruction word will then simply give the starting bit number
in the list of bytes of the desired byte. In order to understand this addressing note
that the address portion of the instruction word is divided up into a word address and
a bit address. The bit address gives the starting bit position of the desired byte in
its memory word. These bits are placed into a register for instruction control. The
remaining address bits, the word address, are placed right adjusted into 2 memory
address register and added to By in order to obtain the memory word location to be
accessed for a particular instruction. If the instruction is indexed, index/bank
register T1 and the full seven bit address given in the instruction word are added
together so that the indexing can be relative to bits. This addition is carried out by
first loading the full address into the accumulator then adding Tj, and then placing
the least significant four bits in a register and the remaining bits right adjusted into
the memory address register. The memory address register will then of course be
added to Bj in order to get the proper word address.

The instruction word in Figure 9-7 allows for eight word lists without having to
change Bj or T1 (the word address is three bits). If it is found that the predominate
use of byte instructions is in loops it may be worthwhile to change the instruction
word to allow for more indexing. For example the tag could be increased to two bits
and the word address decreased to two bits. A number of byte instructions will be
given in the instruction list presented in Section 9. 2.

bits: 1 : 6 7:8 9 10 : 16
3 ! 4
6 |op code Word Address ! Bit Address
instruction: |op code ext Tag ADDRESS
}
Tag: "0" ~ no indexing

"1" - index with T1

Figure 9-7. Byte Instruction Word
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9.2 FUNCTIONAL DESCRIPTION OF THE CELL

This section contains a functional description of the cell hardware. A block
diagram of the cell will be presented first and then several areas of the cell's opera-
tion will be explained in more detail.

9.2.1 Cell Block Diagram

Figure 9-8 contains a general block diagram of the cell. As can be seen the
cell contains hardware that can be broken down into six general areas:

1. Memory

2. Identification

3. Arithmetic and Control

4. Inter-Cell Bus Communications
5. 1/0

6. Timing

A detailed block diagram of the cell is shown in Figure 9-9, This figure con-
tains all the main registers in a cell. There is of course a lot of logical gating not
shown. However, the drawing will serve to present some insight into the detailed
operation of a cell. The registers shown also have a numeral in the right hand corner.
This indicates the length (bits) of the register and gives some indication as to its
complexity. Each of the blocks in the figure will be explained below:

U Hardware Upper Accumulator: The hardware upper
accumulator is used to hold one of the memory upper
accumulators in any operation that uses them.,

L Lower Accumulator: The lower accumulator is used
primarily in multiply, divide, and double precision
operations to hold the lower half of a data word. This
accumulator, and U have a one-bit extension onto their
sixteen bits in order to hold the overflow carries which
may be generated in the multiply operation,

Ul’ U2, U3, U 4 Memory Upper Accumulators: The memory upper
accumulators are the primary arithmetic and logical
registers. They are also used to hold and manipulate
data in shift and register operations,

P Program Counter: This register is used to sequence the
flow of control in the processor. It is not only used to
access instructions but also to provide memory addresses
for interrupt status word storage. It must therefore be
connected both to the ALTU and to the memory interface
lines.
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PRECEDING PAGE BLANK NOT ML

MAR Memory Address Register: This register holds the memory
address for operand memory cycles. It is loaded with the
address displacement from the instruction word, Bj or B,
is added to it and, if indicated, one of the index (T) registers
is also added to it. This register is necessary since the B
and T registers are in memory and must therefore enter the
processor through MB; as a result MB cannot be used to
hold the operand addresses.

MB Memory Buffer: The memory buffer receives data and
instructions from the memory, sends data to the memory,
holds the divisor in divide operations, and the multiplicand
in multiply operations. It also holds one of the operands in
all other arithmetic and logical operations with the memory.
In addition to the above tasks since the MB receives all
instructions it keeps many of these bits for the instruction
decoding and operation. For example, it holds the B bit for
address generation, the register to be shifted in a shift
operation and one of the registers to be operated on in
register operations.

B,, B, "B'' Memory Index/Bank Registers: These registers hold
both index and bank values for address calculation and
looping control. One of these two registers, indicated by
the B bit, is added to the address displacement for all
operand address calculations.

T, to T4 "T" Memory Index/Bank Registers: These registers have
the same functions as the B registers. The only difference
is that operand addresses can be generated without adding
any T register to B plus the address displacement. (Tag 00
specified no indexing with the T registers. )

ALTU Adder, Logical, and Transfer Unit: This unit contains all
the circuitry for carrying out arithmetic and logical operations
including comparisons. It also provides for transfers amongst
all the hardware registers and detection of overflows.

IR Instruction Register: The instruction register holds the
six bit op code throughout the instruction execution.

TR Tag Register: The tag register holds the T bits of the
instructions. It is necessary so that B plus the address
displacement can be generated, stored in MAR, and then
added to T prior to an operand cycle. This register also
holds one of the register addresses in register operations,
It also holds a two bit op code extension for byte operations.
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SCR

LENR

CFF

CCM

Cell ID

Shift Count Register: This register holds the shift count for
shift commands, and for setting up bits in byte manipulation
operations, It is counted down to zero by one count for each
shift. The register can be loaded from the ALTU in addition
to the MB since shift counts may be indexed prior to being
loaded into SCR for execution. It also provides a temporary
storage area for certain control information during several
inter-cell bus communications operations.

Length Register: This register is used for byte instructions
to specify the length of the byte that is being used. It is also
used to hold the op code extension bits in shift and register
instructions.

Hardware Accumulator: This register identifies which of the
4 accumulators is presently in hardware. Every instruction
that specifies an accumulator must compare these 2 bits to
that in the instruction, If the accumulator specified in the
instruction is in memory, the hardware accumulator must be
stored in memory and the other accumulator brought into the
hardware position (the next Section 9. 2.2 will discuss this in
more detail),

Comparison Flip-Flops: These flip~flops hold the results of
a comparison; greater than, less than, or equal. They may
be tested by an instruction for a conditional jump, skip, etc.

Overflow Flip-Flop: This flip-flop is set if an overflow
results in the ALTU during an arithmetic operation. Like
the CFF, it may be tested by an instruction.

Failure: This flip-flop is set by the hardware failure
detection circuitry. It can be sampled by an instruction
during software self test.

Interrupt Mask Register: This register is set by the
programmer to mask off any interrupts that are not to be
allowed.

Controller Cell Mode: This register holds the mode of a
cell in the controller cell state. It has no meaning in cells
in any other state. It will be set to one of the four transmit/
execute modes and will control the execution of instructions
in the controller cell.

This register holds the cell address or identification, It is
used in the Bus I/O control section to decode commands over
the Bus.




State

Level

BCR

Bus I/0

IC Busy

Timer 1, 2

ION R

Timer 3

Counter

/0

FU1, 2, 3, 4

This register holds the current state of a cell. It will be in
one of 5 states:

000 INDEPENDENT

001 DEPENDENT GLOBAL
010 DEPENDENT LOCAL
011 DEPENDENT WAIT
100 CONTROLLER CELL

This register specifies one of eight levels that the cell may
usc as a means of identification during dependent state
operation,

Bus Communication Register: This register receives the
present byte on the inter-cell bus, It is used by the Bus
I/O Control to decode commands and control the bus
communications,

This register holds the identification of the present operation
being carried out on the inter-cell bus (input, output, ete).

INTER-CELL BUS BUSY: This flip-flop is used to determine
if the bus is presently being used.

These two timers are used to time certain operations over
the inter-cell bus., Expiration of the timers during these
operations results in an interrupt being issued.

1/0 and Neighbor Register: This is a serial/parallel in and
out buffer register used for communications between I/0
devices and one of the four neighbor cells. It is 18 bits
long due to the need for sync and control bits in addition to
the data bits (16 bits).

This timer is set during certain I/0 operations such as
requesting data from a neighboring cell, Its expiration will
cause an interrupt,

This is a counter to count the serial in/out of the ION R,
It will issue interrupts during I/0O operations.

This flip-flop is set to either the input or output state during
an I/0 instruction execution. It controls the type of interrupt
generated by the COUNTER mentioned directly above,

ACCUMULATOR FLAGS: These flags are set to one of five
states: N, E,S,W, or X. The first four indicate the accumu-
lator holds data for a neighboring cell and the last one
indicates no neighbor data. There is one flag register for
each accumulator,
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RTC EXT Real Time Clock Extension: This is a simple counter driven
by the clock.

RTC Real Time Clock: This register is a simple counter driven
by the RTC EXT. 1t is set and read by instructions and
counts down to zero.

BTC Bit Time Counter: This counter is driven by the clock and
generates two pulses (counts to two). It is used to control
the instruction execution and drive the instruction decoding
and control generation logic.

MC Mode Counter: This counter is driven by the BT C and
generates eight control signals. It drives the instruction
decoding and control generation logic.

It should be mentioned here that the length of the registers indicated in
Figure 9-9 does not include any bits for fault detection. At least one bit for parity
will be added on to several registers such as U, L, IONR, and BCR. Other registers
such as HA, CFF, O, etc. may be combined for generating parity and, therefore,
will not necessarily have an extra bit for each of these registers.

9.2.2 Accumulator Mechanization

A somewhat more detailed discussion of the accumulators is necessary in order
to understand their use. There are a number of methods of handling the four accumu-
lators in each cell. One method would assign tag bit combinations to each accumulator
such that Uy is the hardware accumulator and U2, U3 and U4 are the memory accumu-
lators. Each instruction would then specify one of these accumulators and cause its
contents to be exchanged with those of the hardware accumulator, Uy, for execution
of the operation. At the conclusion of the operation the hardware accumulator would
keep its current value so that any further operations of this value would be carried
out by specifying U, . This scheme uses the minimum amount of processor hardware
for handling the accumulators, but it makes it difficult for the programmer to keep
track of information that was initially or subsequently stored in one of the accumu-
lators. It would also be necessary at the ends of a branch to restore the accumulators
to some specified ordering of information that is consistent between the branches.
Because of the above two disadvantages, this scheme was not chosen.

A second scheme would replace the named accumulator into its original location
at the completion of each operation. This means that unless the hardware accumulator,
Uy, was in operation, a final exchange of the present value of U; and the orignal
value of Uj in one of the memory accumulators would have to be made. The main
disadvantage of this approach is that it requires two extra memory cycles for any
accumulator operation that does not use Uj. This extra time could be considerable
since when an accumulator is brought into execution it is generally used for a few
instructions; as a result each operation would require two extra memory cycles.

For this reason this approach was not chosen.
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A third approach as follows is also possible. Four sets of tag bits are held in
the processor to specify the tag associated with the hardware or memory accumulator
positions. (In this scheme Uj, U,, Ug, and U4 can be in any of three memory posi-
tions or the hardware position.) %ach instruction operating with an accumulator
simply specifies the tag bits of the accumulator that it would like to use. This
accumulator is then found by an automatic comparison to the accumulator tag bits,
HAl, MA2, MA3, and MA4. The specified accumulator is then loaded into the
processor accumulator position (if it is not already there) and the accumulator tag
bits are updated to reflect the present locations of Uy, Ug, Ug, and Uy. (When the
machine is started, these tag bits must be loaded into HA1l, MA2, MAS3, and MA4 in
any order.) This scheme requires slightly more processor hardware than the other
schemes mentioned, but it has the advantage of leaving the last accumulator referenced
in the hardware accumulator position. Therefore only the first reference to a new
accumulator requires an extra memory cycle (the exchange of accumulators can be
carried out in one memory cycle). It should be noted that the accumulator tag bits in
the processor must be stored after an interrupt in order to enable proper restarting of
an interrupted program.

A fourth approach similar to the last scheme is described below. Four locations
in memory, as shown in Figure 9-9, are used to hold Uj to Uy. Whatever accumulator
is referenced by the instruction word tag bits, is placed in the hardware accumulator
position and the present contents of the hardware accumulator are returned to their
proper memory position. Two control bits HA1 are necessary so that the accumulator
presently in hardware can be specified and compared to the tag bits in the instruction.
Clearly, if the present hardware accumulator is specified no memory access is
required. This scheme then accomplishes the same operation as the last scheme
(it leaves the last referenced accumulator in the hardware position) but uses slightly
less processor hardware for control and one more memory location. It also requires
only one additional memory cycle when an accumulator from memory is specified
since the present accumulator value should be able to be replaced in its proper memory
position and the new accumulator picked up all in one memory cycle. At the same time
the HA bits will be updated to the new accumulator tag. This scheme was selected
over the third approach described above because it should actually require less total
hardware usage. It requires less control and register hardware in the processing
section due to requiring only the HA tag bits. More important though is that less bits
will have to be stored upon an interrupt which may actually make up for the extra
memory location used for the accumulator.

9.2.3 Instruction Set

This section gives the instruction set selected for the distributed processor.
Since 6 bits are used for the op code in the instruction word, there are a total of
64 op codes that may be used for the instructions. However, this does not limit the
set to 64 instructions since many op codes will use op code extension thereby mechan-
izing many instructions from one basic op code.

There are four accumulators used and referencing each accumulator for opera-
tions such as add, subtract, multiply, etc requires one op code for each reference,
Therefore, four op codes are required to provide an add instruction for each accumu-
lator. There are not enough op codes to provide full accumulator specification for
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every instruction that specifies an accumulator. Therefore, the approach taken was
to provide full accumulator capability for the more important instructions only such
as add, subtract. Other instructions will be limited to less accumulators or to the
hardware accumulator only.

The operation times listed below with the instruction set are given in terms of
memory cycles. This leaves open the specification of the memory cycle time and
the processor bit time., However, if one wishes to assign values for preliminary
performance estimates, a value of 1 usecond for memory cycle time and 0.5 psec
for processor bit time may be used.

The following is a list of abbreviations used in the specification of the
instruction set:

m: Address Displacement

M: Address After Banking and Indexing (if specified)
(M): Contents of Addressed Memory Position

—: Replaces

U: Any of the Upper Accumulators

Ul’ U2’ US’ U4: Upper Accumulators

U123: Upper Accumulator Ul’ U2 or U3

U12: Upper Accumulator U1 or U2

U12, 34° Upper Accumulators U1 and U2 or U3 and U4

Uh: Hardware Upper Accumulator

Um: Any of the Memory Upper Accumulators

L: Lower Accumulator

Tn: Any of Bank/Index Registers Specified by the Tn Bits
B: Bank/Index Register One or Two

R: Any of the Bank/Index Registers or Accumulators
MB: Memory Buffer Register

MAR: Memory Address Register

RTC: Real Time Clock
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P: Program Counter

LU™ n Position Left Shift of U
RU™: n Position Right Shift of U
LUE: n Position Left Cycle of U
RU‘Z: n Position Right Cycle of U

Before giving the instruction list an example of the execution of an add instruction
will be given to clarify the use of memory cycles.

INSTRUCTION: ADD
M+U - U

This is executed as follows with no indexing and with U located in the hardware
location:

Instruction access: m — MAR, (P) — MB 1 memory cycle
Bank access: B + MAR — MAR 1 memory cycle
Operand access and execution: (M) + U —» U 1 memory cycle

3 memory cycles

It is executed as follows with indexing and with U located in one of the memory
accumulator positions:

Instruction access: m — MAR, (P) — MB 1 memory cycle
Bank access: B + MAR — MAR 1 memory cycle
Index Access: T, + MAR — MAR 1 memory cycle
Accumulator access: Up — Uy, (old accumulator 1 memory cycle

put in its location)

Um — U (new accumulator
picked up)

Operand access and execution: (M) + U — U 1 memory cycle

5 memory cycles
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OP Code

1-4

5-8

9-12

13-15

16-17

Instruction
ADD M) +U—
3 (4) me

1)

(memory cycles)
SUBTRACT M) -U—
3 (4) me
MULTIPLY MxU—
~7 (8) me
DIVIDE U123,
~T7 (8) mc
AND o) . U12
3 (4) mc

Operation

U

U

U, L

- U

L + M) ——U123(qu0t1ent)

L (remainder)

12

Comments

Since the memory
contents are loaded
into the memory
buffer register, the
actual add is
between the MB and
the accumulator,
Note that any of the
4 accumulators can
be used.

A one bit at a time
multiply is used
since speed is not
critical.

This time is for a
straight one bit at
a time divide.

Note that this
instruction is
limited to 3 accum-
ulators. It also
uses a U, L dividend
so that double pre-
cision divide soft-
ware is possible to
implement., For
single precision
divides the L
register can be
zeroed, if desired.

Note that only two
of the accumulators
can be used for the
logical and.

(1)0ne additional memory cycle should be added to this and any other instructions that

are to be indexed (specified by a T bit).

location,

The execution time in parenthesis repre-
sents the execution time if the accumulator is in memory and not in the hardware
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OP Code

18-19

20

21

22

Instruction Operation Comments

OR M) +U,, — U
3 (4) me 12 12

EXCLUSIVE OR M) & Uh — Uh This instruction is

3 (4) mc limited to the con-
tents of the hard-
ware accumulator.
Note that this type
of limitation enables
any accumulator to
be used. It is
simply necessary to
load the hardware
accumulator in the
desired accumulator
by an earlier
instruction.

SUM OF M) x Uh + Ul’ L—’Uh, L Note that this is a
PRODUCTS full length sum of
MULTIPLY products multiply.
~ 7T me This is not possible
with only one
accumulator.

SHIFT SINGLE
PRECISION

NOTE: The shift instructions, op code 22 and 23,
use an op code extension format shown below:

bits: 1---6 7--8 9 10--11 12 - -~ 16
oP opP
CODE ACC T EXT COUNT
where ACC: One of the 4 accumulators, U
T: A zero specifies no indexing, a

one specifies indexing the shift
with index register T1

OP EXT: Two bits to provide 4 instructions,
they are held in the LENR register.

COUNT: The amount of the shift up to 32 positions
(32 are needed to handle double precision
instructions given in op code 23).
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OP Code

22a

22b

22¢
22d
23

23a

23b

23¢
23d

24-25

26-27

28-31

Instruction

Short Right Shift
1@2)mec+n-1

bit times(l)

Short Left Shift

Short Logical Right
Shift

Short Logical Right
Cycle

SHIFT DOUBLE
PRECISION

Long Right Shift

Long Left Shift

Long Logical Right
Shift

Long Logical Right
Cycle

DOUBLE
PRECISION
ADD 5 (6) mc

DOUBLE
PRECISION
SUBTRACT
5 (6) mc

LOAD
ACCUMULATOR
3 (4) mc

Operation

RU—U

LU*—vU

RU—U

RUP—U
C

RU, L'—U, L

LU, L"—U, L

RU, L. —U, L

RU, Lg—-»U, L

M) + Uy gy—U
M) - Upy 94— U
M)——U

12,34

Comments

It should be noted
that on all noncyclic
right shifts the sign
is spread whereas
noncyclic left shifts
insert zeros.

'0' 's are inserted at
the left.

One of the four
accumulators and
the lower accumu-
lator are shifted

n positions.

With'0''s inserted
on the left.

Two sequential
memory locations
are added to
accumulators 1
and 2 or 3 and 4

(1)Sa.me execution time for all shift instructions given by OP Codes 22 and 23
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OP Code

32-35

36-37

38-39

40-43

44

45

46

Instruction

STORE
ACCUMULATOR
3 (4) me

DOUBLE
PRECISION
LOAD
ACCUMULATORS
5 (6) mc

DOUBLE
PRECISION
STORE
ACCUMULATORS
5 (6) mc

COMPARE
3 (4) mc

INCREMENT AND
REPLACE 3 mc

EXECUTE

LOAD ADDRESS
3 me

Operation

U— (M)

M)—Ty5, 34

U M)

12,34

U>M), CFF =G
U=(M), CFF =E
U<(M), CFF = L

M) + U, —M

(M) —MAR

m + B + T—U,

9-31

Comments

Two sequential memory locations
are loaded into accumulators 1
and 2 or 3 and 4.

This instruction compares any-
one of the accumulators to
memory; it results in the com-
parison flip-flops (CFF) being
set to one of three states,

This instruction sets up the
address of the next instruction

in the memory address register.
This register is then used to

pick up the next instruction,

The program counter is not
incremented for this instruction.
It will then be incremented and
used to continue the normal
instruction flow after the instruc-
tion addressed by the execute
(unless this instruction is a jump).
The execute is then just a one
instruction jump. However, it
should be noted that it is not
considered completed until the
next instruction is completed.

(It is not interruptable until this
time, )



OP Code Instruction Operation Comments

47 JUMP ' M—-P
2 mc

48 JUMP AND SET P—T This instruction is for sub-

INDEX routine linkage. Note that the

3 mc (m+B)—P loading of P is indirected. The
instruction must be preceded by
a load bank, if the subroutine
starting location is not contained
in the program's working stor-
age. Note that the command
also stores the return address
in an index-bank register. A
JUMP instruction indexed by the
same index-bank register will
return back to the original pro-
gram exit plus the increment (m).
This instruction is also conveni-
ent if it is desired to have the
calling sequence (subroutine
parameter values) in the program
bank after the instruction. (For
example the periodic programs
may obtain the I/O variables and
place them here.) In this case
the loaded index register can
also be used by the subroutine to
get at the calling sequence.

49 JUMP ON If any condition The T bits of the instruction hold
COMPARE FF TRUE then: the conditions (greater than,
2 mc B+m—P less than, Equal, or Overflow)
that are to be compared to the
CFF.

50 LOAD B/T INDEX/ Two instructions are derived
BANK REGISTERS from this Op Code.

50a LOAD B M)——B This instruction is executed if
REGISTERS the T bits = 0. M is given by
4 mc B+m, where B is either B1 or

Bo.

50b LOAD T M) —T This instruction is executed if

REGISTERS T # 0. M is given by B+m and
4 mc T is specified by the T bits.
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OP Code

51

51a

51b

52

52a

52b

52¢

53

53a

53b

Instruction

STORE B/T
INDEX/BANK
REGISTERS

STORE B
REGISTERS
3 mc¢

STORE T
REGISTERS
4 mc

LOAD/ INCREMENT

LOAD T
IMMEDIATE
2 me

INCREMENT T
IMMEDIATE
3 mc

INCREMENT B
IMMEDIATE
3 mec

LOAD B
IMMEDIATE
2 mc

LOAD STATUS
3 mc

Operation

B— M)

T —(M)

B/T REGISTERS

m——T

m + T——-T

m+ B——B

(M)—’Ls P,
HA, CFF, O,
CCM
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Comments

Two instructions are derived
from this Op Code.

This instruction is executed if
T =0. Mis given by B+m,

This instruction is executed
when T # 0. M is given by B+m.

Three instructions are derived
from this Op Code.

This instruction is executed if
T # 0. Also B =0, otherwise
52b will be executed.

This instruction is executed if
T#0and B=1,

This instruction is executed if
T=20,

This Op Code is used to derive
two instructions.

This instruction is executed if
bit 8 (one of the T bits) is 0.
This leaves 8 bits for m.

This instruction is executed if

Bit 8 =1, A direct address

given by bit 7 and bit 9 through

16 (9 bits - full address) is used
to form M and access the first

of two sequential locations that
contain the initializing information
for the L, P, HA, CFF, O,

CCM registers, These two
locations will be the place an
interrupting program stores this
information that was automatically
stored upon an interrupt.




OP Code Instruction Operation Comments

54 INCREMENT B/T This instruction is explained by
TEST AND JUMP showing the contents of the
2 me instruction and B/T register.
bits: 6 3 1 6

INSTRUCTION: | OP | B/T | INCR | JUMP

bits: 7 9

B/T REGISTER: | MOD ADDRESS

1t should be recalled that the
B/T registers are in memory
(16 bits and only 9 bits are
required for the full address.
Therefore, the excess 7 bits are
used in mechanizing this
instruction.

This instruction fetches the designated B or T register (B if T = 0) as indicated
by the B/T bits in the instruction. It increments it (x1) as indicated by the increment
bit in the instruction (both the Mod and the ADDRESS in the B/T register are incre-
mented, but the MOD is always counted down by 1). The amount of increments is
specified by MOD in the B/T register (up to 128). If the MOD equals 0 then the JUMP
takes place. The JUMP (+32) is with respect to the P register.

Note that if a T register is being used, the B bit in the instruction can extend
the increment value to +2.

55 This Op Code is used to derive
4 B/T register instructions.

55a INCREMENT B/T

COMPARE

IMMEDIATE AND

SKIP

2 me

bits: 6 3 7

INSTRUCTION: | OP B/T COMP

bits: 2 2 3 9

B/T REGISTER: | 10 {COMP | INCR | ADDRESS
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The B/T bits in the instruction specify which B/T register is to be fetched. The
first two bits in the B/T register are then decoded to derive which one of the four
instructions given by OP Code 55 are to be performed. The B/T register (the address)
is incremented (+1, 2, 4, 8) as specified by the INCR bits in the B/T register. The
COMP bits inthe instruction and the B/T register are combined to get a full 9 bit
comparison value that is compared to the address in the B/T register. If the com-
parison is not equal the program counter is incremented by 2 rather than 1 if they
compare.

OP Code Instruction Operation Comments
55b INCREMENT T,

COMPARE TO A
VARIABLE AND
SKIP
4 me

bits: 6 3 7

INSTRUCTION: { OP | B/T| ADDR. DISPL.

bits: 2 2 3 9

T REGISTER: | 00 |SPARE | INCR | ADDRESS

The B/T bits are used as follows, The T bits cannot = 0 in this instruction,
they specify which T register is to be fetched. The first two bits in the T register
identify this particular instruction (55b). Then the B bit in the instruction is used to
fetch the variable (located by B + m) using the address displacement field in the
instruction as done in conventional instructions. The address in the T register is
incremented (+£1, 2, 4, 8) as specified by the INCR bits and compared to the variable.
If they do not compare the program counter is incremented by 2 rather than 1 if they
compare.

55¢ INCREMENT B/T
AND JUMP ON 0
2 me

Bits: 6 3 7

INSTRUCTION: |[OP B/T JMP ADDR

Bits: 2 2 3 9

B/T REGISTER: |11 | JMP ADDR | INCR | ADDRESS
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The B/T bits specify which register to fetch. The first two bits identify this
Op Code (55c). The B/T register (address) is incremented (+1, 2, 4, 8) as specified
by the INCR in the B/T register. The address is then tested against 0; if it is 0,
then a full address is generated from the 7 bits in the instruction and the 2 bits in the -
B/T register to be used as a jump (replaces the program counter). If it is not O then
the program counter is simply incremented by 1.

OP Code Instruction Operation Comments
55d INCREMENT B/T
AND JUMP ON +
2 mc
bits: 6 3 7

INSTRUCTION: | OP B/T JMP ADDR

bits: 2 2 3 9

B/T REGISTER: |01 | JMP ADDR | INCR | ADDRESS

This is identical to 55c except the jump takes place if the address is +.

56 LOAD BYTE This op code is used to form
4 different types of instructions
for loading bytes. See
Section 9. 1.5 for a discussion
of the byte instructions and the
byte instruction word format.

56a CLEAR U AND (M)-———»Uh
PLACE BYTE IN 1)
HIGH ORDER END UhBL_-*Uh

3me +(Ng + N + 1) bit times @)

L

(l)This transfer and all others involving UpB contain at least the following operations.
(UnB represents the desired byte in its unshifted position in the hardware accumu-
lator with all other bits zero. Uppr, (UnBR) is the same accumulator only left
adjusted (right adjusted).

1. The bits including the leftmost of UpB are right shifted into L

2. The accumulator is zeroed.

3. Only the byte is shifted back into U. (The number of bits to be shifted is
controlled by length in LENR.) The byte will be right adjusted at this point.

4, The byte will now be shifted to its original position or right or left adjusted.

(Z)This same execution time applies to all the memory addressing byte instructions.
Np represents the number of bit positions shifted right into L. N1, represents the
number of bit positions shifted left back into Up. The one is added for the zeroing
of Up,.
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OP Code Instruction Operation Comments

56b CLEAR U AND M) —U

PLACE BYTE IN h
LOW ORDER END UhBR_. Uh
56¢ CLEAR U AND (M)—-—Uh
PLACE BYTE IN
UNSHIFTED UhB Uh
56d PLACE BYTEIN  Ue—U,®)  Remaining Bits are left in
UNSHIFTED accumulator.
M) —_’Uh
U
Uh v Ul——*Uh
(or)
57 STORE BYTE 4 store byte instructions are
derived from this Op Code.
57a STORE BYTE IN UhBH——’U1 The rest of the memory location
HIGH ORDER END remains the same. Upgy is the
M) U same as Ups except the byte is
h left in the higher order end of
the accumulator.
UhsiUh
Uh A\ Ul—-—'Uh
Uy M)

(3)This transfer is executed as follows:
1. The bits including the leftmost of the desired byte are right shifted
into L.
2. L is then left shifted the byte length, but zeros are inserted into the
lower end of U. The remaining bits are shifted back into U. (This
has simply zeroed the desired byte position in Up).

3. Uh then replaces Ul'

9-37




OP Code

57b

57c

57d

58

58a

58b

Instruction

STORE BYTE IN
LOW ORDER END

STORE BYTE
UNSHIFTED

LOAD LENGTH
REGISTER

COMPARE BYTE

ALGEBRAIC BYTE
COMPARISON

LOGICAL BYTE
COMPARISON

Operation

U U

hBL 1

M)—U

(MB) >UhB,
CCr =G

CCF = E

(MB)<UhB,
CCF =L
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Comments

Uy—M)

The four bits are used from
bits 13 through 16 of the
instruction.

This OP Code can be used to
derive 4 compare instructions.
However only 3 have been
included thus far.

Note the comparison will assume
that the same position in the
memory word and the accumu-
lator are *o be compared. Mp
represents the proper memory
byte. For this comparison the
first bit is considered to be a
sign bit.

Same as above except no sign
bit is considered.




OP Code

58¢c

59

60

61

62

63

INSTRUCTION: | OP | 1/0

64

Instruction

COMPARE BYTE
ABSOLUTE

ACCUMULATOR-
ACCUMULATOR
AND NEIGHBOR
INSTRUCTIONS

Operation

| | >lw, )|, cor-a
| (MB)|=|(UhB>|, CCF=E
, (MB)’<’(UhB)|, CCF=L

REGISTER-REGISTER

INSTRUCTIONS

SKIP
INSTRUCTIONS -
ACCUMULATORS

CC INSTRUCTIONS

LONG

Ad VA 4 Ay o alIN

FORMAT (32 bits)-1

(Input/Output)

BITS: 6 1

9

7

Comments

Many instructions are
derived from this Op code.
They are listed at the end
of the instruction iist.

This Op code is used to
derive many instructions
for operating on the
registers, They are listed
at the end of the instruction
list.

Many conditional skips are
derived from this Op code.
They are listed at the end
of the instruction list.

A variety of CC instructions
are derived from this Op
code and are listed at the
end of the instruction list.

This instruction and the
one that follows use two
words for their mechani-
zation. The format of this
long instruction is shown
for Op Code 63, This
particular long instruction
is used for 1/0 and is
explained in Section 7. 2.

9

Address

COND/DEVICE

WORD COUNT

LONG
INSTRUCTION -2

9-39

The instructions derived
from this format are given
at the end of the instruction
list.




It was seen that some of the instructions used OP Code extension to derive
many instructions from one OP Code. Instructions 59, 60, 61, 62, and 64 will be
presented separately below.

OP CODE 59 Accumulator - Accumulator and Neighbor Instructions
CASE 1

BITS: 6 1 5 2 2

INSTRUCTION: | OP 0 | OP2 R R

R2 is always an accumulator in this cell

R1 is either an accumulator in this cell or is one of the
4 neighbor cells, If OP2 is even, then this cell accumulator
is used, if OP2 is odd, then a neighbor is used, except for
some cases as shown below.

OP2 is
0-1 Load
2 Exchange
3 Double Precision Exchange
4-5 Add

6-7 Subtract

8-9 Multiply, 32 bit result
10-11 Divide

12-13 AND

14-15 OR

16-17 XOR

18-19 Logical Add

20-21 Compare, Arithmetic
22-23 Compare, Logical

24-25 Load Byte
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26-27 Multiply, 16 Bit Result
28-29 Load Double Precision
30 Set Flag, Accumulator Rg to neighbor R;
31 Double Precision Add
From CASE 2 Format (below)
1-2 Double Precision Subtract
3 Double Precision Compare
CASE 2 Single Register (see also OP Code 60)

bits: 6 1 5 4

INSTRUCTION: [OP| 1 | OP2| R

2

R2 is a register in this cell

4 Accumulators

3 Index Registers

2 Bank Registers

1 Level Register

2 Pairs of Double Precision Accumulators
1 Program Counter

1 State and Level Register

1 L Register

1 Real Time Clock

9-41




OP2 is

9-42

0 1's Complement 16 Skip if R2 =N
1 2's Complement 17 R, #N
2 Absolute Value 18 R2 2N
3 Negative Value 19 R2 >N
4 Clear to Zero 20 R2 < N
5 Set to all Ones 21 RZS N
6 Jump to Address 22 R2 all ones
7 Store P 23 R2 even
8 Spare 24 J J R2 odd
9 25 Spare
10 26
i1 27
12 28
13
14
15 ‘
OP _CODE 69 Register - Register Instructions
BITS: 6 2 4 4
INSTRUCTION: OP | OP2 R2 R1
R2 is any Register
R1 is any Register
4 Accumulators
3 Index Registers
2 Bank Registers
1 Level Register
1 Program Counter
1 State and Level Register
. 2 Pairs of DP Accumulators
1 L Register
1 Real Time Clock




OP2 is

0 Load
1 Exchange
2 Add
3 Compare
OP CODE 61 Skip Instructions - Accumulators

BITS: 6 3 3 4

INSTRUCTION: OP | T | R R

1 2

R2 is one of the following
3 Index Registers
4 Accumulators
2 Bank Registers
1 Level Register
R1 is one of the following
4 Accumulators
3 Index Registers

T is type of Skip. Skip if

0 Rl = R2

1 R, #R,

2 Rl 2R2

3 R1 < R2

4 R1 > R2

5 Rls R2

6 Overflow (accumulators), 1/0 tests, etc.
7 Spare
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OP CODE 62 CC INSTRUCTIONS

bits: 6 3 4 3

INSTRUCTION: Op Code C oP L

This instruction is used to control the modes of the controller cell and to gener-
ate the commands for the inter-cell bus operation. For certain instructions it uses
an extended format. It was explained in Section 6.

C - Controller Cell Field

= 000 Do not change mode

= 001 Control bus /O logic

= 010
Bus I/O (Generate GC Commands) (Sent over inter-cell Bus)
= 011
= 100 Transmit mode, single
= 101 Transmit mode, all

= 110 Execute mode, single
= 111 Execute mode, all

If C= 000, Do not change mode, then the following instructions may be
formed

IF OP_= 000
No Operation
IF OP = 001

Format Instructions:

L Instruction
000 A
001 D16
010 D32
011 A, D16
100 A, D32
101 I
110 DS
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IF OP = 010

State and level control instructions:

L Instruction

000 Go to Controller Cell State, Set Level

001 Go to Independent State, Set Level

010 Go to Independent State, No Level Change
011 Go to Dependent Wait State, Set Level

100 Go to Dependent Wait State, No Level Change

IF 001, Control Bus 1I/0 Logic

There is room for many instructions here. Thus far,
two have been defined.

a. Prepare to input over the bus
b. Prepare to output over the bus

010 or 011, Generate commands to be sent over the
inter-cell bus

There are eight basic commands xo - x7 generated here.
They will be defined below. Section 10 discusses how they are
formed from the CC instruction in great detail. All these
commands are sent out over the bus and Section 10 describes
their functional usage.

L Command

000 X, - Global Mode Command

a) Format Instructions

X, = 1 A Format

X, - 2 D16 Format

X, = 3 D32 Format

X, - 4 A, D16 Format
X, - 5 A, D32 Format
X, - 6 I Format

X, - 7 DS Format

X, = 8 End DS Format
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|e

001

010

011

100

101

110

111

Command

X, - Global Mode Command (Cont)
b) State Control via Levels

X, 9 Go to Global State
X, - 10 Go to Dependent Local State

Xy - Global Mode Command

Xy - 1 Go to Independent State

X - 2 All Dependent Cells at this Level Reply |

Xy~ 3 All Dependent Global Cells at this Level
Reply
X, -4 Go to Dependent Wait State

1
Xy = Report Communication Request Status
Xg - Input
Xy - Output
Xg = Report Status Word

Xg ~ Reconfigure

Xp = Extended Format

a) State and Level Control of Cells

Xy = 1 Go to Independent State, Set Level

X, -2 Go to Independent State, No Level Change

7
Xg = 3  Go to Dependent Global State, Set Level
Xy = 4 Go to Dependent Global State, No Level
Change
Xg - 5 Go to Dependent Wait State, Set Level

Xg = 6 Go to Dependent Wait State, No Level
Change

Xg = 7  Go to Dependent Local State, Set Level

Xg = 8 Go to Dependent Local State, No Level
Change

Xy = 9 Go to Controller Cell State
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L Command
111 Xy - Extended Format (Cont)
b) Output

Xy = 10 Output

IF C = 100 through 111 then transmit or execute mode is

entered as indicated.

OP CODE 64 - Long Instruction - 2

This instruction uses 2 words (32 bits) for its mechanization. Several possible
instructions that will be included are given below. There is room for several more
and future study should investigate other useful instructions, This instruction was
primarily designed for the bank/index instruction given below, However, this did not
quite use up all the bits. Therefore, it was possible to include many instructions
under this one OP code.

1. INCREMENT Bor T TEST AND JUMP

Bits: 6 3 9 2 9 3

Instruction: | OP 64 | B/T Jump Address [ INCR | Compare |OP EXT

B/T: Specifies the B or T index/bank register to be
operated upon,

Jump Address: A full length address that replaces P if the
comparison is equal after incrementing,

INCR: The amount the register is to be incremented (£1, 2).

Compare: A full 9 bits for comparison with the B or T register
after it is incremented,

OP EXT: Indicates this particular instruction.
2. TRANSFER MEMORY - MEMORY

Bits: 6 3 7 3 7 3 3

Instruction: (OP 64 | B/T, | m, | B/T. [ m Spare | OP EXT

1 1
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Operation: M, )—(M,)

B/le B/T register specification to form M, .
m,: Address displacement for Ml‘
Spare: 3 spare bits are left for further OP code ext.

3. EXCHANGE MEMORY - MEMORY

OPERATION: (M,) (Mz)

This instruction has the same format as (2) above, it can use one of the
codes from the 3 spare bits for its specification.

4., COMPARE TOLERANCE AND SKIP

OPERATION: U+L2 M) 2U-L

This instruction has the same form as (2) above. It can use one of the
codes from the 3 spare bits for its specification. M will be formed from B/Tj
and my while L is located by B/Tg and mg. If (M) is out of tolerance then
the program counter is incremented by 2 rather than 1.
5. COMPARE TOLERANCE AND JUMP

Same as (4) above except B/Tg and mg are used to form a jump address.
L will have to be loaded with the tolerance previously. If (M) is out of tolerance
then the jump address replaces the program counter.

6. SET REAL TIME CLOCK

Bits: 6 3 1 9 10 3

Instruction: |OP 64 |B/T| I |m |Spare| OP EXT

I: Specifies whether the B/T bits should be used or ignored
and m used directly to load the real time clock.

This instruction loads the real time clock with a value located by using
m and B/T to form an address and fetch the value to be loaded or by using m as
a direct load. '

9.2.4 Control
The control section of the processor receives a number of lines from the
memory and from various parts of the processor which it then uses to set control

flip-flops or to generate sequences of control signals that get sent throughout the
processor and to the memory. -
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The comparison flip-flops represent conditions, greater than (G), less than
(L), and equal (E), generated from a comparison carried out in the ALTU. After the
comparison, these flip-flops are set or reset by the ALTU as appropriate. The con-
trol unit then uses these flip-flops to control future processor actions during a JMC
(jump on compare FF) instruction. The overflow (O) flip-flop is set or reset by the
ALTU after arithmetic overflows. It can then be used to cause a jump during
execution of a JMC.

When an interrupt occurs, the control unit generates a store status sequence
after the present instruction is completed. This sequence will be explained below

under interrupts (Section 9.2. 6). Any of the interrupts can he masked by the inter-
rupt mask register (IMR).

The section of the control unit labled instruction decoding and control genera-
tion (IDCG) has the task of sending out sequences of control signals, These sequences
are generated by decoding and combining all input control flip-flop lines, memory
signals, timing information, and MB, IR, TR, SCR, and LENR register contents,
The signals are then sent out on a number of lines to the remainder of the processor
and to the memory.

The state register and the CC mode register play an important role in the
control unit's operation. The state register will be used to interpret instructions in
ways dependent on the state of the cell. The general functions here were described
in Section 6 under group architecture when the instruction execution was discussed,
For example, jump instructions may modify the program counter in independent cells
and the level register in dependent cells. If the cell is in the dependent global state,
the program counter is not used and the control unit will use the instructions received
over the bus. The format instructions (Given Address, etc. ) modify some of the
normal sequences of control that are generated in the IDCG.

If the cell is in the controller cell state, the CC mode flip-flops will be sampled
by the IDCG for every instruction. These flip-flops determine whether the instruc-
tion is to be executed internally or sent out over the inter-cell bus, Several hard
wired addresses are also contained in the IDCG unit. These are used for the inter-
rupts and for certain types of interrupts due to inter-cail bus comimands decoded for
this cell. It should again be noted that Section 6 contains a general discussion on
many of the functions that the IDCG unit will control or generate,

9.2.5 Timing

As shown in Figure 9-9, each cell contains its own clock, For preliminary
design purposes a clock frequency of 2 MHz has been assumed. This number may
certainly be varied depending on the technology without affecting the cell design. The
clock drives two counters as shown in Figure 9-9, the RTC Ext, and the bit time
counter (BTC).

A real time clock as shown in Figure 9-10 will be used in each cell. The lower
23 bits of this clock are hardware registers, while the upper 16 bits, or more if
desired, are in the memory. The hardware portion is divided into two sections, a
16 bit clock register (RTC) and a 7 bit clock extension register (EXT). The RTC
register can be set and read by instructions. Once it is set it will count down to
zero and send out an interrupt. The EXT register cannot be read or set, but it can
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16 BIT MEM. RTC 16 BIT RTC b4 ps 7 BIT EXT 0.5ps
~3.2 DAYS 4.2 SEC (MAXIMUM
(MAXIMUM VALUE) VALUE)

Figure 9-10. Real Time Clock

be initialized to zero in order to setup precise timing at the beginning of a computa-
tion phase. Unlike the RTC register this clock and the memory clock count up.

The time weighting of the RTC register depends on the variation from phase to
phase in the rates of the highest rate programs. This variation has not been accur-
ately established at this time; however a reasonable estimate for the RTC register is
that shown in Figure 9-10. This weighting was chosen to allow for fairly low fre-
quency periodic programs, up to 4.2 sec, while not being forced to waste too much
time in order to handle higher frequency programs. A maximum of 64 psec may
have to be wasted, but the majority of this time is actually well spent in storing the
registers of the interrupted program. Further detailed discussion on using the RTC
to interrupt and schedule periodic programs may be found in Ref. 1.

The bit time counter (BT C) will be two bits and is incremented by the clock.
(This assumes a memory cycle will take 2 processor clock times). It will in turn
increment the mode counter (MC) that is used to keep track of the phases of instruc-
tions longer than a memory cycle. The mode counter has been set at 4 bits so that
it will provide at least 8 counts for long instructions, such as divide and provide room
for growth up to 16 if complicated instructions are later added to the list. Therefore,
it will be assumed that the BT C sends two lines to the control section of the processor
and the MC eight lines to the control section.
9.2.6 Interrupts

There are several types of interrupts that may occur in the system:

1. Real time clock counts down to 0

2. Software or machine error

3. I/0 Buffer register operation complete

4. Inter-cell bus I/O complete
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5. Timer interrupt due to no neighbor response
6. Timer interrupt due to no response to a GC X9 command sent out

7. Timer interrupt due to time interval between words received over the
inter-cell bus exceeding some value,

Any of the above interrupts may be masked out by the Interrupt Mask Register
(IMR). This register may be set by the programmer. Some of these interrupts were
discussed in previous sections of the report. The remaining ones will be discussed
in Section 10 and 11,

The general actions that occur upon the occurrence of an interrupt will be
presented below,

The present instruction will be completed and certain processor registers
saved before giving control to the interrupting routine.

1. Complete present instruction

2. Pick-up hard wired interrupt address

3. Store L register

4. Store processor status (see status word below)

5, Store U back in its memory location

6. Store B, register

The address of where the processor registers will be saved is given by a hard
wired address in the processor. This will be picked up and placed in the MAR. The

L register will be saved in the first location. Then the MAR will be incremented and
the status word stored. The status word is shown below:

bits: 9 2 1 2 2
Status Word: P HA o CFF CC MODE
P: Program Counter

Hardware Accumulator ID bits
O: Overflow Flip-Flop
CFF: Comparison Flip-Flops
CC MODE: The CC Mode Register
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The MAR is incremented again and the B, index/bank register is moved from
its regular memory location to the location specified by MAR. The MAR is incre-
mented again and placed in P and the memory location normally used for By,.

This final location provides a jump to the executive routine for processing the
interrupt. It also loads the B, register witha bank address for the executive pro-
gram to use to address operands, Depending on what action is to follow the inter-
rupt, the executive may have to store the remainder of the processor registers;
(Uy, Ug, Us, etc.) however, it can easily do this by instruction since the program
counter and Bo have been saved and Bo is then able to be used for addressing
storage.

A different executive interrupt routine will be entered depending on the particular
interrupt. This is accomplished by incrementing the program counter an appropriate
number of times before using the final location as a "jump to" address. Thus in the
above example the P register was not incremented before the jump, this could have
been a RTC interrupt. For a machine error interrupt the P register might be incre-
mented once before jumping, etc. for the other interrupts.

The priority scheme among the interrupts has not been defined yet. Further
study would dictate the relative priority among the interrupts.

To restart the interrupted program, the reverse procedure is essentially
followed. The registers that were saved by the interrupting program are restored and
then a LOAD STATUS instruction is executed (OP Code 53b). This instruction takes
the full 9 bit address from the instruction word and places it in the MAR. This
address will specify where L and the status word were saved by the interrupting
program. First L will be loaded, then MAR will be incremented by 1 and the status
word picked up. The status word will reload P and the other registers described
previously. The original interrupted program is then ready to continue, It should
be noted that it is not necessary to restore B since this can be done with a regular
load B, instruction. This is possible since the LOAD STATUS instruction does not
use any B/T registers.

9.2.7 Neighbor - Neighbor Communications

Some of the hardware associated with implementing neighbor communications
was discussed previously.

The functional operation is described here. One cell will pass a word of data
to a neighbor cell. The sending cell, called here CO, will be executing a program
PO. The receiving cell (Cl1) will be executing a program (P1) that requires the word
of data contained in CO.

The program PO will place the word in one of its accumulator registers and set
a flag associated with that register. This flag will indicate to whom the data is to be
sent. Thus the flag can be set to 5 states: N, S, E, W, or X. The X setting is the
normal state of the flag and indicates that the register contents are for the use of
cell O only. Unless an instruction is executed to change the flag state, the registers
can only be used by cell O; the flag will always be X. If the flag is set by an instruc-
tion to N, the North cell is to receive the register contents. By setting the flag to
S, E, or W, the South, East, or West neighbor can receive the data.
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Subsequently, the program in cell 1 needs the data from cell 0. Program P1
will execute an instruction with the following format,

OP CODE 59 O OP 2 R R

OP 2 - Is the operation to be performed, and is any of the usual register-
to-register operations (add, subtract, load, etc.)

R2 - Is the accumulator register into which the results will be loaded.
This accumulator may also furnish an operand for some
instructions.

R - Is the relative location of the neighbor cell (N, S, E, W) which

will have a register with the proper flag.

The execution of this instruction will cause cell Cl1 to request from CO a word of data.
If CO has a register with the proper flag, CO0 will send C1 the data word. Each cell
contains a buffer register, ION (Serial line used between cells); thus the transfer will
not destroy any accumulator contents. After the transfer is complete, cell C1 will
perform the operation specified by the OP Code, using the transferred word as one

of the operands,

After a data word has been transferred the register flag in CO is reset to X.
By executing an instruction, the cell can test its flags. In this way, a cell can verify
that the neighbor cell called for and was sent the data. This flag test may provide a
means of detecting a malfunctioning cell.

Several special cases are outlined below. The descriptions below may be
changed as the system is studied further. Actual programming of some sample
problems may show ways of improving the system.

If two accumulator registers are set to the same flag value, the lower numbered
accumulator will be transferred first. Only one datum will be transferred at any one
time for any single instruction execution.

CO may attempt to alter the accumulator contents before a neighbor cell has
requested and received its data word from cell CO. The control circuits in CO can
be set to: (1) wait until C1 receives the data, (2) interrupt to some special error
routine, or (3) ignore the flag and use the accumulator anyway. Which options are
implemented requires further study and programming examples.
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The hardware needed to implement this neighbor-to-neighbor communication
scheme consists of a buffer register, accumulator flag registers, and control circuitry.
Figure 9-11 shows a block diagram of the hardware. Upon execution of an instruction
flagging an accumulator the hardware will set the flag flip-flops associated with the
accumulator to the proper state, The control circuitry will be set to a state to
expect a request.

Upon execution of an instruction requesting a word from a neighbor, the control
in cell C1 will select the proper line and send a request to that cell. I cell CO does
not have any flag set for this neighbor, the request will be rejected. (Actually no
response will be received, When C1 sends out the request it also sets a timer which
allows for a maximum delay in receiving the data. If the timer runs out, an interrupt
occurs in C1 and is handled by software.) If cell CO has an accumulator flagged, the
accumulator contents will be transferred in parallel to the buffer register in CO.

The accumulator flag is then set to X. A bit-by-bit serial transfer will move the bits
from CO to the buffer register in C1, The filled buffer register in C1 will be used as
an operand.

One aspect of the control circuit should be mentioned here. A single line
between any pair of cells gives the highest reliability because of the least number
of connections. The only problem comes about when two cells attempt to request
data from each other at the same time. One method of control is to have the cells
with an even address make requests at one time, and cells with an odd address make
requests during alternate times. The address assignment is done by the controller
cell via the inter-cell bus. By assigning cell addresses in a checkerboard pattern,
every evenly addressed cell will have four odd addressed neighbors.

The scheme described here requires one instruction to send out a word, and
one instruction in the receiving cell to pick up the data and operate on it. A total of
only one additional instruction compared to a sequential program is therefore
required.
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9.2.8 Inter-Cell Bus Communications

Basically nine lines enter the bus communications section via the BCR. One is
used for control and the remainder for 1/2 word data (8 bits). The Bus 1/0 Control
Section will examine every byte on the bus that has the control line set to the one state.
It will then determine if this byte is for this cell. This will be accomplished by
examining the bits in the byte and determining what type of command this is, and if the
cell address (ID) or level register match it (which one is used depends on the
command). The Bus 1/0 Control Section will then issue the proper control signals to
execute commands for the cell from the bus. Section 10 will present a detailed
discussion of the bus operation, the bus commands, and detailed timing and logical
operations to mechanize the bus commands. However, a general discussion of the bus
section {s in order here to place it in proper perspective to the remainder of the cell
hardware.

Some of the commands from the bus result in a pseudo interrupt. That is, they
halt the execution of the present instruction (essentially freeze the IDCG and the
arithmetic and control units) and provide access to the memory to carry out data
transfers. Once the data transfers are complete, the cell is allowed to complete the
instruction. This is relatively simple to accomplish since the arithmetic and control
registers are not altered during such an interrupt.

Other commands result in: the state or level registers being changed, certain
global control instructions (such as the format) etc. Certain commands will also tell
the cell that global instructions will be arriving over the'bus. The Bus 1/0 Control
then has the responsibility of generating the proper control signals to the IDCG unit
and sending it the received instructions.

This section of the cell also contains a Bus 1/0 register that essentially holds
the 1/0 commands for bus operation so that the Bus 1/0 control section may generate
the proper control signals, such as the memory write signals for inputting a string of
bytes from the bus into the memory.

Two timers are also shown in this section of the cell. One timer is used by a
cell in the controller cell state to time the response from other cells to certain
commands. This prevents the controller cell from being hung up waiting for a response
from a faulty cell. If the timer exceeds its maximum value, an interrupt is generated.
Similarly another timer is used to time the interval between bytes received over the
bus. If the interval exceeds some value an interrupt will be issued if the bus 1/0
operation has not yet been completed. This has several functions, one of which is to
prevent a cell from being hung up waiting for a cell that fails during the middle of a
communications between the two cells. The above points will be clarified when
Section 10 is referred to. The important point to note here is that the bus 1/O control
has a very high priority. This approach was taken to provide fast communications
over the bus and to not make the controller cell have to wait for cells to complete
instructions or programs they are executing before it gets communications control of
the cell.
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9.2.9 Memory

Each cell contains a 512 word (16 bits per word) memory as shown in
Figure 9-9. Part of the Memory (9 locations) are used for processor registers
namely the accumulators and B/T registers. The memory receives addresses and
data and read/write control signals from the processor. All information read out of
the memory is sent to the MB register.

A description of a basic memory cell for storage of a bit of information and
how the basic memory cells are used to form the memory will be given below.
Figure 9-12 shows the schematic of a conventional complementary MOS bistable circuit
without any provisions for reading or writing. Referring to the schematic of
Figure 9-12 note that Q1 and Q2 are never both on simultaneously except for a very
short transient time during a change in logic states. Since one of these two MOS
transistors is always off in a standby mode, the only current drawn from the supply
voltage is the leakage current of the "off"" transistor. In one logic state, Q1 and Q4
are on, Qg and Qg are off. In the other logic state, Q; and Q4 are off, Qg and Qg
are on. There are two leakage current paths in this basic memory cell, one through
Q1 and Q4 and the other through Q3 and Q9. Addition of read and write circuitry will
add at least one more leakage current path, making a minimum of three per memory
cell.

A block diagram of a possible memory cell design is shown in Figure 9-13
along with a truth table.

The memory cells may be combined into a bit plane array as shown in
Figure 9-14. Each bit plane array consists of 512 bits of memory cells shown in
Figure 9-13. The bit plane arrays may now be combined into a 512 word -16 bit/word
memory as shown in Figure 9-15. This is accomplished by stacking the arrays in
parallel. Each array is inputted common row select, column select, read, and write
signals. One bit of the data word is fed into each array. It should be noted here that
this is the place where yields on the wafers may be increased by manufacturing more
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Figure 9-12. Basic Memory Cell Utilizing Complementary MOS Transistors
Without Selection or Readout Provisions
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than’16 arrays on the wafer and selecting which of the arrays to wire together to form
the memory shown in Figure 9-15. Finally, to form the entire block labeled
"memory" in Figure 9-9 a 9 bit address register and a small amount of control logic
would be added to Figure 9-15.

The memory will read and write in two bit times. The first bit time will be used
to set up the address decoding and selection circuitry. The second bit time will be
used to either write in the data or read out data from the selection cells. It should be
noted that the data will be actually written into the selected cells somewhat before the
end of bit time 2. However, the data read out of the memory will only be strobed into
the processor section at the end of bit time 2, Therefore, the actual write cycle takes
somewhat less time to complete then the read cycle. The numbers used in the pro-
cessor section for bit times were 500 nano seconds resulting in a memory cycle of
1 pusec. These are conservative numbers and should be readily attainable. The actual
figures in the time period of application of the DAMP computer may result in typical
memory cycle times of 250-400 nano seconds.

This section has presented only a preliminary design of the memory. Further
study may dictate better ways of organizing the basic memory cells. In particular,
discretionary wiring techniques to achieve reasonable yields will play an important
role in determining how to organize the basic memory cells. It should be noted that
Ref 1 contains further detailed analysis of a complementary MOS memory similar to
the one presented here.

9.3 GROUP SWITCH

This section will present some preliminary design considerations of the group
switches. Referring to Figure 1-1, one can see the relation of the group switches to
the cells and the busses. The group switch controls the information transfer between
the inter-cell busses and the inter-group busses. Essentially the group switches look
like another cell to the group that is the system executive (also referred to as the
executive group). This is due to the fact that the system executive group will control
the communications over the inter-group bus. This is quite similar to the controller
cell in the group controlling the communications over the inter-cell bus.

The main difference between the control of the two busses is that the controller
cell receives an instantaneous response to its commands that it sends out to the other
cells in the group whereas the executive group does not receive an instantaneous
response to its commands sent over the inter-group bus to other groups. This results
in different communication system mechanizations for the two busses. This subject
will not be gone into in this section but will be treated in detail in Section 10 where
both busses and their mechanizations will be discussed. However, a block diagram of
the group switch and a functional description of its registers and circuitry will be
given below. It will be seen that the group switch is relatively simple in terms of
hardware complexity. This should offer the possibility of employing redundacy
techniques to design a highly reliable group switch. A block diagram of the group
switch is shown in Figure 9-16. -
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Figure 9-16. Group Switch Block Diagram

9-62

GROUP SW, 9 ¢ I
D

EXEC, GROUP COMMAND REG,

L



A functional description of the hardware in the group switch will be given below:

BCR:

GROUP SWITCH

ID

I-G BUSY:

EXECUTIVE GROUP
COMMAND
REGISTER

GROUP REQUEST
REGISTER

BITE TIMING
CIRCUITRY

Buffer Communication Register - Two half word long
registers that receive the present byte over the bus they
are connected to.

A 5 bit register to hold the identification or address of the
group switch, This register is used to decide which
commands are addressed to the group switch. It has a
serial load line for initialization purposes. Note that this
provides the capability for having up to 32 group switches
or 16 groups (2 group switches used per group) in the
system.

Inter-Group Bus Busy Flip-Flop - flip-flop is set when the
EXECUTIVE GROUP COMMAND REGISTER is loaded in a
group. It is reset when an "end of transmission' command
is sent over the inter-group bus. It may be sampled by
command over the inter-cell bus.

This register holds a command received over the inter-
group bus that was addressed to this group switch. It may
be sampled by command over the inter-cell bus. It will be
loaded with a command for this group identifying the cell,
address and number of words to be input or output over the
inter-group bus. This register will automatically be reset
when it is sampled over the inter-cell bus.

This register holds a request received over the inter-cell
bus by a command addressed to the group switch to load
this register. It may be sampled by command over the
inter-group bus. It will hold the requested I/0 over the
inter-group bus.

Output Register - This register is set by a command
received over the inter-group bus. It may be sampled by
a command over the inter-cell bus. It is used to
synchronize the start of communications between two
groups. This register is automatically reset when it is
sampled by command over the inter-cell bus.

This circuitry consists of a flip-flop that is alternately
set-reset by a command from the inter-cell bus. The rate
at which it is set will determine the voltage generated across
a circuit. Two out of tolerance level detectors across this
circuit will check for a high and low value of voltage. If

the voltage is out of tolerance a failure signal is issued.
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INTER-CELL AND
INTER-GROUP
BUS CONTROL

These blocks contain all the control circuitry to decode
information received over the busses and execute
commands addressed to the group switch. This control
circuitry will also generate inter-group bus commands
from certain inter-cell bus commands. It is responsible

for opening up the communication path between the two
busses.
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10. COMMUNICATION BUS

The inter-cell and inter-group bus communications will be described and
mechanized in this chapter.

10.1 INTER-CELL BUS

This section will discuss the operation of the inter-cell bus. A functional des-
cription of the bus will first be given followed by a detailed mechanization of the
operations that take place on the bus. The bus is under complete control of the cell
in the group designated as the controller cell. The number of lines required in the
bus depends heavily on the communication rates required. Determination of this
number is not possible at this stage of the machine design. However, for preliminary
design purposes an 8-bit parallel bus shall be assumed. This then provides for 1/2
word bytes to be transmitted over the bus (16-bit word length in the cells).

The inter-cell bus communications may be divided into two classes: (1) comm-
unication between cells in a group and (2) communications between the controller cell
and the group switches of the group. The latter type of inter-cell bus use is primarily
concerned with accomplishing intergroup communications. Therefore, it will be
treated in the following section (10. 2) where the intergroup bus is discussed. This
section will treat the inter-cell bus operations that take place in the group between

the cells only, When the "bus" is referred to in this section, it will imply the inter-
cell bus.

Communication on the bus takes place in basically two types of modes, local
and global. Local use is basically communication between two cells with control set
up on the basis of cell address identification and not dealing with the control of levels
or states of cells. Global use implies communication of the controller cell with one
or more of the other cells with control set up on the basis of cell address identifica-
tion, ieveis, or states ior the purpose of giobai controi of the ceiis.

The bus may be used for both instructions and data. Local use of the bus is
basically for passing data amongst cells and amongst cells and I/O devices connected
to the bus (see I/0 section for a discussion of the I/0 operation). Global use of the
bus may be for instructions and/or data. In any case the controller cell sets up and
controls all information flow over the bus. Software routines are set up in the con-
troller cell to control the operation of the bus, There are basically two types of
operations in these routines: fixed periodic and background. Fixed periodic opera-
tions on the bus are those that must take place at predetermined intervals. These
may be either local or global type of communications, Examples of such operations
are a cell requiring updating of navigation and guidance parameters computed in
another cell every second, a set of global operations comprising a periodic program
that must be computed ten times a second, etc. Background type of operations on
the bus are those that take place in the absence of any fixed periodic operations; in
other words operations fitted in between the fixed periodic operations. The executive

section (Section 11) should be referred to for a discussion of the software routines
for bus operation.
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A total of ten lines are used for the inter-cell bus. One line is used to denote
control or data and is designated the control line. Another line is used for parity;
future studies may dictate the need for more lines for error control, however for the
present only one line shall be assumed. The remaining eight lines are used for
control or data words. The lines are bidirectional so that a cell may receive or
transmit over the same line; this is accomplished by the use of driver/receiver cir-
cuits at the interface with the lines in each cell (see Ref. 33 for a discussion of
these circuits).

The use of the eight lines used for control/data words, in particular for control
purposes, will be described below. There are basically two types of control words
used: Local and Global. Local words are distinguished by requiring a particular cell
identification or address to be specified while global words require the specification
of an identification address or certain global levels or modes. The control words are
decoded by all the cells and only the appropriate cells partake in or accomplish the
desired communication on the inter-cell bus.

All words over the bus are composed of eight-bit bytes whether they are control
or data words. The control words are identified as such by use of the control line:
the first byte of any control word is identified by the control line set to a one (control)
state. The control line will return to a zero after the first byte of a control word.
Some control words require more than one byte, this is accomplished by use of
special control word formats as will be explained below. The format of the first
byte of a control word is shown below:

lines: C 1 2 3 4 5 6 7 8 P
Cont/ Cell Global .
Data Command Address or Control Parity

Three lines are used for the command thereby providing eight possible command
states and five lines for the cell address. This provides for addressing up to 32
devices or cells. The group may consist of typically 20 cells for the manned Mars
mission considered, this would then leave room for 10 I/0O devices to be connected
to the bus (2 addresses are required for the two group switches connected to each
intercell bus). It also provides for expansion so that more cells may also be added.
If 32 addresses are not sufficient for addressing cells and I/0O devices on the bus, it
is relatively simple to provide for expansion beyond 32 by using an address extension
scheme. This involves using some address, say address 32, to signify that the next
byte contains more address bits. This of course has to be designed into the hard-
ware, however it is relatively simple to implement and can provide for a high degree
of expandibility both in terms of cells and I/O devices connected to the intercell bus.
Of course it is possible to provide this expandibility in the cells or the I/O devices
only, for example providing up to 31 cells and group switches and using address 32
for an address extension scheme in the I/0 devices only, etc.

Table 10-1 lists the types of communication required to be carried out on

the inter-cell bus: (this list includes both local and global operations). It should be
noted that I/O devices are also included in the term cell used in Table 10-1,
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Table 10-1. Communication Bus Operations

1. Controller cell to send words directly to a cell under controller cell's
command.

2. Controller cell to receive words directly from a cell under controller
cell's command.

3. Controller cell to scan bus usage requests from individual cells and
establish communication between two cells based upon requests.

4. Controller cell commanding communication between two cells.

9. Controller cell issuing a command to a cell specifying some changes to
the internal control state.

6. Controller cell issuing global commands to one or more cells or a cell
issuing an end of transmission command.

The operations listed above are mechanized by various control words. Each
control word is composed of one or more bytes, the first byte having the format
given above. The first byte will be identified as a command; a list of commands is
given below in Table 10-2.

Table 10-2. Communication Bus Commands

Command No. Code Description
X0 000 Global mode command
X1 001 Global mode command
X2 010 Report communication
request status

X3 011 Input
X 4 100 Output
X5 101 Report Status Word
X6 110 Control Reconfiguration
X7 111 Extended command

. format
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Commands XO’ X1: These commands are used for global operations, the
remaining 5 lines are not used for cell address pur-
poses, but will be used for various global control

functions.

Command X2: This command requests a response from a given cell
as to the status of its requests for use of the communi-
cation bus.

Command X3: This command tells the cell to input the next set of

data words on the bus. (A set of data words is defined
as the words on the bus in between control words)

Command X4: This command tells a cell to output a set of data words
on the bus.

Command X5: This command requests a cell to send to the controller
a status word representing certain control states in the
cell.

Command X6: This command forces a cell to perform some change to

the internal control state (e.g., turn on/off, etc.).

Command X7: This command uses an extended format. It requires
the second control word byte to identify what the com-
mand consists of; this then provides for more than the
eight basic commands listed here. This command will
also be used to change cells from local control modes
to global control modes as will be explained later in
this section,

10.1.1 Local Operations

The mechanization of the required communication operations on the bus will now
be discussed. A description of the control words will be given for each operation.
The first five operations listed in Table 10-1 may be identified as local operations;
these will be given below.
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1. Controller to send words to a cell:

Sender: Co Co €Co Co —
Receiver:  ALL C;, ¢ Cl —_—
BYTE: 1 2 3 4
Lines
C 1 0 0 0
1 0 0 1 D
2 Xa A .
) A 1
4 R A
5 Cc E C
E S O
6 L N
7 c, T
.

The first byte of the control word is identified by a one on the control line. As
mentioned previously the first byte contains the command, input, and the address
of the cell, C1. A 9-bit address is sent in the second byte and part of the 3rd
byte to identify the first location in the cell to be input to. The number of words
to be input to the cell are specified by the count which is sent in the remaining
part of the third byte and part of the fourth byte. The use of only three bytes in
the control word provides for a count of up to 32 words while four bytes provide
for a count of up to 512 words. The cell determines when the control word is
complete by the 0 to 1 transition on line number 1 as shown above; this scheme
provides for the capability of a variable length control word format and saves
the transmission of one byte when less than 32 words are to be input. The
following definitions will be used to identify the cells: Co, the controller cell,
C1 and Cg, the cells used in the communication process.
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2. Controller to request words from a cell

Sender: Co C0 Co C0 C1
Receiver: ALL C1 C1 C1 C0
BYTE: 1 2 3 4
Lines
C 1 0 0 0
1 0 0 1 D
A
2 X T
4 A
3 A
D
4 D ]
5 C l}% c
E S (@]
6 L ¢ U
L N
T
7 C1
s

The same discussion as for 1 above applies here except that the control
word applies to outputting data from cell C1 now.,
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3. Controller to scan a cell for communication requests - Cell, Cl’ to request
words from cell Cz.

Sender: go llcl c, ¢ cl:go :go c, C coi Cper . . C,
Receiver: LLl C0 C0 Co Col LLI LL 02 02 C2| Cl__" . . AL
BYTE: 1 ]2 38 4 516 |7 8 9 10 | L
|
Lines , ' l |
C L o 0o ol1 Iy 0 0 0 | 1
. bl ot | f
A R AR R R
2 X, 1°E U X, Ix4 | T—= X
l S N | | A ©
3 [C s T I A
lE | | D |
4 ! Ii : 1 L g | 0
C C C C
5 E S E IE E o | 0
. L l’ Iy |L g U | o
L | L L N |
7 c, lt e, |02 T |
8 ‘ la | l ll | 0
,D l I ]

The controller cell outputs the first byte of the control word sequence,
X2, which asks a particular cell, C1., if it has a request for service on the bus.
Cell, C1 responds by outputting a response word as shown above. In this
particular case the first byte of the response identifies the desired operation
(input for this case), the Cell, C2, communications is desired with, and part of
the address in the cell C9. The address and number of words are completed in
the remaining three bytes. The address in this case specifies the location in
cell C9 from which the words are desired. If a cell has no request the response
will consist of two bytes all zeroes. It should be noted that cell C2 could also
be the controller cell with whom a request is made for communications with. The
control word response could actually be formed in three bytes, however using
four bytes results in an easier mechanization within C1 and actually does not
result in requiring more time on the bus as will be seen later in this section,

The controller cell accepts the response from the cell and examines the
request. It will determine whether the full word count requested can be accomo-
dated on the communication bus. The controller cell then outputs the sixth

byte of the control word which is an input command to the cell, Cy, that
requested the words. Next the controller cell outputs the remaining control

word bytes telling Cell C, to output a certain number of words (may be reduced
below that requested by C;) starting at a location specified by the address. The
Same comments apply as before with regards to varying the length of the X4
command should less than 32 words be desired to be communicated.
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It should be noted that the X3 command, input, to cell Cy given by byte 6
is not executed until byte 10 has been sent. This is due to the fact that the Xg
command is a variable length command and requires a 0 to 1 transition of line 1
after transmission of the first byte (byte 6) of the control word comprising this
command to signify the complete transmission of the command. This logical
function is utilized here so that cell Cy is told to input, however it will not pick
up words on the bus until byte ten has been transmitted (this 0-1 transition will
enable the receiver circuits in cell C1 and simultaneously enables the driver
circuits in cell C,), It should also be noted that the byte 7 command is actually
not examined by cell Cq since it has a command which is in the process of being
set up (normally a 1 on the control line forces all cells to examine the command
to determine if it is for them). Also note that the number of words that will be
received by cell C1 may be different (less) from that requested by it; the cell
keeps track of the difference if any between the number of words requested and
actually received. If any difference exists it will take the appropriate action on
its next request to the controller cell. Finally, the last byte is an command
with all zeroes sent out by cell Cg. This command is used to reset the bus
busy flip-flop. This will take place in all cells; however, it only has meaning
in the controller cell. This will signify that the communications is complete.
(If cell Cg is the controller cell, this byte will not be sent out.)

4, Controller to scan a cell for communication requests - Cell, Cl’ to
request to send words to cell C2

Sender: C

] | ' !
c, ¢, C,C,C C C C'C
: A°! 1 1 71 1| A° o o o!Ao o o, 1 1
Receiver: LLl C, C0 C, Co| LL C, C, C,: LL C; ¢ Cp— Aq
BYTE '1 ‘2 3 4 5 6 7 8 9 l10 11121
| i
Line ! ' l
| ‘ | | ,
c 1 o 0 0 0 11 0 0 0 1 00 1
II C ll t D t
|
1 /o R g 1| 0 Y 0 o1 1, X
: ' E v | ‘ : Y
| C S 7 ’l A I N
3 | D X T
. E ! D ! 7 |
4 L 'I R E | 0
| L | E C I X |
C C ,C T
5 g 1C, \E g IOJ 5 | 0
s | L Il L L | 0
L L N
7 ) | T l
C I C 0
| 'l ]2 ! I
8 rA | I ! 0
| | D ! | ' O |
| D | I
| | |
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The mechanization of this operation is very similar to that described
above for the input request by a cell. In fact the first five bytes are identical
except that an output is indicated in the second byte. The cell, Cg, to whom
words are to be sent is told to input by bytes 6 through 9; note that byte 9 does
not have line 1 in a 1 state. This prevents cell Cy from picking up the next
three bytes as data words. The requesting cell, Cy, is told to input.by means
of an X7 extension command (output - word count), this is used since all the
controller can tell cell Cy is how many words it may output since it does not
know the address they will come from (if it did it could use an X4 command).
The X7 command is a variable length command and therefore uses a Otol
transition on line 1 after the first byte to signify its completion; note that this
transition is also used to complete the X3 command given previously to cell Csp.
In addition, cell C; will send an end of transmission command as the last byte.

5. Controller Cell to tell one cell, C1, to output to another cell, Ca.

Sender: ICO Co Co Col Co Co CO CO l Cl . C].
A A Ay
Receiver: I L C2 C2 Czl L ¢ €1 ¢C1 C, “ . L
L L
BYTE: |1 2 3 4 | 5 6 7 8 ]
Line l I
C |1 0 o0 o l 1 0 0 o0 |D 1
A .
1 | 0 0 o | 0 0 1 T t
|7 X
2 |x3 ‘ | X4 |
A
] [l D | l A l
D
4 I R r D | 0
e, r C l C l_) c | 0
5 lE s o | E R o 1 ¥
6 L s U L £ u | 0
| L N |L 5 N
7 | C2 T C1 T I 0
8 ] ! l l l I 0

This operation requires an output command as described previously to be
given to the cell C1 and an input command as described previously to cell
C2. The only difference is that a 0-1 transition on line 1 is inhibited in
byte 4 so that cell, C2, may not start receiving data until byte 8 has been
transmitted,

6. Controller Cell to tell one cell, Cq, to input from another cell, Co. (Same
as above.)
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7. Controller Cell to command a cell, C; to reconfigure some control state,

Sender: Co Co ©Co
A A
Receiver: L L C1
L L
BYTE: 1 1 2
Line
C 1 OR 1 0 This operation is simply a one
byte command if the control
1 1 change is represented by Xg,
‘ two bytes are necessary to
2 X X7 X identify other changes by
7 using X7.
3
E
4 X
5 C C T
E E E
6 L L N
L L S
I
7 C €1 o
8 | N

8. Controller to Command a cell, C;, to report its status word.

Sender: Co C1 —-

A
Receiver: L C—

L
BYTE: 1
Line
C 1 S

1 A

- QrprEo
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This command forces cell, C1, to output a status word to the
controller,

It should be noted that there are a number of alternatives in deriving the formats
presented above. For example, it is possible to only use one byte for the Xg, input
command, since the first word transmitted could contain address and word count
information, However, this provides no transmission time saving on the bus and con-
taminates the data being sent and received with control information. It is also possible
to not use the variable command scheme requiring the 0-1 transition on line 1 for
certain commands (Xa, X4 and X7). It would thereby provide for up to 128 words
with three bytes for the Xg and X; commands. To go beyond 128 words, one could
use a word count of 128 to signify that the next byte is to be used as an extended word
count, this could result in some savings on the bus. However it would not be possible |
to use the 0-1 transition logically to delay the start of certain X3 and X4 commands as |
was explained above, To accomplish this would require additional logical circuitry
and/or transmission of additional bytes so there may not really be any savings in
eliminating this logical function.

10.1.2 Global Operations

This section will present a description of global control of the inter-cell bus;
these operations are classified as number 6 in Table 10-1. The same format is used
as presented in the introductory section (10. 1). It was pointed out there that commands
X5, X1, and Xq are used for global control. Commands Xo and X; do not specify a
5 bit cell address identification but use the bits for control purposes; these commands
will be one 8-bit byte long, Command X7 will utilize a b bit cell address identification,
As mentioned previously it uses command extension and is variable in length to offer
the possibility of many control commands within X7,

1. Format GC Instructions (XO)

One byte is used here and the format is shown below:

lines: C 123 45 678 P

11000 Y L Parity

11 indicates format type GC

000 indicates end of DS data words

001 indicates A - given address

010 indicates D16 - 16 bit data word

011 indicates A and D16

100 indicates D32 - 32 bit data word

101 indicates A and D32

110 indicates I - Immediate data

111 indicates DS - Data is being sent (A is also sent here)

ol

The functional explanation and usage of this and the remaining global operations
may be found in the chapter on group architecture (Section 6); reference should also be
made to the instruction set (Section 9) for further clarification of these operations.
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2.

Level Control GC Instructions (Class 1) - (XO)_

The same one-byte format as given above is used here.

L is always the level number to be compared to the contents of the
level register in the dependent cell.

Y = 01 G - indicates all cells at this level go to global state, instruc-
tions for this level follow

10 L - all cells at this level go to local control state

End of Transmission Command - (Xo)_

lines C 123 45 61738 P

1000|000 {000 | Parity

This command is used to reset the bus busy flip-flop in every cell.
Actually it will only have meaning in the controller cell since it is the only
cell controlling the bus use. It is the only command that may be generated
by any cell other than a controller cell.

Level Control GC Instructions (Class 2) - (Xl)—
One byte is used here and the format is shown below:

lines: € 123 45 6178 P

1|{o01] Y L Parity

is always the level number

T o
1

= 00 R - all dependent cells at this level reply with a constant,
to be sent on the inter cell bus.

01 R, DG - all dependent global cells at this level reply with a
constant,

10 IND - all cells at this level go to the independent state.

11 W - all cells at this level go to the wait state.
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5.

Individual Cell GC Instructions - Xa)_

Recall that the Xy extended format command is used here, the format is

shown below:
BYTE:
LINES
Cc

1

7

8

1

(alallcNe!

o

-3

The three variable fields have the following meanings:

CELL
L:

X,EXT:

The cell address that is compared to the cells ID register.

The level number that is to be loaded into the cell's level
register.

The operation to be performed by the receiving cell.

When X7 EXT = 1000 IND, L. Go to independent state, set level

1001 IND Go to independent state, nolevel change
1010 G, L Go to dependent global state, set level

1011 G Go to dependent global state, no level
change

1100 W, L Go to dependent wait state, set level

1101 W Go to dependent wait state,

no level change
1110 L, L Go to dependent local control state,
set level

Go to dependent local control state,
no level change

0111 CC Go to the controller cell state.

The remaining X7 EXT codes are used for other
operations as given in Section 10. 1. 1.

1111

™
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The use of the instructions presented in this section was given in Section 6 and
reference should be made to clarify their use in global operation of the bus.

10.2 INTER-CELL/INTER-GROUP COMMUNICATIONS

This section will describe how the intergroup communications are carried out.
This requires a description of how the group switch uses the inter-cell bus and how it
uses the intergroup bus.

Communications over the intergroup bus are somewhat different from that
described in Section 10,1 for the communications within a group. The difference is
that the cells in a group are under. immediate control of the controller cell and immed-
iately respond to commands over the inter-cell bus. However, the executive group
that is in charge of controlling the intergroup bus use does not have the groups (rep-
resented by the group switches) under its immediate control. The groups periodically
sample the group switches to see if any commands have been placed in the "Executive
Group Command Register" by the executive group. (Any group can do this; however
only the group acting as the executive group will be issuing such commands.) The
groups then respond to these commands. It can be seen that there will be some delay
in getting a response to these commands. This delay is primarily dependent upon the
rate at which the group switch is sampled by the controller cell of a group for these
commands. Once the controller cell picks up these commands, it will immediately
respond by commanding the proper cells in its group to begin communications.

The groups will place requests for intergroup use in the group switch (in the
GROUP REQUEST REGISTER). These requests are periodically sampled by the
executive group, It is based upon these requests and any individual requests of the
executive group, that commands will be placed in the group switches for intergroup
bus control,

It is expected that the sampling of the group switches will be a fairly high rate
periodic program, Therefore, the delay in response should be minimized by proper
programming,

The following is a list of the desired communication functions over the intergroup
bus:

1. Executive group to scan groups for requests, one group to request to send
words to another group (could be the executive group).

2. Executive group to scan groups for requests, one group to request words
from another group (could be executive group).

3. Executive group to request to send words to another group directly.

4, Executive group to request words from another group directly.

5. Executive group to command another group switch to turn off power.

To accomplish the desired communications functions listed above various com-

mands are required over the inter-cell bus and the intergroup bus. These commands
are given in Table 10-3, It should be noted that the group switch contains an ID
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(address register) just as a cell does, It will therefore respond to commands
addressed to it just as a cell does. However, how it interprets a command may be
different than how a cell does. Each command will use the same format as that given
previously namely 3 bits for the X (command) code and 5 bits for the address.

Table 10-3. Inter-Cell Bus Group Switch Commands

Command Code Description

X0 000 End of transmission command

X2 010 Request "Executive Group Command" register

X:3 011 Send out a load "Executive Group Command" register

command

X 4 100 Load "Group Request" register

X5 101 Request "0" and"I-G Busy" registers

X6 110 Initialize "Group Request" register

X7 111 Extended command format

X7 111 Send out a request '"Group Request" register command
1

X7 111 Set BITE TIMING FF
2

X7 111 Send out a load "0" register command
3

X7 111 Send out a power off comimand
4

Each of the commands will be explained below:

XO: This command signifies that the transmission is complete.
It will reset the "I-G busy" flip-flop signifying that the inter-
groupbusisnowfree. Itwillalsobe sentout on the intergroup
bus by the group switch. This will also reset the "I-G Busy"
flip-flop in the other group switches. It should be noted that
this is the only "global' command valid in a group switch
(X1 command codes are not sampled). The 5 bits for the
address portion of this command are always all "0's,"

X2: This command tells the group switch to send the data con-
tained in the ""Executive Group Command' register on to the
inter-cell bus. This results in 4 bytes sent on the bus and
the register being set to 0.
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Reception of this command forces the group switch to send

out a command (to be described below in Table 10-4) over

the intergroup bus to load the "Executive Group Command"
register in another group switch. The X3 command received
over the inter-cell bus will be followed by 5 data bytes. These
bytes are comprised of Groupy (5 bits), Cell (5 bits), Address
(9 bits), Count (9 bits), 1/O (1 bit), Groupy (5 bits). These
bytes are all sent out to the other group by the group switch,
The group switch identifies which group they will be sent to

by "Groupg".

This command tells the group switch to load the "Group
Request' register with the next 4 data bytes on the inter-cell
bus. The bytes are comprised of Group (5 bits), Cell (5 bits),
Address (9 bits), Count (9 bits), and 1/0O (1 bit).

This command requests the group switch to send out a byte on
the inter-cell bus. Two bits are of interest in the byte:

(1) the "0" register (an output go command) and (2) the I-G
Busy register (signifies if intergroup bus is tied up with a
transmission).

This command will set the group request registers in the
group switch to all "0's."

This command requires the reception of another byte and the
subsequent decoding of the first two bits of that byte to deter-
mine what the actual command is. This then provides for 4
total commands from the X7 command code.

This command tells the group switch to output on the inter-
group bus a command to another group switch requesting a
"Group Request' register. The group switch will then let
the response thru itself onto the inter-cell bus. The second
byte contains: Code (2 bits), Group (5 bits) and Spare (1 bit).
The "group' will be used to tell the group switch what group
switch it should send out the intergroup bus command to.

This command results in the BITE timing flip flop being
set/reset. It simply uses the Code (2 bits) in the second byte
for its identification. (The remaining 6 bits could be used as
a check code by the group switch. )

This command tells the group switch to send out on the inter-
group bus a command to tell another group switch to set its
"0" register to a 1, This signifies that the group can now
output over the intergroup bus (the inputting group is ready).
The second byte contains Code (2 bits), Group (5 bits), and 1
spare bit. The group bits identify what group switch to send
the command to.
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This command tells the group switch to output a command

74: over the intergroup bus to tell another group switch to turn
off power., The second byte contains: Code (2 bits), Group
(5 bits) and 1 spare bit.
Table 10-4. Intergroup Bus Group Switch Commands
| Command Code Description

Xo 000 End of transmission command

X3 011 Load "Executive Group Command" register

X 4 100 Load "0" register

X5 101 Turn off power

X7 110 ls)sgd out "Group Request" register over the intergroup '

These commands

3 bits for X and 5 bits for the group switch ID),

X .
o

X .
3°

Now that the commands have be

will be explained below: (the same command format is used:

This command causes all I-G Busy flip-flops in the group
switches to be reset,

This command tells the group switch to load its Executive
Group Command register with the next 4 bytes on the inter-
group bus. The bytes will contain: Group (5 bits), Cell

(5 bits), Address (9 bits), count (9 bits) and 1/0 (1 bit).

This command tells the group switch to set its 0" register
to a one. It is one byte long,

This command tells the group switch to turn off its power, It
is one byte long.

This command tells the group switch to output its "Group
Request" register over the intergroup bus,

communication operation maybe discussed. The operation will be for the executive
| group (EG) to scan a group for a request and the group (G1) to request words from

another group (Go).
the requesting group

The complete operation will be described starting from when
(G1) places its request in its group switch.
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Inter-Cell Bus

Inter-Group Bus
Command Description

Group Command
Gl X 4
EG X

"
EG X3
EG X3
G2 X2
G2 X5
Gl X2
Gl X

73

The group switch of G1 is loaded with
the request.

The group switch of EG fetches the
request from the group switch of G1,
This request will pass right onto the
inter-cell bus of the EG where it will
be examined,

The EG, if it approves the request,
will command the group switches of
Gl and G2 to be loaded with an input
and output command, respectively.
Simultaneously, when the group switch
of EG sends out an Xg intergroup bus
command, it sets the I-G Busy

flip flop.

G2 requests the executive command
register contents to be sent on the
inter-cell bus. Internally, G2 will
send out the proper inter-cell bus
commands to its cells to prepare to
output (as described in Section 10.1
previously).

G2 will be continually sampling the
"0" register in its group switch to
determine if G1 has said it is ready
to input. Then it will issue the
necessary inter-cell bus command
to its cells to tell it to start out-
putting. This results in a direct
transmission path from a cell in G2
to a cell in G1,

G1 requests the executive command
register contents to be sent over the
inter-cell bus., Internally G1 will
send out the necessary inter-cell bus
commands to a cell to tell it to input,

G1 then immediately tells its group
switch to tell the group switch in G2
to set its ''0" register. The commu-
nications begin as soon as G2 has
sampled the set "0" register as
mentioned above.
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Inter-Cell Bus Inter-Group Bus

Group Command Command Description
G2 X0 Xo The cell that was transmitting in G2

will send out as its last byte an X0,
end of transmission command, This
command will reset all the bus busy
flip-flops that were set due to this
transmission (I-C Busy in G1 and G2
and I-G Busy in group switch of EQG),

The commands for the intermediate operations carried out by the controller
cells in G1 and G2 have been left out for clarity, They are identical to that presented
previously in Section 10, 1 for communications among cells,

It should be noted that the other types of intergroup communications presented
earlier in this section are mechanized quite similarly to the operation presented above
and will therefore not be presented in detail,

10.3 MECHANIZATION OF INTER-CELL COMMUNICATION BUS COMMANDS
AND CONTROL WORDS

A functional description of the commands and operations on the bus was given
in the previous two sections. The control words that are required for the operations
that will take place over the bus were introduced and the contents of each of the bytes
comprising a control word were given. This section will present a detailed descrip-
tion of how the control words are formed or mechanized. It should be recalled that
each of the operations was mechanized by one or more control words. 'These control
words were identified by commands X thru Xg (recall that the first byte of a control
word is identified as a command byte). Each of the control words may be identified
by the command that it uses. Therefore, the term mechanization of the commands
or control words will be used interchangeably below. The controller cell will be the
only cell given the capability of mechanizing the commands or control words except
for the X, end of transmission command. (Each cell is identical, however, only the
controller cell is capable of using certain logical functions in the cell. )

The commands for operation of the bus are generated by the controller cell when
it executes a CC instruction, Referring back to Section 9, one can see the various
codes used in the CC instruction to derive these commands. A description of how the
commands are actually formed and sent out over the bus will be given below. The
operations that take place in the controller cell during each clock time in the forma-
tion of these commands will be given., Note however that only the operations inherent
in forming the commands are given. Other operations inherent in the processor's
internal operation such as decoding the CC instructions, transferring the op code to
the instruction register, etc. are not given. These were omitted to illustrate only
the fundamental operations used in forming the commands,
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A list of some abbreviations used throughout this section is given below:

CC: The Controller Cell instruction to generate a Global
Command described in Section 9 as op code 62.

SCR: Shift Count Register

MB: Memory Buffer Register

BCR: Buffer Communications Register
IC Bus, Bus: The Inter Cell Communication Bus
P: Program Counter

U, A: Upper Hardware Accumulator

L: | Lower Accumulator

10.3.1 _)_(0 and Xl Commands

XO is generated based on the following conditions in the CC instruction:
C field = 01x
and L field = 000
note: x means this bit canbe a 1 or 0

X1 is generated based on the following conditions in the CC instruction:
C field = 01x
and L field = 001
Clock Time Operations

1 a, CC instruction — MB
b. selected bits from MB — BCR

CC: Op Code C OP (L

R

X 1 X;=000 Y L

bits: 1 3 2 3
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Clock Time Operations

L is transferred directly

Y is formed directly from OP and the first bit
of C

X.: identical to Xy except L will now contain

1" 001, X, = 001

3 ¢. BCR is sent out on the IC bus

10.3.2_X2,_X5,_X6 Commands

Xo, X5, and Xg are generated based on the following conditions in the CC
instrucéon:
C field = 01x

and L field = (010 + 101 + 110)

Clock Time Operations
1 a. CC instruction— MB
2 b. selected bits from MB— BCR
CC: Op Code C oP | L
X, 1 __2=010 CELL ID
bits: 1 3 5

X2 is formed from L
Cell ID is formed from OP and the last bit of C

X5: Same as X2 except L will now be 101

X6: Same as X2 except L will now be 110

3 c. BCR is sent out on the IC Bus

, Generation of an X9 command will also result in the Cell ID being stored in the
Shift Count Register, The reason for this will be explained in Section 10, 4,
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10.3.3_X X4 Commands

3=

X3 and X4 commands are generated based on the following conditions in the

CC instruction:

C field = 010

and L field = (011 + 100)

The CC instruction uses an extended format to mechanize these commands.
Below is a diagram showing how the bits in the control words using commands X3 and
X4 are formed from the CC instruction words.

Condition 1 : 1st 2 bits of OP = 00

) —— ——
—

Word: 2 | 3
CC: Op C oP L Spare Cell | Address { Spare| 1] Count
Code
bits: 6 3 4 3 6 /1 |9
| | ]
: ! !
Byte: | /l 4 :
X3: 1| X3=011|Cell ID|0| 0| Address;|0(0} Add- | Count; |01 Countp Spare
resso
bits: 1 3 5 11 7 1 2 5 11 4 3

X4 is formed the same way except L will now contain X 4= 100

The extended format (3 words) for the CC instruction is called for whenever:

C field = 01x

and L field = (011 + 100)

and OP field = 00xx

Clock Time
1

2

Operations

a. CC instruction Word 1 — MB

b, L from CCl——> BCR

c. P+1—P

d. P — Memory (read)
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Clock Time

4 e.

i.

u.

12 V.

Operations
CC instruction Word 2 — MB
P+1—P
Cell ID from 002 -— BCR
BCR — IC Bus
Address2 from CCz—- Saved
Address1 from 002 — BCR
BCR — IC Bus
P — Memory (read)
CC e MB
P+1—P
Address2 — BCR
Counl:1 from CC3 — BCR
BCR — IC Bus
P — Memory (read)
Count2 from CC3_. saved

Count_, — BCR

2
Next instruction — MB

BCR — IC BUS

Note in the above timing description that the last byte on the bus is sent at clock

time 12 instead of at clock time 9 when it is ready.

The reason for this is in easing

the mechanization within the receiving cell as will be pointed out in Section 10. 4.
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CONDITION 2: 1ST 2 BITS OF OP = 01

WORD: : 3 | 4 '
cc: SPARE] SPARE| CELL|ADDRESS | 1/0{cOoUNT|GROUP
BITS: 6 9 5
BITS: 1 3 5 5
Xy |1 ADDR, | COUNT GROUP

! 5 [ 6 |

The above condition results in 4 words being called for in the extended CC
format. This condition is used when an X3 inter-cell bus group switch command is
to be generated. The timing is somewhat similar to that given above except slightly
larger due to more bytes being outputted on the bus.
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WORD:

CC:

BITS:

CONDITION 3:

1ST 2 BITS OF OP = 10

| |
oP G.S,
CODE OP | L - GROUP | CELL |ADDR, @l ADDR |COUNT | 1/0
6 3 5 3 6 9 1 1
13 5 1 3 5 1 3
1]x4 :]?).S. 0] GROUP | CELL 0 | CELL| ADDR.J ADDR,| COUNTJM 0 { COUNT{ 1/0 | SPARE

As in condition 2 this X
command. However,

C field = 011

and L field = 011

Clock Time

1

2

a,

b.

4 is generated for an inter-
it only requires 3 CC words for it

CC instruction —MB

Operations

Selected bits from MB — BCR
SCR register — BCR

CcC:

X3:

bits:

SCR:

An X3 command can also be generated under another condition:

OpCode | ¢ | OP | L
/
1 | X;=01l | Cell IP

i /5

Cell ID
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Clock Time Operations
3 c. BCR— IC Bus

This X, command is simply one byte long and therefore does not use the
extended @C :Instruction format for the previous X3 command. It also requires that
the shift count register (SCR) be loaded with the Cell ID prior to executing this CC
instruction. Recall that execution of the CC instruction forming an Xy command
loads the SCR with the Cell ID.

10.3.4 _2(7 Commands

X7 commands use an extension format to derive many commands from the basic
Xq code., These commands will be generated based on the following conditions in the
CC instruction:

C field = 010
Condition 1
and L field = 111
or
C field = 011
Condition 2

and L field = 111

An X command will use an extended word CC format, in particular two words will be
used to form the CC instruction.

Below is an illustration showing how the X7 command is formed for the
first condition. This particular X7 extension illustrated is an output command to a

particular cell with a specified count of the number of words to be output.
) ) ]
Word: : 1 : 2 '

CC Instr: Op Code C OP L Spare Xq Count
EXT

bits: 6 3 4 3 3 4 9

|
|
Byte: 1 2 / ! 3 l
Xnt 1|Xg=111| CellID] 0 | 0| X7 County | 0 | 1| Count, | Spare
EXT
bits: 1 V 5 11 4 3 1 1 6 1
SCR: Cell ID
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The X7 extension command illustra

2nd word of the CC instruction and used in the 2nd and 3rd bytes.

Clock Time
1
2

Next an illustration of how the X7 command

occurs will be given below.
the 1st bit of the 2nd CC wor

Timing for Condition 1

I~

C.

€.

n,

ol

Operation
CC instruction word 1 — MB
L from CC1 — BCR
SCR register — BCR
P+1— P (read)
P — Memory
CC instruction word 2 — MB
BCR — IC Bus
X7 EXT from CC2~—- BCR
part of count from CCz——— BCR
P + 1— P (read)
BCR— IC Bus
part of count from CCz——— BCR
P— Memory
Next instruction — MB

BCR — IC Bus

for X7 commands to group switches.
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ted above requires 3 bytes to be sent out on the
IC bus. The "Cell ID" is formed from the Shift Count Register. It is stored in this

register by the prior formation of an X9 command. The "count" is taken from the

is formed when the second condition
This particular forming of the X7 bytes is followed if
dis a 1. Hitis 0, a slightly different forming is
followed for the 2nd byte. The first case is for X7 commands to cells and the latter



Word: ! 1 ! 2

CC instr: Op Code C OP L {1|Spare| L Cell ID

bits: 6
| |
| l
Byte: : :
Xq 1 | Xq=111 CellID |01 X, EXT L
bits: 1 3 5 1 1 4 3

The timing for condition 2 will be given below:

Clock Time Operation
1 a, CC instruction Word 1 — MB
2 b. L from CCl—— BCR

c¢c. OP from CCI—» Saved

d. P+1— P (read)

3 e. P — Memory
4 f. CC instruction Word 2— MB
5 g. Cell ID — BCR

h. BCR —IC Bus
i, P+1—P

6 » jo P —= Memory (read)
k. Lfrom CCz— BCR
1. OP — BCR
m. BCR — IC Bus

7 n. Next instruction — MB
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10.4 MECHANIZATION OF INTER-CELL COMMUNICATION BUS OPERATIONS IN
A CELL

This section will discuss the mechanization, within a cell, of the bus communi-
cation operations (the operations upon the generation or reception of X commands by a
cell). These operations were presented in section 10.1 where a description of the
control word bytes were given. A detailed description of the logical properties
required in the cell to carry out the operations will be given below. Each of the
operations will be presented in the same order as presented in section 10. 1.

10.4.1 Controller Cell, CO' to Send Data to a Cell C1

Two basic approaches were considered to mechanize this operation as well as
all the others, namely software and hardware approaches. The approach selected
was to use a hardware mechanization. The primary reason behind this choice is that
software is very inefficient with respect to the time it takes to mechanize. For
example, in this operation, the basic function to be performed once the command from
the bus has been decoded, is to simply store a set of words in memory that arrive via
the bus. These words may arrive at a rate up to 1 word every 2 clock cycles since
the bus is a 1/2 word in parallel. However, a software routine would require a three
instruction loop:

1. Test, Increment Index Register by 1, Jump on 0
2. STORE
3. JUMP

This loop would take at a minimum 7 memory cycles to execute. Assuming 2 clock
cycles per memory cycle, this results in 14 clock cycles for each word to be stored.
Therefore, this would result in very inefficient use of the bus.

The hardware approach will now be described. Reference should be made to
Seciion 13. 1 for this operation and the ones that follow for a description of the control
word bytes. The mechanization will be described for the two cells, Cg and Cy. First
the mechanization within the controller cell, Co, will be described. The controller

cell will execute the following instructions:
1. Double Precision Load A and L

2. CC (Xy)
3. CC (Output)

The first instruction will load A and L with the address and count of the number of
words to be sent out. Instruction 2 is the CC command to generate the format X3 as
described in Section 9 of this report. This particular CC instruction requires

3 words for its mechanization as discussed previously. It will result in the 4 X3
command bytes being sent out over the bus. The last instruction is the CC command
that tells the controller cell to start outputting data on the bus. This instruction
simply exchanges the accumulator (previously loaded with the address) and the
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program counter and sets the output mode flip-flop. The controller cell will now
simply read data from its memory and output it over the bus. Each time the program
counter is incremented, the count contained in L will be decremented by 1 and checked
against 0. When the count equals 0 the output mode flip-flop will be reset and the
accumulator will be transferred to the program counter.

A listing of the sequence of operations, starting from the time the first byte
generated by the second instruction (X3 commands) is output over the bus, is given
below.

Operations in Controller Cell Cg

Clock Time Operation
1 X3 Byte 1 — Bus
2 Xg Byte 2 — Bus
3 —
4 X3 Byte 3 — Bus
5 Next instruction (CC Output) — MB
6 U (Accumulator) «— P (Program Counter)
P Memory (read)

7 1st data word — MB
L (Lower Accumulator) — 1 — L
P+1 — P

Bus

8 X3 Byte 4

st word (1/2) — BCR (Buffer Communication
Register)

P —— Memory (read)
9 BCR — Bus
1st Word (1/2) — BCR
P+1 — P
L-1 - L

2nd Word — MB
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Clock Time ' Operation
10 BCR - Bus
2nd Word (1/2) — BCR

P

Memory (read)
11 BCR — Bus
2nd word (1/2) — BCR

P+1 —- P
L-1 - L

3rd Word — MB

12 etc. until L=0, then A — P

The mechanization within the receiving cell, C1, will be discussed below. The
first byte received by C1 will contain the X3 command code and the cell's, Cq,
identification code. Cell, C3, will recognize that the command is for itself and will
decode the command and issue an interrupt. The bus communications will be handled
on an interrupt basis with the interrupt halting the execution of the present instruction.
This approach was taken since the cell could be in the process of executing a long
instruction such as multiply or divide and it would be inefficient to tie the bus up
waiting for instructions to be completed.

The interrupt will result in the program counter, accumulator, memory buffer

and possibly some control flip-flops being stored in fixed locations in memory.
Basically the functions that will occur in mechanizing the bus operation are:

Place address in P

Place count in A

Assemble bytes from the bus in MB

Use P as memory address to store MB

Decrement A by 1, test for 0

Increment P by 1

The sequence of operations that will occur in the cell, starting from the time
the first byte is received over the bus, are listed below. If should be kept in mind
that the buffer communication register (BCR) will be mechanized with master slave

type of flip-flops. Therefore it is possible to load byte i + 1 into BCR while byte i
is being read from it in the same clock time.
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Operations in Receiving Cell, ¢

Clock Operation
(1 Byte 1 BCR, Decoded, Interrupt
2 Byte 2 —— BCR, Processor Stopped, Fixed address
sent to memory (write)
3 P Memory (P is stored)
4
Command ¢ 4 BCR part of P, Byte 3 BCR.
Bytes Fixed address sent to memory (write)
Recv'd
By The 5 Part of BCR part of P, MB———Memory
Cell
6 Fixed address sent to memory (write)
7 A Memory (A is stored)
. 8 Part of BCR——A
Byte 4——BCR
[ 9 BCR A
Data Byte 1-——BCR
10 BCR MB, Data byte 2 BCR,
P (Address) Memory (write)
gz& q o1 BCR MB, MB—— Memory,
Data byte 3——BCR, A -1 A, P+1 P
12 BCR ——MB, Data byte 4 BCR, P Memory
13 BCR——MB, MB Memory, Data byte
L 5 BCR, A -1 A, P+1 P, etc.
until A = 0 then reload stored registers and start
processor

As noted the above operations are all performed solely by hardware. Referring
back to Section 10, 1, it can be seen that the 1st line in the byte from the bus is used
for control purposes. Following the first command byte (identified by the C (control
line) being a 'one'), the first line in the byte will be a '0' and will be a 'one' only when
the command sequence is complete and the next bytes on the bus represent data.
Therefore this 0 to 1 transition will be used to set the communication bus control
logic to accept information on the bus as data. The sequence of operations described
above will then be clocked based on the occurrence of data bytes received via the bus.
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It may be noted above that command byte 4 is received at clock 8. If this com-
mand byte were received earlier extra hardware would be required to store informa-
tion from the command bytes. This is the case since MB cannot be used until A has
been stored. Therefore MB and A would both have to be stored before information
could be stored in them. This is why P is stored first and used immediately to store
information (address) from the command bytes. As can be seen from the mechaniza-
tion within the controller cell, Cg, the fastest it can output the first data byte is at
clock 9. Therefore, there is no penalty in requiring it to output command byte 4 at
clock 8; in fact this simplifies the mechanization in ceil, Cj.

10.4.2 Controller Cell, Cy:_to Request Data From C,

The mechanization within the controller cell will be described first. The con-
troller cell will execute the following instructions:

1. Double Precision Load A and L

2. CC Xy
3. CC (Input)

The operations are quite similar to that described for the previous operation, 10.4.1;
A and L are loaded with the address and count of the words that will be read out of
the controller cell's memory. Instruction 2 is a CC instruction that generates 4 Xy
bytes to be output over the bus as described in Section 10. 3. 3. Finally the last
instruction is a CC instruction that sets the input mode flip-flop and exchanges A and
P. The controller cell is now ready to input words from the bus. Each time a word
is stored in memory, the program counter is incremented by 1 and L decremented by
1 and checked against 0. When the count is 0 the contents of A are transferred back
to P and the controller cell proceeds with its program. It should be noted that the
cell will contain a simple one shot type of timer that is set whenever the CC (input)
instruction is executed. The purpose of this timer is to allow a certain maximum
time for a cell to respond with data. If the cell fails to respond within the maximum
time interval an interrupt will be issued that will be processed by a software routine
in the controller cell (generally this will indicate a failed cell, C1). In addition,

the controller cell contains another simple one~shot type of timer that times the time
interval between words on the bus. If the time interval exceeds that allowed by the
timer, an interrupt is issued. This prevents the cell Cj from transmitting only a
part of the words and hanging up the controller cell by having it keep on waiting for
the remainder of the words. Of course, once the count in L is zero this timer is
inhibited.

A listing of the sequence of operations, starting from the time the first byte
generated by the second instruction (X4) is output over the bus is given below.
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Clock

10
11

12

13

14

Operations in Controller Cell C0

Operation

X4 Byte 1

Bus
X 4 Byte 2——Bus

X 4 Byte 3 Bus

Next instruction (CC Input) MB
A o

Timer Set

X 4 Byte 4 Bus

Word 1 BCR

1

P——+Memory (write)

BCR

MB
Word 12——-BCR

BCR

MB

MB

Memory (Word 1 stored)

Word 2

1 BCR

A-1——A

P+1

P

BCR

MB

Word 22 BCR

P

Memory (write)
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Clock Operation

15 BCR——MB

Word 31 BCR

MB

Memory (Word 2 stored)
A-1——A
P+1——p

The mechanization within the sending cell, C1, will be discussed below, The first
byte received by Cy will contain the X4 command code and the cell's, C1, identification
code. Cell, Cq, will recognize that the command is for itself and will decode the
command and issue an interrupt. The same process as described for the previous
operation, 10.4.1, will be followed on the interrupt. The primary difference in the

mechanization given below is that words will be readout of C1's memory instead of
into it as in 10.4.1.

Operations in Sending Cell, C,

Clock Operation
[ 1 Byte 1——BCR, Decoded, Interrupt
2 Byte 2 BCR, Processor Stopped,
Fixed Address Memory (write)
3 P Memory (P is stored)
4 4 BCR——Part of P
Command
Byies
Rev'd ‘ Byte 3——~BCR
by € Fixed Address Memory (write)
5 Part of BCR —— part of P
MB~—— Memory
6 Fixed Address — Memory (write)
7 A Memory (A is stored)
L 8 Part of BCR——A

Byte 4——BCR
P Memory (read)
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Clock Operation

9 BCR ——A
Word 1 MB
P+1 P
10 Word 14 BCR
P Memory (read)
A-1—A
11 BCR Bus
Word 12 BCR
3,atab§§ Word 2 MB
€ P+1 P
12 Etc. until A =0,

Then restart Processor,
Reload P, A, and MB registers

10.4.3 Controller Cell, Cq, to Scan a Cell for Requests - Cell, Cy, to Request
Words from Cell, Co

This operation is initiated by the controller cell executing a CC (X2) instruction.
This X2 command forces cell C; to respond with a request word. Upon executing
the CC (Xg) instruction the controller cell automatically enters the idle state. It
will also set a simple one shot timer (previously introduced in Section 10. 4. 2) so
that the response from cell Cj is received within some maximum time limit. If it
is not received within this time limit an interrupt will occur as previously described.

The response word will be placed in the A and L registers under hardware con-
trol and once this is accomplished the controller cell will be released from the idle
state and allowed to execute its next instruction. This instruction is the start of a
software routine to process the request response word from the Cell C1. This
routine will check what request is being made if any, Input or Output, what cell and
location communication is desired with and the count of the number of words to be
communicated. It will check for valid requests and may possibly reduce the amount
of words desired to be communicated. At the end of the software routine the proper
CC instructions will be loaded with the necessary information so as to initiate the
requested communications.

In the operation under consideration here Cell C is requesting to input words.
It will therefore receive an X3 (input) command from the controller cell if its
requested communications will be honored. If its request is not honored, the con-
troller cell will send it an X7 command that signifies request not honored. This X7
command results in an interrupt in cell C; that forces it to enter its communication
executive routine. Now once cell C1 has been told to input, it is ready to accept data.
However, the number of words it receives may be different from the number it
requested. This situation is handled by the simple one-shot timer presented in
Section 10.4.2. This timer allows a maximum time between words received over
the bus. If this time is exceeded, an interrupt occurs that sends cell C; to a software

10-36




routine that will note the count of the number of words remaining to be received
indicated in the accumulator. This routine will use this information to update its
communication bus executive tables. If the count requested is received, the accumu-
lator will count down to zero and this will restart the processor section of cell Cy

so that it may complete its interrupted instruction,

For further details on the software routines discussed above, both in the con-
troller cell and working cell, C1, the reader is referred to Section 11 of this report.
In addition this section will show how these routines tie in with the other executive
functions within a cell. A detailed mechanization of the hardware aspects of the
operation will be given below.

Operations in Controller Cell, C

0
Clock Operation
1 CccC (XZ) instruction MB
2 X2 Command — BCR
Cell ID SCR
One-Shot Timer; —Set
3 BCR Bus
4-8 Idle
9 Response Byte 1 — BCR
P+1 —P
10 BCR A

Response Byte 2 —— BCR
P —— Memory (read)

11 BCR —A
Response Byte 3 BCR
Next Instruction —— MB

12 BCR L
Response Byte 4 BCR
(For details on next instruction and the
remainder of the software routine to process
the response word see section 11.2,) (It is
assumed that this routine will take j clock
times to complete)

13 BCR L
j+10 CC (X3) instruction — MB
ji+11 X3 Command BCR
P+1 P
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Clock

j+12

j+13
j+ 17
j+ 18
j+ 20

j+ 24

Clock

10

11

12

13

Operation

BCR Bus
P——Memory (read)

CCX 4) instruction MB

X 4 Byte 1 Bus
X 4 Byte 2——Bus

X, Byte 3

Bus

Bus

X4 Byte 4

(See Section 10. 3.3 for details on how these
bytes are formed)

Operations in Requesting Cell, C1

Operation
X2 Command ——BCR, Decoded, Interrupt

Fixed Address—— Memory (write)

MB Memory (stored)
Fixed Address —- Memory (read)
Response Word 1 —— MB

Response Word 11 —— BCR
Fixed Address — Memory (read)

BCR —— Bus
Response Word 19 —— BCR
Response Word 2 MB

BCR — Bus
Response Word 21 —— BCR

BCR — Bus*
Response Word 29 —— BCR

BCR Bus

9 bit count from Response Word 2
saved in BCR
Fixed Address

Memory (write)
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DATA
RCV'D
From

It should be noted that the lo
byte to Cg has been sent out

Clock

14

15

16
17
18
19
20

j+12

j+28

j+29

j+ 30

j+31

j+32

j+33

this logical property
and X7 commands. )

N

Operation
A — Memory

Fixed Address —— Memory (write)
BCR (Count) —. A

P —— Memory (stored)

Fixed Address —~ Memory (read)
Address where to store data — MB
MB—P

idle until command from Co

X3 Command — BCR, Decoded, logic
set to input over the bus

Word 1; —~ BCR

BCR —+» MB
Word 19 — BCR
P — Memory (write)

BCR — MB

MB —- Memory (Word 1 stored)
Word 21 — BCR

A-1—+A

P+1 — P

BCR —— MB
word 29 — BCR
P Memory (write)

BCR — MB

MB —— Memory (Word 2 stored)
Word 3; — BCR

A-1—A

P+1 — P

ETC. Until A = 0 or one-shot timer that times
interval between words exceeds some maxi-
mum time, then if A # 0, interrupt.

gic to input data in Cj is not enabled until the last X4
by Cq since this byte has a '1' on line 1. (Recall that
is required to enable the bus communication logic for X3, X4
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Operations in Sending Cell Cy

Clock Operation

(See 10.4.2 for these operations, since they are identical)

j+28 Word 1y —— Bus
j+29 Word 1, — Bus
ETC.

10.4.4 Controller Cell, Cq, to Scan a Cell for Requests - Cell, C1, to Request
to Send Words to Cell, Co

This operation is very similar to that described above in 10.4.3. The primary
difference being that upon examining the response word from Cj, the controller cell
will send out different X commands. Cell Cy will of course be following a procedure
for outputting data; while cell Ca will follow the procedure presented in 10.4.1 to
input data.

Operations in Controller Cell

Clock Operation
1 CcC (Xz) instruction — MB
2 Xo Command —— BCR
Cell ID SCR
One-Shot Timery; — Set
3 BCR —— Bus
4-8 Idle
9 Response Byte 1 — BCR
10 BCR — A

Response Byte 2 BCR

P —. Memory (read)

11 BCR — A
Response Byte 3 —— BCR
Next Instruction —— MB

12 BCR — L
Response Byte 4 — BCR
(For details on next instruction and the
remainder of the software routine to process
the response word see Section 11.2. It is
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Clock

13
k+10
k +14
k+15
k + 17
k + 18

k +21

k + 22
k + 23

k + 24

k +22

k + 23

k +24

Nhennevnd? e
UPUL ALAVLLD

Operation
assumed that this routine will take k clock
times to complete.) (This routine will, of
course, branch differently than that in the
previous operation 10. 4. 3, since the response
word now contains an output request. )
BCR —- L
CC (X3) instruction —- MB
X3 Byte 1 — Bus
X3 Byte 2 —— Bus
X3 Byte 3 — Bus
CcC (X7) instruction — MB
X3 Byte 4 —- Bus
(see section 10. 3.3 for detailed mechaniza-
tion of the CC (X3) instructions)
Xn» Byte 1 — Bus
X7 Byte 2 —— Bus

X7 Byte 3 —— Bus

3w wmamsnatine Anll N
i s oyquTouang CCia ul

Operation

The operations for clock times 3-20 are
identical to those given in 10. 4. 3 except for
clock time 13, the count is not saved in
BCR and clock time 15, BCR is not trans-
ferred to A

X7 Byte 1 — BCR, Decoded

X, Byte 2 — BCR, Output Operation
Decoded

Part of BCR —— A and MB

X7 Byte 3 —— BCR
Fixed Address — Memory (write)
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Clock Operation
} k + 25 Part of BCR — A and MB
|

MB Memory (count is stored)
k + 26 P —— Memory (read)

k + 27 Word 1 —— MB
P+1 —P

k + 28 Word 1; —— BCR
P —— Memory (read)
A-1—— A

k + 29 BCR —— Bus (1st data byte out)
‘ Word 13 — BCR
. Word 2 MB
P+1

P

k + 30 ETC. until A = 0, then complete interrupted
instruction

Operations in Receiving Cell 02

Clock Operation
k +14 X3 Command —- BCR, Decoded, Interrupt
k + 15 X3 Byte 2 — BCR

ETC. (the same procedure is followed as
in 10.4.1) at clock time k + 22 the cell is
ready to accept data, however this first
data byte will be received at clock time
k +29

10.4.5 Controller Cell to Tell One Cell, C,, to Output to Another Cell, C2

This operation is simply a combination of the X3 and X4 commands described
in 10.4.1 and 10.4.2, Therefore the description here will be minimal.

Operations in Controller Cell

Clock Operation
1 CC (X3) instruction MB
5 X3 Byte 1 —— Bus
6 X3 Byte 2 —— Bus
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Clock Operation

8 X3 Byte 3 —— Bus
9 CC X 4) instruction —— MB
12 X3 Byte 4 — Bus
13 X, Byte 1 — Bus
14 X 4 Byte 2 —— Bus
16 : X 4 Byte 3 — Bus
20 X 4 Byte 4 — Bus
Operations in Receiving Cell 02
Clock Operation
5 X3 —— BCR, Decoded, Interrupt
1:; Ready to Accept Data
Operations in Sending Cell C1
Clock Operation
13 X 4 BCR, Decoded, Interrupt
2.‘; 1st Data Byte on the Bus

It should be recalled here that the receiving cell C, uses the 0 to 1 transition on
line 1 in the 4th command byte of X, to enable its 3ata inputting circuitry.

10. 4.6 Controller Cell to Tell One Cell, C1 to Input from Another Cell, 02

This operation is mechanized identically to that above.
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10.4.7 Controller Cell to Tell Another Cell, Cl to Reconfigure Some Internal
Control State

Case 1: CC (Xy)

Operations in Controller Cell

Clock Operation
1 CC ()(6) instruction — MB
2 X 6 — BCR
3 BCR —— Bus

Operations in Cell1

Clock Operation
3 X6 —— BCR, Decoded, Interrupt
4 Change Control State

Case 2: CC (x7):

Operations in Controller Cell

Clock Operation
1 CcC (X7) Instruction — MB
5 Xq Byte 1 — Bus
7 X,7 Byte 2 — Bus

Operations in Cell C1

Clock Operation
5 X7 —— BCR, Decoded, Interrupt
7 X,7 Byte 2 —— BCR, Decoded
8 Change Control State
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10.4.8 Controller Cell to Request Status Word From Cell 01

Operations in Controller Cell

Clock Operation
1 CcC (X5) instruction — MB
2 X5 — BCR

One Shot Timer1 —— Set

3 BCR —— Bus
4-7 IDLE
8 Status Word — BCR
(A software routine will process the
Status Word)

Operations in Cell C1

Clock Operation
3 X5 — BCR, Decoded, Interrupt
4 Fixed Address — Memory (write)
5 MB —— Memory (Saved)
6 Fixed Address — Memory {vead)
7 Status Word — MB
8 MB — BCR

BCR —— Bus

It should be noted here that the one-shot timer introduced in Section 10.4.3
is again used here to prevent a no response condition from hanging up the controller
cell.

10.4.9 Global Operations - Format GC Instructions

The previous described operations were all local operations. The operations
that follow will now be classified as Global. The first of these to be described is
the Format GC Instruction.
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Operations in Controller Cell

Clock Operation
1 CC (XO) Instruction MB
2 XO ——- BCR
3 BCR —— Bus

Operations in the Cells
Clock Operation
3 a) X, — BCR

b) if Y = ! and cell # dependent global
state, then ignore the command

¢) Xg decoded and proper GC Format
Signal generated and sent to processor
control logic

10.4. 10 Level Control GC Instructions (Xo)

Operations in Controller Cell

Clock Operation
1 CC X,) Instruction MB
2 XO———BCR
3 BCR ——Bus

Operations in the Cells
Clock Operation

3 a) X

0 BCR

b) if Y =01 + 10, and cell = any dependent
state, and L = Level Register in the cell;
then decode the command

¢) Xq decoded and change of state issued
to the cell

10.4.11 Level Control GC Instructions (X;)

Same as 10.4.10 except an X; code is used and Y does not have to be checked.
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10.-4.12 Individual Cell GC Instructions (X7)

Operations in Controller Cell

Clock Operation
1 CC (X7) Instruction Word 1 — MB
5 X7 Byte 1 — Bus
7 X7 Byte 2 — Bus

(See Section 10. 3.4 for details on X

mechanization) 7

Operations in Receiving Cell ¢y

Clock Operation
5 X7 —— BCR, Decoded
7 X7 Byte 2— BCR

X7 EXT is decoded and the proper change of
state is performed (see 10.1.2 for these
operations); if indicated by X7 EXT, L is
used to set the level register

It should be noted in the above operation that the X7 is not decoded as a GC
command until X7 EXT is received.

The following procedures are used to change the states. From the independent
state to the dependent local state the following is done. The program counter is
saved in the same location as used for interrupts and the present instruction com-
pleted, then the hardware accumulator is stored in its memory location. The next
instruction will then be taken from a fixed location in memory. From the independent
to the dependent wait or global state the same is done except that no next instruction
is fetched. It should be noted that it will be the responsibility of the program that
follows to save the necessary accumulators and index/bank registers in this cell;
essentially this may be considered an interrupting program.

To go from a dependent state to the independent state, the program counter is
restored from the same location that it is automatically stored in above and the cell
is restarted independently.

To enter the controller cell state, a fixed location will be used to fetch the
next instruction. If the cell was in an independent state or dependent local state
prior to this, the program counter and hardware accumulator would be saved as
done above and the present instruction completed.
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10.4.13 End of Transmission (XO)

This command is generated by the bus I/O control hardware in a cell upon the
completion of an X,, output, command. It is the only command that can be sent from
a cell that is not a controller cell. The command simply consists of the control line
going to the one state and all 0's on the 8 byte data lines. It is thus very simple to
generate in the control section. This command will result in the IC Busy register
(Inter-Cell bus busy FF) being reset.
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11. EXECUTIVE DESIGN

11.1 INTRODUCTION

The distributed processor has many levels of control as described previously.
This results in many levels of control (executive action) in the software to program
the computer. The executive programs may be considered at three levels: (1) the
system executive, (2) the group executive, and (3) the cell executive.

The group executive will be discussed first in this section. Basically this
executive controls a group of cells. Each group must have allocated one cell as a
controller cell; this cell will act as the group executive. Since each cell in a group
is identical any cell can perform as a controller cell. The group executive functions
will reside in one or more cells in a group (more than one as required due to
storage limitations of an individual cell) and one of these cells will be acting as a
controller cell at any one time. Although the different programs that comprise the
group executive may be in different cells, this set of cells (which always includes the
present cell that is in the controller cell state) is called the group executive.

The cell executive is that program that resides in an individual cell and controls
its performance. As may be expected, this program is considerably simpler and
smaller than the group executive. Each cell will have its own executive and in gen-
eral they will all be different although containing many basic similarities.

One of the group executives will have in addition to the group executive func-
tions, functions that control the operation of the overall computer system. These
functions will be called the system executive and this group will be said to contain
the system executive.

11.2 GROUP EXECUTIVE

The group executive has many functions. Basically, it must control the opera-
tion of the cells in the group and the inter-cell communication bus, it must recon-
figure the group resources due to changes in processing requirements and due to
failures, and finally it must interface with other groups. The functions may be
broken down into six subfunctions:

1. Control system resources

2. Furnish global programs to dependent cells

3. Allocate system resources

4. Test system hardware and software, and respond to any malfunctions
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5. Reconfigure system upon

a. Normal phase change
b. Malfunction

6. Interface with other groups, including the system executive
Each of these subfunctions will be discussed below.

11.2.1 Control System Resources

The group executive has many more resources to control than the usual
executive of traditional computer systems. In some ways this job is easier in the
distributed computer system, in some ways more difficult. This section of the
group executive is concerned with the controller cell interface with the operational
cells as the cells require services of the executive. No malfunctions are considered
here, nor is reconfiguration, these problems are discussed in Sections 8 and 11.2.4.

The computational tasks will be performed in the operational cells. These
cells may require executive services such as getting 1/0 data over the inter-cell
bus, getting intermediate computational data from other operational cells, setting
clocks, etc. The group executive will provide such services under the subfunction
of "control system resources.'" These services will be provided in two modes:
periodic and background. Periodic services are those required at fixed predeter-
mined intervals of time while background services are those fitted in between the
periodic according to some priority scheme. Each of these two modes of service
will be described below. The services will also be provided in two ways: by com-
mand or request. Command services are those completely controlled by the con-
troller cell, e.g. the controller cell commanding one cell to send another cell certain
data. Request services are those requested by the operational cells, e.g. an opera-
tional cell requesting data from another cell.

It should be noted here that the group executive function of control system
resources is actually controlled or formed by another group executive function
namely that of "allocate system resources'' which will be discussed later (sec-
tion 11.2.3). The function of controlling the system resources may also be considered
as one of controlling the control and data flow over the inter-cell bus; this will be
made clearer in the discussion below.

The periodic mode will be described first. The periodic programs and the
times they require service will be listed in a table as shown in Table 11-1. These
table entries are described below. It should be kept in mind when reading this
section that the actual programs are contained in the operational cells and are
executed therein. The controller cell is only performing certain executive functions.

The next interrupt time is the time at which the cell is expected to request
service, or will need service. Unlike a traditional computer system, each cell
contains a clock. The clocks will all be synchronized.

The period for interrupt time is the time interval between requests. This table
entry may be changed by the controller cell or the problem cells as required.
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Table 11-1. Control Program Data

Next Interrupt Time
Period for Interrupt Times
Status of Task

Task Identification

Valid Request List

The task status tells the controller cell whether the task is active, or inactive
and not requiring attention, or has been suspended for a more important higher
priority task.

A task may make certain requests of the group executive. These include input
request, output request, data transfer to another cell, global program data from
controller cell, etc. Each task is expected to make only certain types of requests.
There are task requests that are not valid, and the valid request list may be used to
prevent these from taking place. Certain cells, for example, may never be written
into, or over-layed with new programs.

The table entries can be time ordered or placed in a linked list as shown in
Figure 11-1, where each request contains a link to the next time. With the latter
method, inserting new requests and deleting requests that are no longer needed is
simplified. Although this method may not be used in actual practice, it will be
assumed here in this section.

A real time clock (RTC) in the processor section of the controller cell will be
used to time the interrupts to provide periodic servicing of the tasks listed in
Table 11-1. The flow diagram in Figure 11-2 shows how the RTC interrupt is proc-
essed in the controller cell.

When the clock becomes zero, the interrupt hardware saves the program
counter and any other status information as required in the processor. The instruc-
tion at the dedicated memory location for the RTC interrupt is then fetched. This is
done in block 1.

Block 2, using the start link address, gets the next clock time at which an

interrupt is desired. The link is changed to put the top item (which is being processed

now) in a new, different list. The Controller Cell (CC) interrupted program counter
is saved in this list. The item for which the clock is being set now becomes the top
item. The remaining list items remain the same. Block 4 will now allow a RTC
interrupt. The link list has been updated so now the interrupts can be stacked.

Block 5 may be omitted if the nature of the service to be performed is known to

the CC, such as the next part of a global instruction sequence. This flow chart
assumes a worst case in that the cell address must be fetched so that the CC can send
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START

NEXT INTERRUPT TIME

LINK TO NEXT WORD

PERIOD FOR TIMES

TASK ID, STATUS

VALIDITY CHECKS

LJ NEXT INTERRUPT TIME

LINK TO NEXT BLOCK

PERIOD FOR TIMES

TASK ID, STATUS

VALIDITY CHECKS

Figure 11-1. Link List for RTC Requests
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GREATER PRIORITY THAN 10
THE CC INTERRUPTED
PROGRAM? NO | SAVE THE REQUEST AND PLACE IN THE JOB STACK.

] RETURN TO THE CC INTERRUPTED ROUTINE,

Figure 11-2. Periodic Control of System Resources by Real Time Clock
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this cell a command to report its communication request status. (A detailed dis-
cussion of commands sent and received on the inter-cell bus is given in Section 10;
this chapter simply discusses how some of the commands are used and not how they
are mechanized.)

The Task Identification in Table 11-1 is an identifier that points to a table in
the CC (Table 11-3). This table contains, for this Task Identification, the priority
and the cell address to which the report communication request GC command (here-
after called x2) should be sent. The priority will be compared to the CC interrupted
program priority. The cell address, obtained from this table, is used to make up
a CC instruction to send the X5 command to the cell given by the address. The CC
instruction will then be executed in the CC (Block 7). The receiving cell will return
a response request word. How the cell forms and sends the request word is
described in the cell executive (Section 11.4). The request word will contain whether
input or output over the bus is required, an address and a word count. The group
executive will examine the requested cell address, address, and word count (Block 8).
Knowing the priority and what type of request may be expected by examining the con-
trol program data table (Table 11-1), the group executive will decide whether this
cell has a higher priority than the interrupted program in the CC and whether the
request is valid.

The "Next Job Stack' will contain the list of jobs that need to be done. The
concept is used here to explain how the jobs are listed. The group executive can
select which job is to be continued with and which is to be held in the stack until its
priority has become larger than all the other jobs. Here, in the RTC routine, there
are two jobs to consider: the requested service by the responding cell and the CC
program that was interrupted. The relative priorities of these two jobs are known to
the group executive and thus a decision can be made as to which must be processed
first,

Blocks 8, 9 and 12 are described in more detail in the flow chart in Figure 11-3.
The CC first examines the response request word received from the cell. Some of
the possible requests are: Input, Output, Global Program, No request, etc. Further
software study would be required to define the full spectrum of the requests.
However, most requests may simply be defined as either input or output. For
example, if the cell desired a global program be sent to it, it could request input
service from the CC at a certain address in the CC. The CC can identify this from
Table 11-1 as a global program request. The CC checks the priority and validity
of the request.

A request will be processed by the CC by forming the proper CC instructions
in the CC and executing them. These CC instructions may be to send out input/output
GC commands over the bus (referred to as X3 and X4 commands in Figure 11-3).
The GC commands on the bus will then initiate the desired service to be accomplished.
Section 10 contains a detailed description of the operations on the bus and the mech-
anization of the commands sent on it. The intent in this section is to show how these
commands interface with the executives and not their detailed implementation.

It should be noted here that as part of the validity check on the request, the

CC will determine if the request can be completed in time before the next interrupt
occurs. It will do this by examining the word count and the time to the next interrupt.
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IS COUNT GREATER
THAN ZERO?

¥

GET PRIORITY FROM
CPD (TABLE 3-1)

v
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OF INTERRUPTED PROGRAM,
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NO

(o
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REQUESTED @

NO
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CHECK CELL ID AND
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REQUEST LIST (TABLE 3-1)

VALID
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CELL ADDRESS AND WORD COUNT
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LOCATION AND EXECUTE THE
CC INSTR, TO SEND OUT THE
DESIRED GC COMMANDS

(X3, X4) ON THE BUS

Figure 11-3. Processing a Cell's Request
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Since the time for transmissions over the inter-cell bus is known, the CC will deter-
mine if the desired word count can be accommodated. If it cannot, the CC can either
reduce the word count or treat this as an invalid request. It should be noted that this
occurrence should be very rare for the periodic service.

The background mode of service will be described next. This mode of service
is handled by periodically entering the "Cell Poll Executive'' routine shown in Fig-
ure 11-4. The purpose of this routine is to poll or request response for service
words from the cells according to some priority scheme. The CC then examines the
requests and initiates service as previously described for the periodic services.

This routine will be entered periodically. However, its length will be unknown
since the amount of requests that will be received are unknown or cannot be antici-
pated. It will also be interrupted whenever the periodic service routine needs to be
entered as determined by the RTC. Therefore, this routine can be visualized as
service being filled in around the periodic service, essentially this is background
gervice. In actual use the CC will be spending most of its execution time on the
periodic and background service routines; one can visualize the CC then as period-
ically servicing certain cells or tasks and then at the spare or 'dead' time servicing
the other cells or tasks.

As shown in Figure 11-4, the request poll program starts with the task that has
the highest priority. The CC forms a CC instruction and executes it to send out a
GC (Xg) command that will request a response word from a particular cell. After the
response word is received it is examined to determine the "status of the request."
This is performed very much the same as described previously under the periodic
gervice: the type of request is examined, cell address and word count are checked.
The validity of the request is checked and the appropriate action taken similarly to
the previous description.

A problem that will occur in this routine much more frequently than in the
periodic service routine is that of completing the requests in time before the RTC
interrupt. If the request is for input/output communications over the inter-cell bus,
the CC will examine the word count requested. It will determine if the desired com-
munications can be accomplished in the time interval before the next RTC interrupt
occurs. Actually, this interrupt will not bother the communications, since it affects
only the controller cell (unless the controller cell is one of the parties to the com-
munication). However, the RTC will need the intercell bus (usually) to send a GC
command and receive the response. Thus 1/0 should not be started if it cannot be
completed before the RTC runs down.

If there is not time, the executive will either reduce the count so that there is
time, or will decide to not allow the 1/0O to be performed. I the latter course of
action is chosen, special action needs to be taken since the response has been fetched
from the cell. The cell has set itself up for I/0 transmission, and is expecting a
GC command and data. One way is to return a GC command (input or output) with a
count of zero. Thus the cell executive will note the count and try again later.
Another approach is to use a special GC command to cause the cell to return to its
status before the GC x2 was received on the inter-cell bus. Either approach can be
used.
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Figure 11-4. Cell Poll Executive Routine
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Upon servicing this request, the next task according to priority will be polled.
The rate at which each cell is interrogated depends upon the priority of the tasks
and how the priority relates to the inter-cell bus communications requirements,
The priority scheme is not defined here, nor can it be defined until the system
requirements, 1/0O conditioner specifications, scientific experiments as well as the
other tasks have all been defined. The only assumption made here is that the
priority will require some cells to be interrogated more frequently than others. At

the end of the list, the program 1is re—initialized for another pass through the list of
tasks.

It should be noted here that for both modes of service, periodic and background,
the CC will not be able to use the bus during the communications time for the request
being serviced. That is, if Cell 1 wants data from Cell 2, during the time that
Cell 2 is transmitting the data to Cell 1, the CC can not interfere by trying to use
the bus. During this time the CC can do other tasks such as various internal house-
keeping executives. (Of course, if the CC is one of the parties to the communica-
tions, then it is tied up communicating and cannot be doing any other tasks.) The
only difficulty in doing these other internal tasks is that the time to accomplish the
communications will be quite random. However, for any given request the CC will
know the count of the number of words to be communicated. It will therefore know
the approximate time to communicate and may thereby select which one, if any, of
the internal tasks to take on. The CC may either keep on doing an internal task
until it receives an "IC Busy' free interrupt (recall that the transmitting cell sends
out a global command at the end of transmission that resets the IC Busy FF; this
can then be used to generate an interrupt) or it may simply set its clock to interrupt
itself after a specified interval of time. The "IC Busy" free interrupt will be used
quite frequently during the background mode of service; the interrupt can cause the
CC to then poll the next cell for a request.

11.2.2 Furnish Global Programs to Dependent Cells

The cell or cells that contains the group executive contains all the global instruc-
tions that are to be executed by the dependent cells. Because these instructions are
sent on the inter-cell bus and the controller cell controls the inter-cell bus, the
controller cell sends out all the global programs. These global programs may be
simply sent out by the controller cell or they may be sent out in response to a request
either by the periodic or background service routines.

At the time a global program is to be sent out, the controller cell will transfer
to the start of the global program. This program will usually begin by addressing
the individual cells that will be used and setting each one to the desired level. Once
this is done, the rest of the global program is fetched from the controller cell
memory and sent to the dependent cells. The controller cell transmit and execute
mode instructions are used to control the sequence of instructions sent out from the
controller cell. During this time, the inter-cell bus can not be used for input/output.
If time is needed for input/output, the controller cell must discontinue the global
program before any input/output instructions can be executed.

The instructions used by the controller cell to change modes and control the
global program are described in section 6.
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11.2.3 Allocate System Resources

The group is made up of hardware resources, software resources and time.
The efficient use of these resources is required to perform all the tasks required.
This efficiency can become important as the space flight continues and hardware
malfunctions occur and the hardware fails. The remaining resources must perform
efficiently to ensure mission success.

Before the executive scheduler program can begin to allocate system resources
and schedule the use of these resources, there must be made available to this program
a list of the hardware resources in the system and a list of what tasks must be per-
formed by the group. Table 11-2 shows a hardware resources list. The resources
are listed with their status. The status will contain such information as power off,
malfunctioning, failed connections, etc. The tasks are all the tasks that require this
hardware resource.

Another set of data required is the software requirements. Table 11-3 gives
these requirements. This table is changed by the system executive as the needs of
the computer system change. Each task that is performed has a priority and a list
of major programs that make up this task.

Table 11-2. Hardware Resources Table

Resource Status Tasks using this Resource
Cell 01 3 2, 56
Cell 02 2 3
1/0 Conditioner 01 1 8
1/0 Connection to 8 7, 23, 9

I/O Conditioner

Inter-Cell Bus 1
Group Bus Switch 1 1
Group Bus Switch 2 1
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Table 11-3. Software Requirements

1. Task Identification
2. Priority

3. Programs Required by this Task

Table 11-4 gives detailed program requirements. Usually a copy of this data
will be kept in the bulk storage unit and called when required. This table is impor-
tant, since it links the software to the hardware. Table 11-4 will be discussed in
detail below.

Program, Task Identification

The program number, program, task identification or task number, identifies
the program to the system and is also used in the hardware resources table.

Number of Cells Required

The number of cells required is the normal cell requirements. However, there
exist programs whose cell requirements can vary. Some, such as data reduction
programs with long global programs, can vary from one to as many cells as there
are available in the group. For these special cases the number of cells may be
varied by the executive scheduler to accommodate other requirements and restraints.

For most programs, there is a number of cells that makes good use of the
storage and does not use too much inter-cell bus time. Fewer cells may require
more 1/0 or inter-cell bus time, more cells may require more neighbor communica-
tiontime, executivetime and memory. If there are noproblems the normal cell count
will be used. The executive scheduler will use this program, as compiled, through-
out the entire mission. If problems arise, such as (1) using all the spare cells in a
group, (2) the intergroup bus fails or (3) a group fails; then the system executive may
recompile some programs to use less of the system resources. Note that the system
executive may wish to recompile certain critical programs to reduce their reliance
upon resources that present a single point failure. For example, if one inter-group
bus fails, the other is now a single point failure. Following the time of the inter-
group bus failure, the system executive will direct one of the groups to recompile the
critical programs to bypass the inter-group bus or to prepare to use alternate paths
(such as through 1/0O conditioners or the manual consoles). Thus if the second (or
last inter-group bus, if there are more than two) fails, the critical programs are
prepared for this failure. Conversely, if an I/O conditioner should fail, these same
critical programs may be recompiled to make more use of the inter-group bus and/or
use critical data from alternate I/O conditioners.

The distributed computer system has the properties for providing many paths
and alternate ways to accomplish tasks. Thus any rules that can be set down can be
broken under 'certain' conditions, especially when failures occur. In present,
nondistributed computer systems, there is a memory, a processor and 1/0
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Table 11-4. Program Requirements

10.
11.
12,

13.

Program, Task Identification
Number of cells required
Word Count for Each Cell
Priority, Etc.

Periodic or on Request
Time Period (if Periodic)
Input Requirements
Output Requirements
Neighbor Requirements
Cell Bus Usage

Starting Location

Restart Location

Other Programs Required by this Program, Such as Subroutines

conditioners. A program is in memory and instructions are executed periodically.
In the distributed processor, there is no processor penalty for more rapid execution
or more repetitive execution. Note that this does not apply to the I/0O or inter-cell
bus system.

The distributed processor can, by recompiling the programs, change:

1

.

2.

3.

4.

5.

6.

Storage

Number of cells used
Inter-cell bus usage
Inter-group bus usage
Neighbor to neighbor usage

Execution time

Thus many variables are available to mold the system to meet certain objectives.
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Word Count

The word count allows the executive scheduler program to best fit the programs
in the group. This parameter is of particular importance when several programs
must share a cell.

Priority, Etc.

This parameter depends upon the use of the program. A subroutine which is
used by a very high critical program will be of the same priority, whereas the
same subroutine, when used only by a low priority program, will have a low priority.
The priority is very application dependent. At the time the system is firmly defined,
the priority numbers may be assigned to.the programs. The executive scheduler,
using its knowledge of the system requirements at a particular point in time, may
change the priorities to best insure the probability of mission success.

Periodic or Request

This refers to the fact that some programs are required to be performed at
certain intervals of time. Other programs are executed only upon the request and
demand of another program. Periodic programs, on the other hand, are executed
on demand of the real time clock.

The periodic programs are divided into two categories, the absolutely periodic
and the average periodic programs. The absolutely periodic programs must be
started at periodic intervals, e.g., 0, 20, 40, 60, 80, .....

The average periodic programs may be varied in starting time, but the
average starting times are constrained to be within some limits. For example, the
sequence 0, 25, 45, 60, 80 is acceptable. The delay from 20 to 25 may have been
caused by a higher priority program interrupt.

Input Requirements, Output Requirements

All required interfaces to the outside world are defined. The conditioners that
are needed, the data rate, the identification of the data are all listed. The cell bus
usage is not required here, as the cell bus usage is handled in another table entry.

Special input requirements, such as special sensor commands that must be
output before the processing can begin are given in this table entry. Again this
data is very application oriented.

Neighbor Requirements

Any spatial requirements imposed by neighbor cell communication are given
here. It is expected that all the tasks that will not fit in a single cell will use a
small number of cells, working together, to form a SET of cells. This set would be
fitted with the other sets that make up the group. This fitting is a geometric
relationship, fitting the sets of cells among the good cells of the group.
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Cell Bus Usage

The executive scheduler must know the inter-cell bus usage requirements of the
programs. These table entries give the inter-cell bus usage requirements of the
program. This problem is discussed in considerable detail in the latter part of this
section where the executive scheduler is discussed.

Start Location

The start location is the location where the program is to begin execution. If
this is a dependent global program, the initial locations will usually be the controller
cell setting the cells to the proper level.

Restart Location

The restart location is for those programs that have initialization procedures
in the program. The restart location, or locations, are used when the calling pro-
grams have different initialization requirements.

Other Programs

Other required programs are listed for the reconfiguration programs and
the schedules.

The executive scheduler will have the hardware resources table, the program
requirements table, and the software requirements table at its disposal. The soft-
ware requirements table, made up by the system executive, will contain a list of
the absolutely essential programs, the high priority programs and the low priority
programs.

Figure 11-5 contains a flow chart of the executive scheduler and will be dis-
cussed in detail in the remainder of this section.

The executive scheduler will take each task and fetch the Program Require-
ments table (PR table, Table 11-4) for this task, from the bulk storage unit. The
PR table entry for this task may contain "other programs required' entry that calls
out other programs that are needed. The executive scheduler program will add these
to the list of required programs. The duplicated are then eliminated. Storage and
the inter-cell bus requirements are added up. The I/O requirements are listed
as 1/0 conditioners and 1/O connections. After all the required (essential) tasks
are processed, the storage and other hardware sources that are available (not
failed) are compared and examined. A problem exists if the total storage is more
than the total group capacity. Actually the storage available will be less than the
total words of storage because of the overhead and some wasted space in some cells.
Thus, if the simple sum of all memory storage requirements is greater than all the
cell memories; there is no way to fit all the programs in. A similar line of reason-
ing holds for the inter-cell bus and I/O requirements. The expectation of the
resources being a problem at this point in the executive scheduler is small. Later in
the scheduled program there may be a cause for problems if the demand for service
i8 too great. The next block in the flow diagram examines the inter-dell bus

11-15



C SCHEDULE )
Y

COLLECT ALL ESSENTIAL
PROGRAMS FROM TASK

TABLE
¥

SUM ALL CELL

"NO

REQUIREMENTS
ARE THERE ENOUGH ?

&YES

SUM ALL INTER-CELL
BUS REQUIREMENTS =
SUFFICIENT RESOURCES?

INFORM SYSTEM EXECUTIVE
ESSENTIAL PROGRAMS CAN NOT
BE PERFORMED

NO

* YES

SUM ALL I/O
REQUIREMENTS -
SUFFICIENT RESOURCES?

NO

\ R

MAKE UP THE TENTATIVE
CELL BUS USAGE SCHEDULE

%

GET HIGHEST PRIORITY
PERIODIC PROGRAM

Y

SUM ALL REQUIREMENTS,
(CELL, INTER-CELL BUS
AND 1/O) - SUFFICIENT
RESOURCES ?

NO

CHECK BULK STORAGE UNIT
FOR ALTERNATE PROGRAMS
AND/OR OTHER 1/O SOURCES
WILL ALTERNATE FIT?

YES

* YES

ADD INTER~CELL BUS
REQUIREMENTS TO SCHEDULE

|

MORE PROGRAMS TO
SCHEDULE?

NO

Figure 11-5.

NO

Executive Flow Chart

11-16




ASSIGN THE
1/0 CELLS

!

ASSIGN THE
1/0 PROGRAMS

!

ASSIGN THE
REMAINING PROGRAMS
STARTING WITH THE

LARGEST

MAKE UP THE BUS
USAGE SCHEDULE
AND CONTROLLER
CELL SCHEDULE

!

DATA TO
BULK
STORE

!

TRANSFER CONTROL
TO PROGRAM LOADER

Figure 11-5. (Cont)

11-17




requirements and makes up a tentative bus schedule. A major cycle time is
selected and the time requirements, rate and deviation of each task are noted.

The software test and controller cell to system executive times are included. The
result is:

SOFTW ARE CC = SYSTEM

TEST EXECUTIVE TASK 1 TASK 2 %

START

MAIJOR

CYCLE

TIME

eee  SPARE

% i " T T L (TR T8 TIME
END OF
MAJOR
CYCLE
TIME

Figure 11-6. Preliminary Time Schedule, Inter-Cell Bus

Note that there is no attempt in Figure 11-6 to order the tasks, they are just placed
in approximate order and duration. The software test, for example, is usually done
last, not first. The contrast to the final order will be evident later on when Fig-
ure 11-10 is discussed. The exact periodic and fitting of times will also be done
later.

Having gotten to this point the executive scheduler will begin to make up the
final bus schedule. The highest priority task is selected and all the requirements
for this task are listed; the storage is totaled and the number of cells required are
noted. For example, if the controller cell requires 2-1/2 cells, one-half a cell is
available for other use; 2-1/2 cells are removed from the group resource list. The
inter-cell bus requirements (which for the controller cell will be the software test
and communication with the system executive and bulk storage unit) are noted. The
preliminary schedule (Figure 11-6) is used, the exact times are set and the durations
are noted. This may push aside and cause some other tasks to be delayed. This task
is now assigned time slots and if the program requires an exact periodic timing,
these times will be fixed. Any special I/0 requirements to any conditioners are
noted.
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The next highest priority program is obtained from the list of essential tasks
and the storage requirements obtained. Cells are allocated to contain-this task. The
inter-cell bus requirements are obtained and put in the same spots on the prelimi-
nary schedule. However, this time the exact times are used; the tasks are placed
next to one another (see Figure 11-7). If each task is an integer multiple of a com-
mon sub multiple, there will never be any time in which two tasks require the bus at
the same time. The use of a major cycle time will also prevent the occurrence
of two periodic tasks requiring the bus at the same time.

Reserved Res. Res. Res. Res.
| T1 T1 | T1 L'r1 T1
T2 T2 T2 |

Figure 11-7, Constructing the Bus Schedule

By using a common submultiple for all essential periodic programs, the scheduling
is simpler. One possible sequence is shown below; every periodic task is executed
at one of the following rates — no other rates are used.

Times per second
1/16 1/8 1/4 1/2 1 2 4 8 16 32 64 128 .
Sometimes a task to be added to the schedule will require a block of time that is

longer than the available time. First, a trial will be made to shift previous tasks
to leave enough room as shown in Figure 11-8,

T1 T1 T1

T2 T2

T3

Figure 11-8, Shifting the Bus Schedule

Note that T3 is too long. By delaying the start of T3, BUT NOT THE PERIOD, the
task can be made to fit (Figure 11-9).

T1 T1 T1

T2 T3 T2

Figure 11-9. Fitting Periodic Tasks in the Bus Schedule
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If this attempt is not successful, the scheduler program will split the program into

sections. Note the tasks that are split are always of a lower priority than the tasks
that are already scheduled. Thus the highest priority tasks will not be interrupted

by a lower priority task (Figure 11-10).

T1 T1 T1

T2 T2

T3 T3

Figure 11-10. Splitting the Periodic Use of the Bus

The periodic and approximately periodic programs will require accurate time
placement, the exact cell bus usage times will be scheduled and this time list will be
used by the group executive when the object programs are being executed. For other
programs, the request poll (see Section 11.2.1) in the group executive will be used.
This poll program will start 1/O over the inter-cell bus only when the periodic pro-
grams, which are already scheduled, are not using the inter-cell bus. However,
some time, unused by the periodic programs must be allocated so the remaining
programs can use the inter-cell bus. If all the inter-cell bus time is reserved for
periodic programs, there will be no time left for the polled programs. The latter
programs must be given some spare bus time. The preliminary time schedule made
up initially will insure that sufficient time is available.

The cell assignments are made next. An example will be given to illustrate
the procedure. It is assumed the compiler has calculated the word count needed for
each task, the number of cells and neighbor lines. Figure 11-11 contains an example
and shows the present step in the assignment procedure as shaded area, and past
assignments as cross-hatched areas. An explanation of each assignment step is
given below:

1. All tasks that require I/O conditioner connections (via an I/0 line) are
done first, Figure 11-11(1). These cells have special hardware connec-
tions to the conditioners that will not be changed unless a failure occurs.

2. All tasks using these I/O cells are assigned to cells that have a neighbor
line connection to these 1/0 cells.

3. The task with the largest connected set of cells is assigned to the smallest
set of cells in which it will fit. The executive scheduler program will try
to leave the resulting area so there are no isolated squares. Thus Fig-
ure 11-11(3a) is preferred to 11-11(3b).

4. Since long closed-end connected cells are more difficult to fit than rec-
tangular or open-end connected cell sets, the former will be fitted next.
The term closed end means that the first cell is connected to the second,
the second to the third, the third to the fourth, etc., and the last is
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Figure 11-11. Cell Assignment Procedure

connected to the first. Also included here are all the sets of cells with
complicated neighbor connections.

5. Finally, all the single or pairs of cells are fitted into the remaining
areas.

Several trials may be required to get all the cells to fit within the group.
By noting what cell geometry is required and the present spatial relationship, the
allocation procedure can begin again, this time attempting to make room for the
remaining cells. The algorithm to be followed to attempt to reassign the cells has
not been defined at this time. Section 4 of this report discusses the problems asso-
ciated with optimum assignment procedures for parallel computations. It was seen
that this is a very complicated problem, Nevertheless, it is assumed that some
algorithm will be available to the executive scheduler for reassignment purposes.

If the tasks cannot be all assigned to the group, there are many alternatives
that can be resorted to. Some of these are:

1. Increase the efficiency of the existing tasks so more will fit in the capac-
ities of the group. Compiler optimization techniques will be improved

over what is being accomplished presently.

2. Reduce the rate at which tasks are executed. If a taskis not required all
the time, execute it only when requested.
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3. Swap programs in and out of the bulk storage, thus sharing the group
storage capability between tasks.

4. Schedule the use of resources, such as subroutines, I/O routines, etc.,
instead of repeating these routines wherever they are needed.

5. Increase or decrease the amount of applied parallelism to reduce the
time and/or storage requirements. (This would generally be done in the
reassignment algorithms. )

If there are problems, there will be a program or programs that will not fit.
The programs of lowest priority may be deleted, or they may be brought in from the
bulk storage unit when required. In this way, several programs may time share
several cells, there being one program using the cells at one time. Or the lowest
priority programs may be eliminated entirely. In all cases of eliminated programs
the system executive will be notified because there is always the possibility that
another group has room for these deleted programs.

It should be noted here that there may exist several assignment algorithms
in the bulk storage unit and the executive scheduler may call the desired one depend-
ing upon the phase of the mission and/or the reason for using the algorithm. For
example, an optimum assignment algorithm may be used in the heavily loaded
Mars orbital phase either due to attempting to initially schedule the tasks or due to
a failure. However, during the critical mission phases, if a failure occurred a
suboptimal algorithm may be resorted to for reasons of quickly accomplishing a
reconfiguration.

Having completed the assignment routine, the executive scheduler can assign
the actual cell addresses, make up the inter-cell bus I/O commands, etc. The
neighbor commands are all relative, so unless the scheduler had to change a relative
position, there will be no need to change the compiler generated coding.

11.2.4 Test the System Hardware and Software

Section 8 of this report describes many approaches to the software test prob-
lem. The fourth approach, described in Section 8.1 is discussed here.

The software test program begins in Figure 11-12 by using a presently unused
cell level and setting a single specific cell to the dependent state and to an unused
level. The controller cell will ask for and expect a response. The cell is set to
another level. The accumulator, etc., are moved to a temporary storage area.
This procedure gives some confidence that the cell's state and cell address register
are functioning correctly. This procedure is repeated for all the other cells. The
controller cell now transfers control to the cell that contains the test program.

This new cell, now the controller cell, will send out the software test program for
all the other cells.

Notice that the given address and data concept introduced in Section 6 are now
extremely important. The processor and memory can be tested without having each
cell save many constants, addresses, etc. In fact, each cell will need to move very
few registers out to make room for the software test program. Some registers to
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Figure 11-12. Software Test and Reconfiguration Routines
(Sheet 1 of 2)
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be moved include the program counter, some index registers, and status registers.
The operational program contained in the cell is assumed to be stopped at some point
where the accumulator contents may be destroyed by the software self-test program,
if not, it will need to be saved.

The software testing program should require less than 500 words. Because
there are no words required in the receiving cells, all the constants, etc. , are sent
as data (D16 or D32) over the inter-cell bus. The last commands would make the
cells transmit to their neighbors their final test results. Each cell, testing its
results against the neighbors, will report to the controller these 'good - no good'
results.

By using the level response command, the controller cell running the tests can
obtain a report of (1) no failure reports or (2) one or more failure reports. An
individual cell by cell poll can determine which cell or cells had sent in the malfunc-
tion report.

At this point, either all the cells test good or there is a failure report or
reports. Of course, if all is well, the test controller cell will return control back to
the original controller cell. The original controller cell will now send the proper
response words to the group switches. (See Section 8 for a discussion of the operation
of the failure detection system.)

The test controller cell, upon receiving a failure report, will isolate the cell,
and continue testing the other cells. The failure report will be sent to the system
executive and the original controller cell. This completes the test controller cell
routine; the diagnosis having been completed.

11.2.5 Reconfigure the Group

Reconfiguration is required under two conditions. There are the normal
changes due to phase changes in the mission; e.g. new programs are required during
the coast phase which are different from the requirements of the Mars orbital phase.
Secondly, reconfiguration may be required upon a failure or malfunction of a cell,
group, bus, etc.

To perform reconfiguration due to phase changes, there must exist a means
of changing the programs by overwriting the programs that are not needed with the
new programs that are required. The reconfiguration during normal phase changes
has the advantage that the procedures can be simulated on ground based computers
to ensure that the software will smoothly change from one phase to another. Thus
the interactions between one program and another can be noted and any adverse
effects can be corrected.

If the group is not performing periodic programs and the group programs that
are to be retained do not keep a data history, the entire group can be loaded using
the resources tables. For many groups this can not be done. One means of loading
the group is to monitor the programs operation. As the cells complete all their
programs, a cell can be loaded with a new program and set to inactive. As tasks
are completed, they are removed (if they are not needed or must be moved) and the
cells are loaded with the new program. As soon as the new periodic programs are
loaded, the old periodic programs are made to average periodic so as not to disturb
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the new time schedule. An excellent time to change the periodic programs is to
reload cells instead of performing the software tests. After the periodic programs
are loaded and are performing correctly, the background programs can be started.
The group is now reconfigured with the new programs.

Reconfiguration because of a hardware failure is a more serious and difficult
problem. Some simulation of failures and the reconfiguration programming can be
done on ground based computers before flight begins. However, there are too many
possible combinations of critical programs and hardware configurations to check all
possible problems and solve each one. There are some that can be simulated
easily, such as a group failure or an inter-group bus failure. There are two solutions
to the problem - (1) a general algorithm to reconfigure any hardware - software
system (S1) into another hardware - software system (S2), or (2), set up the first
system S1, in a form that can tolerate as many varieties of failures as possible and
still perform the critical functions.

The first solution is very complex, it is the most sophisticated and is the goal
of the failure reconfiguration considerations. The objective is to go from any state
S1 to another state Sp which will maximize the amount of computer resources that
can be used for background programs. In other words, the most efficient assignment
of the programs is desired. Some considerations of the general algorithm were
given in the section on parallelism (Section 4) in this report. It was seen there that
there are many possible solutions to performing tasks in parallel and in general one
has to resort to a suboptimal algorithm to assign tasks. In general each assignment
will vary the cell storage requirement, speed requirements, inter-cell bus usage
requirements, etc. This subject is very complex and deserves much more considera-
tion before any conclusions can be drawn as to the merits of optimal assignment
algorithms.

The second solution is to ignore efficiency and configure the system into a very
reliable, fault tolerant one. In this approach background and non-critical programs
may be executed at lower rates and lower response times expected when reconfigura-
tion occurs with no opportunity to seek out an efficient utilization of the system
resources.

The first page of Figure 11-12 presented the general procedures for the software
test. The second page of this figure contains the flow chart that is entered if a failure
occurs; this is part of the reconfiguration routine. The result of a failure is a change
in the hardware resources table. A comparison between the present and new tables
will first be made to determine if a simple solution is available such as to start up a
spare cell or two. If this cannot be accomplished, background or low priority tasks
may be attempted to be eliminated. If these attempts fail the system executive will
be called upon to reschedule and allocate the tasks throughout the entire computer
system. In general the procedures followed throughout this process are quite similar
to those presented in the previous section for the executive scheduler (Section 11.2.4).

During non-critical phases, time is available to reconfigure the system and in
general the first solution, that of attempting to obtain an optimum assignment, will be
followed. However, during the critical phases; time is generally not available
to follow an optimum procedure (0.1 second is allowed to reconfigure the system) for
reconfiguration. In this case the second solution will be followed; this will involve
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switching over the output signals to a redundant set of critical programs being
performed in the computer system.

11.2.6 Interface With System Executive

The overall computer system control is performed by the system executive.
To ensure reliability and ensure the mission will be successful despite a system
executive failure, the software design approach has been to minimize the system
executive functions and distribute its functions where possible. In this way the
group will continue to function if the system executive has failed for some reason.
The group executive has some interface with the system executive. As stated above,
this interface has been designed to be minimal. The functions are outlined here.

1. Task assignments. The tasks each group is to perform will be issued
by the system executive. The system executive will have more informa-
tion concerning the status of the groups and which groups have spare
capacity. When a group can not perform a task for some reason, the
system executive can be informed. The system executive may be able to
re-assign the task to a group that has spare capacity sufficient to do the
task.

2. Back-up Data. Critical tasks during the critical phases will be duplicated
in separate groups. If one group fails, the remaining group will continue
to operate. Usually it is advantageous to have one task check the results
of the other tasks. This data will be sent from one group to the other
groups that are concerned. Thus various groups can check each other,
and all will have the latest data (some groups may not perform a periodic
task as frequently as others). Back-up programs might not be performed
unless the primary task fails. This back-up program should contain
current data used and generated by the prime program. The back-up
program should it be needed, is ready to perform using the current data.

3. 1/0 Conditioners. Many I/0 conditioners are connected to two groups.
Depending upon the hardware design, the system executive may be called
upon to resolve conflicts that arise when the two groups each attempt to
control the I/0 conditioner. The system executive may require one group
to not use a particular 1/0 conditioner, or to time share the device with
the other group.

4. Data Transmission. The system executive will allocate time slots to
groups so the groups may transfer data over the inter-group bus. The
group executive will monitor its group switches as part of its periodic RTC
service routine. It will pick up requests from other groups here. In
addition, the group executive will place any requests it has for communica-
tions with another group in its group switches. The system executive will
control the transfer of these requests between the groups.

11.3 SYSTEM EXECUTIVE

In addition to the group executive functions presented in the previous section,
one of the group executives will also contain additional functions giving it the
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capability of a system executive. The system executive is designed to coordinate the
groups and not really to control them. By this means, the system reliability is
increased.

Some of the functions of the system executive were introduced in Section 11.2.6
where the normal group executive interface with the system executive was discussed.
This section will discuss those functions plus others that reside in the system execu-
tive (hereafter referred to as SE).

11.3.1 Task Assignments

The SE will contain a complete up-to-date list of the total hardware resources
in the computer system. It will be responsible for deriving the software require-
ments table (Table 11-3) and sending it to each cell. This table essentially assigns
the tasks throughout the computer system. The SE will retain a copy of this table
for each group. This table is formed in the SE by using an executive scheduler
gimilar to that described in the previous section. The prime difference here is that
the executive function is more of a gross assignment routine rather than a detailed
scheduler routine.

11.3.2 Control Inter-group Bus

The SE is reponsible for control of the inter-group bus in much the same
manner as the group executive is responsible for control of the inter-cell bus. The
SE interfaces with the group switches and essentially this is similar to the SE acting
like the group executive and the group switches looking like cells. The SE will follow
a routine that is quite similar to the control system resources routine described in
Section 11.2.1. It will essentially sample the group switches periodically by a RTC
interrupt routine and also in a background manner by a poll routine. The prime
difference between this one and the group executive is that more of the service on
the inter-group bus is expected to be of background in nature.

The primary difference between the SE function here and the group executive
is the sequence of commands that must be sent on the bus to accomplish the
requested services. Section 10.2 discusses the inter-group bus operations and how
they take place.

11.3.3 Reconfiguration

The SE will be forcedto handle many cases of reconfiguration: phase changes,
faulty assignment of tasks, and failures. The most difficult reconfigurations are
due to the latter two cases, both are handled in a similar manner. The SE will enter
its executive scheduler routine (obviously more complex thanthat described for the
group executive) and proceed to re-assign tasks among the groups.

Some of the other SE functions will be mentioned here. The SE will be respon-
sible for monitoring the group switches to check for a Go/No-Go signal. This signal
informs the SE of the status of a group. The general functions of the SE if a No-Go
signal is received were outlined in Section 8 of this report.
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The SE will be responsible for communicating with the group executives to keep
track of the hardware resources and the status of assigned tasks (completed, in
process, etc.).

The SE will also be responsible for containing initialization routines to start up
the groups. There will be basically two types of initialization routines the cold start
and the start up after a failure. The first case occurs when a group is inactive such
as in the pre Mars orbital phases and is required in a new phase such as Mars
orbital. The latter case occurs when a group failure results as indicated by the
group switches,

Some of the general concepts in the initialization of a group were introduced in
Section 8, Assuming a cold start, one of the cells in the group that will contain the
SE will have a connection via its I/O line to the display/control panel. This cell will
be initialized by first sending it information to initialize its address (ID) and state
(set to the CC state) register. Then the cell may be loaded from the bulk storage
unit with the initialization program.

This program will first begin checking out the cells in the group one at a time.
(The cell's ID and state registers will be initialized via neighbor lines.) Having
determined the hardware resources for this group, the program will load in the
system executive from the bulk storage unit. The SE will then notify the astronauts
via the display panel that another group is to be started up. This results in a cell in
another group being initialized in the same manner via its 1/0 line as done for the
SE group. The SE will then control the loading of this cell in the group from the
bulk storage unit. The cell will follow a similar procedure in checking out and ini-
tializing the cells in its group. However, all loading will be done under control of
the SE group via the inter-group bus. When the group has been completely checked
out the group executive of this group will inform the SE of the status of the hardware
resources (any failed cells).

Following this report the SE will proceed to the next group in the same manner
until all the groups have been initialized and checked out. The SE will then have a
complete list of the hardware resources available. It will then proceed to assign the
tasks to the groups and send each group its assignment table. The group executives
will then control the final loading of the operational programs into the groups.

Start up after failures, in particular group failures, were generally discussed
in Section 8 and are quite similar in procedure to that given above. This section
should be referred to for some of the specific formalities for starting up after
failures.

11.4 CELL EXECUTIVE

Each cell in a group will require a cell executive routine. This routine will
vary in size and complexity from cell to cell depending on the specific tasks to be
performed in each cell. In any case the cell executive (hereafter called CE) must
be a small, minimal program. The reason is that it is ‘repeated so many times in
the group and the system would be very inefficient if each cell required for example
hundreds of words for an executive.
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A way for minimizing CE requirements is to organize programs into sets of
cells and have the bulk of the executive functions in one cell of this set and very
minimal executive functions in the other cells of the set. This was done in an
example program that will be presented in Appendix A of this report. In the example
program 3 cells were in the set for the particular program and only 1 of the cells
had most of the executive functions such as: all interface with the controller cell, all
error checking of intercell bus transmissions, and all data error and program

exception processing.

The minimum cell executive requirements will be given below; every cell will
be required to contain these functions. The storage requirements for the minimum
executive are:

Location 0 Save location for MB register
Location 1 Save location for P

Location 2 Save location for L

Location 3 GC X2 response request
Location 4 GC X2 response request

Location 0-2 are required in case the controller cell forces the cell to do some
function via a command addressed to this cell, such as during software testing.
These locations allow the program that was interrupted to be resumed.

Locations 3 and 4 are required to respond to a GC command sent over the
inter-cell bus by the controller cell that requests a communications request word
back. These locations are required even if the cell has no requests to be made.

Most cell executives will require a little more in the way of a program to take
care of the cell processing problems. Some of these problems may be allowed
interrupts by the programmer: The interrupts will be discussed below. The follow-
ing are possible interrupts in a cell:

1. Machine errors

2. Inter-cell bus 1/0 interrupt

3. Tllegal data such as attempted division by zero

4. Illegal operation such as an invalid operation code, no neighbor response,
ete.

5. Real time clock goes to zero
Any of the above interrupts may be masked off. Each interrupt will be briefly

discussed below to provide some idea of what is required of the cell executive to
provide servicing the interrupts.
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Machine error interrupts are handled by a simple routine. An example of such
a routine is given in Figure 11-13. Block 1 is the normal hardware saving and chang-
ing of the program counter. In Block 2, the two locations that hold the GC Xy response
request words are loaded with the request. The request will be for an outpuf of a
fixed number of words to the controller cell as seen by the description of the Xg
storage area. The location following the second Xy word is loaded with the address
in this cell where the words will be output from. The cell will then mask off all
interrupts and wait for the controller cell to send this cell a GC command requesting
the Xo response request words.

One of the prime functions of the cell executive will be handling the inter-cell
bus communications. The inter-cell bus I/O routine is shown in Figure 11-14. As
may be seen part of the functions are.accompiished by hardware and part by software.
When I/0 over the inter-cell bus is desired, the two dedicated locations that store
the X9 response request words are loaded with the desired communication informa-
tion. The program will then return to its problem or execute a wait instruction if
the problem cannot proceed until the communication is accomplished (this would
normally be inputting some data from another cell).

When the controller cell sends this cell a GC X9 command (described in Sec-
tion 11.2.1), the cell will respond as shown by the hardware blocks. The detailed
actions that occur to implement the functions described in these blocks was given in
Section 10 of this report. However, Figure 11-14 shows the general functions and
the interaction between the software and hardware. The interrupt when the GC Xo
command is received is not really a true interrupt. It simply halts the execution of

MACHINE
ERROR

STORE P COUNTER
CHANGE P COUNTER

} (PERFORMED BY HARDW ARE)

.

LOAD X2 STORAGE AREA WITH ouT cc ADDRESS
OUTPUT REQUEST TO CC X2 STORAGE
ADDRESS COUNT AREA
3 l ADDRESS OF OUTPUT WORDS

MASK OFF ALL INTERRUPTS AND
WAIT FOR CC

Figure 11-13. Machine Error Routine
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the present instruction and forces the hardware actions to be completed. It will
essentially release the processor to complete the present instruction and continue
with the halted program in the block "Wait for CC reply.' When the CC reply is
received a similar halt interrupt occurs until the communication is completed. The
communication is completed when: the count in the accumulator equals 0, the time
interval between data words coming in from the inter-cell bus exceeds some value,
or the transmitting cell sends out an end of transmission command. Then an 1/0
complete interrupt occurs. The block "process interrupt" is expanded upon in
Figure 11-15.

The interrupt will enter block 1 in Figure 11-15 by executing the instruction in
the memory location dedicated to processing this interrupt. This interrupt will be
entered when the accumulator is counted down to 0, the time interval between data
words has exceeded that allowed by a hardware timer or a command "end of trans-
mission" is received and decoded. If there are errors such as parity, then the
interrupt will occur early, i.e. before the count has reached 0 or the timer has
signaled end of data.

The count is checked to see if it is 0. This is first accomplished by seeing if
the accumulator equals 0. If the operation was to input words and the accumulator
is 0 then all the words expected were received. (Note that the controller cell could
tell another cell to communicate less data than requested by the requesting cell as
explained in Section 11.2.1.) For an input operation this is all that is needed, to
check for 0 in the accumulator, since the cell will save the count it requested in the
accumulator and count it down each time a data word is received. If it is not 0, then
the address in the program counter is compared to the initial address (given in the
location following the second Xg response word) and the difference noted. This will
indicate how many words were received and the cell can then form a new Xo response
word to try to get the remainder of the data on the next GC Xy received from the
controller cell.

If an output operation was being performed, the procedure is slightly different.
In this case the count that is placed in the accumulator is received from the controller
cell. This should be zero at the end of transmission otherwise an error exists.
Therefore the program counter will be compared with the initial address given in the
same location as discussed above and the difference noted. This difference will be
compared to the count in the X9 response word location and any discrepancies noted.
If they compare, all the words desired were output. If not, then a new Xs response
word is formed as above.

If all the words were transferred, Block 2 is entered and the response word
location set to zeros. The X, response word is set to zeros so this request is not
repeated. The branch to the requestor or a return to the interrupted location may be
made. The X2 response word being zero may be tested by other software routines
to verify the data transfer was completed and the interrupt processing routine was
entered and executed correctly. Block 4 will try to get the data again if there were
errors. Since the X, is still in the same location, the next time the controller cell
polls the cells, the same request will be made. If some words were transferred and
not others, the address would be modified and the request made only for the data
words that are missing. Block 6 will be entered if the retry was not successful.
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INTER-CELL BUS
1/0 COMPLETE
INTERRUPT

TEST FOR ANY ERROS, TROUBLE
IS COUNT = 0? . ‘
HAS A RETRY BEEN MADE? YES
2 (TEST RETRY FLAG)
SET X2 RESPONSE WORD Y
TO ZERO6 5
SET RETRY FLAG, WAIT FOR
CONTROLLER CELL TO SEND
3 GC X2 AGAIN, ALLOW I/O INTERRUPT
BRANCH TO REQUESTOR s r

ASSUME MACHINE ERROR,
BRANCH TO MACHINE ERROR

INTERRUPT

Figure 11-15. Inter-Cell Bus I/O Complete Routine

A machine (hardware) error will be assumed. The next transmission to the controller
cell will request the machine error routine.

Finally for another program within the cell to request some 1/0 on the inter-
cell bus, the program will test the Xg location, if it is zero, the program will load
the X, request locations with the desired address and count. The branch address is
stored in a location known to the interrupt processing routine.

Interrupts three and four are concerned with the operation of the program. In
correctly operating software, these errors may not exist. They can be handled like
the machine error, sharing most of the instructions. Thus only three additional
instructions and a data word will be needed.

Sometimes the data values may vary radically and overflows may be expected.
In this case, the cell should contain its own interrupt processing routine. Conversely,
the cell could send its problem to a neighbor cell or even to the controller cell. The
time and space requirements all play a roll in defining how the software should be
developed.

The routine to process the data will be similar to present programming for
large computers. Essentially the programmer tells the routine what to do whenever
an error occurs. Thus on an overflow error, the programmer may cause the inter-
rupt routine to modify shift instructions and repeat the operation.

11-34




Illegal operations are usually assumed to be caused by a software error.
Usually these are treated as a machine error, i.e., the controller cell error correct-
ing routine is called to attempt to correct the bad program. The Flow diagram in
Figure 11-13 will perform this operation.

The last interrupt, the real time clock going to zero, is either expected and the
clock is set correctly, or the clock is not used and the interrupt is always masked
off. When the clock is wanted, the flow diagram in Figure 11-16 shows a real time
interrupting routine. Block 1 of Figure 11-16 stores the program counter and
branches to the dedicated memory location for the real time clock.

Block 2 resets the clock, calculating the time interval from the present contents
of the RTC, the time the clock was set and the desired interval to the next interrupt
time. The branch address is updated so the next requestor may be branched to.

If there are more than 2 times, a pointer to indicate which is the next time for
the clock needs to be updated. The complexity of the list depends upon the system
software requirements. A scheduling of "random' time intervals will require a push-
down list technique or similar software programming technique.

In all cases, the interrupt has been processed, the time for the clock when the
next RTC interrupt occurs is ready. The branch to the proper routine that needs
processing at this time is made. If the RTC interrupt has not yet been allowed, it
is allowed at this time.

REAL TIME
CLOCK INTERRUPT
1 ‘

STORE PROGRAM COUNTER
RESET PROGRAM COUNTER

z '

GET NEXT TIME TO INTERRUPT
AND STORE IN CLOCK

: !

GET NEXT REQUESTOR ADDRESS
AND UPDATE LIST & TIMES

: v

ALLOW INTERRUPT FOR RTC AND
TRANSFER TO THIS REQUESTOR

] (DONE BY HARDW ARE)

Figure 11-16. Cell Executive Real Time Clock Routine
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The cell executive is seen to be as small as possible. Only the common,
frequently used routines are in the memory. Error correcting procedures and
complicated testing programs that will be used infrequently are all kept in the con-
troller cell. The programmer will make trade-offs between the amount of executive
required in the cell and the speed requirements. Obviously, it is slower to ask the
controller cell to perform tasks than to do the same task by having the program in
the same cell.

One point that should be brought out here is that there will exist two types of
cells that will require quite different executive routines, these are the operational
cells and the I/O cells. Operational cells are those actually performing the tasks
and 1/0 cells have the connections to the sensor/conditioners via their 1/0O lines.
The 1/0 cells will be primarily concerned with inputting/outputting information over
the inter-cell bus and the 1/0O line.

Basically both cells will contain the same fundamental executive ideas intro-
duced in this section. However, the I/0 cell will contain considerably larger lists
of tables and data handling routines. Its principal program in fact will be that of
communicating over the inter-cell bus whereas in an operational cell this is more
of an executive routine to handle the inter-cell bus communications.
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12. RELIABILITY SIMULATION

12,1 MONTE CARLO METHOD
12.1.1 Introduction

The distributed processor organization was subject to a reliability simulation
for a manned Mars mission application. A Monte Carlo reliability analysis program
was used for the simulation. This program generates reliability and availability
data based on simulating the organization.

Monte Carlo techniques of analysis refer to the simulation of random variables
in a process by the generation of random numbers or sequences. For reliability
analysis, the random event which is simulated is component or subsystem failure.

It has been found that electronic equipment exhibit random failure rates which have
an exponential distribution. That is, the probability of failure as a function of time,
Pg¢(t), is exponentially distributed.

Pg(t) = 1-e-M where A is the expected failure rate.
This equation is interpreted as meaning: Given that the equipment is currently failure
free, the pri)tbability that a failure will have occurred by some later time t is given by
Pg(t) = 1-eAL,

It can be shown that the expected time to failure is ALl The probability density
function for Pg(t) is re~At, The expected value of time, E(t), is then found by

Qo
E(t) = /xt e M gt =—;
0o
E(t) is then defined as the mean time to failure, MTTF.

12.1.2 Operation of Monte Carlo Program

The Monte Carlo program solves the probability of failure equation in reverse.
It generates a random number which is evenly distributed between zero and one. It
sets this equal to the probability of failure and solves for time to failure.

P(t) = 1-e~ M
t - _1n [1-Pgt)]
A
or
t = -1n1-Pg(t) + MTTF

~
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This equation is solved for each piece of equipment in the system. The A or MTTF
which is used in solving for t is a function of whether or not the equipment is turned
on or off. It has been found that electronic equipment is susceptible to failure even
while it is sitting idle. This idle failure rate is distributed exponentially also and the
failure rate is approximately proportional to the active failure rate. For this analysis
it is assumed that the idle failure rate is directly proportional to the active failure
rate; so that Pf for an idle piece of equipment is:

Pf(t) = 1-e(-—23)

where a is the constant of proportionality.

A block diagram of the Monte Carlo program is given in Figure 12-1. The pro-
gram first generates the time to failure for each piece of equipment. Equipment is
divided up into two basic types, prime and secondary, prime equipment is that required
to keep the computer operating while secondary equipment is that required to replace
prime equipment in the event of failure. Prime equipment will have its statistics
generated by an active failure rate while secondary equipment may be in the active
or idle failure rate mode. Equipment may also change between active and idle modes
depending on which phase of the mission is being considered. This will become
clearer when the model for each phase of the mission is presented below.

Continuing with the operation of the program, it then checks if any of the times
to failure of prime equipment are less than or equal to the length of the first phase of
the mission. I there is a failure, another random number is generated and compared
with a probability of detection of the failure. If the random number is lower than the
probability of detection, the failure is recorded as a detected failure. That equipment
is then replaced (in the simulation) and the program continues. If the random number
is higher than the probability of detection the failure is recorded as an undetected fail-
ure. An undetected failure can result in a mission failure if it occurs during a critical
phase. Undetected failures that occur in other phases are simply disregarded here and
assumed to be detected. This is a simplification of the actual case, namely that the
probability of detection will approach 1.0 as time increases from the occurrence of
the undetected failure. The effects of this during mission phases that are non critical
will be to lower the computer system availability. The error in assuming the unde-
tected failure is immediately detected will be trivial since these mission phases are on
the order of thousands of hours and the undetected failure should be detected in less
than approximately 10 hours.

The failed prime equipment will be replaced only if a suitable secondary piece of
equipment is available. This requires generating a time to failure for the secondary
equipment and also a detection probability if this time to failure is less than the length
of the first phase of the mission.

The program then changes to the next phase of the mission and follows the same
procedure for the computer configuration for the new phase. Of course if a mission
failure occurs in a critical phase the program is terminated for this mission.

The program collects the statistics for each phase. Critical mission phases are
primarily concerned with mission failure (probability of success) and the program will
record these failures. Other phases of the mission are concerned with availability of
the computer system. For these phases the percentage of the prime equipment that is
operating will be recorded.
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When all the phases of the mission have been completed, the process is again
repeated. By repeating this process, statistics are collected for probability of success
and availability. As more and more runs are made the error in the results decreases,
appendix B gives curves of the error in Monte Carlo simulations.

12.2 SIMULATION MODELS

This section will present the actual models used in the Monte Carlo program.
The mission was divided into five basic phases from the twenty given in reference 1.
This was done to reduce the running time of the program. These phases are given
below:

Table 12-1. Mission Phases

Mission Time
Phase Hours (hours from tg )
Non Critical 2962. 8 2962. 8
Critical 1 2963. 8
Mars Orbital 974.3 3938.1
Non Critical 6242.6 10,180.7
Critical 0.2 10,180.9

The first Non Critical phase consists of the first 9 mission phases listed in Section 2
namely Atmospheric Ascent through Mars Approach Correction; the first critical phase
consists of phases 10 and 11, namely Mars Aerobraking and Mars Orbit Injection; the
Mars Orbital phase is simply phase 12; the last non critical phase consists of phases
13 thru 19, namely Trans Earth Injection thru Earth Approach Correction; and the last
critical phase is phase 20, Earth Re-Entry. Each of the three basic types of phases,
Non Critical, Critical, and Mars Orbital results in a different computer configuration
as will be presented below.

12.2.1 Mars Orbital Phase

The configuration for this phase consists of 4 groups turned on with 18 cells
required per group as shown below in Figure 12-2. Spare cells, group switches and
cell busses are provided for in each group. Spare groups are also provided for.

One identical failure rate will be assumed for each of the cells and cells which are

in groups that are off will have the failure rate of the cells in groups that are on,
multiplied by a factor (AON/AOFF). If a group switch or a cell bus is not available in

a group then this group is considered as having totally failed. Assuming a group

switch and a cell bus are operating in a group, the number of cells that are operating
in a group is the primary statistic of interest. This will give an indication of the avail-
ability of the computer system when all the groups are considered. The group bus is
quite important to efficient operation of the groups. However, a group could still
continue to function in the absence of a group bus. Therefore, if no group bus is
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Figure 12-2, Mars Orbital Configuration
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available the total percentage of cells operating will simply be reduced by some
fraction. This effectively degrades the availability of the computer in the absence of
a group bus as would be the case.

12.2.2 Non-Critical Phase

The configuration for this phase is identical to that for the Mars orbital phase
except that only three groups will be required as shown in Figure 12-3. It should be
noted that in this phase group 4 is considered a spare group. Availability is the
prime concern here and the same comments as for the Mars-Orbital Phase apply
here.

12.2.3 Critical Phase

The critical phase is primarily concerned with mission success or failure.
This is determined by whether or not a critical navigation and guidance program can
be successfully run on the computer and correct outputs sent to the critical sensors.
The critical phases are primarily the planetary entry phases. It is during these
phases that failure of the computer may result in destruction of the vehicle and a
resultant mission failure. There are other phases during which one requires
navigation and guidance computations that may be considered very important such
as midcourse maneuver phases. However, failures here may simply result in the
full mission not being accomplished due to the expenditure of too much fuel, etc.
These effects can not be classified as availability or probability of success. However,
they do affect the probability that the total information desired from the complete
mission will be obtained. This is a systems analysis type of effort that is relatively
important, however it is beyond the present scope of the study. (The availability
determined in this study will also have affects on this probability of achieving the
total information desired. )

The distributed processor offers many internal paths around which it may be
reconfigured due to failures as pointed out in Section 8. Therefore, the configura-
tions to determine whether or not the computer has failed in a critical phase are very
complex. Three configurations have been defined for a critical phase for this simula-
tion as shown in Figure 12-4. The first configuration is the one used if a group bus is
available during the critical phase. Spare cells can replace failed cells in the groups
and likewise for the other components. It should be noted that no spare groups are
applicable in this phase. This is due to the fact that one would generally not have time
to load up and get these groups running during the relatively short critical phase.
Another point to be noted is that three of the operating cells in each group, say cells 1,
2 and 3, have been selected as non replaceable in case of failure by a spare cell.

This is due to the fact that these cells may require I/O connections etc. to the outside
world and it is assumed these would not be altered during the critical phase. A group
is defined as operating if and only if it has 16 operating cells, a cell bus, and a group
switch. Only one group is required to be operating during the critical phase for a
successful critical phase (the critical navigation and guidance function should fit into
one group). To take advantage of all the sparing outlined above, the group bus is
needed.
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If a group bus is not available a new configuration is assumed. Two cases can
occur here. The bus fails during the critical phase or before it. If a bus is not
available during the phase and was available before the phase was entered (degenera-
tion of configuration a in Figure 12-4) then the configuration shown in Figure 12-4-b is
assumed. As can be seen from this figure, one of the two groups needs to be working
for a successful critical phase. However, note that no replacement of failed cells is
possible by spare cells in a group.

Finally, if before entering a critical phase, no group bus is available, the con-
figuration in Figure 12-4-C would be assumed. This is similar to Figure 12-4-b in
that only one group is needed to have a successful critical phase and no replacement
of failed cells is possible. However in this case 4 groups are used. This implies
that all 4 groups are loaded with the same programs and the outputs switched.

It should again be noted that undetected failures are also considered in the
critical phases. An undetected failure in the group that is being used for output to
the critical sensors will result in immediate failure of this critical phase. However,
an undetected failure in other groups will not result in a failure of the critical phase
unless this group is brought in to replace the group outputting to the critical sensors.

12.3 SIMULATION RESULTS

The results of the Monte Carlo simulation will be presented in this section.
Numerous cases were simulated varying parameters such as, cell and group switch
failure rate, number of spare cells per group, number of spare inter-group busses
and group switches, number of spare inter-cell busses, on/off failure rate ratio, and
percent of failures affecting the busses. A listing and definition of the parameters
that could be varied in the Monte Carlo program is given below:

MTBF : Each cell and each group switch failure rate

N : Number of spare cells in each group (number of cells
exceeding the 18 required)

M : Number of spare groups

K : Number of spare inter-group busses (also the
number of spare group switches per group)

Y : Number of spare inter-cell busses per group
PD : Probability of Detecting a Failure
PB : Probability that a cell or group switch failure results

in a failure of a bus
0/0 : MTBF ON/MTBF OFF Ratio
A total of 23 different cases were simulated. An example of the print out of one
case is shown in Figure 12-5, Examination of this figure will give more understanding

as to the operation of the program. The first two columns contain the phase and time
at which the statistics are accumulated. The program starts at t = 0 hours and
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examines the computer configuration at t = 2962. 8 hours, 2963.8 hours, etc. This
procedure was described in Section 12.1. The next column contains the cell availabili-
ity. This is the average number of cells available (good) in the computer system
(Number Available/Number actually required to meet the requirements of the particu-
lar phase) for the time interval just evaluated. For example, at t = 8500 hours, a

cell availability of 0.98911 is the average availability from t = 6500 to t = 8500 hours.

Cell availability is not of interest during a critical phase and is not calculated at
phase CR-2 and CR-9. In its place probability of success is calculated. The conditions
on probability of success were defined in section 12.2.

In addition, statistics on the cells and bus failures were printed out. Cells 1,
2, and 3 were defined as having éxternal connections and were therefore considered
apart from the others in a group. The average number of these cells failing during
each time interval is printed out in column 5. It should be pointed out here that a
total of 1000 runs were made for each case and the number printed out in this column
is the average of the 1000 runs. For example, for the first time interval, t = 0 hours
tot = 2962. 8 hours a total of 159 of these cells failed. Therefore, the average
number of cells 1, 2, and 3 failing is 0.159. It should be noted that this is the total
number of cells 1, 2, and 3 in the computer system, each group contains 1 cell 1,
1 cell 2, and'1 cell 3.

Columns 6 and 7 give the total number of cell and group switch failures
respectively. Columns 8 and 9 contain the statistics for the inter-cell (IC) and inter-
group (IG) bus failures respectively. Undetected failures are considered in the
critical phases and the last column gives the total number of these occurring.

The results from the simulation are summarized below in Table 12-2. The
print out for each of the cases may be found in appendix C.

It should be noted that the statistics for cell, group switch, and bus failures are
tabulated for the entire mission and not each phase as in the print outs. Also
availability is the average over the total mission time. A word of caution shouldbe
mentioned when reading the table; errors are inherent in Monte Carlo simulations and
the curve in Appendix B should be referred to. This will give one an indication how
far to extrapolate the results.

Effects of N - Number of Spare Cells Per Group

Figure 12-6 shows a curve of the average availability over the entire mission
as a function of the number of spare cells in each group. The conditions as shown are
for an MTBF of 200, 000 hours for each cell and group switch, 1 group bus, and 1 cell
bus per group. The average availability is 97. 25% with no spares and rises to 99. 6%
with two spares per group.

It should be noted that for this and all the curves in this section the following

conditions hold unless otherwise specified: M (Spare groups) = 0, MTBF-OFF/
MTBF-ON = 2.0, PB (probability of a failure affecting a bus) = 0.5 percent.
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Figure 12-6. Average Availability vs Number of Spare
Cells Per Group

12-14




Effects of MTBF

The effects of cell and group switch MTBF (on) on average availability are
shown in Figure 12-7. These effects are shown parametrically as a function of the
number of spare cells per group. The conditions on the curves are no spare busses
in the system. The curve for N=2 is dotted between 75, 000 hours and 200, 000 hours
since no point was actually obtained at 75, 000 hours. As may be expected, MTBF
has a significant effect on availability and is most pronounced for values up to
200, 000 - 300, 000 hours. In addition, the improvements due to adding spare cells
are most pronounced when adding the first spare cell,

Effects of K - Inter-Group Busses

Average availability as a function of MTBF is shown in Figure 12-8. Curves
are shown for K=0 and K=1 with both N=0 and N=1. In both cases a slight improvement
in availability results by having one spare intergroup bus.

Effects of Y - Spare Inter-Cell Busses

Figure 12-9 shows the average availability as a function of MTBF when the
number of inter-cell busses per group is varied. It can be seen that only a slight
improvement in availability results by adding a spare inter-cell bus.

Effects of ON/OFF Failure Rate Ratio

The MTBF-ON ratio was varied from 1 to 5 and the effects on average avail-
ability is shown in Figure 12-10 for two values of MTBF-ON. As may be seen the
availability did vary significantly. One of the factors that probably produced such a
result is that three out of the four groups are always on and the fourth one on during
the Mars Orbital phase. therefore, most of the equipment is always on. However, it
wiil be showu later that the ratio has an important effect on probability of success.

Effects of PB- Percent of Failures Effecting Busses

The percent of failures of a cell or group switch bringing down a bus was varied
from 0.5 to 2. 0 percent and the effects on average availability observed. The changes
in availability were insignificant. It is felt that somewhat higher values of PB would
have to be used before degradations in availability result.

Availability as a Function of Mission Time

It should be recalled that availability is a function of time during the mission
and the curves presented previously only indicate the average availability. Figure
12-12 through 12-15 show the variation with time for four different conditions:

(1) N=0, K=0, Y=0, (2) N=0, K=1, Y=0, (3) N=1, K=0, Y=0, (4) N=1, K=1, Y=0. In
addition the curves for three values of MTBF are shown for each condition. It should
be noted that the curves are plotted as straight line segments since the values repre-
sent average availability over fixed time intervals of the mission.
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Figure 12-7. Average Availability vs Cell MTBF Varying
Number of Spare Cells
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Figure 12-8. Average Availability vs Cell MTBF Varying
Number of Inter-Group Busses
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Figure 12-15. Percent Unavailability vs Mission Time for
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Both percent availability and % unavailability are indicated in the figures.
Comparing figure 12-12 (N=0, K=0, Y=0) with figure 12-15 (n=1, K=1, Y-0) one can
see the improvements as a function of time by adding spares. Note also that in many
of the curves the availability at the end of the Mars orbital phase is lower than at the
start of the trans earth phase. This is due to the lower requirements in the trans
earth phase.

Probability of Success

It should be recalled that 1000 runs were made for each case and therefore the
results can only be extrapolated to the third decimal point. In all the cases run with
MTBF's of 200, 000 and 500, 000 hours no mission failures resulted. Therefore a
flat curve at Pg = 1, 0 results for these values. With MTBF's of 75, 000 hours there
were a number of mission failures and the values for Pg ranged from 0.967 to 1. 000.

Figure 12-16 shows the effects of ON/OFF failure rate ratio on P;. As may be
seen, the only effects were with an ON MTBF of 75, 000 hours. The hig?) probability
of success of this system is due to the many logical paths available for reconfiguration
as discussed in Section 12-2, It should be recalled that availability was not signifi-
cantly affected by ON/Off failure rate ratios, however, Pg is affected at lower values
of MTBF (on) as can be seen in Figure 12-16. The reason behind this appears to be
due to the fact that only 1 group is necessary for a successful critical phase and the
fact that one group will be off during a good part of the mission means that it will have
considerably fewer failures as the ON/Off failure rate ratio is increased.

One other point should be mentioned with regards Pg. The probability of
detection was 95 percent for all cases run. One case, case 13, had an undetected
failure in a critical phase in one of the 1000 runs. Also one of the runs resulted in a
mission fajlure during that critical phase. It appears that this mission failure was due
to the undetected failure since the failure occured with an intergroup bus available as
may be seen by investigating the print out for case 13 in Appendix C. Due to the low
number of undetected failures it was felt unnecessary to vary the probability of
detection parameter.

Number of Cell, Group Switch, and Bus Failures

The average number of failures of specific components were plotted in
Figure 12-17 through 12-19, Figure 12-17 shows the average number of cell failures
as a function of MTBF. One may expect from 8.1 to 1, 3 failures per mission as
MTBF varies from 75, 000 hours to 500, 000 hours; this is for the entire computer
system. Also shown in this figure is the average number of group switch failures per
mission with one and 1 spare group switch per group. In all cases one can expect
less than 1 of these failing.

Cells 1, 2 and 3 in each group were arbitrarily assigned as having external
connections (e.g. used with I/O conditioners). The average number of these types of
cells failing over the mission is shown in Figure 12-18, This gives an indication of
the number of times a connection may have to be changed due to a failure, providing
no spare connections exist. This number varied from 1,43 to 0, 22 with cell MTBF,

12-25

Ny




12-26

Figure 12-16. Probability of Success vs MTBF-OFF/MTBF-ON
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Cell and Group Switch Failures vs Cell MTBF
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Bus failures were determined as a percent of cell and group switch failures.
The curves in Figure 12-19 show the average number of bus failures assuming
Pg = 0.5 percent. In general the numbers here are fairly low.

12.4 SUMMARY AND CONCLUSIONS

More accuracy could be obtained in the results by having made more runs for
each case. However, the results appear accurate enough to derive some general
conclusions. Availability is influenced very heavily by the number of spare cells and
the MTBF. Alloting 1 or 2 spare cells per group results in a fairly high average
availability. MTBF's of 200, 000 hours or higher provide very good results. A
200,000 hour MTBF is equivalent to a 0.5 percent/1000 hour failure rate which appears
a conservative estimate for a single MOS-SOS LSI wafer in the future. Nevertheless,
even with conservative estimates, very good results are obtained.

Spare group switches had a slight affect on improving availability. However,
spare cell busses had very little effect. The conclusion is that 1 inter-cell bus is all
that would be recommended.

Probability of success appears to be very high with this system. However, if
the cell MTBF's are quite low; one can obtain a significant improvement in Pg if the
MTBF-OFF/MTBF-ON ratio is high. In addition, probability of detection does not
appear to be a very significant parameter here.

Finally the number of cell failures do not appear very high. 1In fact one can
expect to have to change a connection less than once during the entire mission due to
a failure in the computer,

Considering the above results the recommended organization would be one with
2 spare cells per group and 1 spare group switch (2 inter-group busses) per group.
For the manned Mars mission considered, this results in 4 groups of 20 cells per
group.
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13.  SUMMARY AND RECOMMENDATIONS

A summary of the work accomplished during this phase of the study along with
areas requiring further investigation is given below, Computer requirements were
defined for what is considered as a representative future manned space mission, the
Mars Lander Mission. Some significant points about the requirements are the widely
‘varying computer requirements in terms of speed and storage from phase to phase
and the critical nature of the computations during certain phases such as atmospheric
entry, The requirements have a large influence on the computer design and there are
many areas which couldnot be covered completely primarily due to a lack of data.
Some of the more important areas are: (1) the interface between the computer and the
sensors, information is lacking as to the nature of the signals expected, (2) precision
requirements for various computations needs to be firmly defined, also the question
as to whether floating point is needed for some navigation and guidance function
should be decided, (3) the structure of a reliable bulk storage unit for the time period
of interest should be investigated and (4) the investigation and design of ultra reliable
switches should be carried out. Any future requirements studies should take into
account the above points,

It was shown that future LSI technology is difficult to extrapolate. However, it
is felt that the technology predicted should be attainable in 10 years. Some important
areas of development for LSI techniques were outlined in section 3.

Parallelism within computations is an important area of consideration for highly
parallel computer structures such as the distributed processor. In particular,
methods for measuring the effectiveness of parallel structures need to be developed
and most important of all, the procedures for optimally assigning parallel computations
need to be developed.

The organization and its architecture were developed. There are many areas
where alternate decisions could have been taken as pointed out in numerous places in
chapters 5 and 6, resulting in a slightly different or radically different architecture.
Section 6.9 contains a number of such trade-offs.

The design of the cell and group switch may be considered as "preliminary
functional." The next logical step in the design would be the detailed logical layout
including logic equations and timing diagrams. Such a design was beyond the scope
of the study; however, the design carried out showed that no major difficulties should
be encountered in a detailed design effort.

Software and executive methods were investigated in considerable depth.
However, this area is quite complex for this organization and considerable further
study is required in this topic. Some of the more important areas are the reconfigura-
tion executive routines and the assignment executive routines.

The reliability simulations showed that the organization exhibits very impressive
probability of success and availibility features. A most important result is that even
with conservative estimates of a cell (1 wafer) MTBF, 200, 000 hours, the reliability
results are very good.
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Finally, since the technology being considered is considerably away in terms of
time, an approach using microwave circuits on the LSI wafer and communicating
between cells at RF frequencies was considered. (This is presented in Appendix D.)
It was concluded that this approach may very well prove feasible in the time period of
interest; however, to make the design perhaps somewhat more near term this
approach was not selected. It was shown that with an RF communication system, the
organization could be considerably enhanced in terms of reliability and performance.
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APPENDIX A. EXAMPLE PROGRAM

A.1 INTRODUCTION

The distributed processor system, being a new concept of computer design,
requires some new software to make the best use of the hardware. The example pro-
gram that is described in this section will show how a typical program is coded and
some of the considerations used in coding the problem. Two examples of coding the
problem are shown, the second uses global programming, the first does not.

One major part of the software is the compiler that takes the equations and
statements from the programmer and converts them into instructions, cell assign-
ments, input/output commands, etc. This compiler should appear to the programmer
similar to present advanced languages, such as PL/I or JOVIAL. There will be added
statements for the programmer to control the amount of applied parallelism, cell
assignments and intercell bus usage. This compiler for the distributed processor
system will require development. In the past 10 years the computer industry has
progressed from absolute octal and simple assemblers to the powerful languages of
today. There is no reason to believe that compiler techniques cannot be developed to
compile programs for the distributed processor system. For example, the following
statements can be added to the language and used by the programmer to control the
compilation.

1. Data Description. To aid the compiler in finding all the places where
parallel processing could be used, the programmer could specify how the
data is to be arranged. An example is a vector notation X(3). The compiler
could place the three components of X in one cell, or put one component in
each of three cells.

2. Schedule. The programmer may wish to force data to be processed in
parallel, or conversely, he may wish an array to be processed serially by
a single cell.

There are several areas where more work needs to be done; some of these are
given here.

1. Program interactions. This occurs whenever several programs share, in
time, a cell or the use of a subroutine. Several programs may request,
simultaneously, the use of a common subroutine. The programmer needs
tools to force the compiler to generate programs with the desired
interactions.

2. Data allocation. Data may be in several cells or may be in one cell. Data
may be placed in one cell and distributed to several cells as needed. The
programmer needs ways of controlling how the data is to be arranged in the
computer.




3. Data Dependent Problems. An example illustrates this problem best.
Assume the problem is to invert an N x N matrix. When N =3, a3 X 3
matrix can easily be inverted within a single cell. To invert a 30 x 30
matrix (N = 30) requires a different program and many cells. Applied
parallelism can be used to do the inversion in a reasonable time.

These problem areas are being studied by many people. By the time the manned
missions to Mars are ready to fly, these problems should be solved. References 34
thru 36 indicate work that is being done now.

The example chosen for this program is the navigation equations given on
pages 50 - 54 of the first quarterly report of Phase I of this study, reference 2. These
equations are not so complex as to require many words of explanation, but are of
sufficient complexity to illustrate the techniques used to program the distributed
processor.

There is some opportunity to use applied parallelism. Many of the vectors have |
three components that may be processed in parallel. Example 2 will show how applied
parallelism can be used. Because of the nature of the navigation problem applied
parallelism does not give a dramatic time reduction. A data reduction program is a
better example of how applied parallelism reduces time. However only the
navigation problem was coded due to time limitations.

The distributed processor has many ways of performing a task. The method
selected for this example is not the only way the computer system can be programmed,
nor is it expected to represent the best way. The method was selected to best illustrate
the software.

The general flow diagram is given in Figure A-1, T his diagram and the details of
the program will be described in the following sections.

Block 1 is the interface with the controller cell. An assumption made was that
the controller cell will contain the current values of the navigation parameters. A
Kalman filter would process the various parameters, making the best estimate by using
data from the various sensors. The output is the best estimate of the present state,
(the state vector). This state vector would be saved in the controller cell and sent to
the navigation program. The controller cell will send the time and state vector to the
navigation program via the inter-cell bus.

The navigation cell will use the time for a check, as each cell has its own clock.
Thus the time parameter is for checking the clocks of the two sets of cells. The navi-
gation cell will keep a copy of the last values it sent to the controller cell. The naviga-
tion cell will compare these past values with the ones sent from the controller cell.
The values should be in very close agreement. If all is acceptable and the data checks,
the navigation calculations will begin with block 2.
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Figure A-1. Navigation Program Flow Diagram
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One difference between this computer system and a conventional computer
should be noted here. The purpose of block 1 is to use a more accurate state vector
value and to start the calculations at the stated time period. However, the cell can
function without this block. Each cell contains a clock, so the navigation cell can be
interrupted as required to set the proper time period. The past values calculated
will be very close to those best estimates from the filter. Thus, if the controller has
a reconfiguration or a more important task, the navigation cell can still function and
begin its calculations. If the controlier should fail to inform the navigation cell that
it should begin calculating, perhaps because of a malfunction, the navigation cell's
clock will interrupt and the navigation cell will begin anyway. Thus the system is
more reliable because it is not depending upon a single processor and a single clock
for all its control.

Block 2 rectifies the osculating orbit, if required. As will be seen, there is
much processor capability remaining unused, so performing the rectification each
time will not cost any additional processor time. However, the inter-cell bus may be
needed more. No attempt was made to modify any equations, they were coded as they
were given.

Block 3 calculates perturbations and evaluates the derivatives. This is done
four times. Block 5 does the numerical integration and updates the state vector.

Block 6 sends back the updated state vector parameters to the controller cell,
Block 7 is a wait until it is time to go back and start again.

This navigation program will be described in more detail. Example 1 does not
use any global control; it will be described first using the neighbor cell for subroutines
and not using the inter-cell bus except when necessary. Then a variation of the
example is studied, using the inter-cell bus for passing necessary subroutine data.
The second example shows how global programming, using three dependent cells, can
be used to solve the program, Initialization is not considered in the examples and
would be done earlier in the mission by some other program.

A.2 EXAMPLE 1

The example program and storage estimates are given in Table A-1, Incell 1 is
placed the controller cell interface subroutines and two parts of the navigation program
that did not fit in cell 2. Cell 2 contains most of the operational navigation program.
These two cells make up a self-contained set that is nearly independent of the rest of
the group.

The word counts in Table A-1 were obtained by trial programming the equations,
All data is assumed to be 32 bits in length, thus most operations were done in double
precision (32 bits). It was felt the only exceptions were so few in number as not to
affect the results or any conclusions.




Table A-1. Example 1 Storage Estimates

Cell 1 Words
Navigation Program Executive, 1/0, Error checking 102
Rectify Osculating Orbit 56
Update State Vector 31
Temporary Storage 40
Subroutine Storage for Square Root, Sin, Cos, Exp. 228
Total Cell 1 457
Cell 2
Block 3

Calculate Delta E 73

Update Osculating Orbit 72

Compute Perturbations and evaluate Derivatives 164
Block 4

Test I, Update Delta 17
Permanent Data Storage and Constants 98
Total Cell 2 424
Total Storage 861

To obtain the inter-cell bus usage, an estimate of the execution time is required.
Table A-2 lists an estimate of time required to perform different operations. This set
of assumed times makes no claim of absolute accuracy, but is only an estimate of the
relative times that can be obtained with a reasonable quantity of hardware.

The inter-cell bus usage can now be estimated by using the times given in
Table A-2. The functions as illustrated in Figure A-2 were estimated to require the
following times. These times include both hardware and software overhead.

Controller cell send X3 command 20 cycles
Receiving cell set-up time 18 cycles
Send first word of data 6 cycles
Send next 13 words 26 cycles
Total transmit time 70 cycles

Note that only the top half of figure A-2 is applicable here. The lower half
applies to the variation of example 1 that will be discussed later (subroutines not in
neighbor cell).



Table A-2, Relative Times Used in Programming Examples

Time to transfer one byte on the inter-cell bus 1 cycle

Time for one memory cycle 2 cycles
Load or store an accumulator 6 cycles
Add or subtract, single precision 6 cycles
Add or subtract, double precision 10 cycles
Multiply, double precision 42 cycles
Perform SIN/COS, square root, double precision 600 cycles
Perform SIN and COS with one call, double precision 1000 cycles
Perform exponential, double precision 1000 cycles

The fourteen data words are the six state vector parameters and the time. The
inter-cell bus is not needed again until the computed parameters are to be returned to
the controller cell. This is assumed to require the same time as sending the data to
the navigation cell, This assumes that the controller cell will request the navigation
cell to return its computed parameters. The navigation program requires 140 cycles
of inter—-cell bus time.

The program execution time is estimated below.

Block 1

Start 16 cycles

Input start parameters, check 214 cycles
Block 2 2200 cycles
Block 3 and 4 51600 cycles
Block 5 1000 cycles
Block 6 90 cycles
Block 7 remaining time
Total 55120 cycles

There are, depending upon the hardware capabilities, between 106 to 107 cycles
per second of real time. Thus between 5. 5 percent to 0. 55 percent of the cycles
available to the cell in a second are being used. The cell is in block 7 (idle) during
the remaining time as far as this navigation program is concerned, (Of course during
the idle time the cell could be used for global operations from another program etc.)

The inter-cell bus usage for this task is only 0. 014 percent to 0.0014 percent.
The navigation problem, as programmed here, has used more storage to decrease
dependence upon the inter-cell bus.
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Taking another look at the problem, some storage could be saved by using
mathematical subroutines located in another cell. Again, there are many choices
that can be made. The square root, because it is used so much, could be left incell 1.
The other subroutines could be moved into a storage area in cell 1 whenever they were
needed. Or the variable could be transmitted on the cell bus to a subroutine cell, and
the subroutine cell will return the desired function. The latter case was examined in
more detail.

For one cell to communicate to another requires a sequence of commands to and
from the controller cell and the communicating cells. This sequence is described in
section 6 of this report.

The estimated time required to send a double precision word to a subroutine was

caleulated as follows. Cl1 is the navigation cell set, CC the controller cell, CS the
subroutine cell as shown in Table A-3.

Table A-3, Communication Sequence Timing

Sender | Receiver Command/Data Cycles required
CC Cl X2 - Report communication requests 2
C1 CcC I/O is desired 8
CccC CS X3 - Prepare to input data 30
CcC C1 X7 - Output data 10
Cl CS Data Words transmission time 4
Total cycles required 54

To return the data from the subroutine cell to the navigation cell will require the
same amount of time. Thus 108 cycles are required for each subroutine call. This is
neglecting the time the sending cell waits for the controller cell to ask if it has any I/O.
This time to poll the cells is variable, and is a function of the rest of the tasks con-
tained in the group. This time will be ignored in this discussion, not because it is
unimportant but because there is no way to analyze the amount of time used by other
tasks in this group. When they are all known this delay can be estimated.

There are 42 subroutine calls in the navigation program, which require the
times on the bus given in Table A-3. Table A-4 shows the time for execution of the
subroutines using this new approach,




Table A-4. Subroutine Timing Requirements

Execution Time Times Required Total Time
Subroutine Including Bus Time By the Program Including Bus Time
Square Root 708 18 12744 cycles
SIN 708 4 2832
COSs 708 4 2832
SIN and COS 1112 * 12 13344
EXP 1108 4 4432
Total 42 36184
*Both sine and cosine are returned, requiring 4 more cycles than if only one

function is returned.

This time is added to the previous execution time and the previous inter-cell bus
usage. The previous execution time estimate was 55120. Adding the additional inter-
cell bus time requirements gives a total of 59660 cycles required to calculate the new
state vector. It is seen that the total execution time required in the cell is not
increased greatly.

The inter-cell bus usage will increase as shown in part of Figure A-2. The
addition of 4540 cycles to 140 cycles gives a total of 4680 cycles, If there are
106 cycles available in a second of real time, 0,47 percent of the inter-cell bus is used
by the navigation program. The saving of subroutine storage in the navigation cell set
requires increased inter-cell bus time. The saving in cell 1 reduces the storage
requirements therein from 457 words to 239 words, this gain is of course at the
expense of increased bus usage.

These two variations of example 1 show how the distributed processor system
gives great flexibility in the use of the system resources. System availability in event
of a malfunction is one important reason for having a flexible system. The programmer

can make trade-offs to give the resultant system the best chance of meeting system
objectives.

A.3 EXAMPLE 2

The navigation program was programmed a second time, but this time global
programming was used to show the effects of global programming on the software.
Example 1 used conventional coding. Example 2 will show how global programming is
used. This section will go into much more detail on the coding. Because most of the
navigation vectors contain three components, three cells are used to process the data.
Usually X is calculated in cell CX, Y in cell CY, and Z in cell CZ, Cell CY is the
center and main processing cell. Neighbor lines connect CY to CX and CZ, as shown
in Figure A-3.




CONTROLLER CELL

START PARAMETERS
END PARAMETERS
GLOBAL PROGRAM

INTER-CELL BUS

CELL CX

CALCULATE X
COMPONENTS OF
VECTORS
SUBROUTINES

CELL CY

MAIN PROGRAM
CALCULATES Y
COMPONENTS OF
VECTORS

CELLCZ

CALCULATES Z
COMPONENTS OF
VECTORS

Figure A-3.

NEIGHBOR LINES
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. The equations were analyzed for places where applied parallelism could be used
effectively. The resulting dependent program sequences, as they appear on the inter-
cell bus, are shown in Figure A-4, Tables A-5and A-6 are the program that generates
the global sequences. The make-up of the sequences is given in Tables A-8 and A-10
thru 7-12,

The example shown uses an exponential subroutine in order to calculate the
atmospheric drag. As in example 1, the subroutines may be in various places through-
out the system and may be used in various ways. The method proposed here was to
have the exponential, squareroot, sin/cos in the CX cell. The exponential could also
be sent from the controller cell, or the subroutine cell. Or the data could be sent to
the subroutine cell and the subroutine cell can return the function. Figure A-4 assumes
the exponential is located in CX and the data is sent over the neighbor line to CX.

It should be noted scaling and rounding have been omitted in all these examples.
The equations in 1. 2. 4. 2. 1, (reference 2) calculating the eccentric anamoly, use only
one variable and there are few opportunities for doing natural or applied parallelism.
One possibility is to put sin in CX and cos in CZ, and calculate the sin and cos of the
estimated eccentric anamoly simultaneously. In this example applied parallelism was
not used.

A look at Tables A-5 and A-6show many details, most of which are of interest
only to professional programmers. A few items will be mentioned here because they
are of interest in studying the distributed computer System.

Table A-5 shows a program to solve the equations given in section 1. 2. 4. 1. of
reference 2. These equations rectify the osculating orbit. Usually the orbit is recti-
fied whenever the deviation vector becomes large. This example assumes that the
rectification takes place, thus this is a worst case example.

The first two lines shown in Table A-5 transmit the components of RV and RV to
the proper cells.

The first global sequence is given next. The BEGIN line tells the compiler that
this next block is to be made into a global program. Cells CX, CY and CZ are all to
receive the global instructions. The compiler will compile a program to be placed in
the controller cell. This program will be called whenever this sequence is required.
The next 4 statements will be made into a global program. This program, shown in
Table A-7, will be executed by the controller cell. The output of this program is
shown in Table A-8,

Looking first at Table A-7, the first three instructions are controller cell
instructions and are executed by the controller cell. Instruction 1 will cause cell CX
to be addressed, set to level L, and set to the dependent wait state (DW). Level L is
any one of the 8 levels. Any level may be used, just so all three cells are set to the
same level.

Instructions 2 and 3 will perform the same operation on cells CY and CZ. Thus
three X7 control words will be sent out over the inter-cell bus.

A-11
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Table A-5. Program for 1,2.4.1 (Ref 2)

Line
Number Statement
1 TRANSMIT RVXTO, RDVXT0 FROM CY TO CX
2 TRANSMIT RVZT0, RDVZT0 FROM CY TO CZ
3 BEGIN GLOBAL SEQUENCE 1 TO CX, CY, CZ
4 RV2 =RVTO0 * RVTO
5 RDV2 = RVDTO0 * RVDTO
6 DELTA =0
7 DELTAD =0
8 END GLOBAL SEQUENCE 1
9 TRANSMIT RV2X, RDV2X FROM CX TO CY
10 TRANSMIT RV2Z, RDV2Z FROM CZ TO CY
11 V02 = RDV2X + RDV2Y + RDV27Z
12 RO = SQRT(RV2X + RV2Y + RV2Z)
13 A =UG*R0/(2*UG-R0*V02)
14 ECOSEO = 1 - (RO/A)
15 ESINEO = V02/SQRT(UG * A)
16 N = SQRT(UG)/A ** 1,5

Table A-6. Program for 1.2.4.2 Through 1,2.4.5 (Ref 2)

Line
Number Statement
1 FP =1 - (A/R0) * (1 - COS(DE))
2 GP = DT - (DE - SIN (DE))/N
3 TRANSMIT FP, GP FROM CY TO CX, CZ

A-13




Table A-6. (Cont)

Line
Number

Statement

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

BEGIN GLOBAL SEQUENCE 2 TO CX, CY, XZ
ROSCT = FP * RT0 + GP * RDT0
RM2 = ROSCT * ROSCT

END GLOBAL SEQUENCE 2

TRANSMIT RM2 FROM CX TO CY

TRANSMIT RM2 FROM CZ TO CY

RM = SQRT (RM2X + RM2Y + RM27)

FV = SQRT (UG * A) * SIN (DE)/(RO * RM)

GV =1 - (A/RM) * (1 - COS (DE))

TRANSMIT FV, GV FROM CY TO CX, CZ
BEGIN GLOBAL SEQUENCE 3 TO CX, CY, CZ
RDOSCT = FV * ROSCTO0 + GV * RDOSCTO0

RVT = ROSCT + DELTAT
RDVT = RDOSCT + DELTADT

Q = (DELTAT * (DELTAT - 2 * RVT))/
(RVT * RVT)

END GLOBAL SEQUENCE 3

TRANSMIT Q FROM CX TO CY

TRANSMIT Q FROM CZ TO CY

Q=QX + QY + QZ
FQ=(Q*B3+Q+Q*Q)/(1+(1+Q) **1.5)

TRANSMIT RVT * RVT, RDVT * RDVT FROM
CX TO CY

TRANSMIT RVT * RVT, RDVT * RDVT FROM
CZ TO CY




Table A-6. (Cont)

Line
Number Statement
26 RV2 = RVTX * RVTX + RVTY * RVTY + RVTZ *
RVTZ

27 HE = SQRT (RV2)

28 LA = SQRT (RDVTX * RDVTX + RDVTY *
RDVTY + RDVTZ * RDVTZ)

29 LB = GAMMA * LA * EXP ( - BETA * HE)

30 LC = RM2 * ROSCT

31 L1 = J * RE2/RV2

32 L2 =5 * Z2/RV2

33 TRANSMIT L1, L2, LB, LC FROM CY TO CX,

CZ

34 BEGIN GLOBAL SEQUENCE 4 TO CX, CY, CZ

35 DEFINE L3 =1 IN CX, CY

36 DEFINE L3 = 3 IN CZ

37 A2 = L1 * RV * (L3 - L2)

38 Al = LB * RDT

39 AD = Al + A2

40 KV(I) = DELTADT

41 KA(l) = AD - UG * (FQ * R + DELTAT)/LC

42 IFI <3 DO

43 DTNHV = DTNV + (H/2) * KV(J)

44 DTNHA = DTNA + (H/2) * KA(D)

45 END DO




Table A-6. (Cont)

Line
Number Statement
46 IFI1=4DO
47 CV1 = (H/6)* (KV(1) + 2 *KV(2) + 2 *
KV (3) + KV(4))
48 CAl = (H/6) * (KA(1) + 2 *KA(2) + 2 *
KA@) + KA(4))
49 RTN = ROSCT + CV1
50 RDTN = RDOSCT + CAl
51 END DO
52 END
Table A-7. Controller Cell Program to Generate Sequence One
Line Instruction
Number Operation Operands
1 CcC CX, LEVEL L, DW
2 CC CY, LEVEL L, DW
3 CcC CZ, LEVEL L, DW
4 cC Transmit Mode, Level L
5 LOAD DP Ul, RV
6 MPY DP 7 U1, U1
7 STORE DP Ul, RV2
8 LOAD DP U1, RDV
9 MPY DP U1, U1
10 STORE DP | Ul, RDV2
11 SUB DP Ul, U1
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Table A-7, (Cont)

Line Instruction
Number Operation Operands
12 STORE DP Ul, DELTATO
13 STORE DP Ul, DELTADTO
14 (6] Execute Mode, Level L, DLC
Table A-8. First Sequence Received by CX, CY, CZ
Line
Number Operation Operands
1 PREFIX LEVEL L
2 LOAD DP Ul, RV
3 MPY DP U1, U1
4 STORE DP Ul, RV2
5 LOAD DP U1, RDV
6 MPY DP U1, ul
7 STORE DP U1, RDV2
8 SUB DP U1, U1
9 STORE DP Ul, DELTATO
10 STORE DP Ul, DELTADTO
11 GC Go to Dependent Local Control State




Instruction 4 sets the controller to the transmit mode and a X0 control byte at
Level L is sent out. Three dependent cells are at level L and the three cells will
respond and switch to the global state. The controller cell will go into the transmit
mode, not executing instructions until line 14 is fetched from memory. Lines 5 thru
13 are sent to the dependent cells. When the line 14 instruction is fetched, because
it is a CC instruction, the instruction is executed only by the controller cell. The
controller cell is set to the execute mode. An X0 control byte is sent over the global
bus at level L, setting all three cells to the Dependent Local Control (DLC) state. The
controller cell will now do some other task; the three cells will each execute their
local instructions to solve the navigation problem.

Table A-8 shows the instructions received by each cell. Line 1 is the X0 control
byte sent by the instruction on line 4 of Table A-7. The cells are all set to the global
state and are ready to receive instructions from the inter-cell bus. Lines 2-4 form
the square of RV. The DP means Double Precision, or a 32 bit data word is to be
used. Ul and U2 are considered one 32 bit accumulator. The LOAD DP loads Ul and
U2 with the double precision data word RV. The next instruction will multiply Ul and
U2 by Ul and U2, giving a 64 bit product in accumulators Ul, U2, U3, U4. In this
example, only 32 bits are saved and stored in RV2. Normally, shift instructions
would be used to scale the data. The scaling has been omitted in this example.

Instructions 5-7 square RV. The next instruction subtracts Ul - U2 from itself,
setting it to zero. This double precision zero is stored by instructions 9 and 10. An
alternate method would be to send the zeros from the controller cell as a D32 data
word. In this case, Table A-7, line 11 - 13, would be changed as follows:

Line Instruction Operands

11 GC D32

12 STORE DP Ul, DELTAT O
13 Data DO

14 GC D32

15 STORE DP Ul, DELTADTO
16 Data DO

This sequence is clearly inefficient when a zero can be generated so easily in
the cell by using a register - to - register instruction.

The last instruction received is one that sets the three cells to the dependent
local control state. As seen inTable A-5, the cells next operation is to transmit the
resultant squares to CY.

Cell CY will compute RO and V02 from the components received from the neighbor
cells. The machine coding for this neighbor-to-neighbor transfer is given in Table A-9.
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Table A-9. Neighbor to Neighbor Communication

Line
Number Cell CX Cell CY Cell C2Z
1 FLAG Ul, CY ILOADDP U3, Ul FLAG U1, CY
2 FLAG U2, CY LOAD Ul, CX | FLAG U2, CY
3 LOAD DP Ul, RVT0X | LOAD U2, CX | LOAD DP Ul, RVT0Z
4 FLAG ‘U1, CY ADD DP U3, Ul | FLAG U1, CY
5 FLAG U2, CY LOAD Ul, CZ | FLAG U2, CY
6 LOAD U2, C2
7 ADD DP U3, U1
8 STORE DP U3, V02
Table A-10. Second Sequence Received by CX, CY, CZ
Line

Number Operation Operands

1 PREFIX LEVEL L

2 LOAD DP Ul, FP

3 MPY DP U1, R

4 STORE DP Ul, ROSC

5 LOAD DP Ul, RD

6 MPY DP U1, U1

7 ADD DP U1, ROSC

8 STORE DP Ul, ROSC

9 MPY DP U1, U1l

10 GC Go to Dependent Local Control State
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Table A-11. Third Sequence Received by CX, CY, CZ

Line
Number Operation Operands

1 PREFIX LEVEL L
2 LOAD DP U1, RDOSCTO
3 MPY DP U1, GV
4 STORE DP U1, RDOSCT
5 LOAD DP U1, ROSCTO
6 MPY DP Ul, FV
7 ADD DP U1, RDOSCT
8 STORE DP U1, RDOSCT
9 ADD DP Ul, DELTAD
10 STORE DP Ul, RDVT

11 MPY DP U1, U1

12 STORE DP Ul, TEMP1
13 LOAD DP Ul, ROSCT
14 ADD DP Ul, DELTAT
15 STORE DP Ul, RVT

16 MPY DP U1, U1

17 STORE DP Ul, TEMP4
18 LOAD DP Ul, RVT

19 CMPL U1

20 CMPL U2

21 SHIFT

22 ADD DP U1, DELTAT
23 MPY DP Ul, DELTAT
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Table A-11. (Cont)

Line
Number Operation Operands
24 DIVIDE DP Ul, TEMP4
25 STORE DP Ul, Q
26 GC Go to Dependent Local Control State
Table A-12. Fourth Sequence Received by CX, CY, CZ
Line
Number Operation Operands
1 PREFIX LEVEL L
2 LOAD DP Ul, L3
3 SUB DP Ul, L2
4 MPY DP Ul, L1
5 MPY DP Ul, RV
6 STORE DP Ul, A2
7 LOAD DP Ul, LB
8 MPY DP Ul, RDT
9 STORE DP U1, A1l
10 ADD DP Ul, A2
11 STORE DP Ul, AD
12 LOAD DP Ui, DELTADT
13 STORE DP Ul, KV(0)
14 LOAD DP U3, FQ
15 MPY DP U3, R
16 ADD DP U3, DELTAT
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Table A-12. (Cont)

Line
Number Operation Operands

17 MPY DP U3, UG
18 LOAD DP Ul, AD
19 SUB DP U1, U3
20 DIVIDE DP Ul, LC
21 STORE DP Ul, KA®)
22 LOAD DP U1, H
23 SHIFT
24 MPY DP U1, KV(D
25 ADD DP Ul, DTNV
26 STORE DP Ul, DTNHV
27 LOAD DP Ul, H
28 SHIFT
29 MPY DP Ul, KA(D)
30 ADD DP Ul, DTNA
31 STORE DP U1, DTNHA
32 LOAD DP Ul, H
33 DIVIDE DP Ul, SIX
34 STORE DP Ul, TEMP
35 LOAD DP Ul, KV+1
36 SHIFT
37 LOAD DP U3, KV + 2
38 SHIFT
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Table A-12. (Cont)

Line
Number Operation Operands

39 ADD DP U1, U3

40 ADD DP Ul, KV+3

41 ADD DP U1, KV

42 MPY DP Ul, TEMP

43 STORE DP U1, CvV1

44 ADD DP U1, ROSCT

45 STORE DP Ul, RTN

46 LOAD DP Ul, KA+1

47 SHIFT

48 LOAD DP U3, KA +2

49 SHIFT

50 ADD DP U1, U3

51 ADD DP Ul, KA +3

52 ADD DP Ul, KA

53 MPY DP Ul, TEMP

54 STORE DP U1, CAl

55 ADD DP Ul, RDOSCT

56 STORE DP Ul, RDTN

57 CcC Go to Dependent Loecal Control State

Notes for Table A-12

Instructions 22 through 31 are sent out only whenl is less than 4,
Instructions 32 through 57 are sent out only when1 is equal to 4,

A}
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Cell CX set the neighbor flag for its accumulator Ul to indicate the contents of
this accumulator are to be sent over the neighbor line to cell CY. Cell CX is expecting
cell CY to request a word of data. When this request comes, accumulator Ul has
been set for cell CY. Since the product which is to be transferred was just computed,
there is no need to load the accumulator. At the same time, cell CY is moving its
product to the other pair of accumulators, U3 and U4. Now (line 2) Ul is loaded with
the first accumulator that has the flag for cell CY. Thus CX will transfer its accumu-
lator U1l to CY, which will place the contents in its Ul. When CY executes the line 2
instruction, the accumulator U2 contents will be transferred from CX to CY.

While CY is transferring U2, CX will attempt to execute its instruction on line 3.
However, U2 continues to contain a flag, therefore this instruction execution will be
delayed until CY executes its line 4 instruction.

The remaining instructions operate in a similar manner. Thus the CZ compo-
nents are moved to CY and added. Because the data is double precision, 32 bits, the
program is longer than if the data were single 16 bit precision. In the latter case,
the addition can be done directly, the instructions to load the CY accumulators are not
required.

Returning to Table A-5, the line 12 instruction takes the square root of the sum
of the squares. In this example, the square root subroutine is assumed to be located
in one of the neighbor cells. The data is transferred to the neighbor and the square
root is computed and returned. The remaining statements are similar.

The equations in section 1, 2. 4. 2.1 of reference 2 are not described here. The
programming is all contained in cell CY and is conventional.

Table A-6 contains the program for the remaining sections. The data descrip-
tion, data equivalence and similar statements have been deleted. The statements are
not written in any particular language, since the purpose of these examples is to show
how a problem may be implemented and not to develop a compiler or assember ‘
language. The programs to obtain the starting parameters and return the ending ‘
parameters to the controller cell have also been omitted. The other global programs
have been written in detail and are given in Table A-10 thru A-12. These are similar
to the sequence one program, Table A-8. One comment that should be made is K(I),
as given in the equations, is a 6 element vector. To make the program easier to
follow, the vector was made into two three component vectors, KV(I) and KA(I). The
resultant program is equivalent.

Storage estimates were made for the example 2 program. These estimates are
given in Table A-13. Cell CX contains instructions, data storage and the subroutines.
The instructions are all required to move data into and out of the cell over the
neighbor lines and to transfer from the local control to wait state. There are 10
instructions included to set the cell up to receive the first sequence of global instruc-
tions. Some words are required to save intermediate values as they are calculated
and to save data as it comes from cell CY. This data storage is temporary and may
be used by other tasks when the navigation program is completed. Only cell CY is
assumed to save permanent data that may be required between executions of the
navigation program.
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Table A-13. Example 2 Storage Estimates

Cell CX

Instructions
Data Storage, temporary
Subroutines

Total CX
Cell CZ

Instructions

Data Storage, temporary
Total CZ
Cell CY

Navigation Program Executive, 1/0,
and error checking

Instructions

Program to calculate delta E
Program for block 4

Data Storage
Total CY

Controller Cell

Instruction Storage

Total Controller Cell

Total Storage

60 words
58
228

346 words

60 words
_58

118 words

102 words

207
73
17

98

497 words

_9_1 words

91 words

1052 words

Cell CZ is like CX, only the subroutine package is not required. Cell CY

contains the remaining programs, the executive and 1/0 interface with the controller

cell. The instructions include the same 60 instructions as cells CX and CZ. The
remaining are the instructions required to solve the equations in Table A-5 and A-6

that are not part of the global program sequences. The program to calculate delta E

(1. 2. 4. 2. 1) is here, as well as block 4, The data storage are the remaining words.
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The controller cell will require about 90 words to hold the global program.

Figure A-5 shows the general time requirements for example 2. Each line
represents 4000 cycles. The blocks on the lines show the approximate inter-cell bus
time required. A little over 52000 cycles of time are required to complete the naviga-
tion program, or 5. 2 percent of the available time, assuming 106 cycles per second
of real time. The inter-cell bus requirements go to 0. 55 percent of the available time,
again assuming 106 cycles per second.

Comparing example 1 with example 2, a cost of storage and increased inter-cell
bus time requirements was paid to reduce the execution time. For a critical program
such as navigation, the example 1 approach appears to have definite advantages. There
is no speed problem and two cells should be better than three. The two examples show
how the distributed processor computer system gives the programmer the flexibility
of changing the programs to best meet the system objectives. For a problem that
requires much data handling, the converse will be true; the mechanization with the
global programming will require much less time and less storage.
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APPENDIX B. ERROR ANALYSIS OF MONTE CARLO PROGRAM

The Monte Carlo program used in the reliability simulation is described in
Section 12. This appendix will present an analysis of the accuracy and confidence one
can expect from Monte Carlo techniques.

The number of runs, N, necessary to achieve a given accuracy and confidence in
the results can be found from the following equation;

2 ra Ay
N> P Ui-p) K" {a)
> 2

where p is the probability to be determined, K2 (a) is a confidence function which will
be discussed below and, € is the allowable error.

This equation is derived below.

The runs generated by the Monte Carlo program are essentially independent
Bernoulli trials. Since Bernoulli trials obey the binomial probability law, it is
desired to find the statistics which describe binomially distributed probabilities (see
Reference 37). In order to simplify this task without sacrificing accuracy the normal
approximation to the binomial distribution is applied. This states that:
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Where N is the number of trials

f_is the relative frequency of success of an event with probability p of success
on each trial,
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h is the allowable error of
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This can be rewritten as
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where Y is the standard deviation of the results of Bernoulli trials

This equation states that: the probability that the ratio of the difference between the
simulated probability and the actual probability, (fn - P), and the standard deviation,

( ﬂ%\;—pl), of the Bernoulli trials is less than or equal to some constant b, is equal to

twice the positive normal distribution of h minus one, Ifh = € /Y, where € is the
allowable error between the simulated and actual probabilities, the previous equation
becomes:

p [|fn-p|s e] ~2® (€ 'p(_I:-BT) -1

if K (o) is set as the solution to

Ko 172y
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where a is the confidence level which is desired then

p[|fn—p|ss]z a if € /E)T%) 2 K(a)

which will be satisfied if

2
K™ (a
N= —E—é—l p(1-p)

K (a) can be found from a table of the normal curve of error. If the value of 1/2 a is
found in the area column the corresponding value in the t column is K (a). Note that
for the worse case

2
N = K—(;-)- whenp = 1/2
: ¥

‘for p greater or less than 1/2 the number of trials (runs) decreases. This means that
Aif nothing is known of the probability that is being simulated the worse case must be
used but if the probability can first be estimated the number of runs can be reduced.

This equation can also be used inversely, that is if a number of runs have been
made, an error limit can be established for a given confidence level.




€SK(@)y e, € S<K(a) R0P)

Figure B-1 contains the error as a function of p for various number of runs at a
95% and 75% confidence level.
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APPENDIX C.  MONTE CARLO SIMULATION RESULTS

This appendix contains the actual print outs from the Monte Carlo simulation

discussed in Section 12 of the report. A description of the program along with an
explanation of the print out may be found in that section.
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APPENDIX D. COMMUNICATIONS

D1 INTRODUCTION

The approaches to communications may be considered as DC or RF., RF
approaches modulate a high frequency carrier that is then demodulated to receive the
transmitted information. Within the DC approaches, the primary variables are the
number of lines provided (the number of bits in parallel) and the clock rate or bit rate
of transmission. The RF approaches have many variables that yield many communica-
tions systems. Four systems were defined and considered in this section.

1. Simple Time Multiplex: Data is transmitted serially from a cell with only
one cell transmitting at a time.

2. Simple Frequency Multiplex: Data is transmitted in parallel over one line
from a cell with only one cell transmitting at a time.

3. Full Frequency - Simple Time Multiplex: Data is transmitted serially from
a cell with all cells transmitting simultaneously over one line.

4. Full Frequency - Frequency Multiplex: Data is transmitted in parallel over
one line from a cell with all cells transmitting simultaneously over this
one line.

poses. This minimization of the number of connections to each cell is of prime
importance since the number of connections have a great effect on reliability. The
advantages and effects on the computer organization will be explained in this section.

In addition, it is desired to fabricate the RF circuitry on the same wafer as the
cell is mechanized on. RF circuit technology will be examined and discussed in this
section also.

D.2 COMMUNICATION REQUIREMENTS

The distributed processor organization uses approximately 20 cells per group and
two group switches per group. The basic internal computer word length is 16 bits. As
far as communications is concerned parity and a control bit may add two more bits to
every "word" communicated from cell to cell. Therefore, the basic word length from
the communications standpoint will be 18 bits. Each cell is to be an individual wafer so



that the main communication problem is that of communicating between cells (wafers)
in a group (probably on one board).

The data rates have not been established firmly at this time. However, they are
not expected to be severe and a nominal figure of 10 megabits per second will be
assumed (total rate per group).

Reliability is the prime requirement; therefore, this requires that the com-
munication system use as few leads to each cell as possible (primary importance) and
require a minimum amount of circuitry for its mechanization (secondary importance).

D.3 RF CIRCUIT TECHNOLOGY

This section will present a brief discussion of RF circuits that may be fabricated
on the same wafer as used for the digital devices to mechanize a cell. The feasibility
of using an internal RF link to communicate from one section of the computer to another
is within the scope of present technologies. All of the integrated circuit RF components
necessary to construct an internal communications system of this type have been
operated in the laboratory. The fabrication of these components is also compatible
with the thin film techniques which are used in the construction of high speed digital
integrated circuits. As in the lower frequency circuits the size of the integrated cir-
cuit is controlled by the passive circuit elements. At the higher RF frequencies
circuit elements are developed from lengths of transmission line which perform the
electrical function of capacitors and inductors. The physical circuit size will be
related directly to the wavelength of the RF energy propagated on a microstrip trans-
mission line. In order to illustrate the size reduction of these circuits possible with
various substrate materials, Figure D-1 shows both the reduction of the linear
dimensions and the reduction of area that results at a given frequency for various
values of substrate dielectric constant. As can be seen from this chart, the materials
presently in use and under consideration for use in integrated circuits have dielectric
constants in the vicinity of 10. This would result in linear dimensions which are
38 percent and equivalent areas which are 15 percent of those when the dielectric con-
stant of the transmission line is unity (air line). It should also be noted that if the
system is operated at a higher frequency the linear reduction in circuit size will be
directly proportional to the frequency increase. Both of these factors would determine
the total area per wafer occupied by the RF communication link circuits.

The frequency of operation for an RF computer communication system will be
limited at the upper frequency by the RF power output of available devices. At the
lower frequency of operation, the size of the passive components will increase and
the area required for communication purposes will increase, the amount of area
available for the RF circuits will therefore determine the lower frequency. A plot of
frequency vs. power output of a group of Solid State RF power generators utilizing the
pulk effects in semiconductors is shown in Figure D-2. These devices could be ideally
suited for use in the RF computer communication system because of their small size
and simplicity. A number of these devices have been fabricated in thin film con-
figuration and are presently being studied to enhance their power generating capability.
The data which has been collected in Figure D-2 represents the performance of many
solid state bulk effect devices operating in different modes and for comparison also
presents the most recent upper limit for transistor operation. This plot compares
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both the cw and pulse modes of performance that has been achieved for the Gunn,
LSA (Limited Space Charge Accumulation), and IMPATT (Impact Avalanche Transit
Time) devices. For further discussion on these types of devices the reader is
referred to reference 38,

One example of the type of circuit compatibility that is available is the operation
of the Gunn device whose frequency is dependent on sample thickness. To obtain
RF power at a frequency of 10 GHz the sample thickness required is approximately
10 microns. These thicknesses, especially at the higher frequencies are the same
order of magnitude as those which are controlled by thin film processing techniques.
The data for the LSA mode of operation as of August 1967 shows that the operation of
these devices is feasible up to the region of 90 GHz. The power output ievels are
greater than that of the Gunn mode oscillators. Since these LSA devices may be used
in conjunction with microstrip resonators, the choice of the type of device at the upper
RF frequencies would be an LSA mode oscillator for the transmitter source. Since
these devices are just in their initial experimental stages, rapid advances in power
output, frequency range, and efficiency are expected in the next few years.

The power requirement on the transmitting device will be modest. One of the
reasons for this low transmitter power output requirement is due to the use of the
highly sensitive detecting devices now available in integrated form. One of the most
suitable candidates for this detection function is the Schottky barrier diode. These
diodes are compatible with integrated construction techniques and have shown per-
formance which is superior to standard diodes at frequencies up to 90 GHz. The use
of this type of a detector would provide compatibility with the present solid state
active devices and passive components at the upper RF frequencies. Another reason
for a low transmitter power is the short distance (less than 12 inches) that the signals
will need to be transmitted.

D.4 RF COMMUNICATION SYSTEMS

D.4.1 Analysis
D.4.1.1 Systems Considerations

This section will present an analysis of the performance of a general r-f com-
munication system that utilizes frequency multiplexing of binary data channels. The
results here will apply to specific systems presented in Section D.4.2. In the design
of a frequency multiplexed communication system, it is common practice to divide a
band of frequencies into a number of equally spaced data channels. Each channel has
a bandpass filter whose general function is the prevention of interference or crosstalk
from signals of other channels as well as the reduction of noise,

In most communication systems, bandwidth limitation is the primary considera-
tion. However, in this intracomputer communication study the tuned circuit com-
ponents are the limiting factors.

Because the total communication system must be capable of being mounted on an
integrated circuit wafer, the overall size of the circuit components such as the quarter
wave sections used for the single tuned circuits must be on the order of a few milli-
meters. This requires that frequencies in the range of 10 GHz or higher must be

D-5



utilized. However, the maximum realizable tuned circuit Q's that can be obtained for
resonant elements at these frequencies is about 50. For frequencies on the order of
10 GHz to 20 GHz, a Q of 50 results in 3 db bandwidths between 200 to 400 MHz, which
is considerably greater than the signal bandwidth (for purposes of this analysis,
assumed to be 4 MHz). For this reason, the system design is controlled by circuit
limitations rather than data transfer rates.

Shown in Figure D-3 is a plot of the signal to crosstalk ratio as a function of the
frequency spacing of the channels and the number of tuned circuits.

The total crosstalk in one channel is the RMS sum of its response to all of the
transmitted tones. Although the crosstalk is usually affected by the spectrum of the
transmitted signal, the 3 db circuit bandwidth to data spectrum is sufficiently large in
this instance so that it can be neglected.

The curves in Figure D-3 were plotted assuming a carrier frequency of 10 GHz.
From this figure it can be seen that for a signal to crosstalk ratio of about 20 db at
least two tuned circuits and a channel spacing of 400 MHz is required. The overall
system bandwidth for 20 channels would then be approximately 20 x 400 MHz or
8 GHz. Also because resonant elements are used for the tuned circuits it is important
to limit the overall system bandwidth to less than one half octave to avoid problems
with harmonies. This then requires the 20 frequency multiplexed channels to operate
between approximately 16 and 24 GHz which is within the current state of the
technology. .

Consideration of more than approximately 20 channels is given in one of the RF
systems to be presented in the next section. This system assigns one channel to each
bit in each and every cell. Such a system would require a bandwidth of approximately
70 GHz and an operating frequency range which would extend from 140 to 210 GHz.
Such a system does not appear to be technically feasible. Therefore only systems that
limit the number of channels to approximately 20 will be considered.

D.4.1.2 ON-OFF Amplitude Modulation Performance Analysis

On-off modulation was chosen as the intra-computer communication technique
because of its simplicity in application, its amenability to microminiaturization at
operating frequencies in the range of 16 GHz and because an optimum modulation
technique is not essential in a system where the signal-to-noise ratio can be main-
tained at. relatively high levels.

Shown in Figure D-4 is a simplified block diagram of an RF communication

system. At the output of the envelope detector shown in the block diagram, it is
possible to define an envelope function (p) where:

2 2
pP = (Eg +x)° +y
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where Eg is the signal voltage when the transmitter is turned on by the data; x and y
are assumed to be independent gaussian variables where:

p(x) - exp(‘xz/zaz)
2n O

2 2

(-y"/20")
27 o

are the density functions of these variables and where ¢ is defined by:

f
02=2fcw(f+fc)df
o

where w(f + f ) is the spectral density of the noise and fo is the equivalent lowpass cut-
off frequency of the two cascaded single tuned circuits shown in Figure D-4.

The density function of the envelope when the transmitter is on can be shown

to be:
2 2
-p t+ ES
Ep 2
__P S 20
P 8,n(p) —0—2 Io(_o2 > exp

where 1, (Esp/az) is the zero-order Bessel function of imaginary argument.

When the transmitter is turned off, Eg = 0, and the probability density function
of the envelope without signal is simply:

[ 202

P n(p) =7 exp

The probability distribution function of the envelope without the transmitter
signal present is:

-p
: ()
Pae) = [T, (p)dp=1 - exp\Z?

(o]




which is the so-called Rayleigh distribution which applies to the envelope of
narrow-band gaussian noise. The distribution function P s,n(P, Eg) representing the
_envelope of the sum of a sine wave and gaussian noise is given by:

Es (4
PS,n(p, ES)=1 —Q —0—9 7

in terms of the Q function where:

2 o 2
Qaby =exp 272 [T xexp 7D 1 ax ax
b (o)
where:

1
-1/2
I (ax) =1 [ 1 1-t%)  exp®) at

Numerical integration can be used to evaluate the integral to the accuracy desired.
Qs,n (P, Eg) is the Rice distribution which degenerates to the Rayleigh (%istribution
when Eg is zero and approximates a gaussian distribution when Eg > > o°.

The probability of error of the threshold detector which follows the envelope
detector can now be calculated. The threshold is set at KEg so that a mark is
detected if the detector output p is greater than kEg and a space is detected if p is
less that KEg. ~F a space signal is sent, that is if the transmitter is not on, the signal
is erroneously read as a mark if p exceeds kEg. Hence the probability of this error
is given by:

P(M/S)=1-Pn (kE ) = exp

If a mark is sent, the envelope is that of the noise plus the transmitted signal and an
error is made if p is less than kEg and the probability of this error is given by:

P(S/M) =P s,n (kE_, E )

When the signal-to-noise ratio is relatively large the following approximation
holds:

2
--k%Y] 2
sexH[ A [1-3+ek-1k® +--.
PEM =T my [ 16k(1-k%) ¥

where Y= Esz/z 02.
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In contrast to the case of coherent detection, the probabilities of error are not
equal when the threshold is set at Eg/2. Shown in Figure D-5is a graph illustrating
the effect of signal-to-noise and threshold variation on the error rate. Although the
optimum threshold does vary somewhat ag shown in Figure D-5 it does not change
sufficiently to cause more than about a 1 db degradation in the overall performance of
the system. Shown in Figure D-6 is the performance curve of the system under
consideration showing the error rate that would be obtained as a function of the signal-
to-noise ratio at the input to the decision device. Also shown are the error rate
curves that would be obtained for k = 0. 5.

Although these performance results were obtained by assuming that the disturb-
ing influence was white gaussian noise, it in fact will most likely be adjacent channel
crosstalk, which will consist primarily of the two adjacent channel tones that will not
be completely filtered by the channel filter. Therefore, it will not be gaussian and
somewhat better performance than that indicated by Figure D-5 can be obtained.

From the analysis in the previous section (D.4.1.1), it was seen that a signal-
to-crosstalk ratio of 20 db could be obtained, which based on Figure D-6 and the
above comments should result in approximately errorless performance for the
intracomputer communication link when considering the effects of crosstalk alone.
Other noise sources such as logic noise, etc., have not been considered here, the
intent of this section primarily being an investigation of the system operation.

D.4.2 Description of RF Communications Systems

D.4.2.1 Introduction

There are two principal methods of combining several (binary) channels on a
single physical bus. One is frequency multiplexing and the other is time multiplexing,

Frequency multiplexing utilizes several carrier frequencies which are independ-
ently modulated by parallel data sources. At the receiving station these frequencies
are separated by filters or other means and the modulation detected in order to
recover the data. For the systems under consideration, only simple on-off modulation
will be considered. Then the receiving station simply has to detect the presence or
absence of each of the tones.

In time multiplex the transmission time is divided up into time slots and each
of the multiplexed channels has a time slot assigned to it. The time slots can
correspond to serial bits transmitted from a cell or to the sequence of transmitting
times assigned to cells or a combination of these two.

Control and supervision of the cells in the communications subsystem is a
difficult question involving the processor organization to some extent. Certain trade
offs are involved which cannot be evaluated here. For example, most of the supervi-
sion could be concentrated in the group's control cell or most of the supervision could
be distributed among the communicating cells. There is a software vs hardware
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In this section block diagrams of four possible RF communications systems are
discussed. These are: 1. Simple time multiplex; 2. Simple frequency multiplex;
3. Full frequency - simple time multiplex; and, 4. Full frequency - frequency
multiplex.

D.4.2.2 RF System 1 - Simple Time Multiplex

In RF System 1, the words are transmitted serially with only one cell transmitting
at a time. (The words are time multiplex; the cells time share the bus.)

Figure D, 7 shows a functional block diagram of a simple time multiplex system.
In this system an oscillator is fed through a modulator (an on-off gate) which is con-
trolled by the output of a parallel to serial converter fed by the data register. The
parallel to serial converter converts the data word into a serial bit stream which
turns the modulator on and off controlling the output of the oscillator. This sequence
of carrier pulses is transmitted on the bus to the receiving cells.

Each receiving cell is activated (for reception) by enabling a gate feeding a
filter. The filter may not be essential for this system unless switching transients,
etc., are severe. The filter feeds a detector which produces an output whenever the
oscillator's tone is present on the bus. The output of the detector is fed to a serial to
parallel converter which reconstructs the parallel computer word.

This system is almost as simple as DC serial word transmission; it is feasible
if the average and peak data transmission demands of the system are not too high for
the technology.

It may be possible to speed up the transmission of the serial data words through
the use of a fast rise time device in the modulator. In radar work it has been pos-
sible to modulate gigahertz carriers using 100 megahertz modulating signals. It thus
appears feasible to modulate the output of an oscillator operating in the 10-50 gigahertz '
range at better than 18 x 2 = 36 megahertz rates. If this is possible, then a computer
with a basic clock rate of 2 megahertz could transmit 18 bit words serially in each
clock period. This implies that simple time multiplexing should impose no delay
restrictions on the cells. That is, when the transmitting cell is allotted its time slot
for transmission, the transmitting cell could come up with data words for trans-
mission as fast as it can and the time multiplex system would transmit them to the

receiving cells.
D.4.2.3 RF System 2 - Simple Frequency Multiplex

Figure D-8 is a functional block diagram of a scheme for frequency multiplexing
the 18 bits in a word so that they can be transmitted in parallel from one cell to another.
In this scheme the outputs of 18 oscillators operating at 18 different frequencies are
controlled by gates operated by the data bits in the 18-bit register. (The gates are the
"modulators.") It should be noted that a combination of time multiplexing could be
considered here also. For example, 9 oscillators could be used to transmit half a

word at a time etc. Thus, the output of oscillator 1 is fed through to the bus whenever
d; is a 1, and is not fed through to the bus when d is a 0. Similarly, the output of
oscillator 2 is fed through when dp is a 1 and is not fed through when dg is 2 0
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and similarly for the outputs of the other oscillators. Thus, a transmitted word
appears on the bus as a sub-set of the 18 oscillator frequencies. In this kind of a
system a transmitting cell can transmit to one or more receiving cells. Each of these |
receiving cells, in fact, each of the cells in the system, would have 18 filters cor-

responding to the 18 frequencies of the oscillators, The outputs of these filters would

be fed to threshold detectors to determine the presence or absence of energy at those

frequencies. Thus, if d; were zero, frequency 1 would not be present on the bus and

the output of detector 1 would be a zero. Similarly if dy were a 1 the output of

oscillator 2, fa, would be present on the bus and the output of detector 2 would be a 1.

Similarly for the rest of the detectors.

This system is basically a switching system in which one transmitting cell at a
time is switched on to the bus and the receiving cells are simultaneously switched on
to the bus. The current transmitting cell would transmit its information to the
receiving cell. The control cell could monitor the transmission and when it detected
an end of transmission it could then activate the next transmitting cell, deactivate all
the previously receiving cells and activate a new set of receiving cells. The new
transmitting cell would then transmit its information, ete. This process would be
repeated to take care of the transmission requirements of the system.

There are various drawbacks to this scheme aside from technological problems.
First of all, those cells desiring to transmit must wait in line to get on the bus. This |
can result in lost time in the cells as well as potential queuing problems. Second, the |
control of this system requires that a previous set of receiving cells be deactivated |
and a new set of receiving cells be activated for each transmission period. Unless a
separate supervisory bus is provided, this uses up transmission time and again raises
the overhead of the system.

Technological problems may rule this system out; i.e., there are definite prob-
lems of interference between several oscillators operating simultaneously on a single
chip, and there are also problems in connection with loading the bus with a varying
number of filters.

The loading problem can be solved in a straightforward manner as illustrated
in the detailed example of this system given below. Interference between oscillators
operating simultaneously on a single ship is a more difficult problem. Some device,
either passive or active, is required to isolate the oscillators from one another. A
simple filter may be adequate, but if not, an isolator would very likely have to be
developed. At present there is not an adequate isolator; however there may be one by
the time the system is ready for development.

A detailed block diagram of the Simple Frequency Multiplex System will be given
below. This system is presented in detail since it is expected to be the most demand-~
ing as far as the RF circuit mechanization is concerned. The discussion below may
be extended to the other three systems in this section. The block diagram in Fig-
ure D-9 shows in detail the concept of a twenty channel simple frequency multiplexed
communications system in the transmit-receive and terminated mode. A cell in the
terminated mode is simply selectea not to receive any of the transmitted information.
The transmitter section consists of small LSA devices which are tuned at equally
spaced frequencies f] - f29. Each of the outputs to the main line is controlled by

D-17




CELL A
TRANSMIT MODE

TRANSMITTER POWER PULSE

RF PORTION
> OF CELL A

) 12

i3

m

-~
v/

LSA OSCILLATORS

DIODE a
MODULATORS

WRITE

E_____

READ
f4 N SWITCH Y

MULTI BIT WORD FROM PROCESSOR

——

TRANSMIT

SIGNAL

READ, WRITE CONTROL

CELL B
RECEIVE MODE

NO POWER PULSE

e G GEEEE G CE—
RF PORTION OF CELL B

TRANSMITTER (OFF)

S G o

-

RECEIVER (ON)

-

JLT1

Vo
.

SIGNAL
DB 6DB 6DB| 6DB} pa g
f1 fo f3 f4 | FILTERS
DIODE
DETECTORS
READ SIGNAL

v

CELLC
TERMINATED MODE

NO POWER PULSE

RF PORTION OF CELL C

TRANSMITTER (OFF)

P o

RECEIVER (OFF)

: DT

TRANSMIT SIGNAL

.
>

Figure D-9. Detailed Block Diagram of Simple Frequency Multiplex

D-18




switching diodes whose state is determined by the processor logic. The main drive
for all of the transmitter oscillators is provided by a separate line which provides the
necessary power at the proper intervals to generate the RF energy in the solid state
oscillators.

One of the primary considerations of system operation is transmitter oscillator
power. The following assumptions were made in calculating the transmitter power.
The maximum transmission line length between transmitter and receiver will be less
than 6 inches. The power will be fanned out to no more than twenty stations. The
receiver sensitivity will be that of a typical video detector, - 50 dbm. A filter loss
of 2 db will be experienced. The required minimum signal to noise ratio at the
detector output will be 10 db. A receiver input attenuator pad of 6 db will be used as
a simple method of reducing any mismatch reflections. When all of these factors are
taken into account the required transmitter power for each frequency channel is
0.05 mw. The total output power of all 20 transmitters in a cell will be 1 mw, For a
twenty cell group the total DC input power requirement will be only 660 mw if a device
efficiency of 3 percent is assumed.

The components which will take up the largest area of the chip are the filters
which are required to separate the frequency channels at the receiver. The second
largest components may be the power dividing networks. The assumption is made
that a two section filter is required in each channel and that the power division may
be included by using component design which doubles the functions per area. The
required separation between transmission lines to provide isolation is included in this
calculation. The area per filter section was determined from an experimental filter
constructed at 9 GHz on an alumina substrate ( € = 9). At this frequency the total area
required for the twenty filters in the receiver is 1.6 square inches. If the frequency
were doubled, operation centered about 20 GHz, the area would be reduced to
0.4 square inches. This is probably a minimum area since a detailed design will
require other functions. The area may be kept close to this by special multi-purpose
circuits. For example the tuned circuits required for the LSA transmit mode opera-
tion, may be the same tuned circuits as used for the receiver section. These would
then be shared by a diode switching scheme. The Schottky barrier diodes in the
circuit should tolerate the transmitter RF power well since the minimum burn out
level is in the 10 mw region. These diodes have very high frequency properties but
unlike most microwave diodes can tolerate a high power level. Not only can these
diodes be used as detectors but they can be made to function as a low power high
speed switch, This leads to the possibility of using a more sophisticated switching
scheme in which a combination series parallel transmission arrangement might be
utilized.

D.4.2.4 RF System 3 - Full Frequency - Simple Time Multiplex

The simple time multiplexing scheme described in section D. 4. 2.2 can be
combined with frequency multiplexing into a serial-word time multiplex, with cells
frequency multiplexed as shown in Figure D-10. One possible way of obtaining time-
frequency multiplex would be to have each of the 20 cells assigned a particular
individual frequency. 1Its oscillator would then be tuned to that frequency. Then, to
set up a broadcast network, the receiving cells would be actuated by gating on the
appropriate filter. A particular configuration is shown as an example in Figure D-10
in which there are three transmitting cells which are assumed to be cells 1, 2, and 3,
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transmitting on frequencies fy, fa, and f3. Each of these cells is received by several
cells, shown at the right of the figure. Cell 1 is transmitting to cells 4 through 7.
Similarly cells 8 through 15 are receiving data from cell 2 on frequency fo and their
filters for fg will be turned on. Finally, cells 16 through 19 would be receiving from
cell 3 on frequency f3 and their filter for f3 would be turned on. Cell 20 is the control
cell. In this particular configuration three cells are then transmitting to the other
cells in the group. It is clear that many other arrangements are possible with the
maximum number of transmitting cells being ten, in which case there would be ten
receiving cells. At the expense of additional RF hardware, one could have the cells
simultaneously transmit and receive. There could then be a maximum of 20 trans-
mitting and 20 receiving simultaneously. The frequency multiplex scheme which
allows simultaneous transmission from 10 transmitting cells to 10 receiving cells is
called "'full frequency - simple time multiplex. "

The tuning of the oscillators mentioned above can be achieved through the use of
the Gunn effect. Devices based on this effect oscillate at a frequency which is
dependent on an input voltage. If it is not possible to tune the oscillators to the
precision required, then as many as 20 fixed frequency oscillators and 20 filters
would be required on each chip.

It is simpler in terms of supervision to have each of the 20 cells have its
individual frequencies as specified above. In this way, when a broadcast network is
to be set up the only thing that must be done is to gate on the appropriate filter in each
of the receiving cells.

To emphasize the total capability of full frequency multiplex, the example of
Figure D-10 had all 20 cells in operation simultaneously. This is not necessary.
Some of the cells could be in the process of computing and could be neither trans-
mitting or receiving at a particular time.

D.4.2.5 RF System 4 - Full Frequency - Frequency Multiplex

The simple frequency multiplex scheme described in section D. 4.2.3 can be
expanded into a full frequency - frequency multiplex scheme. This can be done by
assigning each of the 20 cells its own set of 18 carrier frequencies. These would be
the frequencies of the oscillators on the chips. To set up a net, 18 filters correspond-
ing to the oscillator frequencies of the transmitting cell would be connected from each
of the receiving cells in the net to the common bus. This would require either tunable
filters -~ which do not appear feasible -- or a total of 360 filters on each chip in
addition to its set of 18 oscillators. Clearly 360 filters plus 18 oscillators is too
complex compared to the other schemes. It is possijble to cut down the number of
filters by using tunable oscillators. Even so, full frequency multiplexing between
cells with the 18 bits of a word transmitted in parallel would require at least 10x18 or
180 frequency multiplex channels. This is a large number of channels in a bandwidth
that is practicable for the projected state of the technology.

Expansion of frequency multiplexing in this fashion compounds the problems
mentioned in section D, 4.2.3. In addition the problem of how many channels can be
multiplexed in a given bandwidth becomes critical and as pointed out in section D.4.1.1
may not be technically feasible.
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D.4.2.6 Discussion of Systems

Various other combinations of time and frequency multiplexing can be considered
for use in the distributed processor. However, the systems described can be viewed
as bounding systems in that the first two are the simplest and the last two are the most
complex that should be considered. The basic choice appears to be between simple
time multiplex, simple frequency multiplex, and full frequency-simple time multiplex.

The system which has the most flexibility and highest capability of these three is
the full frequency-simple time multiplex. This will be made clearer in section D.5
where the effects on the computer architecture are discussed. The basic difference
between the first two systems and the last one is in the area of supervisory control.
The first two time multiplex the cells and are quite similiar in supervision to the
present system which uses DC transmission. The last system can simplify certain
aspects of supervision while making others quite complicated. Overall there may be
an increase in supervisory complexity in going to the full frequency - simple time
multiplex system. With regards to technology, the second system, namely the simple
frequency multiplex system, would require the most complex mechanization. It also
appears that simple frequency multiplex would put the biggest burden on the technology,
i.e., interference between oscillators, variable loading due to filters, etc.

D.5 COMPUTER ORGANIZATIONAL CONSIDERATIONS

The previous discussion in this section has presented various RF communication
systems. The last two systems discussed in section D. 4.2, namely the Full
Frequency - Simple Time Multiplex and the Full Frequency - Frequency Multiplex
have the most significant affect on the computer organization or computer architecture.
A discussion of the impact of a Full Frequency system will be given below. For pur-
poses of this discussion the Full Frequency - Simple Time Multiplex System will be
considered, however it is equally applicable to the Full Frequency - Frequency
Multiplex System.

The Full Frequency system may be thought of as a full intercommunication
system. There is a communication path between each and every group, and between
each and every cell in a group.

The effects on the inter-group communications does not result in a great impact
on the computer system design. Whether the groups can share one or several inter-
group busses or whether the groups have a connection to every other group does not
change the functional usage or the basic capabilities of the groups, other than an
increased response time whenever communication is desired between groups. How-
ever, the result is significant where the inter—-cell communication is concerned. The
resultant computer system has greatly increased capability and can perform functions
that are performed only with difficulty with the present DC time shared inter-cell bus
- system.

Presently the distributed computer system will be limited in capability primarily
by its inter-cell communication system. In section 6 of this report, it was seen that
the neighbor to neighbor communication system was justified, among several reasons,
because of the difficulty in time sharing the inter-cell bus. The first step in improving
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the system is to increase the capacity of the inter-cell bus. This means either
increasing the transmission (clock) rate, adding more wires, or frequency multi-
plexing the bits. The clock rate reaches a limit based on the hardware capabilities,
the extra connections required for more wires decreases the reliability. The RF
schemes therefore appear particularly attractive in increasing the communication
system capability. The construction of a cell using RF communications is shown in
Figure D-11.

The first big advantage, over and above the increased communication capability
available, is the reduced number of connections. There are no neighbor lines, no
1/0 lines ete. In fact, there are three basic lines required, DC power, ground, and
a connection to the transmission line. A fourth connection might be needed for a cold
(power off) start, but would have no other use. Each cell transmitts on a particular
frequency; the time-frequency spectrum of the communication system is shown in
Figure D-12.

Now with regards to the effects of having a full intercommunication capability,
No controller cell action is required to set up communications. In the present system,
with only one cell bus shared by all, the controller cell was required to resolve con-
flicts and schedule the bus. In the new system, any cell can talk to any other cell.
The only time a controller is required is when one cell wants to interrupt another cell
that is already busy communicating with a third cell. I/0 can go directly to the cell
or cells in which it will be used, the controller cell is not needed. Several cells may
receive the same data by having several cell's receiving on the same frequency.

Many dependent programs may take place simultaneously. The present computer
system, because the dependent cell programs must go out on the cell bus, has only one
controller cell that sends out dependent programs. The new system may have many
cells send out instructions to many other cells, as shown in Figure D-13.

Cells C5, C8 and C19 are all tuned to the frequency used by cell 1, namely f1.
Cell 20, transmitting on a different frequency, 20, can send a dependent cell program
to C2 and C15 simultaneously and not conflict with cell C1. Thus the controller cell
no longer has the problems concerned with the dependent cells. This may also reduce
the need for a large number of groups. Groups would be required for increasing
reliability and for a shortage of frequency allocation in one group.

Cells communicate when they are ready, and not when they are polled by the
controller cell. This provides a great increase in capability in reconfiguration, and
decreases the response time to failures and high priority interrupts. A cell may
receive its inputs, do calculations, and send the outputs to another cell without
requiring the controller cell. A faster response to an emergency condition is achieved.
Reconfiguration is considerably simpler. There are no geometry restraints due to
neighbor lines.

It is seen this system has greatly increased capabilities, and the software
problems concerned with scheduling resources are simpler. The controller cell,
which was concerned with trivial but time consuming problems of scheduling the
intercell bus, has been transformed into a true executive. A true executive does not
take part in the day-to-day operations, but initiates a program, gets it started,
monitors the program's operation, and concludes the program when its priority
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becomes low, or its reason for existing has expired. These are the true executive
functions. The input/output of normal data, instruction execution, normal output are
all done without the controller cell having any essential part of the operation. The
controller cell will only monitor the normal operations, thus, the controller cell may
fail and the other cells may continue their normal operations with no changes. Chang-
ing the controller cell to an executive cell will increase reliability, the whole group
will not necessarily fail if the controller cell fails.
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The controller cell now becomes an executive cell with the following functions:
1. Monitor normal operations
2. Allocate system resources whenever

a. a conflict arrises; e.g., two cells wish the same 1/0 controller,
b. a change in priority or mission occurs,
c. a failure occurs.

3. Monitor and communicate with the group that is the system executive,

This reduction in controller cell functions also reduces the storage
imbalance between the controller cell and working cells. In the present
system, the controller cell was expected to require considerably more
storage than the other cells.

It should be noted that the I/O is not explained in great detail here. The amount
of 1/0, the frequency allocation, ete., will depend upon the capacity required. For
example, the bulk storage unit may have several frequencies, as many as there are
groups, so it may communicate to all the groups simultaneously. '

Each I/O controller can have one or more frequencies allocated. Low data rate
devices can be multiplexed into one controller. High data rate devices can use a unique
frequency. The I/O controllers, since they do not normally communicate with each
other but only communicate with cells, may be controlled by a cell to ensure there are
not two 1/0 controllers on the same frequency. Note that this time sharing of a fre-
quency allocation cannot be used with the cells, except in a degenerate case. The
cells are all independent and may communicate with any other cell. Thus to force a
time sharing of frequencies forces a special cell to allocate time and frequencies, and
the system degenerates into the present system. Time sharing may be used only if
some cells communicate with only one cell, the receiver cell may allocate frequencies
and time. Now reconfiguration is more difficult.

The most capable cell is the cell that can transmit and receive simultaneously.
This cell makes the best usage of the frequencies. A cell that may receive but not
transmit simultaneously will always have one frequency not used; e. g., the transmit
frequency. Thus half the frequencies may not be used.

A disadvantage of this system is the problem of providing a high priority
interrupt. If the executive cell wishes to interrupt a cell that is busy communicating
with another cell, special hardware on the receiver circuits may be required to let the
cell know another cell wants to begin communicating with it.

D.6 CONCLUSION

This section has outlined various types of RF communications systems that
could be applied to enhance,the communication system of the distributed processor.
It has been shown that these could have dramatic affects on the computer architecture.
In addition, considerable research has been conducted in solid state RF circuits and in
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the time frame of the distributed processer technology (1975) these devices should be
capable of being incorporated into the cell wafer. Definitive comparisons of thesge
systems both between themselves and with the present DC system cannot be made at
this time. To do this the technology needs to be investigated further and the effects
on computer operation, namely supervision, need to be studied in depth.
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APPENDIX E. ERROR CONTROL IN THE COMMUNICATIONS SYSTEM

This appendix analyzes the error control problems associated with transmitting
data from one cell to another within the multiprocessor. This analysis is particularly
relevant to the RF Communication Systems. For high reliability of critical data,
data that cannot be discarded, error correction is required. Error detection with
retransmission of messages within which an error has been detected is the solution
that will be considered here since it is assumed the system will have ample time for
retransmissions. It will be assumed here that the S/N ratios at the receiving cell's
input will be high enough that errors from this source can be neglected. The
remaining sources of significance will be self-noise from the multiprocessor and
crosstalk between the binary channels of the communications system. These can be
reduced to very low levels through proper design.

Although the errors that do occur during transmission may be systematic,
L.e., have patterns that occur more often than others, there is no way of determining
this except through experiment with an actual System. Therefore in the derivations
that follow it is assumed that errors occur independently and at random. It is also
assumed that the probability of receiving a "'1" when a '"0" is transmitted is the same
as for the opposite type of error. These assumptions are those which define the
binary symmetric channel which is characterized by p, the probability of a bit being
received in error. The communications system then is composed of a number of
binary symmetric channels.

Messages which are transmitted from cell to cell are made up of 18 bit words.
The number of words in a message could be fixed or it could vary from one trans-
mission to the next. Therefore the formulas derived here will be for messages of
N words.

The first step in deriving formulas expressing the performance of a
retransmission error control system is to find P, the probability of an undetected
error in an 18 bit word. Each 18 bit word contains one parity check bit checking all
the bits in the word. Py, then is the probability of getting an even number of errors
in the received word. Thus, letting q = 1-p:
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This approximation holds when p is small with respect to 1/18.

The next step is to derive Py the probability of an undetected error in a message
consisting of N words. This is:

_ N

PN— 1-(1 Pw) = NPW for Pw<< 1/N

This parameter is the probability of a message containing errors being accepted at a ‘
receiving cell as being correct. |

When the transmitted data is not critical, it can be marked or discarded
whenever an error is detected. When retransmission is used, there is the probability
that an undetected error will occur in the retransmitted message. This can increase
the expected probability of error, but the increase is still insignificant for the
communications system. This follows from the following:

Let PRN(n) be the probability of an undetected error on the nth transmission of
a given N word message. That is, errors have been detected in n - 1 transmissions
but not in the nth, An error is detected in an 18 bit word only when an odd number of
errors occur. Designate the probability of this event by Qpw . Then:

18

_ 18\ i 18-i _ 18 i i 18-
Qw = i odd (1)‘“‘ _1/2i§0 (1> (1-¢l)pa

1/2 [(q +p)® - (q- p)18]= 1/2 [1 -l - 2p)18] {
18p

e

The probability, QDN, of detecting an error in an N word message is the probability
of detecting errors in any one of the N words. Approximately:

Qpy = 18Np

Then the probability, Prx(n), of detecting errors inn - 1 transmissions and not
detecting errors on the n transmission is:

_ n-1
PRN (n) = (18Np) NPW

- (18Np ™! N153p?




The expectation of PRN(n) over all values of n is:

oo} oe]

= 3 n-1 2. 2 3 n
Ppn=n2; (18Np) " N153p° = N153p n <o (18Np)

_ Ni53p?

~ 2
“ToisNg N153p” for 18Np<« 1

The expectation of the transmission time lost due to retransmissions is an
important parameter. This is:

0

nz=:1 PRN (n) Tn

where Ty, is the time required for a n transmission. Substituting for PrN(n) from
the above, and setting Th =nT : where T is the time required for a single
transmission:

E(T) = Zl Ppn® T,
n =

- n-1 2
2 (18Np)" " N153p°n T
n=1

2., X n
N153p“T ). n (18Np)
n=90

1 .
= N153p2T+—2 = N153p2T for 18Np << 1
(1 - 18Np)

It can be concluded from the above formulas that there will seldom be 2
retransmission, and almost never more than one retransmission. The probability of
undetected errors is extremely small since p is small relative to the other pertinent
system parameters.




APPENDIX F. ALTERNATIVE DI STRIBUTED ORGANIZATIONS

There are a number of alternative distributed logic systems to the chosen
DAMP System described here. Three such systems, the Holland machine, Solomon
machine, and Illiac were discussed earlier. These structures were shown to have
interesting features but they were not practical for a spaceborne computer designed
for high reliability on general purpose computations, Alternative forms of the
DAMP System could use the same basic cell structure but different quantities of
memory or different communication links, The addition of more memory to each
cell in the DAMP System has been mentioned earlier. This would be necessary if
the cells were found:to be memory limited. The addition of memory could be carried
out by adding to each single wafer cell additional wafers containing 512 to 1024 words
of storage and no processing, This would of course increase the number of wafer
types to two along with increasing the number of interconnections in the system. A
system composed of the new larger cells (two or more wafers) would now contain a
significantly smaller number of total cells.

Another consideration for a distributed processing system is to take the
suggested DAMP System and decentralize it such that each set of sensors {(e.g. the
navigation sensors or the telecommunication sensors) have their own group of cells
located physically with the sensors. In fact the group of cells could be packaged on
the same board as one of the sensors in each set. The group of cells would handle
all processing and control associated with the set of sensors. However there would
still be a need for a central communication group to handle the transmission of
information between sensors and to provide some executive functions. For example,
results of scientific experiments would have to be sent to the telecommunications
group. The resulting decentralized DAMP system is shown in Figure F-1. It
should be realized that the distances from the sensors and groups of cells to the
communication units may be quite long; as a result the communication rates can
not be high. However, this later restriction should not be too severe if the sensors
are grouped so that only a small amount of intercommunication between groups is
necessary.

This decentralized system could be considered to try to achieve greater
reliability from the system hardware. Locating the groups of cells physically close
to the sensors cuts down the probability of failure of the communication lines between
the processors and the sensors. It also decreases the power dissipation of the
system and somewhat simplifies the real time control task of the processor. The
latter improvement is realized due to the lack of long delays in receiving information
from the sensors. However. the advantages of this organization may be outweighed
by its disadvantages in relation to the chosen DAMP system. The need for central
communication groups requires long communication lines from the sensors to a
central point and as a result essentially cancels the reliability gained by decentralizing
the computer. This can be understood by realizing that the central DAMP system
used conditioners located near the sensors to minimize the communication lines to
the central computer, However, not only may the decentralized structure not require
conditioners, but also some of the groups could operate autonomously of the central
executive once loaded from the bulk storage unit. Another possible disadvantage is
the fact that each group in the decentralized system would require at least some
amount of its own executive and common data storage areas., As a result, some
increase in total equipment would be necessary. In addition, two central executive
groups should be used to guarantee an available executive group. Of even more
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importance than these points is the fact that there would no longer be a relatively

large and powerful central computing facility to carry out the background programs.
The distributing of these programs may be somewhat difficult and inefficient due to

the long communication delays between parts of a large program that could be located
in two separate groups. It is also clear that the system is not as flexible as the chosen
DAMP system and as a result its ability to gracefully degrade is somewhat limited.
(The groups now have explicit functions rather than being available to carry out any
combination of tasks). However, this latter point should not be as severe of a limita-
tion as the earlier points since the reliability of a group of cells with a few spares
connected on the bus should be considerably greater than the reliability of a complicated
sensor.

The preceding discussion shows the difficulty in choosing a decentralized or
centralized DAMP System as the best structure for the given requirements. A con-
siderable amount of future design and development of the sensors will be necessary
before a well founded decision can be made. In the meantime, for this study the
centralized system was investigated because it was felt that this structure will be
more natural for development of software and investigation of programming and
system features. In addition, both have much in common so that the vast majority
of the developmental work of the centrailized structure will be equally applicable to
the decentralized structure.
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