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1.0 INTRODUCTION i

B

i
The Space Shuttle will acccmmodate 10,000 cubic feet of experiments and will

fly on the average of 25 times per year. Typical payloads will collect on the
order of 1011bits per day. The success of the STS missions requires that this

data be handled and processed on a "routine" basis.

The OEDSF is a key step to the accomplishment of this requirement. The On-
board Experiment Data Support Facility (OEDSF) will provide data processing
support to various experiment bayloads on board the Shuttle. The OEDSF
study will define the conceptual design and generate specifications for an
OEDSF which will meet the following‘objectives:

1. Provide a cost-effective approach to end-to-end processing
requirements, The facility must provide a solution to the ever
increasing costs of present ground system processing facilities
within the context that flight hardware is inherently more expensive
than ground hardware. It must be derived from a systems analysis of
the end-to-end processing requirements and exploit the unique
opportunities afforded by onboard processing and by the application of
new technologies, These opportunities include adaptive control of
sensors ‘which collect the data; preprocessing of data using real-
time available information such as ephemerides, spacecraft attitude
and look angle, and atmospheric conditions as defined by auxiliary
sensors; and the rejection of bad or uselsss data.

2, Service Multiple Disciplines. The design of the facility must consider
the data gathering devices and the data processing requirements of
the several disciplines which will utilize the STS. Since most
shuttle flights will be interdisciplinary, the concept must be able
to accommodate various mixes of these 1nstrume1ts and disciplines
on the Space Shuttle.

3. Satisfy User Needs. The data should be immediately useful to the
investigator. This implies a wide range of requirements corresponding
to the spectrum of the user community. These range from those users
who desire totally extracted information, to basic experimenters who
need all pertinent data collected, ' The common thread 11nk1ng all
users is the set of criteria by which we evaluate all data: quality,
tlmellness, and cost., v
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4, Reduce the amount and improve the quality of data collected,
stored and processed., The facility must help prevent bad or useless
data from being collected and stored and reduce the amount of ex-
traneous data which normally accompanies the useful portion of the
collected data, It must provide for annotation and other useful
formatting of the data.

5. Embody growth capacity. The facility will be capable of accommodating
additional sensor groups derived from other disciplines, advances
in the state of the art (second generation sensors) and expanding
mission requirements, The facility will also be able to readily
expand its own capabilities by providing for the accommodation;of
advances in technology pertinent to the facility's functions. iThis
objective indicates a modular approach to the design of the facility.

This study is divided into four major tasks which are further divided into
subtasks as described below, This report describes the effort performed
in Task 2 and a part of Task 4,

TASK 1: Defipition and Modeling of Classical Data Processing Requirements

Task 1 has defined the processing requirements for logical groups of
experiménts and was divided into two subtasks,

Subtask 1.1 ~ identified, tabulated, and characterized experiments which
are candidates for STS missions, Based on these characterizations, "béundary"
experiments were selected and their.end-to-end‘data processing requirements
defined. '"Boundary" experiments are defined as those which impose demands on
the system of such magnitude ;hat their resolution will also satisfy the
demands of many experiments whose requirements fall within the envelope

defined by the boundary experiment. ‘

Subtask 1,2 - was the combining of the boundary experiments into logical
groups to permit viewing the OEDSF as an integrated system, and the definition
of the groups' processing requirements. The results of this subtask were

‘the end-to-end processing requirements for groups of experiments.

The output of Task 1 specified the end-to-end processing requirements

for groups of experiments which represent boundaries on such requirements.




TASK 2: Definition of Onboard Processing Requirements

Task 2 defines the onboard processing requirements for the grouped
-sensors and is partitioﬁed into three subtasks.

Subtask 2.1 - accepts as input. the definition of mission-oriented
groups of sensors and their end-to-end processing requirements. An end-té-
end functional flow diagram is generated using functional blocks to -
show the processing steps necesséry to convert raw sensor data into usable
information. Each block is studied to determine its potential for

application of new techniques'and processing alternatives; the results are
méféééd in terms of algqrithmé and procedures. To a first-level appféxi-_
mation, the computation and storage requirements are’ also eStimated‘to
provide the Saéic tradeoff matefials.

Sub;aék 2.2i; is essentially the rationél choice of the space/ground
partiti;n,line on the functional flow diagram produced in Subtask 2.1. It
”§s:anwi%¢ratiye'decision baséd ansyétem-levei tradeoffs, modeling of - o
the éosis and performance cof implementing each functipnal block on the ground
or in space and the iterative feedback from Task 3 and Subtask 2.3, The
m;jor ocutput of Subﬁéék 2,2 is the definition of the processing requirements
for the onboard gortion of the total‘processing system. The Onbeoard Experi-
ment Data Support Facility is defined in terms of architecture, processing

requirements in terms of data and throughput rates, and identification of

compatible processing techniques and equipment.
Subtask 2,3 - evaluates the effectiveness of a processing system. The
effectiveness evaluation is used primarily to enhance the feedback from

Task 3 in order to make better épace/ground partition decisions in SubtaskVZ.Z.




Another benefit of Subtask 2.3 is the early identification of critical

factors which might become flexibility or growth-limiting.

The output of Task 2 iguthq set of requirements for the Onboard

Experiment Data Support Facility and the selection of its architecture.

TASK 3: Conceptual Design and Specification for an Onboard Processor

‘Task 3 produces.the conceptual design and specifications for the Onboard
Experiment Support Fécility, and the e&aluation of the facility in terms of
the quectives. "It is divided i5t§ three subtasks,

Subtask 3.1 - refiﬁes the system architecture derived in Task 2 and
_defiﬁes‘the detailed OEDSF architecture. To whatever extent necessary the
,resuits ofvSugéésk 3.1 is fed back to Task 2 to modify and enhance the
end-to-end system synthesis.

Subtask 3.2 uses the ouﬁputs of'Subtask 3.1 to transform the archi=-
tectural concept ihto a well defined processor design and specification. An
initial point design is generated. The.refiﬁenentwéf“thiswﬁéiﬁt deéigﬁ 
and thewdefiﬁition §f_a.sgcond continue throughout the subtask. Critical
components Arewié;nfifiedgidQSign tradeoffs are performed and T
resolved. The results of Subtask 3.é‘is\fed back to Subtask 3.1 aﬁd"’
Task Zifor itgration toward ‘an opﬁimal overall design.

Subtask 3.3 - performs in-depth analyses of the processor point designs
produced over the duration of the Task 3 effort. These analyses begin after
a processéfihas been sﬁfficiently desighed and specified in Subtask 3.2.
They e;ther'servé as'documehtéiion that a given'proéessor point design

meets all the objectives (inCluding,thosewof growth capability, flexibility




and cost-effectiveness) or point oul in a constructive manner where the
design should be enhanced,

The output of Task 3 is the conceptual design and specification

for the QEDSF.;

TASK 4: Cost Estimates and Development Plan

e e b

Task 4 produces cost estimates for the OEDSF and for ground systems with -
and without the OEDSF so that a Quantitative evaluation of the cost benefits
derived from the OEDSF may be derived, It also produces a development plan
showing the schedule phases réquired to develop the OEDSF. Task 4 is
divided into two'subtasks. | |

’Subtask 4.1 generates the information sﬁecifically needed for cost
estimating pﬁrposeS‘which would otherwise be unnecessary to the design of
the OEDSF, .Thi;‘includes increased details.in certain areas of the

functional flow diagrams, and definition of the ground segment of the system.

Subtask 4.2 generates a preliminary OEDSF development plan and deter-
mines the cost of the OEDSF its end-to-end data system, and a typical data system

not based on onboard processing.

The%output of Task 4 will be detailed cost estimates for the design,
fabrication, qualification, and test of the OEDSF for its end-to-end system,

and for an end-to-end data syétém withoﬁt an OEDSF.
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2.0 SUMMARY AND CONCLUSTONS
The major effort of Task 2 was the development of the functional flow
diagrams for the six boundary experiments selected in Task 1. These

experiments were:

e e e b e b

Advanced Technology Scanner (ATS)

Infrareq Spectrometer (IRS)

Radiometer/Scatterometer (RADSCAT)

Correlation Interferometry for the Measurement of Atmospheric
Trace Species (CIMATS)

Electron Accelerator *

Optical Band Image and Photometer System (OBIPS)
Other key tasks performed were the partitioning between onboard and ground
processing, the evaluation of the benefits provided by onboard processing,

and the selection of the OEDSF architectures.

The development of the flow diagrams for the Electron Accelerator and the

OBIPg'was halted as a result of difficulties discussed below.

The Electron Accelerator was primarily selected because it offers the

opportunity for interactive operation with crew members. This interaction

~occurs as a result of the display of operating characteristics (such as /v

curves) which guide the pperator's selection of operating modes. There is

no technical difficultykin’implementing these processes which are more in the
nature of signal conditioning than signal processing. - The problem 1ies in
that the;spééific items to bc~disp1ayed'aéﬁ§e11~as the presentation desired

have not been defined. We consider the processes required to be simple and

Cwill inéorporate this capability into the OEDSF when the requirements are

_fdéfined. The deletion of this capability at this time does not impact‘the

design of the remainder of the OEDSF; its subsequent addition should have

minimal impact on the OEDSF.

I T
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The OBIPS was selected because it is fepresentative of experiments which
collect a great deal of informationless data which, ££ edited out, can reduce
the data recorded or transmitted by as much as 95%. A zurvey of available
fechniques for data editing disclosed that there presently exists no technique
capable of idenéifying the presence or lack of information in video images
except in very specific and rigidly controlled conditions. The development

of such techniques is ah effort worthy of a separate study and well beyond

the scope of the OEDSF study.,

The functional flow diagrams based on a real time processing implementation
vere coﬁpleted for the remaining boundary sensors. Each function was
evaluated with respect to its allocation on board or on the ground. During
this activity certain processes were modified to permit their performance '
in instances where this location on board was deemed beneficial from a
system standpoint, Two examples are given:
1) The ATS .GPC correlation was changed tec a predictive process
using a Kalman Filter. The alternate approach is to store an entire
scene in seven spectral bands, refuiring close to 102 bits of
memory. : :
2) The IRS present process substitutes yesterday's temperature at a
point when today's measured value cannot be obtained due to clouds.,
This process requires a daily updated storage of yesterday's
temperature for every point. The proposed approach is to use the
average of the four nearest valid neighbors around the point.

Simultaneously with this effort, a set of criteria for pattitioning the system

into an onboard segment and a ground segment was developed. The results

of these activities were the‘partiﬁioning decisions discussed in Section 4.1.

The set of requirements for the OEDSF were déQéloped from the onboard segment
of the flow diagrams. These requirements form the basis for the
architecture tradeoffs described in Section 5, and for the conceptual

[

design of the OEDSF which will be performed in Task 3.

2-2
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The processes defined by the onboard segment of the boundary sensors were
decomposed into algorithms which define the OEDSF functions. These functions

may be recombined to produce a far greater number of processes than those

"required by the boundary semsors,

A

The four sensors preduced a’ basic set of 18 functions in four categéries:
. Trigonometric
. Exponehtial (and ;ogarithmic)
. Algebfaic :
. Control -
The ground segmént was examined to insure that the partitioning decisions

and the selected onboard processing techniques did not increase the ground

requirements so as to negate the gains derived from ounboard processing.

"Only the IRS processing created an additional task on the ground. This task.

is essentially negligible.

The evaluation of the resulting system was performed on a qualitative basis.
A quantitative evaluation cf the cost benefits will be performed in Task 4

when the costs associated with the OEDSF are determined.

The evaluation indicates significant advantages derived by the OEDSF. The cost
effectiveness will be determined by the costs of the OEDSF. It also

uncovered areas related to the integration and testing of instruments with

'OEDSF,  This potential problem arez must be addressed and resolved

if :the OEDSF is to realize all its potential benefits.

Architectures were selected for the system and the processing levels based

on the OEDSF requirements and the preliminary implemehtétion tradeoffs.

@
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The system architecture is a structural architecture; that for the

processing (subsystem) level is an array. !
i
|

" There are many far-rvanging benefits to be derived from onboard processing,

but they will be realized only through judicious designs and proper planning.

The cost of the OEDSF must be balanced by significant cost reductions in
ground systems. These include the cost of equipment, programming and

operation,

The OEDSF creates additional benefits by virtue of its requirements: better
discipline, better planning, specialized programming, and its status as

Flight Equipment.

..The balance of this report ic organized as fcllows:

Section 3 contains the functional flow diagrams of the boundary sensors with

a summary of the sensors' operation.

Section 4 contains the definition of the OEDSF and describes the Onboard/
Ground partitions and their rationale; the OEDSF requirements and the ground
requirements resulting from the partitions, and an overall system evaluation

based on these requirements.

Section 5 is a discussion and trade-off of applicable architectures for the

OEDSF which satisfy the requirements derived in section 4.

Appendix A contains the algorithms resulting from the decomposition of the

functions derived in section 3. : v

Appendix B is a generalized discussion of the characteristics of software,

firmware, and hardware.

2-4
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3.0 FUNCTIONAL FLOW DIAGRAMS ;

This section contains the functional flow diagrams for the four boundary sensors.
Each flow diagram is preceded by é short summary of the sensor's operation from
a processing viewpoint, and a discussion of the flow diagram with the rationale
for the various trade-offs. (A more complete description of each sensor is
cdntained in the appendices to the Onboard Experiment Data Support Facility ¢N?

Task 1 Report, dated September 1975),

Trade-offs between hardware, firmware, and software are based on specific
factors discussed in the write-up, or on general factors which are discussed

in Appendix B.

A detailed pro;essihg requi¥ements diégram indicating the required functions in
clqs;d-form, and the gbﬁrce of constraints and coefficients also precedes the IRS & CIMATS
flow'diagréms. These requirements are based on the mgthods presently used in

the all-ground approach, and were éhanged in the fléw diagrams.as required ﬁo

exploit the onboard features of the OEDSF, 1In particular, the processes wefe

converted to real-time, and techniques suited to this approach substituted for

batch-oriented techniques.

The flow diagrams reflect the time dépendence of each of the processes and in-

corperate time delays and buffer s torages as reqdired.




3.1 ADVANCED TECHNOLOGY SCANNER (ATS)
This section describes the functional flow developed for the ATS, and the rationale

for the various trade-offs effected.

Functional Flow Description

\

The functional flow diagram developed for the Advanced Technology Scanner,

is discussed with reference to Figdre{3.1-4. The sensor output eStablishesithe OEDSF

processor and sensor interface. This flow has been developed for a real time

system; therefore certain additional requirements must be incorporated into the system,

The reader is referenced to appendix A of the Task 1 report for a detailed descrip-

tion of the ATS's operation.

The Advanced Technology Scanner is a high,resolution'multi-Spectral scanner with

a high frequency composite data rate and a medium to low frequency equivalent
channel rate. It is assuméd’that the gensor‘provides a channel output format
similar to the channel_outpﬁé'forﬁat for the Léndsat sensors. This format is shown

in Figure3;1-1.
VIDEO CAL VIDEO CAL g VIDEO CAL VIDEO

Singie'Channel Sensor Output
Figure 3.1-1
Based on this format, tbé"sensqr‘prdvides an 80-20 duty cycle comprised of 3730

picture elements and 912 calibration words. The calibration wedge is generated

‘on alternate mirror sweeps and applies to the preceeding and succeeding mirror

sweeps. This calibration wedge is generated on the mirror re-trace by sampling
the internal lamp. The position of the calibration wedge impacts the process

and is discussed in the explanation of the functional flow diagfam.

X%‘@%ﬁ*"ﬁiﬁ“ e, S P T



Independent of the process location,i.e. space or ground, some general characteristics

‘may be developed from the physical operation. The number of pixels per mirror
' !

sweep is a function of the mirror sweep frequency, the mirror profile, the number

o
.
-

'
i

of bits per pixel, and the sample rate of the detectcr output.. This may be

sy

expressed as

ér ‘ o P = Im tATm 1

- TpcM N

where
P = number of pixels
Tm = the mirror s:eep frequency

ATn = the mirror profile (The variances in the mirror sweep rate)
TpCM = the sample rate
and

N = the number of bits per pixel : . | |

The maximum number of samples per scan line is 3730 pixels; a scene is comprised |

S
68 .

of 3730 scan lines. Based on the sensor description, the data will be processed

.

on a line per detector basis so that the machine data rates may be computed as

f o .

8.0 microseconds R ¥

T, = 8. p = Time duration of 1 pixel
'g; Ty = 29.84 milliseconds T} = Time duration of 1 line
(3 ,
E ' and
g ! . - b
; Tg = 1.855 minutes Tg = Time duration of 1 'scene

1f the processing is performed onya bahd'parallel channelosequential, pixel

SRR

‘ sequentlal ba31s, some  form of 1ntermed1ate storage is requlred at the 1nput of

=

the OEDSF processor. The 51ze of ihe storage is determlned by the proce551ng

techniques and the characteristics of the output mass storage device, If”it‘is

assumed that the output recorder has a capacity to store data at a rate of 2.0 mega-
blts/sec per track and has 120 tracks, the storage rdte is’ 240 megablts/sec but

the data may be operated on in parallel so that operation time is reduced without

the use of complex registers and multiplexers.
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Based on the high density tape recorder characteristics using 16 tracks per band, the
data rate of the processor may be 4 megabits per second.

A mirror sweep of data far a single spectral band is twenty scan lines, or a stor age

capacity of 596.8 kilobits. If a FIFO type buffer is used at the maximum permissible

clock rate, the total storage capacity required per spectral band is 238.72
kilobits. By using this technique the sensor interface is simplified and the

OEDSF processor machine time is within the current state-of-the-art.

The functional flow diagram is discussed in the 1ight_of real time processing

- based on a brief description of the state-of-the-art of machine time and the sensor

interface. Initially, daéa from the sensor must be demultiplexed into a caligiation
data stream and. a 5pectral or image data stream. Since the calibratiﬁn data is
loqated‘between the two ;can lines to which it implies, a two mirror sweep
delay:upst be incurred ‘initially by the spectral datg. In additign, a filter
implemeﬁted in the correction process requiresian additional two mirror sweep

delay so that the total spectral data delay required is equal tc 4 mirror sweeps.
and is shown as process 8 . |
Thé‘initial requirement for:th; procéssing~of khe calibration wedge‘is to isolate

a predetermiped threshold within the calibration wedge as shoﬁﬁﬁin érocess 1.

When the threshold is detected a calibration sample is removed from the data stream

" in process 2. The sample consists of six bytes of calibration voltage and six

bytes of a corresponding radiance measured from the position (word count) of the thres-

“hold detected. Based on the actual relationship of the location of the radiance
and the voltage some small delay may be reﬁuired for the mnext actual process.

In.particdkm,the magnitude of the delay is dependenf on the speed at which

3-4
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"increased from six points to nine points with the additional three sample points

-1.865 milliseconds;?'Further, assuming 50 nanoseconds per basic:operation 37.3 kilo

processes 3, &4 are performed.

Having selected the calibration voltage and radiances, the radiance is initially =
normalized to the maximum specified radiance for a given spectral band in process 3.
In order to remove detector degradation, linear regression is used since the

ideal radiance-voltage relationship is linear. Thé regression coefficients are

omputed in process 4. If an increased accuracy is required the sample‘may be ?

located aroﬁﬁd,the center of the line. Figure 3.1-2a depicts the theoretical relation-
ship; Figure 3.1-2b depicts the current techniques; Figure 3.1-2c is an improved techni

with no significant system impact.

Based on the regression coefficients determined in process &4, the initial gain

and offset for the correction coefficients are computed'in process 5 in conjunction
with tﬁe sampled calibration voltages. These values may contain noise, and therefore
vary, so a Kalman Filter is used because the optimum variable weighting factor
réduees signal variance due to noise very rapidly and allpws reasonable initial
transient response time. The baseline gaiﬁs and offsets.%re processed in the Kalman
Filter, process 6. Since the filter reQui%es the previoﬁs géin ané offset, a

two mirror sweép'delay, processf?, is requ;red. kAn additional two mirror sweep delay
is requifed for tﬁe spectral daga.‘ Consequently, the radiometric calibrat;oﬁ coef-
ficients are computed in procésé 9 so that an additionaifdelay equivalent to the
process timésirequired for‘bfocéé;éé"l, 2, 3, 4, 5, 6, and 9 must be'ipcorporatéd
intqlﬁhe system. The magnitudeiofgthe deléyzafwé”machine cycle time of;250 nano-
secénds is of:the order of 32 picture elements. Based'on theéma;hine pixel period

of 250 nanoseconds, the radiometric coefficient calculations must be computed within

operations can be performed. From the functional flow diagram, the radiometric

coefficient computation requires approx;@ately 100 complex operations. The radio-

3-5
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metric correction processes shown in the functional flow diagram in processes

1 through 10 yield a radiometric correction that is accurate to within two quantum
levels. The spectral data sampled is corrected in process 10 based on the linear
relationship previously stated for a detector. An alternate approach which
redugeé the computation required is to apply a nominal correction to the entire

scene, This approach yields a radiometric correction which does not satisfy the

majority of the investigators,

‘The second portion of the Adwvanced Technology Scanner discussed is the geometric

correction process. The initial geometric correction process discussed is the

model processor, process 19, because its operation is reflected in the remainder of

the functional flow diagram;

Depending on the particular sensor used, additional corrections may be required,

such as the line geometry for the conical scanner. For satellite-sensed images

and spacecraft images, two basic distortions are incurred. Those systematic

distortions due to earth effects and the scanmer and scene distortions due to

vehicle dynamics. Therefore, certain parameters are required either a priori

or on a dynamic basis at a scan line or scene rate,

Shuttle GNC-data or an accurate gyro platform must provide>yéw, pitch, and roll

for the OEDSF . processor. Since synchroﬁization of these two processors is not likely,

~ the OEDSF processor will sample the gﬁidéngebplatform output at the required time.

In addition to the yaw, pitch, and roll of the orbiter,kthe GNC dataxnuét inciude
mean equitorial time, longitude, latitude? sun anglé, attitude aﬁd<ve19;ity.:

The Advanced Technology Scannef ﬁpsﬁ‘provide liné numbenybixel nuﬁﬁér,:platform
look angle, and the’spectral_band number synChronously with the data; Finally

ancillary data must provide the mirror sweep rate,. the mirrpt profile,'and sun

" disk values and previous‘thteshoids; , L S ‘

3-7
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Having established these parameters, process 19 computes the correction vectors
depicted. The correctionis computed in the following manner: Based on the
parameters, the error vectors are computed and their inverse taken. For example,

if a negative yaw angle is measured the correction vector is positive. In order

b correct'the'image, certain parameters must be known with respect to the earth's

- surface; a coordinate system must be selected. Thereare three major coordinate

: |
systems employed today with forward and reverse transforms to change from system

to system, _Thé system used is the Universal Tramverse Mercator (UTM) because it is
the most widely utilized system,

iProcéss 19 removes ﬁhe syStemgtic and scene distortions as shown in the functional
block.% From the lonéitude_and latitude, the OEDSF processor determines a set

of gfound control pbiﬁts,from tHe daﬁa Sase and transhétes these parameters to
line, pixel , and écene numbers. The appropriate grouhd control points and their
lccations are tfansférred from a GCP library t6 the GCP feference (process 17)
prior té active scanning. B;sed on the line and pixel numbers, the GCP controller,
process 18, derives the location of the.GCP search area in the image and zelects

the refefence‘GCP‘from the data base 17.
H%ving éstablished this'parametér ihteraction,rthe search area is seiected from
tﬁe'image by the sﬁrip,process iL and an image data array formed by process 12.
This Sub-imagewis further processed by a two dimensional Hadamard Transformation :

‘to obtain its frequency spectrum. The Hadamard Transformation,process 14, was

selected in favor of the conventional Fourier Tranformation for the following

|

"reasons: 1) The Hadamard Transformation is easily implemented with eifher random

" logic or with a digital computer while the Fourier Transformation is oriented to a

software implementation on a medium size d{gital computer and not with random
o - | , :

ylogic.v 2) A HadamérdiTransformation whicﬁmis N x N results in an N2 array wﬁile,

a Fourier Transformaticn which is N x N results in a o> array. 3) The Hadamqrd

Transform, being a rectangular expansion, i$ binary in nature so that the trans-

et ... 3-8
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formation matrix is 2(N x N)M bits where M is the number of bits in the trignometric

functions. For an eight bit picture element M is eight.

vt b 1

Having obtained the Hadamard Trans form, the frequency spectrum of the scarch
area is correlated with the reference and the GCP located, If the QCP is lécaced
in the correlator, process 15, the model processor is notified and the next

area sclected. The process flow shown in Figure 4 requires the image to be

delayed since the distortion being computed is for the scene from which the GCP's

. are extracted. Consequently, a scene delay must be accomplished by process 13

and for optimal machine times is still far beyond the state-of-art for any type

of delay line either acoustical or electrical.

An alternate process has been implemented. This technique eliminates the require-
ment for the delay line while maintaining accuracy to acceptable levels., The

al ternate process is based on‘prédiction‘or estimation theory and requires a

Kalman Filter. The order of the filter is dependént on the accyracy requirement

~and with a minimum filter yields an overall error of 0.5 pixel rms. This technique

—

is implemented in the functianal flow in the following manner: A Kalman Filter
is incorporated into process 19. The active scanning is initiated at least two
scene times early (the firstbtyo scenes do not receive a precision correction).

Based on the distortion determined in these scenes, the distortion present in the

- nmext scene is estimated, and a correction factor is applied. The accuracy is

determined by the number of ground control points used and the number of scenes.
Consequently, the signal flow diagram for the baseline functional flow diagramb_

shown in Figure 3.l1-4e reduces to the signal flow diagram shown in Figure 3.1-4. The

.significance of this approach will be explained in the later parégraphs.
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At the present time, the number of ground control points required ranges from
‘three per scene to ten per swath, It is assumed that only three ground control .
-points per scene will be required by the 1980 time frame due to increased sophis-

tication of processing techniques and instrumentation.

The final step in the functional flow is the geometric correction and resampling
process. Since the correction or more precisely the distortions are orthogonal,

‘the correction may be applied sequentially to the image. Initially, the data is

corrected along the scan line (x direction) to obtain a set of uniformly space
pixels, The correction process,vprocess 20, is an interpolation i.,e, filter, based
on selected picture‘element§ ané a set of filter weights., Since the scan line is
operated on asynchronously, some temporary gtorage is required and has been
~determined to be a maximum of eight‘scan lines.

The hodel previously described computes the location of the input domain pixels
in the stored scan line and their respective weighting functions. Process 20‘
ﬁérforms the éctual resémpling. Having corrected the image for along the line
errors, the image is correctéd'fo; aFrgss the liné'errors in an identical manner
except that process 19 computes tbg correction vector in the y direction given the
x direétion. The resulf‘is a set 6f uniformly spaced picture elements registered
eo the earth's surface’in'a defined coofdiﬁaté system.,

Thé‘size:of'témporarﬁ storageAfof;tﬁe écfossvthe_line correcﬁionzis a function of
the yaw zngle of thevvehiélé}éﬁd ﬁhé numbertof picture elemegts in the output
doﬁain scan line, Assumiﬁg a yaw anglé of 0.5 degreces, 3730‘pixels in ‘the output
’domain~scan line, and a four point sample, a temporary S§orage of 32 scan lines

is required.

3-10




If a precision correction is to be applied. A four point sample is used for the

correction based on a sin x/x filter. If no precision correction is to be applied,

i The value of the nearest neighbor is used so that original data may be reconstructed by the

investigator for special information extraction and analysis. By using a prediction
technique additional flexibility is achieved in that the image wmay be processed
with no correction. Systematic correcti on, or scene correction may be obtained from

the same model without any modification.

The final process, process 22, is the capture of the image on some mass stdrage
devicé for usér dissimination or transmission. The discussion has been with respect
to a single spectral band. The total or composite signal flow diagram is shown in

' Figures 9 and 10. Siﬁ;e the. process performed in step 19 applies to the image
;nd the‘band to band relationship is a function of ﬁhe sensor geometry and operation,
process 19 is only réquifed for a single bénd and the band to band transformation is

included in the process.

Hardware /Software/Firmware Trade-off

firmvare based on the functional flow diagram. In order to a;hieve this partitioning,
criteria must be establisﬁed and applied to thé general processés so that the
préliminary archiﬁéétﬁfé'may be déQéloped. General guidelines are discussed in
AppendiﬁsB. For'éhé Advanced Technology Sééﬁne;,:thg basic criteria employed

for this‘parﬁitioning are the periods of time within which a function must be
performed, the complexity-of ﬁhe funetion, and the level of application i.e.

pixel, sc;n line; or scene as well asithé frequency ofrapplicatioh. Initially,

a basic unit must be established which wiil be a scene (an array of 3730 by 3730
picture‘qlements). ‘Pictorially, the partitioning criteria form a pyramid shown

5

&
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¥ The required processes must be partitiocned into either hardware, software, or
|

3

8

‘in Figure 3.1-3
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Each process has been labeled as to its tentative method of implementation. !

Each process that must be performé'd at a pixel rate has been basically assigned

a hardware implementation; each process that must be performed at a scan line rate
assigned a firmware implementation, and scene rate processes assigned a software

4]

implementation. Based on a machine pixel period of 250 nanoseconds a scan line

period is 1.1655 milliseconds and a scene duration is 5.4335 seconds,

Since the.real time pixel rate is 8.0 microseconds, a scan line period 29.84 milli-

seconds and a scene period 1,85 minutes, significant processing time is available
% for other. functions or other sensor processing within the OEDSF processor.

Only those functions which are candidates for trade off are discussed,

B e )

Since the threshold detector and the sampler must oper ate on the data at a pixel

piete d

rate, these devices are assigned a hardware implementation. Having obtained the
@ respective samples of radiance and voltage, processes 3, 4, 5, 6, 7, and 9 can

be implemented in either hardware or firmware because of the scan line duration.
Process 3 is implemented in firmware because the values change on an infréqueht

basis but are alterable in nature, In addition this process must be performed

at the pixel rate; tfher‘efore software is not capable of handling the time requirement.

]

]

g To per form this function in software would require a complex subroutine that at
bestf in 1980 would require” approximately 57.7 microeeconds ﬁhieh ‘eq.uates to an order

g of 5 reduction in current mlcroprocessor computat1on times. Since a scan line
duration is 1. 1655 mxll:\.seconds and- the division must be performed m.ne times,

a process 3 requires eeprox1mate1y 44 .4 percent of the available time. ?erforming

i - this funct:.on in. flrmware eg look up table, at the pixel rate requires 0 19
percent of the available time. S:.nce only an eight bit picture element is used, :

!

' a'single integrated circuit look up table of 256 x 8 would be required.
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Process 5 has been initially assigned a firmware approach but may be also implemented

in hardware depending on the development of a Programmable Logic Array (PLA).
If implemented in hardware this process would require the execution of forty-two
dinstructions or a delay of 9 pixel times. If implemented in firmware, a processor

would be required and, based on the reduction of 5, would require approximately

'1.33 milliseconds which exceeds the scan line duration. Consequently, this process

1

%is assigned to hardware.

Since the functions required for process 4 are identical to process 5, a hardware
implementation is the selected candidate if the programmable logic array is avail-
able since only two'integrated circuits are required. The process could be

implemented in firmware but requires 88.8 percent of the allotted time.

Process 6 is a Kalman Filter which will be implemented in software since 117

microseconds are available and the hardware does not allow for variable weighting

factors. The next process is basically software in nature. Based on the same

assumptions this process requires 172.5 microseconds or 14.8 percent of the avail-
able time. Consequently, based on these assignments, the required coefficient
i ’

'

processes ﬁeqﬁife less than 50 percent.of the available time.

The remaining process )0, must operate on the spectrai data at a pixel rate,

éo thaﬁ é hafdware éssignment is required. ‘Thé remaiﬁiﬁg processes are assigned
to pardwaré if they must be perforﬁed at the pixel rate,‘firmware if they are to
be petfoimed at thé scan line rate ahd¢software if they are to be performed at

a scene rate with the exception of the Hadamard Transform. .

This process has been assigned to hardware because a minimum of three transforms

per scene is required. The transfotm is not a difficult random logic implementation
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and is simplified by the assumption that the intensities ipn the image data arry
will not vary more than 30% over 20 pixels direction. Based on this assumption

and given a symmetrical array, the kernel is separable and the process is reduced

to two sequential operations. !
' }
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3.2 INFRARED SPECTROMETER (IRS)

This section describes the functional flow developed for the IRS and the rationale

-

for the various tradeoffs effected.

Introduction

The Infrared Spectrome;er is an instrument developed to determine the thermal

structure of the éarih;s atmosphére. The senéor is a mhlti-de;ector based on a

filter wheel which scéns about’the nadir normal to the orbit pﬁané.' A more

1 complete éescriptiqn of the IRS is contained ?n‘Appendix B of the OEDSF Task 1

Report. As the sensor mirfor is rotated via a stepping motor through the nadir,

a saﬁple of the dwell of eéch step is digitized and transmitted as the sample of
detected infrared energy synchronpgsly with mirror Position. After completeing the pre-

scribed transversing, electronic calibration data is measured to complete one

| mirror sweep (or scan line). This process is repeated for twenty mirror sweeps

at which time two internal black bodies and space are sampled to establish tem-

f«a

perature reference points. One map is comprised of twenty-three scan lines and
{ is termed a grid. The resulting sensor output waveforms are shown in Figures‘

3.2-1 and 3.2-2.

The channelvfrequency for thé IRS as determined by the mirror rate is 3.39 kilo-

bits per second with the earth information constituting 84.7% of the scan line.

Information Processing

Figure 3.2-8 is thé set df.processes required for the IRS data. A top-level version
is shown in Figure‘3;2-3. Figure 3.2-9 is the functional flow diagram developed

for the IRS. The processing of the IRS data may be divided into functional categories 
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of black body correction, earth radiance correction, quality assessment, surface
emissivity computations, surface reflectivity computations, surface temperature
analysis, mixing ratio profile computation, and computations requiring previous
day's data or data handling. Figure 3.2-4 indicates the location of the func-

tional processes within these categories.
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Initially, the output of the sensor is digitized so that a reference for conver-
sion is required. ince the reference varies with physical conditions as well

as the inherent non-linearities in each detector, the received signal must be

calibrated or corrected. The scan line contains calibration data which is used
EE in the following manner: For a given measured analog value, the theoretical

digital value may be defined analytically based on the characteriétics of the

converter; therefore, a calibration reference is required to re-compute the

theoretical or estimated relationship, Processes for the coefficient computation

shown in Figure 3.2-4 are used to recompute the calibration curve.

Every sixteen scan lines, thrity-two calibration values are obtained from a ref-
erence source. Every sixteen scan lines, the reference is reset and the process

repeated, Since the measured value corresponds directly to an apriori known

theoretical value, a new curve may be plotted. Any sensed value must fall on

the curve and the measured signal must be located on this curve. The correction

coefficients reduce to a gain and an offset based on the calibration data. These

g coefficients are stored in a memory accessed as a function of the sensed values,
! .
| ; This process may be implemented by either of two techniques. The first is to
% . | o
k| | store a complete set of 32 points and recompute the entire curve every sixteen
i !
% "~ scan lines. This technique maintains a low frequency but causes abrupt changes
in' the calibration curve and reduces the continuity between adjacent scan lines
‘ at the curve switching point. In addition, any noise present will have a domi-

nant effect. Further, the technique requires a bi-phase memory.

The second technique is to compute and update the calibration curve
on a scan line basis. Although the frequency of update is sixteen times that

of the first technique there az¢ iio abrupt changes in the coefficient table.




vib cs-m
SRRy

et

Consequently, continuity is maintained with an inherent smoothing. This technique
requires a single phase memory which may be easily‘updated due to the system tim-
ing. From exaﬁination 6f;the overallflow, there is no read-while-write require-

ment. Therefore, the second approach, i.e. scan line rate update, has been selected.

Having established the calibration coefficients, each sensed value must be cor-

rected. The process is identical for the earth sensed and black body values

with additional preprocessing for the black body. In measuring the black bodies

(BB) a scan line of 42 samples per BB is received. Each value will differ slightly
due to the instantaneous préberties of the electronics and variations in the BB

as shown in Figure 3.25 .

Nt v . - . — ’
yail — ——" ____\_—\_ 5 ~>:::)‘:;7:/_‘,.;_:;_..'-‘ *me\ DAY e
. . PRRT

AastE

f?%u#%f;?£2:§’
Although the deviations are small, the selection of a disc;ete value results in
a maximum possible error. To minimize the error, the average value for the scan

line is uséd;t-Tﬁé,signal conditioning is process 3 resulting in the uniform

distribution shown in Figure 3.2-6.
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| The second black body unique process is to average the BB values obtained before

| and after the grid data. This is process 4; from process 4 on, the correction

process for the black body and the earth values is identical. These functional

i processes fequire the processes listed in Figure 3.2-5. 1In order to correct each

word, the following procedure is requiredg' Based on the{hagnitude of the received
value, a gain and offset are selected and a new value computed which is the value

of the signal plus non-linearity. By subtracting the theoretical value, the

| deviation present in the measured signal is computed, Having determined the

deviation, the received signal is corrected by algebrically adding the offset.
ff‘is noted that the correction of thése data words may be actually performed by
the same device due to the location of the bléck body data and the earth data

in the grid.

y
&

Prior to any earth &ata p:ecessing a quality assessment and normalization pro?egs
is performed. Since the black body is a temperature, and is related to radiéncé
by a planck function some preprocessing is required. Three black body values

are‘obtained and a curve plotted in the same manner that the electronic calibra-

tion was computed. The resultant curve is the:correéted temperature, Since the
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detectors are spectrally separated the effective temperature must be computed
for the specific detector in question and converted to radiance as shown in pro-

- cesses 21 through 35,

Figure 3,2-7 shows the geometry of the sensor/earth relationship.

o | i
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Because of the different distances traveled as a function of the scan angle,

e st e i

the radiant energy-is diffused through a longer path so that the data must be
normalized about some point. The standard technique for spacecraft is to normal-.~kt'
ize about the nadir. The normalized data is assessed with respect to its quality.

This process is comprised of the functions listed in Figure 3.2-5 with the para-

meters determined from user evaluation models. The major aspect of the quality B
assessment. establishes the requirement to use the measured data or the previodh

 day's data in its place, as well as the'requirement to compute’emissiﬁity and

S R T, L A e ﬁ%%% ol 0 aad 0 BAe 0 RS B el ey
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" reflectivity or to use assumed values.
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The original process substitutes the previous day's temperature for an oint
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20
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which does not satisfy the aCcéptance criteria defined in Figure 3.2-3. This
approach is not feasible for an onboard process.because it requires large mem-
ories whicb}must be updated on a daily basis. The rationale behind the sub-
stitution is that a valid temperature cannot Ls measured when the target is

cloud covered; the use of yesterday's temperature is an approximation based on

Tt

the fact that it is closer to the actual temperature than the measurement attempted .

throﬁgh clouds. An equally valid approximation may be made by averaging the four

B

nearest surrounding clear neighbofs. Suppott for this approach is provided by

R

the Temperature Analysis processing which determines the validity of the

temperature at a point by comparing it to its neighbors. The point must not

R

i ;_;; deviate from the average of its neighbors by more than a preset amount.

This process is readily implementable,onboard. Further, a flag will be set
Eg%% when this process is implemented so that further processing on the ground can

replace it with yesterday's temperature if this is deemed more desirable.

Hardware/Software/Firmware Trade§0ff

% . The preliminary implementation must be analyzed with respect to groups of functions.
d The low frequency of the sensor eliminates the processing constraints imposed

| by a sensor such as the ATS. Consequently, the major criteria for implementation
arékfhe economics of the design. There is no justification for implementation

in hardware, other than the memory and delay processes.

Tﬁe implementation trade-offs are between firmware and software., Like hardware,

firmware requires some degree of random logic design Which,with respect to the
IRS,closely resembles the Wilkes Processor with an additional external regiéter

capability, The prime software consideration is the micro processor. Thé process

% : ' 3-24
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requires a vast distribution of comparisons and resultant decisions so that the-

firmware approach is ratﬁer complex. The capability is inhereat in a micro-
pQOCessor and 1is eaéily implemented with a six register machine. Therefore,
the appreach is selected aﬁd‘is to be implemented in a multiple CfU micro-

computer augmented with a firmware fast,arithmetic and a hardwafe comparator.
Sincé the two augmenting units are e#ternal it is recommendgd that the micro-

processor used have the characteristic of treating the peripherals as a memory

" location. The primary reasons for this approach are the low data rate, the

decision making requirements, and economics,
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3.3 RADIOMETER/SCATTEROMETER (RADSCAT)
This section describes the functional flow developed for the Radscat and the

rationale for the various trade-offs effected.

Introduction

The radiometer scatterometer is a microwave instrument developed for the measure-
ment of physical science phenbmena, The radiometer portion of the sensor is a
stable receiver which measures antenna noise power within a finite bandwidth.

The noise power measured is directly porportionalbtq the apparent antenné temperature
allowing thermal emissiVity to be computed. The apparent antenna temperature

is related to the area bfightness temper ature by the antenna gain function and
properties-of the target.

i

The scatterometer is an instrument developed to measure the amount of energy.:
backscattered from a target. This instrument is an active instrument i.e. its
operation requires the transmission of a signal and the measurement of its reflection.

A more detailed description is contained in appendix D of the Onboard Experiment

Data Suﬁport Facility Task I Report NAS Contract 9-14651 dated September 1975,

The sensor generates a multiplexed multi-channel output shown in Figure 3.3-1.

Dat.a Cal

RADSCAT DATA FORMAT

FIGURE 3,3-1

3-30




The output signal is comprised of the measured data and housekeeping and calibration

data. The calibration data is the spacecraft attitude synchronized to spacecraft

time. The highest data rates correspond to a 1.876 millisecond word period and

an 18.76 millisecond fraﬁévpefiod. The sensor data precedes its calibration data

in time so that a re-formatting is réquired in the same fashion as for the ATS.

The output data must be referenced to the target location on the earth's surface
B ~ based on GNC data, the significant aspect of the RADSCAT is the amount of ancillary

data required to process the primary sensor data.

AT

INFORMATION PROCESSING

% ' The processing from a real time aspect is discussed based on the procedural o

algorithms shown in the functional flow diagrams(Figure 3.3-2). The basic functions are .

extensive but realizable because of the relatively low data rate. The processes

include some complex functions such as matrix multiplications but are dominated by

e

trignometric and inverse trignometric functions.

Initially, the data must be corrected or normalized to remove intégfation drifts »

and offsets in process 1. The correction process is dependent on the data word

|

i

j
e
-
!

és a function of time and selected constants determined apriori. Based on the
corrected values the power ratio of returned to transmitted is computed as. shown

“in pfocess 2. The time relationships of the parameters simplify the actualyproceSs.
Based on the power ratio or back scatterixu;Glis computed as a function of time
i : ‘ o E
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in process 3. The backscattered energy is corrected, i.e. normalized in process 4 for inci-

dence angle, referenced from a spacecraft coordinate system to an earth projection system.

Although a specific coordinate system is used, theé data may be converted to any
standard projection through existing transforms. The functions in processes 5, 6,
7, 8, 9, and 10 are relatively straight forward except for the matrix multipli-
cation. It is important to note that regardless of the implementation, the matrix
multiplication with double précision'brésentg a formidable implementation problem.
Based ‘'on state-of~-the-art hardware‘and software, the multiplications shown in
processes 6 and 7 require unique techniques because the coefficients are complex
trignoﬁetric relationships that are time varying at the frame rate. The remaining
normalization processes are based on g;odetics and are identical to those described

in Section 3.1.

The second requirement is to process the antenna noise pover to determine the apparent

antenna power., This 1is perfofmed by processes 11 and 12. The conversion from
noise power is based on emissivity,i.e. treatiﬁg the source as a black body, and

the knowledge of the receiver. The process is a straightforward‘algorithm for

a finite bandwidth.

The significant processing requiremeﬁfs are the matrix mﬁltiplication, trignometric
functions, and dot product. 'From a functional flow aspect the RAD/SCAT possesses
no inherent problems for total spaceborne processing but ‘its effectiveness is

dependent on the processing capability‘of the composite OEDSF processor.

i

HARDWARE/EIRMWARE/SCFTWARE Trade-off

Based on the low frequency data rates and simple processing requirements, a hafd-
ware 1mplementat10n is neither warranted nor justified. A pure software approach
is nelther pract1ca1 nor fea31b1e due to the trignometric, matrlx‘multlply, and dot

product functions. The matrix multiplyprovides the partltlonlng basis. If a

mlcroprocessor is used a 3 %x 3 matrix multlply requires 8.37 milliseconds per matrix

not including overhead. A study performed by General Electrlc on mlcrOptOcesqoxs

3—3°
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% (DCS I1I Attitude Transformations for skewed wheels by R.A. Sergo April 1975)

@ has shown that the conventional 8 bit microprocessor requires an adc'litional 70

| percent overhead, so that a matrix multiply required 14.23 milliseconds. Since

the process must be completed within 18,76 milliseconds and repeated four times,

,,% a pure software approach is impossible. The referenced report also shows that

E‘E{ a microprocessor augmented with fast arithmetic requires 50 microseconds per -

multip'ly and 2.0 microseconds per add with each coefficient requiring four multiplies

&

and ten additions, so that a major portion of the duty cycle is required., This

SR

same ratiomale may be used for the dot product and trignometric functions. These

functions will be implemented in firmware with microprocessors. ' ;

4535

The remaining functions can easily be implemented in software with conventional 8 .

bit microprocessors, however the microprocessor required by the aforementioned

processes can readily be augmented with hardware multiply and divide. This augment-

ation reduces the multiply time fron'lk,app’roximately, 250 ps to 50 ms or 3.5 us

. depending on the CPU and architecture. (An Intel 8080 requires 50 us while a 1
Motorola 6800 requires 3.5 us). Note tha;t thé actual CPU must Be selected on j

' the basis of a trade-off between 8 bit versus .6 bit machines because the sensor ;

outputs 10 bit words. .

4 i ,
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3.4 CIMATS

This section describes the functional flow diagram of the CIMATS and the rationale

for the various tradeoffs effected.

INTRODUCTION

CIMATS is an instrument developed té measure the atmospheric concentration of

trace gases by inter ferometric correlation. A complete description of the instrument
and its Operatién is contained in Appendix C of the OEDSF Task 1 report. Interfero-
metric correlation is based on an optical mbdulation using a frequency dependent
deléy line. A‘receivédyoptical domain signal is converged on the same detector

after being transmitted along two separate paths as shown in figure 3.4-1.

OPTICAL : .
; ~ \ ’>.Z§qb
PFITTER DETECTOR

DELAY

INTERFEROMETRIC APPROACH
Figure 3.4-1

One transmission path contains the frequency dependent delay line so that the output
of the detector is a phase difference. A set of these is termed an interferogram.

A simplified interferogram generation is shown in Figure 3.4-2. An interferogram

1

is similar iﬁ'appearaﬁée and use to a spectrogramf Since tbe‘delay'is dependent

on the frequency of the radiant energy that is incident on the aperture, the inter-

fe#ogram'is uniquely defined for a composite gas concentration.

Thé determination of the actual concentration is achieved by extracting the
frequency component of the desired gas. This filter may be implemented by .a

vériety of techniques. The present technique is to use frequency differencing. -
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The extraction process is achieved in the following manner:

A{V

> ¢t
Figure 3.4-2

The measﬁrea iﬁterferogram is compared or subtrécted from a calibrated reference.
Since the residue is the concentration of-the remaining trace gases the concentra-
tion may be éoﬁputed'diréctly. ‘Obviously, this signal subtraction is viable

only in narrow band systemé'with an apriori knowledge of the area of interest.

The spectral regions of interest are thermal and non-thermal areas.

Interferograms produced in the non-thermal region are relatively independent of
temper ature profiles so that thermal corrections are not required. In the thermal
mode, particularly in measurements about the nadir, the data exhibits a strong

dependence on temperature requiring an additional correction process.

PROCESSING

The foré-bptics result in a 7° field of view which’requires approximately 1 second

‘delay in the scan range. In addition,‘the'Sénsor is designed to operate in

two frequency bands i.e. one thermal out of five possible and one non-thermal

out of five possible creating one species map.

There are two mapping modes available: Nadir measurements and limb measurements.
The nadir measﬁréments’point the instrument toward ' the ground'along the vehicle

local vertical. The limb measurement, which can be made only once per orbit,

‘points the5instrument at the sun through the atmosphere, obtaining measured values

of constituent concentration as a function of altitude.

‘3«35
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These geometries>are shown in figure 3.4-3:

s

Limb

Y

Nadir

Figure 3.4-3

Figure 3.4-5 is a process requirements diagram for the CIMATS. Figure 3.4-6 is

the functional flow diagram converting the fequired processes to real-time.

Initially, the data is sampled by'process 1. which also per forms the éorrelation

‘process on the sampled levels. Process 2 determines the maximum degree of correla-

tion with respect to all permutations of stored correlation functions., This

process is shown as representative of a test procedure.

The‘general‘nature of the test for correlation is based on searching the stored
correlation function to achieve a "best fit" for the particular desired specie.
Processes 1, 2, and 5 form the closed loop iterative procedure for generating the

composite column specie density value which is operated on in block 3.

Process 3 uses the data gathered as a function of altitude (Process 4) and
knowledge of the particular correlation function used (Process 5) to produce a
density value normalized to a standard atmospheric mass unit, This calculation

is performéd whenever a new shell altitude is attaiged. (See Figure 3.4-4).
To SUN

he (R SING-R

-« MELisN ﬁLﬁT?QG:
U DERINING (TH SHELL

'$¢j“(}RE<T

FIGURE 3-4-4 EXAGGERATED SHELL STRUCTURE
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In this way a series of corncentration is produced to reflect the average specie
concentration as a function of altitude., These limb measurements are time con-
strained to the vehicle transition through its local dawn and can accur only once

per orbit due to the physical mounting of the sensor on the vehicle mainframe.

Processes 6, 7, 8 and 9 form an identical procedural loop with the following two
excepticns: First a different set of correlation functions are used in this
nadir measurement and seccondly, oniy colﬁmn densities can be computed because

of the iack of altitude information., Process 9 produces the normalization factor
so that the concentratioﬁs appear in normalized atmospheric mass units. As
previously mentioﬁed, the non-thermal readings do not require temperature

correction.

Blocks 1, 2 and 3 are identical to the non-thermal measurement processsing tasks

previously described.

Processes 4, 5, and 6 depict the functions required for the strongly temperature

' : s o
dependent thermal nadir measurement requiring an accuracy of 1 'K to properly

SE S A0 ﬁ%%g R E BR BEa ol 8% éﬂm*ggégézﬁ g

separate the contribution of a specie of gas from the total superimposed inter-

ferograms. Based on an empirical temperature profile, a set of mixing ratio of

iy

gases is selected. A correlation function is then chosen which generates an

estimate of the given gas specie. The estimated value is compared with a model

T |

value so that the difference generates a new gas density for the mixing ratio

which, with the known temperature profile, allows for the selection of a second

correlation function.. This iterative proceedure is continued until -an accurate

e

estimate of the measured gas value is obtained. Although there are'several tech-

niques available from estimation theory, the specific algorithm is still in the

L

selection process. For the purpose of this study a minimum distance classifier

o

is assumed.

gﬁ ‘ 3-37 .
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HARDWARE/SOFTWARE TRADE OFF

The CIMATS instrument is a low frequency sensor i.e., 116 wds/sec including the pro-

‘,}

cessing of the temperature profile from an auxilliary temperature sensor

(A radiometer), so that processing is mnot rate constrained. Current investi-

TP

32

gatory work is centered around a mini-computer with a 32K x 16 core memory with

SRR |

estimation of 8 to 12K of the 32K to store the correlation function coefficients and

1K allocated to the program.

By

Based on the flow diagram the major process to be performed is:

| N
e sn>=2 A Iy
k=l

This interpolation is relatively easy due to apriori known value of AR so that only

real time multiplication and accumulation are required.

"v i
ﬁ |
3

Processing reduirements for the CIMATS Data reduction flow also require trigon-

ometric and inverse trigonometric capability. The use of such functions is

28 i i
%» extensive as they are needed only on a per orbit basis.
%’ : The bt .1k of the instrument utilization is plarned for the nadir measurement mode.

Therefore, it is necessary to process the thermal band interferogram data though

g‘ the loop shown in Tigure 3.4-5 (Proéess 4, 5, 6). The nature of the selected
v algorithm has a dlrect impact on the complexity and, vhence, practicability of
B !

< performing the data processing in the vehicle,

i |

r! Initial estimates for this overall process involve no more than a few hundred

operation, At a conservative estimate of 10 usec/step, the total time required places

no burden on the OEDSF,

h@;
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The most demanding requirement for an onboard processor is the memory for the 160K
bits for the correlation coefficients. By using low power semiconductor technology,
this is accommodated with a power demand of less than 1 watt and implemented on

16 LSI IC's.

In considering the mcans of implementing the CIMAT Processing flov, the choices
are more appropriately taken between firmware and software rather than hardware
and software., Only logical comparison and limited iterative arithmetic operations

are required., A firmware approach is preferred for reasons discussed below.

The firmware approvach requires about 30 to 40 MSI parts plus the required ROM
previously described and .closely resembles a primitive three register machine.

This approach has the advantage that it is dedicated.

The final choice will be determined by the general architecture selected for the
OEDSF, and the economics of generating firmware versus software for a General

Purpose machine.

.3-39
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4.0 OEDSF DEFINITION

The definition of the OEDSF is the set of functions it must perform This set

was determined by a logical sequence of steps described in this section.

The initial step was to partition the flow diagrams described in Section 3 into
Onboard and Ground Segments, The partitioning for each sensor and the criteria
used iﬁ the exercise are described in 4.1.  The onboard segment then imposes the

requirements of the onboard processing. The processing requirements of the four

bounriary sensors were summed and decomposed to provide more general furictions.

Combinations of these simpler functions can then produce many more processes
applicable to the requirements of a considerably greater number and type of
sensors than the boundary sensors. These are discussed in 4.2. The decomposing

of the functions is in Appendix A.

The ground segment is examined in 4.3 to ensure that neither the partitioning
nor the selection of the onboard processing techniques create increased burdens
which would, from an end-to-end system aspect, negate the advantages of onboard

processing.

Aﬁ evaluation of the OEDSF is performed in 4.4. This evaluatién is qualitative
pending the cost estimates to be derived in Task 4. It establishes onboard/
ground guidelines (which were utilized in performing the partitioning), and

examines some aspects of the OEDSF which must be addressed to eliminate their

potentially detrimental features.
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4.1 ONBOARD/GRCUND PARTITION

The determination of which portion of the data processing system is performed

onboard and which on the ground for each of the boundary sensors is a pivotal

task in the study.

i
b
v

!
The approach taken to perform this task was to establish a set of criteria,

then perform the partioning based on these. These criteria were derived by
an iterative approach which modified, deleted, or added new criteria in accordance

with the results of the evaluation of the system resulting from their application.

The final set of criteria developed during this exercise is as follows:

1 - Processing performed onboard by the OEDSF should satisfy all the users
of the data. OEDSF processing stops where different users begin to process
the data differently.
Many experiments gaﬁher data which can be used in several ways. In most
cases, fundamental calibration and correction processes and the extraction
of basic information is common to all uses. ‘' Additional prccessing is
peculiar to the .specific use. For example, surfaée temperature information
is utiliéed and processed differently when it is used for meteorology,
crop yield estimation, or energy balance studies (Albedo). The OEDSF
is an effective device when it performs processes common to all users since
it eliminates the duplication of thesé pfocesses by the individual users,
or expedites delivery of their data by avoiding the delay they would
incur if-theéélcommon pfocéSSes Weré”performed in ‘a single grouﬁd facility
following the return of the shuttle. Fufther, the chief benefits derived
from dnboardbprocessing (real-time availability of anciliary data, for
example) tend to be realized in the primitive précesses, which ;suallyf

are also the common processes.,
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2 - All onboard processing will be on-line in real or near-real time. Data

will not be stored for long periods of time and processed in batches.

This criterion is derived from two basic tenets of the OEDSF cost-efféetive-
ness concept: It must exploit the features available onboard but not}on

the ground; it must not perform processes which simply convert groundiequipment
into flight equipment. |

by
The major feature of onboard processing is the real time availability

of ancillary data which includes shuttle location and attitude, instrument
characteristics such as pointing parameters and operation (housekeeping),

and other calibration data such as sun angle, sun radiance, and the information
provided 5y auxilliary sensors. This feature is exploited only when the

real time:aspects are utilized. Storing this data and performing

batch processing duplicates the operation of present ground processing

modes . :Further, it requires storage facilities which tend to be large

and difficult to qualify for space flight,.

3 :‘;Processes requiring large quantities of pre-stored data (i.e., look-up)

will be perforﬁed on the ground. The term "large" is a variable depending

primarily on the memory requi%éments. The cri;erion derives from the
obvious deleterious effects of having tovprovide large Qemory capacities
onboard. Iéris Supported by the fact that in most cases, the processes
requiriﬁg these pre-stored data tend to be in the more advanced categories
rather than the basic processes which the OEDSF is ideally suited to
perform;>

4 - ?rocessés requiring pre-stdred data which must be periodically updated will

be performed on the ground; however, infrequent uplinks of updated data

which enhances onboard processing is allowable. This criterion is primarily

based on the‘ptemise that processes requiring regularly updated pre-stored

data tend to be the more advanced and specialized processes which no longer

S



benefit from onboard features. It is recognized that there will be many
exceptions to this premise so that, although it is a first order guideline,
it is subject to re-examination where it eliminates primitive processes.
The cost of providing an up-date feature must be weighted against the loss
of the benefits of onboard processing.

The location of the onboard/ground partitioning must not require any

extensive onboard process to be repeated on the ground. There are

frequent instances when the data must be reformatted following a series

of processes. The data must: also be reformatted if it is to undergo
recording or transmission following any portion of this series, then

again reformatted prior to and following undergoing the remainder of the
series. Examples are domain transformation and resampling. In such instances
the entire series should be performed onboard or on the ground. If the
initial processes-in the series strongly benefit from onboard proéessing,

even though the remainder of the seriesvdoes not then the entire series

shoﬁld be performed onboard.

Trade-offs must be effected weighing the onboard processing advantages
and disadvantages of the initial and subsequent processes versus performing
the entire set on the ground.

Processes performed onboard must be well defined and not subject to

frequent and extensive changes. Experimental and user modeling processes

will be performed on the ground.  The configuration and qualificatidn of
flight eq?ipméht is expensive. The benefiﬁs to be derived from onboard
ﬁréceSsing will be realized only if costs. are kept within reasonable
limits. Frequentichanges and modifications requiring extensive rework

of the OEDSF will rapidly erode the cost advantages inherent in its

functions.




User models are devices intendsd to measure the validity of a set of
theories by correlating measured facts against predictions derived from
the theories., As such they are subject to changes and modifications

as the measured data modifies the theory.

. v

The output of this study is a conceptual design for an onboard processor.
Such a processor cannot be designed when the processes it is required to -
perform are not defined or are subject to frequent changes.

7 - The characteristics of the data at the partitioning interface must be

such as to enable efficient continuation of the processing or utilization.

The basic benefit to be derived from the OEDSF is an overall cost effective

system. Data delivered to the ground in a state, configuration, or format

which imposes additional complex or extensive processes to cmtinue its

further processing diminishes the system effectiveness. The data output

from the OEDSF must be "clean" in the sense that it is compatible and

i

easily interfaces with the next set of processes, and maintains a minimum

profile in terms of format, ancillary information needs, and conciseness.

3250

" These criteria are more correctly referred to as guidelines since each is subject
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to exceptions or modifications for any given set of requirements. In certain

cases, some of them are contradictory. For example, the use of frequently

updated data may eliminate the repeating of extensive processes on the ground.

Tradeoffs between these guidelines may therefore be one of the first steps in

RERER
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partitioning candidate systems. Table 4.,1-1 indicates the criteria which

4 N .
Eg , may conflict with each other.
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CRITERIA 1 l2 1s s | 5: 1e 17
1 - |'x |x |~ |n |N |N |
2 N | - [x |nx e |n Je :
3 N | N - v e |n Jec i
4 N N N - c N c '
5 N c c c - N c i
6 N |y | In |w - Jc
7 v lc e |c c |e¢c .

N = NO CONFLICT
C = POSSIBLE TRADE-OFF

COMPATIBILITY OF ONBOARD/GROUND CRITERIA
TABLE 4.1-1

A criterim yhich provides gﬁidance as to allowable onboard processors size,
power and memory requirements is conspicuous by its absemnce. It became evident
that any assignment of quantitative values to these items would be unnecessarily
restrictive on the onboard segment at this time. There are obviously limits for
tﬁese parameters on the OEDST as an entity; however these will be a function of
tﬁg sum of all the processes reqpiréd‘ﬁy all the serviced sensors and the
aéportionment of Spéce and cost %oitheVCEDéF which will, to a large extent,

bé determipgd by its value. Theserlimitations will create érade-offs between
the extent of gnboard-processings for given sensors.and the number of sensors
serviced, for exémple. Thus,vin the process to establish the desirable OEDSF
capabilities it is reasonable to exclude from onboard consideration only those
‘processes whose physical needs are-obviously ekcessive, such as a gigabit

-memory.

The onboard/Ground partition effected for each of the boundary sensors is

discussed below.

4-6

;
3
i
1
]
i



- The rationale for each system is irndicated below and correlated with the

applicable criteria on table 4,1-2

ATS- The onboard processing consists of all pre-processing of the data. This
. ' includes Calibration, Radiometric Correction and Geometric Correction.
i £ " The Geometric Correction encompasses X and Y correction based on GNC

5

data providing information on the shuttle attitude and altitude, and on

: é | an Eartl'; Model providing information on earth curvature and rotation skew,
A Ground Control Pbint (GCP) Correlation is also performed onboard even
i t‘hough‘this process does nof: benefit from any inherent onboard processing
@ ‘ advantage. The major rea_xsc’m for t_his decision is that the data must be
. resampled prior to xiecuord‘ing—or transmittingto‘ the ground, If GCI;
% " correlation were performed on the ground, an additional resampling process
would be required following this correction. A double resampling process
' introduc‘{(‘asv'radiometric errors which reduce’'the radiometric accuracy below

that desired for many applications. Information Extraction processing

is performed on the grournd because the optimum approach to this task is
) dependent on the user; i.e., the process to extract wheat acreage is
g:‘ P ] p

different from that to highlight geological features.

i * |

IRS- The onboard processing consists of all processing required to derive the

A : raw temperature profile and mixing ratio. profile as a function of
position. The process is carried this far onboard because the position
% data required in these computations is readily available in real time,
‘ The i;emperature ana}yéis is performed on the ground because this processV
requires—va complete reference of the previous day's temperatures for each
' subgrid point; at each altitude level, The output of this process is a
: set of plots (one for each altitude). The process gains nothing from
%@ ‘ being per formed onboard and is more ~efficien§'ly per formed with 1a):ge‘
Eé ‘ general purpose computers. ’ |

:
£
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1 2 3 4 3 6 7
Processing Modified GCP Ability to Perform GCP No information | Achieved by
; : restricted to correlation perform GCP correlation extraction implementation
Vo ATS calibration to predictive N/A correlation onboard to {performed .data XMID is
and preproces~ |approach using with 3 points | avoid a second jonboard geometrically
, sing (calibra- |Kalman filter per frame resampling and radiometric-
: tion, geometric| reduces req’'mtq process ally correct.
| and Radiometric for update to
: correction) tolerable
5 quantity - :
L Output of OEDSF[New techniques | Temp. analysigModification off Onboard procesq Final temp. Data XXOTD is
: is raw tempera-{developed to requiring process allows | obviates need | analysis temp. as a
L ture profiles ~|average cal previous day' onboard pro- to convert performed on ; function of lat.
' IRS P - {values before temperatures |cessing of radiance to ground and lon.
and after data | performed on { function with-{ temp. and vice
L ground out ground versa in sub-
: update of sequent pro-
: previous day's | cessing
ﬁf~ tempcrature
- Output of OEDSF{extensive Utilization Data XMID is S0
. ~ laredgo and Ta |utilization of 0f G0 and Ta | and Ta as a
! RADSAT |which are basi¢jireal time N/A N/A N/A for various function of 1lat.
/ - fvalues ancillary data models and lon.
performed on
: ground
Qutput of extensive Stored inter- Complete Datz XMID
OEDSF is speciefutilization of | ferograms are processing is specie
‘ concentration |GNC data in deemed small N/A onboard to N/A concentration
CIMATS : real time and vital to obtain specie as a functioan
' beneficial contentration of lat., lon.,
onboard eliminates and altitude
processing further
ground proces-
sing

IMPACT OF ONBOARD/GROUND CRITERIA ON BOUNDARY EXPERIMENTS PROCESSING

TABLE

4.1-2
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RADSCAT -~ The onboard processing coﬁsistsﬁof the computation of the backscatter

cross-scction 6;) and the antenna temperature (Ta) as a function of position

(latitude and longitude). Subsequent processing is per formed on the ground
& for a couple of reasons., First, there are several parameters requiring

|

differing processes which can be derived from these two values; second, the

procedures for determining these parameters are presently not well defined,

CIMATS - The entire processing of the Cimats data yielding specie concentration
as a function of altitude and location is performed onboard., Any subsequent

processing involves user models.

3 o 4-9
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4.2 OEDSF REQUIRIMENTS

This section establishes the data processing requirements of the OEDSF,

" The requirements are derived from the onboard segment of the functional flow dia-

grams in Section 3. These boundary sensors, by definition, establish both the
spectrum extremes for signal characteristics and the extremes of the processing

complexity,

The OEDSF must handle many experiments from several disciplines, thus the proces-
sing requirements established by the boundary sensors must be generalized, and
the processing capability of the OEDSF derived from these requirements must be

implemented with sufficient flexibility to perform more than these processes.

The approach taken to determining OEDSF requirements which satisfy this objec-
tive is described below. The closzed functions depicted in the functional flow
diagrams are not generally the process requirement. These closed functions are
the mathematical relationship which the OEDSF must model. Consequently, each
relationship must be described as a set of functions interrelated and generally
/

termed an algorithm. Ramifications result based on the level of decomposition
of the closed function. The depth of the decomposition is a variable which must
be selected to optimize the combination of the conflicting objectives of general
purpose and low cost. If the decomposition is too shallow, a special purpose,
sensor unique function, results, If the decomposition is too deep, a general
purpose machine results that is too cumbersome from an implementation and user

A

standpoint.
The detailed work performed in this task is contained in Appendix A,

The required processing functions tabulated on the flow diagrams were extracted

and converted to an implementation process; i.e., the actual process which will

4-10




implement the required function, Algorithms were then developed to perform this
process. The steps of the algorithms were then grouped as the set of functions

required.

Requirements which create only functions already developed are not considered
again. The vast majority of functions developed in Appendix £ were provided by

the early processes of the CIMATS and the IRS. The only new functions supﬁlied

by the Radscat, for example, was Matrix Multiplication. Processes required in

AT

AR

g“;;

LA

Sl

%

handling housekeeping and command data were also considered and found to be well

within the envelope defined by the data processes.

" The required functions were generalized and grouped into process categories.

 Table 4.2-1 tabulates the 18 functions derived from Appendix A grouped into the

Al

four process categories.

Table 4.2-2 relates function groups to the sensors whose processing requirements

use one or more of the functions in the group.
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TRIGNOMETRIC FUNCTIONS

OEDSF FUNCTIONS REQUIRED

a. Sine

b, Cosine

¢. Tangent
d. Cotangent

e. Secant

—

N

EXPONENTIAL FUNCTIONS
a. Exponential

b. Natural Logarithm

Shidsd B

3. ALGEBRAIC FUNCTIONS. -
4. CONTROL FUNCTIONS
2 ~a. Multiplexing
2 b. Demultipléxing

f. Cosecant .

g. Inverse Sine

h. 1Inverse Cosine

i. Inverse Tangent

a. .Algebraic addition with éccumulation capability

b. Signed multiplication with reciprocal input capability

c. Storage and Retrieval

d. Counting

e. Delay

T RS NEST sl Rl e

TABLE 4.2-1




SENSORS PROCESS REQUIREMENTS

PROCESS

TRIGNOMETRIC

_ALGEBRAIC ADDITION WITH

ACCUMULATION CAPABILITY

SIGNED MULTIPLY WITH
RECIPROCAL INPUT CAPABILITY

EXPONENTIALS

CONTROL

413

SENSOR NEEDS

CIMATS RADSCAT IRS ATS
YES YES NO YES
YES YES YES YES
YES YES YES YES

NO NO YES§ YES
YES YES YES YES

TABLE 4,2-2




4.3 OEDST GROUND SYSTEM REQUIREMENTS

This section examines the requirements imposed on the ground segment of the

four boundary experiments data systems as a result of the partitioning. The

intent of this examination is to enable a gross evaluation of the effectiveness

of the entire system to ensure that processes performed onboard and the location

of the onboard/Ground parition do not reduce the advantages of onboard processing

by creating new and extensive processing requirements on the ground.

ATS - The data proviﬁes information useful'to many disciplines such as
agriculture, foféStry;,geology, urban planning, and‘hyd;olcgy. The information
required is extraéted from data provided in several spectra, over a period of
time, and coprelated with other information obtained from exogeneous sources.
‘Figure 4.3-1 dépicté a generic data processing system indicating the Onboard/

Ground partition for the ATS system. ‘ :
//GROUND

ONBOARD
<« —
S eae——t  PRE-PROCESSING s EXTRACTIVE }3{ USER e
* / PROCESSING MODELS ) *
s CALIBRATION e FEATURES e RESOURCE INFORMATION
o RADIOMETRIC e CLASSIFICATION o MANAGEMENT PLANNING
CORRECTION e TRAINING
e GEOMZTRIC
CORRECTION

ATS DATA SYSTEM
FIGURE 4.3-1
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ThefATS data input into this system undergoes several processes which render
it useful for the particular application. These are, in general, a function
of the specific application; however, all applications share a common need
which define the basic processing of the data. These are: calibration, |
radiometric correction, and geometric correction, These processes will bé
perfofmed onbogrd; all subsequent processes will be performed on the‘ground.
The%data supplied to the ground is radiometrically and geometrically

corrected digital data. The processes which may then be performed on the

ground are-as various as the uses of the data.. .

Typically they consist of information extraction which may be performed by
thematic techniques, typified by the Image 100, an interactive thematic
extraction processor. (The reader is referenced to the QEDSF Task I report,
Pages A-41 to A-49). This is followed by user modeling which combines this
information with information obtained from other sources to create a final output
product. For example, ATS data providing information on crop acreage and health
may be combined with meteorological information providing temperature amd

soil moisture to determine crop yield.

The specific ground requirements which may be specified relate to the input
interface. The output of the OEDSF will be a High Density Digital Tape (HDDT).

The ground facility must be'capable of comverting this tape to a Computer

‘Compatible Tape (CCT) or directly to imagery. These requirements would

exist without the OEDSF, since raw ATS data would be recorded on an HDDT,
The ground segment requirements of the system are thus reduced to the extractive

and user model requirements by the elimination of the need to preprocess

the data.

415
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[T "PREPROCESSING™}] EXTRACTIVE PROCESSING 1 T USER MODEL™] =
. ~CORRECTION ANT) CALCULATIONS PROFILES ANALYSTS -MET,
SENSOR | ~ CALIBRATION | -SURFACE TEMP | .| -TEMPERATURE -NEIGHBORHOOD, .| -ALBEDO
"y DATA 7] -CLEAR F.0.V. “| FOR SUB GRID| ~| -MIXING RATIO [[“} -PREVIOUS DAY /| -
E -ESTIMATES -CLEAR COLUMN - |
RAD, |
ONBOARD<C - GROUND

/
‘:ﬁu IRS The IRS provides atmospheric temperature profiles and earth surface
E% temperature as a function of location. This information may then be used , 3

in user models to support wvarious disciplines, in particular, meteorology.

The basic process to extract the information from the sensor data, and the

‘location of the onboard/Ground partition are indicated in figure 4.3-2.

IRS DATA SYSTEM
FIGURE 4.3-2

;
i
4
!
b
3
!
:
4
:

é;* The data delivered to the ground are the raw temperature profiles and mixing

ﬁ _5 ratio profiles as a function of location.

i &

Av!: .

1

: The ground system must perform the surface temperature analysis. This process
5%‘ is identical to that performed at present on the HIRS data, and the same

i N
program developed for that phase of the processing may be used. One step

has been wlded as a result of the method used to implement the onboard
processing. ' As indicated on the IRS flow diagram, section 3.2, if an unsuf-

ficiently clear field of view exists in a sub-grid, a flag is set, and a

=2 Em

bilateral estimate témperature value based on the average of the four nearest
qualifying neighbors is used in fuither processes. The present approach
(all ground) is to use the previous day's temperature for this sub-grid.

The use of the estimated temperature instead of the previous day's temperature

in the data processing produces at worst a second order error; the estimated

temperature can be replaced with tﬁé'previous day's temperature during the
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analysis operation by a simple modification of the existing program. Presently

the analysis program performs various checks on each sub-grid temperature

and replaces it with the previous day's temperature if it fails any of these.
The modification consists solely of adding a flag set check to the other checks,

and considering. a set flag as a check failure. i

All other ground processing, including user models are unaffected and retain

their present requirements.

RADSCAT
The RADSCAT is an instrument ¢¢nsisting of a radiometer and a scatteromater
which produce data from which basic parameters of the target may be derived.

These basic parameters are, the backscatter crossection (6,), and the target

- temperature (T¢). The computation of the target temperature is based on the

Radiometer antenna temperaturev(Ta) and uses several other data (which may
includg(fb) obtained from exogeﬁeous sources, The complexity of this pro-~
cess, depends on tbe aécuracy of Tf,desired. For several applications Ta is
suffiéient; thus the computation of Tp is a user model function. These two
parameters may be used singly or in conjunction with each other (or with other

data) to produce information on several characteristics of the target. Exanmples

of information derived from these parameters are: Sea wave height, wind

velocity and direction, soil moisture, crop stress, geological surface features,

water salinity and temperature, and forestry management parameters,

The generic data processing diagram for the RADSCAT is shown in figure 4.3-3.
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PROCESSING

PREPROCESSING USER MODELS
- CALIBRATION COMPUTATION - SEA STATE OTHER
- NOISE SUBTACTION ~Go : - RAINFALL (e
- - TEMP, CORRECTION - T ‘ - WIND VECTORS DAT/
- Lat & Lon - FOREST ACREAGE

_are G0 and Ta as a function of position.

4

RADSCAT DATA SYSTEM /// :
FIGURE 4,3-3 A

\

The present RADSCAT ground system consists of two basic entities. The preprocessing

and processing are performed at a central facility. The output of this facility
‘This data is distributed to various

users most of whom are precently in the experimental phase; i.e., developing

and evaluating models which produce the final information.

The OEDSF performs the ptéprocessing and processing functions and outputs
the identical product as that supplied by the present facility; hence, there
is no impact on the user models and subsequent processing of the RADSCAT data

by the OEDSF,

CIMATS

The CIMATS produces data which enables the determination of the column density
of a number {approximately 9) of gas contituents of the atmosphere as a function

of altitude and location,

The initial utilization of this information is the study of pollution. Corro-
borative measurements made from the ground are used in this study. There will
undoubtedly be many other uses of the CIMATS information related to the concentration

of various gases singly or in group. These are all user model functions.

The generic processing flow of the CIMATS data'is shown in Figure 4.3-4,
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b2 CALCULATE COMPUTE STUDIES
SENSOR_ } . - AIR MASS SPECIES / - POLLUTION
DATE =] ° ' - COLUMN CONCENTRATION 2 - RESOURCES
DENSITIES ° VS ALT & LOC, - ATM, EFFECTS ON
) ‘ SENSORS

CIMATS DATA SYSTEM
FIGURE 4.3-4

The CIMATS pre-processing function is unique in that it is really the early
phases of information extraction rather than the more classical calibration and

correction functions associated with this term.

The entire information extraction process is performed onboard. The input to

the ground system is the specie consentrations as a function of altitude and

location. These are submitted tc the user models which are undefined at this

time. The format of the supplied data will be High Density Digital Tapes.

:
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4.4 SYSTEM EFFECTIVENESS EVALUATION

..This section evaluates the consequences of performing the selected processes

on bqard. The: intention of this evaluation is to determine, on a gross
level, if the processes performed on board improve the overall systém with
respect to cost effectiveness and timeliness of data availability t? the
expe;imenter. .

A more detailed evaluation which includes quantitative cost estimates for

the OEDSF and ground segments will be performed in Task 4.

The OEDSF realizes its benefits by exploiting its unique location in both a
spatial andvtemporal sense. This exploitation is enhanced by the judicious

choice of the ptocesses which it performs, and by its architecture, -

Table 4.4-1 summarizes factors considered in the evaluation (note that the

"1BD's" will be determined in Tasks 3 and 4). ¥For each of the

boundary sensors, the OEDSF proﬁuces data or information ready for extractive
processing or user modeling. In each case, the processing requirements on
the ground are significantly reduced or eliminated., These advantages are
traded off against the cost of,de#eloping and programming the OEDSF, and the
possible inconvenience associated with developing instrumenté wﬁile having

limited access to a portion of their data processing equipment.

Temporal Advantages:
The OEDSF operates in real time., The output signals from the experiments are
fed to the OEDSF as the experiments generate them. All ancillary data is

available to the OEDSF coincident with its generation. Ancillary data is
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all data used to operate upon or characterize the experiment data. It includes

the following:

- Houseckeeping data which provides information on mode, status, and
environment, As an example, the RADSCAT processing equations
include the antenna housing temperature.

)

= Guidance, Navigation, and Control (GNC) data which provides infor-
mation on all Shuttle locations, attitude, and the rate of change
thereof - this data produces the location of observed phenomena,
which is a requirement of all experiments,

- Auxiliary information., This is information which may be produced by
other sensors, for example, the IRS data can be used to correct ATS
data for atmospheric effects; or it may be the utilization of ambient
characteristics; for example, calibrating the ATS by measuring the sun
disk, ’

If this gncillary data>is not utilized in real time, it must be recorded for
subsequeﬁt processing, fhe recording process requires a formatting and a
time-tag operation of both the sensor data and ancilléry data; the subsequent
prdcessing requires a correlation operation to "re-match" the ancillary data
with the sensor data. Alternately, the ancillary data may be multiplexed

with the sensor data so that re-correlation is obviated, but a more complex

formatting and reformatting process is required; further, each sensor must

duplicate the recording of this common information with a corresponding

multiplicative effect on the recording burden.

The real-time feature of the OEDSF provides an adaptive property to the col-
lecting and recording of data, Some examples of the utilization of this property are:

Inhibit recording of bad data (such as cloud covered targets, or when
SNR is inadequate).

- Select signals to be processed (or recorded) from multi-signal or multi-
channel instruments based on criteria which may be dependent on the
scene characteristics or the signals characteristics.

- Establish or change instrument operating wmode based on characteristics
of data or ambient.

- Vary the rate of correction data collection based on the measured rate
of change of the error 1nduc1ng agent.

%5 ' . . R S
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Processing the data prior to recording or transmission usually effects
significant reductions in recorded volume, The ancillary data which need
no longer be recorded often exceeds the volume of data produced by the low

frequency (up to several kilobits per second) sensors.

As the prime data gets converted to information, its bulk greatly diminishes,
For example, the IRS raw data is collected in 12 bit words for each grid
point in 17 channels, a total of 17, 136 bits for each group of 3 subgrids
(28 points per subgrid), The output of the OEDSF is 20 temperature values
and 20 mixing ratio values at 7 bits each for each group of 3 subgrids, for

a total of 280 bits, a compression ratio greater than 16 to 1,

The most significant aspect of real-time processing is that the data is
ready for the experimenter when the shuttle lands. The pre-processing

through a central facility with its attendant queue is eliminated.

Spatial Advantages:

Tﬁe OEDSF derives advantages by virtue of its co-location, in space, with

the instruments. One obvious benefit is that processes common to all
instruments (cloud cover, spacecraft position and attitude{'étmOSpheric
conditions, etc...) need be per formed oniy ondé. ff &ﬁey were perfofméd on
the ground, they would be repeated at each experimenter's site, or they would

be performed at a:éentral‘facility with its attendant queue (up to one year on Skylab

The major benefit lies in the sharing by the instruments of the OEDSF's set

of processing functions, The judicious decomposition of the processes

required by the various instruments yields a finite and limited set of
basic functions which, in vdrious combinations, satisfy the processing

requirements of all ‘the sensors., The level of processing capability of

4-23
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each member of this set is sufficiently high that the programming

associated with their combination is simple (and-inexpensive). The
development of such a‘set fpr a single eXperimént would be prohibitively
‘expensive. It becomes highly cost effective, however, when several
experiments siﬁﬁltaneously share.the same functions, The architecture of
the OEDSFv(s;e Section 5) has been configured to maximize the benefits

derived from these circumstances.

Cost of the OEDSF

This subject can be tfeated only in A‘Aualitative manner pending the cost

estimates which will be performed upon completion of the conceptual design.,

The CEDSF will be an adv;nced, sophisticated, flight qualified processor. It will be
cost effective by virtue of the savings accumulated from the many ground

systems it repiéces, and the immediacy of its output's availability to the

user,

The OEDSF's architecture permits a modular growth. The full payload version
can be evolved as the benefits of onboard processing are certified on

limited versions.

The OEDSF Qill-incur recurring ccsts each time the complement of sensors'

it sérvices is changed. These cpsts are expended in the reérogrammi?g of -
the array. As discusséd:in Section 5, the nature of ;he architectur;m
coupled witﬁ avcaféfully tailored 1angﬁége will keep this cost low: orders -
‘of magnitude bgloﬁ thét required to program a general purpese machihe. A
‘skilled specialist will perform5this?pfbgramming. This is both an advantage

and a disadvantage: -the experimenter must supply a compieté and -accurate

~description of the processes required by his instrument, The disadvantage is
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that the experimenter loses some freedom in evolving these proceéses as he
experiments, The advantage is that it compels him to think through these
requirements before he undertakes the expensive spaceflight phase of his

experiment's development,

Instrument/OEDSI Integration

The OEDSF is a'central facility and is not available on a full time basis
to each experimenter at his site. This causes two distinct challenges:
development of the instrument and chécking out the instrument for flight

without a part of its data processing.

The development of the instrument doesjnot, in' general, require the functions
performed by the OEDSF. The proper opération éf ;he‘instrument igs normally
determined by analysis of its raw outpﬁt. The caliﬁtation; cbrfection, and
data redﬁction functions are system‘leﬁel operations thch may be simulatéd'
as necessary. Typically, the ancillary'data reqﬁgréd for these processes
are éimulated}in primitive forms when these checkout phases are perférmed

6n the ground. Hence, the unavailability of ‘the OEDSF during these

operations is not a significant factor. -

The integration of the instruments with the OEDSF is a major activity.
Many instruments will converge on the Shuttle: (and the QEDSF) within a

short time period. Each and all of these instruments must mate and operate .

with fhé OEDSF (and with each other). fThe successfulyrééiization of this

endeavor is the greatest challenge to the OEDSF concept. It will happen

| only if thorough and detailed plans arn formulated and implemehtéd, “These
- will, again, impose an added burden on the experimenters ah&‘must be -

placed on the negative side of the OEDSF benefits equation. The solution
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must not require a duplication of the OEDSF's functions at the user's site.

This approach would require significant additional expenses which erode the
cost advantages of the OEDSF. Recommendations which address this challenge

will be developed during Task 4,

Secondary Impacts of the OEDSF

The advent of onboard processing and the method of its implementation
create a new environment which affects some facets of experiment development.
Some examples are:

~ Better disciplined experimenters. As discussed earlier, the
effective utilization of the OEDSF requires that the experimenter
fully develop his processing requirements prior to the flight. This
forces his attention onto matters which are usually considered
cgecondary creating an attitude which often results in one of two
situations: the experimenter omits from his requirements critical
ancillary data and thereby renders his .experiment worthless, or he
requests all the ancillary data he can think of to insure that he
will have available whatever he may subsequently need, thereby
creating an unwarranted demand on the system,

- The OEDSF requires an OEDSF programming specialist. Many experi-
menters' data reduction facilities are programmed by either the
experimenter or his assistants. They are experiment oriented rather
than processor oriented. The requirements for a specialist insures
that the programming will be effected in the most efficient and
economical procedure possible.

« The OEDSF is flight equipment. In all space systems built to date
the ground equipment complement has been treated as a poor second to
flight equipment in the areas of planning, management, and allocation
of ‘resources. This pattern will not change in the foreseeable future.
Data processing has suffered from the fact that it has been a ground
process, Data processing, when performed onboard, will benefit
from the very significant advantages accorded flight equipment.

The onboard/ground criteria and the pértitioning decisions stated in
Section»Af; are conclusioﬂs,derived from thevconsiderations—discussed in
this sectioﬁ. Théy,are optimél,;givenfthat onboard processing is beﬁeficial
in terms of cost effectivenéss.ﬁ This tenet remains to be‘proven by "hard“

numbers, a pivotal result of Task 4.

o




5.0 OEDSF ARCHITECTURE

By definition, architecture is the art or science that pertains to the method

|
|

processing, an architecture is more explicitly defined as the method of establishing

or style in which some physical structure is built. In electronic signal

the inter-signal relationship with respect to the processes or transfer functions
]

comprising the system, At the system level, architecture defines the processing

philosophy and dimensional distribution. Processing structures are further -
charaacterized as functions of time., In describing an architecture, the following
terminology will be used.
o Algorithm - A well defined procedure specified as a sequence of steps
that are required to perform a desired function.
o Event - The occurrence of a Phenomenon, i.e. signal, dependent on-
both machine state and mode.
o State - A configui‘ation of the machine at a given time established
& by the sjtatus of its elements,
i o Mode. - A sequence;of operations determined by the outcome of an
%3 event, .
o Iterative - Any procéé$ which has periodicity and is normally applied V““
% to a blockéof hardware, software, or firmware, \
The:initial step in sel‘ecti‘ng‘lé candidate architecture for the OEDSF at both é

et

the proces\,lng and system levels, is t:o rapidly reduce the broad sPectrum of '

e

~available architectures to a reasonable number by ehmlnatlng all but the

applicable structures.
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The gene:al systém requirements may be established from thé functional flow
diagrams in Section 3. Based on these requifemen;s, applicable architectures
can be nominated and trade-offs performed to select the best one, |
Some fundamental guidelines are listed below: |
o The architecture must be capable of regl time processing, in accordance
with the Onboard /Ground trade-off criteria.
o The architecture must be capable of processing multiple inputs because
of the multi-sensor nature of the STS missions.
o The OEDSF must be capable of operating on large data afrays because of the
high data rate output by some sensors and the large number of sensors.

o Since the OEDSF will be an information processor, the system must be

capable of per forming complex mathematical computations.

It should be noted that the resultant structure of an actual system is not
rigidly constrained to the classical descriptor but is usually a composite.
There are many levels of architecture present in large systems at the system,

sub-System, component, and even the module level; consequently, the architecture

classification is that which is the most dominant with respect to the processing

of the information. A key concept is that architectures are not classified
by tﬂe phySical components but by the nature of the processing. For example,
a system may contain A small ¢omputer and a special purpose pipeline. The
nomeﬁciature of the‘archite;turé‘is détermined by which is the master‘and

which is the slave; i.e., an augmented computer architecture, or a pipeline

architecture.

Based on the preliminary requirements, the processing level applicable

~architectures were reduced to the following:
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0 Augmented small computer
o Pipeline
k]

o‘ Serial

o Array

And for the System levels, the applicable architectures are
o Centralized
o Distributed

o Structured
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3>.1 PROCESSING LEVEL ARCHITECTURES

The processing architectures are discussed and compared in the following paragraphs..
The candidate and alternate architectures are then selected in conjunction

with the system level architectures.

Table 5.1-5 summarizes the characteristics of these architectures

-AUGMENTED SMALL COMPUTER

The augmented small computer architecture is shown in Figure 5.1-1 and its
characteristics are summarized in table 5.1-1, The significant feature of
this architecture is that any process regardless of the complexity can be

implemented in the absence of certain constraints such as time and memory .

size. In operation, the‘processor is rather simple due to the presence of

the general purpose computer. Data stored in the array is entered into the

1 sjstem by one of two methods i.e. programmed input/output (P1/0) or Direct
Memory Access (DMA). Oncedata has been entered, it is processed in- total prior
to transmission to the receiving unit. Consequently, the only p01nts

gof entry and exit for the system are the organlc 1nput/output ports of the
computer. Since the methods of data transfer 11m1t the speed, this archltecture

-

has 11m1ted application in real tlme 1nformatlon processing. Because of

B3 =3 BES €%§ B 3 88 R B BT EE TS

the data transfer technique ramifications, PI/O'and DMA operation are briefly

discussed; Under a programmed 1/0 transfer,:the data in the array is transferred

to the computer under control of the computer. Thls requ1res a software program

and the transfer is accompllshed in ~the iJLiOWlng manner: The data in the array

“is transferred to the‘accumulator via an I/0 port. OnCebthe data isgin the accumulator,
it may be 0perated on directly or transferred to another system~1ocation.',The

key is that only onme word is transferred from the array to the systeim at a time.

A A Nk o s
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FIGURE S5.1.1

AUCGMENTED COMPUTER ARCHITECTURE
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AUGMENTED SMALL COMPUTER o e

ADVANTAGES DISADVANTAGES

ANY ALGORITHM CAN BE IMPLEMENTED REGARDLESS ' OPERATIONAL SPEED IS LIMITED BY BASIC
OF THE COMPLEXITY MACHINE TIME

SYSTEM MODIFICATIONS ARE FACILITATED AND o APPLICABILITY IS DETERMINED BY THE DATA
DYNAMIC IN NATURE RATE AND FORMAT IN CONJUNCTION WITH THE
REQUIRED ALGORITHMS

SYSTEM MODIFICATIONS ARE REVERSIBLE AND NOT ' INTERNAL PROCESSING IS SERIAL
TIME CONSUMING

SYSTEM STRUCTURES, FLOWS, AND INTERACTIONS SOFTWARE IS DEDICATED TO A SPECIFIC
ARZ NOT RIGIDLY DEFINED SYSTEM

UNCERTAINTIES MAY BE INCORPORATED, MODELED, ALGORITHM COMPLEXITY ESTABLISHES MEMORY
AND ALTERED WITHOUT RAMIFICATIONS .ON THE AND POWER REQUIREMENTS
SYSTEM

DPOCUMENTATION IS USER ORIENTED RATHER THAN - MACHINE POWER IS DETERMINED BY THE
DESIGNER ORIENTED MACHINE ARCHITECTURE AND THE IN-
STRUCTION SET

INTERFACING IS STANDARDIZED AND DOCUMENTED -

POWERFUL DECISION MAKING AND SEQUENCING
CAPABILITY
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Consequently, the PI/0 is extremely time consuming ragardless of the machine employed.

i
The second method of data transfer is direct memory access or DMA, This accomplishes
’ o {
the transfer of a block of data at the higher memory cycle rate of speed and is
!

t
controlled by special purpose hardware organic to the computer. The DMA is accomplished

in the following manner: The hardware module is programmed with the number of words or

|
bytes (the block length) to be transferred from the data array to the computer memory.

Upon establishing the block length, the DMA control hardware is given control of the

address and data buses thereby locking the processor out of the system for the duration

of the transfer. The data.in the array is tpen transferred directly to the computer
memory at the speed of the slowest ﬁemory‘ifé. the speed of the data array or the

computer memories. The key aspect-is éhat a block of information is transferred completely
bypassing the accumulator, or'in reélity the CPU, so that no processing can be performed.
Some typical and prbjectedAtransfer times based on a 1975 0.5 microsecond state time

a£§ PI1/C equal 13.5 ﬁicfoseconds and DMA equal 400 nanosecond for mégnetic memory and

400 nanoseconds for semi conductor memory. Projected transfer times (1980) are 1.35
microseconds for P1/0 and 40 nanoséconds for semi cénductor memory.

Computers are state and mode machines where the state time is constant and the mode

“or cycle time is comprised of a set number of states (typical 5 or 6). Since the

machine‘characteristics are part of the mode and state and designed as such, there is
no capability to modify or increase timing without developing a new machine,

Consequently, this type of structure cannot process in real time.

PIPELINE

The pipeline architecture shown in Figure 5.1-2 is a high speed, highly efficient

structure based on the effective decomposition of the algorithm‘ﬁo the register level

for software and to the function integrated circuit for hardware. The general
characteristics of this architecture are listed in Table 5.1-2. Although a general
machine class, the pipeline is normally employediin special purpose applications.

This structure is normally complex and is difficult to comprehend without a thorough
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FIGURE 5.1.2

PIPELINE ARCHITECTURE
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PIPELINE ARCHITECTURE

ADVANTAGES

- HIGH SPEED PROCESSING DIRECTLY PROPORTIONAL

TO THE NUMBER OF STAGES

SPEED OF OFERATION IS INDEPENDENT OF THE

PROCESSES USED

CONTROL OF THE PIPELINE IS SIMPLE AND

INDEPENDENT OF THE COMPLEXITY OF THE
PROCESSING : :

THE ARCHITECTURE IS MODULAR AT EVERY PRO-
CESSING LEVEL

ADAPTIVE 0 MATHEMATICAL AND INFORMATION
PROCESSING

POSSESSES UNLIMITED GROWTH POTENTIAL

oS R E Em &8 Eié? &= Ea &8 EEB B g=Em ED é%%FIE YR |

DISADVANTAGES

REQUIRES'EFFICIENT ALGORITHMS EASILY
DECOMPOSED TO SIMPLE SEQUENCES

NORMALLY COMPLEX IN DESIGN AND REALIZED
IN SPECIAL PURPOSE HARDWARE, FIRMWARE,
AND SOFTWARE

INEFFICIENT ON SMALL ARRAYS OF DATA

THE STRUCTURE MUST BE EITHER OUTPUT COUPLED
OR INPUT COUPLED
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knowledge of computational and signal processing. The structure may be described

in the following manner at the high level, !

The structure is modeled into N stages based on the decompositicn of the algorithms
and the deéired rgté of entry or exit for the data whichever is higher, and such
that the time to.perform the required function of each stage is less than or équal

to ninety percent of the beriod of the desired processing rate. Each stage is -
separated - by a synchronizing registef which may be any sequential device but is

typicélly a shift register or flip flop type device. Each synchronizing register

is driven by the basic clock. Data is then' sequenced through each stage where

that specific function is performed on the data. For example, at time to, word Wo

is entered into stage So and process Po is performed on it, at time t], word Wo is

b
i
%

in stage S3 so that in general the location of any word in the pipeline is M-N where

M is the clock count corresponding to the word and N the scaled pipeline length, ,

The speed is determined by the stage which requires the most time to execute

)

its micro-instruction. This time can be reduced by breaking this function into

smaller functions until the algorithm can no longer be decomposed into two or

more sequential steps.

The actual hardware used as well as the processes to be per formed and their de-

&&=

composition, will determine the operational frequency. At the present time high

fsxison

speed image processors have been built capable of handling 25 MHZ to 125 MHZ

information word rates.

This structure is speed oriented so that implementation strives to minimize the

register operations or délays encountered in processing any data word within

one stage. Significant effort, therefore, is normally expended in component

selection, modeling, and feasibility evaluations.

*
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SERTIAL

The serial architecture shown in Figuré 5.1-3 is an économicul structure with the
general characteristics listed in Table 5.1-3, This architecture .- oriented to
operating on large arrays ofdatavﬂdch require certain itérative processuis,

The order in which the processes are to bé performed may be randomly ordered so
that the structure is in reality a special purpose computer with the processing
designed at the register level. The operation of the seria}‘architecture may be

viewed in the following manner.

A'recirculationlloOp and loop mask aré the key elements oﬁ the serial architecture,
The recirculation loop sequences through the proceésing‘fdnctions while the
recirculation mask determines if the furction is to be selected. It should be
obvious that the ehtire loop must be éraVérsed,if £hé process desired lies to the

left of the polling bit in the'recircﬁlation loop.

The data is processed in the following manner: A word is selected by the memory
address counter based on the state and mode of the maéhine”and routed to a’
specific process, Upon completion, the word may be régurhed to the array or'roﬁted
to another procesé’until the entire array has been processed. The key to thisL
structure is the single word processing and the hardware minimization. Even with

a sophisticated program counter, the machine is capablg only of sinéle word processing
and is the:efore%inhergptly slow. Due to its special purpose nature, h6Weven,

‘the serial archiéecﬁufe hormally possééges a factor of five adQéhtage iﬂ speéd
over the general‘purpose digital computer. Two considerations afe important in the
design of the actual structure. First, the manner in which the data array is
formed and the processing philosophy i.e. one word processed in total on a.wdrd:
sequential basisror:the same process to be performed op”the entire arrgy prior

to selecting the next process. (Studies have shown thémmaximum speed and simplest

control is achieved when one process is applied against the entire array prior to

vy
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FIGURE 5.1-3

SERIAL ARCHITECTURE
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. SERTAL ARCHITECTURE -

~ ADVANTAGES

. LIMITED.HARDWARE REQUIREMENT
HIGH SYSTEM LEVEL EFFICIENCY

- CAPABLE OF COMPLEX ALGORITHMS

ECONOMICAL S

ELECTRONIC MODIFICATION OF SIGNAL FLOW

TABLE 5.1-3

DISADVANTAGES-

LOW OPERATIONAL FREQUENCY

. INEFFICIENT AT THE PROCESSING LEVEL

LIMITED GROWTH POTENTIAL

TIME~SHARED BUS ORIENTATION

-
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select{ng the next process resulting in a fixed state and mode machine). Second,
the physical iocation of tﬁe processing functions with respect to their neighbors
%s a function of the eystem processing. The physical location determines the
éransitions within the reciroulation loop and the overall timeliness. To
transition within two neatest ueighbors and bi-directionaliy the rate at which the

block of information is processed becomes high while the effective word rate

remains low.

This structure normally employs a fixed program and has application for low frequency

multiplexed sensors and single input medium frequency sensors.

ARRAY

The array processor is the most sophisticated of the current infomation processors.
The functional -architecture is shown in Figure 5.1-4 and the general characteristics
indicated in Table 5.1-4, The key feature of the array'processor is that it is

cabable of simultaneously processing large arrays of data which require complex

functions.
1

';In operation the array becomes a set of pipelines programmable with respect td

fuﬂctlonb and sequence as a function of time may be v1ewed in the follow1ng manner .,

An array is formed whlch is Nz for N functlons based on the spectrum of process1ng

functions required for various system configurations. Each function'repeats itself
] o noLUne ,

i

'1nd1ces or address and is capable of communlcatlng with its eight nearest neighbors.

. Normally, any one process will be capable of receiving data from four nelghbors and

transmlttlng to four resulting in high processing power. The number of 1nput and
output points equals 12(N 2) + 20; thus, for N=4, there would be 22 input and 22

output polnts.

ihtthe array N times along a diagonal. Each process is assigned at two:dimensional :7

s
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ADVANTAGES

- CAPABLE OF COMPLEX ALGORITHMS

e

~ HIGH OPERATIONAL FREQUENCY ON-LARGE

ARRAYS OF DATA f

SIﬁﬁtTANEOUS WORD PROCESSING OF LARGE
BLOCKS OF DATA et

ELECTRONIC SIGNAL FLOW MODIFICATION
'ELIMINATION OF FEEDBACK LOOPS

CONTROL AND PROGRAMMING SIMPLICITY

ARRAY ARCHITECTURE

TABLE 5.1-4

Svesmy a P

. . - :
B A AL b b L e s e s

DISADVANTAGES

MUST. BE USED WITH LARGE ARRAYS OF
DATA ) : , :

. COMPLL.. FABRICATION

LOW GATE EFFICIENCY
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At the initial cycle, the data is routed to any of 2N functions where it is
processed during the cycle, At the completion of the cycle new indices in pairs

are ordered and the data output from each process is re-directed and entered

~into the next set of processes, The sequencing is continued processing multiple

blocks of multiple inputs simultaneously, resulting in extreme speed. The array

architecture is a mode oriented system that is in reality a hybrid of the serial

and pipeline structures. Due to its block procesning, this architecture is optimun

for processing large volumes of data at high speed but extremely inefficient with
respect to utilization of processing functions for short durations and low volumes

of data.

PROCESSING ARCHITECTURE TRADE-OFFS:

‘The architectures discussed above are compared and a candidate architectures is

selected for tﬁe”subsystem 1eVé1 in this paragraph. The required OEDSF functions

have been determined from the Eunctional Flow Diag:am {Section 4.2). ﬁased on
decomposition and similarity of procéssing, the composite processing functions required
redube to those listed in Table 4.2-1. Figure -5,1-5 depic;s_the process followed

to derive the composite sys tem. Based on theée requiremeﬁts, the OEDSF must be
cap@bie of péfformihg'the following major functional catagories: |

o Data Handling f@nctions

o réignal Calibrétion o . o

o Computational processing

. 0 Domain Transformations

The bulk of the majority of the functions is computational and domain transfor-~

mations as expected for sensor processing.
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For the majority of small computers, the addition at the register level requifes

approximately 2.0 microseconds and an additional 2.0 microseconds of overhead

t

which is too slow to accommodate state~-of-art sensors on a real time basis,
However, with the current trends in computer architecture and simiconductor
tecknology a factor of ten reduction will be achieved by the 1980 time frame éo
that the.megigm anq low frequency sensors will be accommodated by the small |
comﬁuter. &he pipeline and array processors are specifi;ally oriented to high
speed process{ng‘of compleg algorithms, The serial processor,due to its special

purpose nature,is above thé géneral purpose machine but below the pipeline and

array and is capable of processing a majority of the sensors.

Due to the number of permutations of sensor combination, the OEDSF must be capable

of altering its process flowipath. All the architectures except the pipeline are

éapable of accomplishiﬁg”this electronically, ho&ever, only the array processor

can achieve the alteration without loss of system speed. The pipeline,due to

its sequential nature, requires a physical modification to re-configure the process
flow.

In the sequence alteration, the pipeline is at an extreme disadvantage since

some physical modifications once implemented are irreversible and -are, further,

extremeiy difficult to integrate and-evaluate.

A significant aspect that must be considered is the implementation of the processes

thémselves. The small computér is software oriented so that implementation must
beforganized around the sub-routine level to gain the flexibility required in

; o : ‘ , = I
this type of system, Consequently, the modification capability is facilitated with

the small computer and the evaluation can be made on the actual system.
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~ Like the small computer, the serial architecture is low in electronic efficiency.

' Although some advantage is gained over the general purpose computer, the serial

on the user to maximize the array processing functions. Dependent on these condi~

7. E 1R

ST PR T

The remaining three architectures require physical alteration. If the functions

AR

are modular and possess a standardized 1/0, the modification is facilitated,
_however, the modification is still physical in nature which may or may not be

a disadvantage depending on the actual ‘design.

A comparison of the utilization of,tbe electronic gating as a function of process-
ing time is in order. This factor méy be translated directly into electronic
efficiency on an energy basis. The small cdmputer with its many registers and
,general'purpose approach is extremely inefficient in the utilization of its
electronic gating. The very structure of the émall computer forces many

registers and deviées to bé dormant. Since the removal of these components destroys

]

the computer, the efficiency at the register level is fixed and unalterable.

structure can only execute one operation at a time and therefore cohtainS'many
dormant states. Since it is capable of operating at medium frequencies

the information rate versus gate utilization bécomes acceptable over an extended
periodbof time., In addition, the serial architecture being special purpose in

nature is capable of being modified.

The array architgctﬁré is a modular structure in nature and is characterized

by a moderatertofﬁigh géte utilization. Thg vér%able utilization,occurs due to
the inherEﬁtlnéturé of the processor. First, the modularity allows for bnly

the actuéigfroééésé; to be physically utilized. Second;¢the processor is

designed to handle large blocks of information simultaneously but is dependent

tions, the processes may remain dormant like the small computer and serial arcitectures

or may be exploited as in the'pipeline.‘“it=must be reiterated that the efficiency




is centered on large arrays of data and that the structure is not oriented

pdfpoée, a language will have to be developed, Although this may appear'to

g to processing small volumes of data.
§ . | The pipeline architecture optimizes gate utilization approaching 100 per cent.
Since each word must pass through each stage, and during steady state the
§ entire pipeline is configured with a word, the utilization is optimum{ -
; ‘ ) | .
a ' An additional area of comparison is the user orientation. In order to achieve
g the néééééary degree.of flexibiiity, these architectures will be érogrammable
ang, therefore, féquife some  programming language. In the small computer, the
% uer is constrained to the 1anguagé of the specific machine at both the S
assembly.and prpcedural levels. If the machine family is capable of alter- g
g | : aﬁion (which it must.be to maintain g;owth potential), the small augmented ,
gﬁa' - computer is not user oriented, Since:the ?emaining structures are special é
; ! _ J
.
;

be a monumental task, the architectures require only control'languages

rather than languages based on instruction sets.

& ]
Of.the three tructures, the array processor is the most advantageous. The

% language for the array processor is not only 51mp]e but process invariant. due

e to the configuration by calling indices, A procedural language can be quickly |

& ’

a’-

. developed to allow the user to program the array easily by calllng source and

% , destlnatlon indices. Regardless of the conflguratlon,‘l e. the processing

functions’ 1ocated at the spec1f1c p01nts on the matrix, the program language

N

and technique will not change. hus, hc serial, pipeline, and arrayk

architectures are all favorably'oriented toward the user with the latter

E=g

being the most advantageous.
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Finally, the interface capability must be examined. For the serial and pipeliné

structures only one point of entry and exit exists so that 1/0 is rather simple
i

+

if a port standardization technique is employed. By port standardization is meant,
the manner in which data is transferred between two machines and more specificaily
the protocol and timing. Once the port is standardized and documented, the intér-:
face is rather straightforward. For the small computer and the array multiple
ports are available éo that standardization is'imperative and signal I/0 must

be carefully considered. Multiple port machines are extremely advantageous for

" /OEDST type data handling requirements, consequently, the array and small augmented

‘computer architectures are applicable to the OEDSF while the serial and pipline

have drawbacks,

These factors are summarized on Table 5.1-5., The qualitative attributes were
converted to numerical values using various scales (such as: Poor = 0, Fair - 1,
Good = 2, Excellent = 3), the evaluation criteria were uniformly weighed. The

array was a consistent winner and is the selected processing architecture.
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AL e B R R TS PR R T

COMPARISON-OF PROCESSING ARCHITECTURES

EVALUATION CRITERIA™

|  ABILITY TO IMPLEMENT

COMPLEX AL.GORITHMS

OPERATIONAL. SPEED AND
COMPLEX PROCESSING

SIGNAL FLOW MODIFICATION
CAPABILITY

MODIFICATION OF PROCESSING
FUNCTIONS

GATE UTILIZATION EFFICIENCY

INFORMATION PROCESSING
EFFICIENCY ON LLARGE ARRAYS

INFORMATION PROCESSING
EFFICIENCY ON SMALL ARRAYS

USER PROGRAMMING AND
CONTROL ORIENTATION

PHYSICAL ADAPTABILITY TO
SPACECRAFT

INPUT/OUTPUT INTERFACE
CAPABILITY

SYSTEM DISTRIBUTION
CAPABILITY

DEVEL OPMENT OF MACRO
INSTRUCTION SET

MANUFACTURE AND TEST

SMALL COMPUTER .

GOOD

TABLE 5.1-5

SERIAL

EXCELLENT GOOD
 POOR FAIR

EXCELLENT GOOD
EXCELLENT FAIR
FPOOR POOR
clelals] GOOD
POOR FAIR
GOOD FAIR
EXCELLENT EXCELLENT
EXCELLENT FAIR
POOR FAIR
GOOD FAIR

GOOD

PIPELINE

GOGCD

EXCELLENT

POOR

FAIR

EXCELLENT

GOOD

POOR

FAfR
EXCELLENT
GOCD
EXCELLENT
EXCELLENT

EXCELLENT

ARRAY

EXCELLENT
EXCELLENT
GOOD

FAIR

FAIR
GOOD

POOR
EXCELL éNT
EXCELLENT
GCOD
EXCELLENT
P;DOR

POOR




! 5.2 SYSTEM LEVEL ARCHITECTURES
? This section discusses the applicable system level architectures and performs

trade-offs to select a candidate architecture. As previously stated, the applicable

architectures at the system level are
o Centralized

g o Dis ti‘ibutgd

% 0  Structured

These are discussed at the conceptual level,

CENTRALIZED ARCHITECTURE

of maintaining a single level of control over a system or set of subsystems,

) . The centralized architecture shown in Figure 5.2+1 is formulated on the philosophy
In operation, a set of processing subsystems are employed to form a system with
v

each subsystem under the direct contrcl of the system monitor and is characterized
by the absence of intermediate controllers.v Due to the single level of monitoring,
o a rather complex controi scheme may be required when the number of processing
g ar:;ayé used becomes large. Further, because of the single level of control,

t:hcja mﬁnitor serves as a reference or synchronization point for the system and the
% ’ control jokf‘ a specific.:érr-ay may be determined in conjunction with the conditions
or evgr_xtés present in other arrays or areas of concern that are external to the

processing system itself such as the GNC system. '

Consequently, the centralized architecture possesses ‘an upper boundary on the
number of processing arrays which may be used and on the control complexity required.
A centralized architecture will therefore restrict an OEDSF type information

processing sub-system.




- - - a

FIGURE 5.2-1
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%ﬁ@ DISTRIBUTED ARCHITECTURE

E% The distributed architecture shown in Figuré 5.2-2 is formulated on a set of
independent systems and sub-systems, Each subsystem possesses its own control
E% and executes its scenario wiﬁhout regérd for the state of the other subsystems.
‘" Consequently, this architecture is totally modular in nature enhancing growth
Eé potential and no limitation on the control complexity and number of processing
Ea arrays used. However,“the'independencé between sub-system§ prevents. interaction

which is antiéipated for the Shuttle experiments data processing role. For example,

%; .ohé Sensor may assess cloﬁd cover’so that its-output will be the enabling or inhibiting
event in another seﬁsor such as the advanée& téchnology scanner. Normélly, this
architecture is employed wﬁen total independence is permissible within the machine

level,

The structured distributed architecture is shown in Figure 5.2-3. 1In reality it

@ STRUCTURED ARCHITECTURE

is a hybirid of the centralized and distributed. Basically, the control philosophy

;Eg is to establi;h a-pyramid which localizes the control responsiblity.' As the pyramid

B is aseendé& ihe coﬁtrol becomes more orientedrtoﬁafdé the general system. As

Eg the pyramid is descended, the qonffdl becomes more oriented to the specific procéss
sr set of processes to be used. Consequently, independeht;arrays méy be_employed

ga but subsystem interaction is availabie. This architecture is characterized by

gg a high degree of modularity, growth potential, and simplicity.

§§ | . SYSTEM LEVEL ARCHITECTURE SELECTiONLf

The structured architecture combines the advantages of the centralized and distributed

architectures with little penalty. Since the OEDSF needs these features, the

Structured ARchitecture is the selected system architecture.
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" FICURE 5.2-3

STRUCTURED ARCHITECTURE
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HARDWARE/FIRMWARE/SOFTWARE

Hardware, firmware and software are terms used routinely by data processing and
digital systems engineers. These may not, however, be nccessarily familiar, in terms
of exact meaning, to those not actively engaged in the design of digital hardware., In
order to alleviate this potential difficulty and fo standardize the meanings of these terms

for subsequent discussions, an attempt will be made to define, illustrate and comp:ire the

advantages and disadvantages of hardware, firmware and software,

Since hardware, firmware and software are terms usually applied to some aspect
of computer-type processor design, and since these terms evolved as a function of
historical computer development, it would be profitable to examine the structure of a

computer,

The structure and information paths of a typical fixed instruction stored program
computer are represented in the simplified block diagram in Figure B-1 as defined in
most texthooks, the five elements comprising a digital computer are: rr.lemory, arithmetic
unit, input, output and con?rol unit. Of particular relevance to the present discussion is

the control unit,

The control unit may be referred to as the ""brain' portion of any computer because
it coordinates all units of the computer in timed logical sequence. The control unit of a
small fixed instruction computer receives sequences of instructions, called

macroinstructions, from memory. These sequences of macroinstructions called programs,

reside in the memory and are referred to as software., The control unit is closely

synchroniZe.d to the macroprogram memory speed and the execution time of each fixed

" instruction is usually a multiple of the memory speed,

B-1
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In the past, computer designers have specified control logic as complex sets of

{ bt .
% hard-wired connections for executing all machine instructions. As an altemative,
the control unit can be configured as a memory. A sequence of subcommands or

% microinstructions is stored in this memory, teo define each complete machine instruction.

l

The elements of a microprogrammed computer are shown in Figure B-2. 'I{he basic

control.sequences are stored in a separate control memory, usually a read-only memory

which operates many times faster than the main memory section of the computer, instead

of being specified in hard-wired logic as in the fixed instruction computer, The sequence

£ g‘ ., of control instructions is called a microprogram. This is analogous to the way in which

- software is specified, as sequences of machine instructions stored in memory. Maghines
¥ which utilize this organizational approach are stored logic or microprogrammed computers,
% and the memories used for microprograms are control stores. The program stored in the

control store is called firmware.

Microprogramming can be considered the process of specifying machine macroinstruction

' sets as sequences of microinstructions. The resultant microprogramsor firmware determine

the behavior of the basic computer hardware to make it perform particular functiohs. This

delivery, and software which implies using computer programs stored in main memory and

comprised of macromstructmns to achieve desired perform'mce.

% contrasts with "hardware" which involves pre-wired equipment and is not altered after

@ ' Although the original intent of microprogramming was to simplify control unit de51gn, ‘
the implicationskhave been more far-reaching. For example, the structure of the control

| unit has become independent of the instruction set being implemented. j’B'y changing the

l contents of the control store, it is therefore possible to modify an instruction set late in

the development of the hardware, or to select codés to suit the individual requirements of

“a program,

In the following discussion it is intended to compare firmware with hardware and -

software in such cat.egories as speed, cost, reliability and flexibility. The hardwaré/ L

software tradeoff will not be discussed separately as this will be implicit in the other

=2 comparisons.

bty




B e TN P T WIS e R S
i m W m

¥y 8 — -’

“x e e

AL ARM L TR T 000 e sty e i 2L

[

SIMPLIFIED BLOCK DIAGRAM N co | | A

MICROPROGRGMMED COMPUTER

G | : | ~ FIGURE B-2 | o o e

s i o b e et et

CONTROL
MEMORY

i

CONTROL . S '
UNIT , : | o

T o

¥ |

’7-8 SR ~m_, I NIET A s s s B e T g— T

[INPUT " MEMCRY |ouTPUT

) ' : ——
j . :

. N o . ‘ N
‘ | . .

Lo e ' | ARITHMETIC .
A UNIT ]

e S Pt



S

wal

LR

#
K1

FIRMWARE VERSUS SOFTWARE

The software functions best suited to replacement by microprograms are those which
are 1111jitec1 by CPU capabilities rather than by input/output transfer time, and those which
producé intermediate results which are necessary for processing but not for final data.
Highly rebetitive functions, those which are awkward to do with an éxisting instruction set,
and operations with large proportions of overhead time may also be improved by firmware.
Complex computations which use basic machine instructions are less likely to be improved

.

with microprogramming.

| TFirmware also makes it possible to add capabilities which are impractical in software,
such as bootstrap loading to initialize operation of a bare machine. In addition, by making
an entire function a single microprogram sequence, functions can be made indivisible with
respect to interruption. This may be important on critical multiple-instruction operations,
in which the integrity of a function may be destroyed by temporary suspension, |

» L
Implementing microprograms is not unlike produciﬁg software, excépt that simulators

and other aids to microprogramming are hot yet at ﬂie éop"histication level of soitwalje
techniques, Further the mic'ropfogr.ammer must have a good understanding of the hardware,
including conSiderations of fiming between instructions and support for parallel execution

of operations by a single instruction,

;

- Speed

Microprogramming offers speed increases over soﬁ;\\?are, which can enhance system
performance, However replacing software functions by microprograms does not necessarily

reduce execution time, and the actual performance ratio depends on the operations to be

- performed as well as the characteristics of the microinstruction set.

B-5
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Microprogram performance is largely determined by the ratio of microinstruction
to main memory speed. When memory access for data is not required, this ratio
rourfhly indicates the number of nncromstructlons which can be executed during each
instruction cycle. Speed is also enhanced by use of variable~length microinstruction
operaxids. Hardware is often able to 311pp61~t different operand sizes, although a single
length may be specified atjthe machine instruction level for convenience in défi.ning a
general—purposé instruction set, The microinstruction set may have more complete

access to processor registers to take better advantage of this factor,

Other efficiency gains may accrue if a single microprogram can perform the function
of many softwq“re instructions, since fetch and decode time are reduced. In addition,
the assocmt_'ed decrease in software storage requirements can improve memory utilization,
Firmware c_ém also replace frequently-used subroutines. This elinﬁrmtes the execution
time needed to link to and'from the subroutine in software, as well as the memory space

of the subroutine. This can result in a significant performance improvement.

Further, special increases are possible if constants are incorporated in the micro-
programs, since the number of memory accesses for fetching and storing these values can
be reduced. Similar gains are possible if intermediate results are stored in fast hardware

registers or scratchpad memories accessible to the microinstructions.

' Finally, microinstructions permit coding of more efficielnl-"c. é.l%rithm’s, although the
actual efficacy of nucroprogl amming as an altcrnatwe to soﬁware depends both on
hardware resources and the aldorlthms chosen for apphcatlon. -As an example, a square
ropt operation was coded in software using the Newton-Raphson method, and was micro-
priogrammed using an aldoi'itllm which computed results one bit at a fime. The latter was
elght times faster for 16-bit data. . Slmllaxly, microprogrammed 1mplementat10n of a matri
inversion for two models of the IBM 360 gave a 3:1 improvement over equlvalent software,
On the other hand, a microprogrammed square root algorithm on a hypothetical machine
with writable‘m_icfdsﬁorage was-.émly 20% faster than the eduivalent program in IBM 360
assembly language In another study, improvement for microprogrammed composite
arithmetic operations was only by a factor of 1.5, becausé the instruction fetch time

saved was a small portion of the time spent on arithmetic operations.
B-6
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Reliability | !
Microprograms tend to be well protected irom modification or destruction, For

example read-only memories cannot be modified by computer operations, and many

. writable control stores can only be loaded with special mieroprograms. ‘These factors

tend to enhance syste'm reliability, oo i

If it is physically impossible to alter the contents of a control memory, vital
algorithms CL;'ld data cannot be compromised, Software rules can be imposed to restrict
certain operatioﬁs, but microprograms can more positively prevent undesirable functions
from being performed. This keeps users from accessing or modifying restricted areas
of memory, and therefore protects systém software and prevents independent users from

interferring with each other. -

Firnclware'vcéh also be effective in maintaining hardware reliability. For example,
ﬁlicrodiagnostics cah'be implemented which require relatively few hardware circuits and
f:herefore can bé‘executed with only a small portion of the machine working, In addition,
microinstructions dealing with hardware can disahle parts of a system to localize errors.

In cases \_vhére hardware is not accessible through microinstructions, or the control store
is too small Ior'coniplete diagnostics programs, a combination of firmware and software
xﬁay be feasible. The appliéation of microdiagnostics during system execution can also
result in fail-soft operation, by detecting hardware f:ilures and substituting alternate means

of achieving required functions.

At present, software procurement can represent as much as 70% of system development

cost. Economies can therefore be achieved using microprograms rather than software,

.. This reduces the amount of software to be produced, but in performing an evaluation, the cost

of firmware development must not be overlooked.

A‘vmorei subtle usc of ‘mi'croproglfanmling to reduce software cost is to change machine
architecture to more closely match the way in which the software designer would like to
use a machine, Softwarc can then be simplified, making progranimefs more productive
:ind reducing coding er‘rors.‘ Tor eXamplc", functions such as storagé and process

management can be removed {rom the 1'95}}onsibility of the programmer and placed in the
i

&y

poren
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microprogram. Similarly architectural changes are possible which can facilitate
cliecking of software, with correspondiug raductions in debugging time and cost.
» | i
When it is necessary to replace a computer, software is generally redesigned to tz;ke
advantage of the new machine architecture., However if existing software is extensive,
it may be economical to use microprogramming to make the new hardware emulate the
instruction set of the machine for which the software was written. The emulation in many

cases yields lower execution times than were obtained on the original machine.
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FIRMWARE VERSUS IIARDWARE

A hardware designer can view the control unit in a microprogrammed computer as a
matrix, with a vertical line for each control gate and a set of horizontal lines having
access to all gates. It is then possible to specify a machine instruction as a sequence of
horizontal lines, each of which is connected to the combination of gates needed to create
the desired data path. Each horizontal line corresponds to a micro-operation and each

sequence can be considered a microprogram for a complete machine instruction,

Speed

Execution time for hard-wired functions is usually shorter than that for the equivalent
operations executed in microcode, This is because hardware functions can usually be
performed at memory speed, while the time associated with microcode depends on factors
such as the number of microinstructions which can be executed in one memory cycle,
Further, the hard-wired approach allows some operations to occur concurrently through

parallel commands, while microinstructions must be executed in sequence,

Flexibility

Microprogramming permits the functions performed by general-purpose hardware to
be modified or customized. This provides a degree of flexibility, which can be useful in
meetihg unanticipated requirements such as 'addition of new peripheral devices, or in
upgrading performance capabilities. An example of the latter is adding microcode for
floating-point arithmetic. Microprogramming flexibility also makes it practical to
standardizé procurement, since a general-purpose hardware design can be specialized for
use in diff,ereht applications or envi'ronments. Similariy, microprogramming allows the
operating modes of a single computer to be changed, to serve more than one purpose or to
combine functions which would normally be performed by several different specialized

PToCessors, ;

B-9
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Reliability : .
Certain functions can be implemented using simplec hardware logic, and therefore

offer high reliability. However as complexity increases, the control logic in a
microprogrammed computer becomes relatively simpler and therefore inherently more

reliable than that encountered in hard-wired machines,

In addition when one hardware design can be microprogrammed to serve different
functlons a facility may contain fewer total machines or several identical machines. This
reduces maintenance problems, since identical machines microprogrammed to perform

~different functions are interchangeable at the hardware level. Each machine is therefore a
potential replacement for one which has failed, and the result if an improvement in the
total system reliability, Microprogranuming can also contribute to improve reliability of
operational systems by dynamically performing error check and correction, and may aid in
achieving fail-safe operations by dynamically changing algorithms to bypass failed hardware

components,

Cost
The regular structure of microprogrammed control units will reduce the cost of hardware,

B

by 1'exploiting 1.ST technology which depends on high volume use of the same logic components.,

Microprogramming can also reduce the cost of changes, since new capabilities can often be

added with no additional hardware logic.

Savings may also be reahzed by replacing several hardware units with a single

7

processor, mlc“opmcrrammed to perfonn multiple functions. This avoids duplication oi

elements such as power supplies, and permits common functions to be implemented just -

ST

once. Another problem is that control and working stores for microprograms are usually

expensive, Units are therefore often small and dlﬁllcultles arise from the complexity

introduced by limited program and data space. A dmwbmck to microprogramming also
arises in read-only control stores,: since modifications are usually accomplished by pamtchiwr

in a way which minimizes the number of physical ch'mfres but obscures the logic, Writable

e
a2
i

control stores and trends toward 1mproved languages and development support tools should

correct many of these difficulties.
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APPLICATION EXAMPLES

Firmware may he integrated with hardware and software to yield a total solution to a
specific problem or class of problems. Some specific examples of applications which have
benefitted from the use of microprogramming will show the effect of distributing appropriafe

functions among all three of the resources available to systems designers,

Input-Output Processing
~ Applications of microprogramming to communications processors and device controllers
£re becoming common, put-output proceséinrr usually deals with the conventions for
handling SpCCliflC devmes, and must be responsive to interrupts and critical timing constraints,
Simple functions are performed such as polling, message routinug, assembling characters,
formating and error handling. Efficient processing can be done at the channel level in real-
time by either thé central processor or a separate miniprocessor, Microprogramming is well

' v suited to this type of"processing and is more easily modified than special-purpose processors.

Real-Time Processing

Real-time applications are typified by data collected from sensors, and used for functions
such as closed—loop contr ~0l, signal correlation, spectral analysis, pattern recognition, and
fﬂtering. Large volumes of data are frequently encountered and processing efficiency is
therefore important to aéhiéve satisfactory response time. Further, repetitive operations
are often performed on arrays of data, so that many entries must be accessed to perform

v

one processing eycle,

When microprogramming is used as a direct substitute for software, performance
gains are only on the order of 3:1 because hardwn‘e must perform the actual arithmetic
ox;ferqtions. Significantly greater 1mprovemcntu are possmle when nuc,roprOdrammmc” is used
) to take advantage of special-purpose lnrdware, such as high-speed floating-point multiply
units, ror example in a microprogrammed array processor, complex operations such as
convfolv}ing 'multiply were 250 times faster, The microlal‘ogl'ainnling pérmitted the addition
of special-purpo’sc hardw:ire without perturbing the behavior of the rest of the system

hardware and software,
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In a signal array processing application, exccution time in software required
545 milliseconds per cycle when implemented in software, A combination of micro~

programming and special hardware reduced the time to 49 milliseconds.

Computer System Modifications

Microprogramming is advantageous for integrating changes in machine architecture
into existing operating environments, For example hardware configurations may change as
new types of peripheral devices become available, software may change to mect new
functional requirements, and improvements may be necessary because a system speed and
capacity are found to be too low. A major consideration in such cases is to preserve

existing software, because of the investment it represents.

Microprogramming can be particularly useful in adding to an existing computer, since

" machine operation can be modified while much of the original software continues to operate.

For example by replacing selected software with microprogrammed instructions, increased
speed or capabilities can be obhtained for givch applications. In addition, it is possible to
retain an instruction s‘et, but modify the algorithms for accomplishing instructions, This
technique can be used to increase efficiency or add new functions which are transparent to

the user.

- Architectural clidnges to-a computer can also be made, which provide new instruction
set primitives appropriate to ~so:‘me class Qf applications. For example addressing schemes
or classes of operands might be modified to better utilize the 'primitives employed in the
application and better map requirements onto the computing resources. This might inblude

incorporating provision for directly executing some statements in a higher-level language,

‘New modes of operatibn can be implemented by adding microprograms which create
different "mstructi‘onsr ;md a differcnt architecture. This makes it pbssible to leave the
driginal machi_ne and its software unchanged, yet extend compufer utility through new user
programining (ﬁ:ap:abi‘li:t_ios. On small microprogrammable machines, the modes of operation
can be switched by physically changing read-only memories. Alternatively, writable control
stores can be used for dyxiamically changing-modes or permitting concurrent operation in

different modes.
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Operational computer-based systems are often modified to increase processing

capabilitics, Difficulties are imposed when the machine is obsolete, since it may be

impractical or impossible'to acquire new computers of the same type or to provide
additional capability on existing devices, An alternative is to use microprogrammable
hardwaré, which cin provide means for smoothing transitions and optimizing the cost and
performance of the new equipment. The new machine can be configured to emulate the
instruction set of the previous computer and accept existing software, It may ?.lso be

possihle to extend the capabilities of the new machine so that existing software can gradually

‘be phased over to a new architecture, Addition of processors is another approach to adding

capacity or decreasing processing time, and a new processor may be made to emulate an

- existing system through firmware,

B-13
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In summary, a performance matrix summarizing the general aftributes of hardware,

firmwarce and software is presented in Table 1, It is very important to remember, in

light of the detailed preceding discussion, that these are simply the overall and

Py
generalized rankings within the categories listed. These rankings may require
- modification for specific applications as pointed out in the discussion.
b :
.q ;
5 |
I
¢
|




a Hardware

B N

Firmware

L5

Software

iq;?.,i\i,i o TR ml""'. ,»a R

- m . f.g;ﬁ« i‘ﬁ .

S
A

Performance Matrix

Table 1

Speed Flexibility Reliability

Very Hi Lo Hi
Hi Very Hi Hi

1o Hi Med
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