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PREFACE

The NASA Technology Applications Team at SRI has been active in
the NASA Technology Transfer Program for several years. The objectives
of the program are to transfer aerospace technology to the solution of
important technological problems in public transportation, to implement
and continuously refine appropriate methods of ensuring successful
transfers, and to provide visibility for program activitdies,

This analysis of the market for compressed television transmission
technology was conducted as part of the SRI Team's highway effort.
Mrs. Ruth Lizak is responsible for all program activities that relate
to state and local highway problems.



I TINTRODUCTION

Traffic flow enhancement has been an obiective of highway engineers
for many years and the reason for most highway construction. As highway
traffic increased, roadways were widened or new highways were built.
Today, however, these methods of traffic flow enhancement may not be pos-
sible due to limited financial resources for transportation investments,

the increased costs of highway construction, the unavailability of land,
and public concern about air quality.

Traffic delays caused by random events are referred to as temporary
hazards or incidents. The effect of these incidents usually is the '
blocking of a lane or lanes on a highway, thereby creating a traffic
bottleneck. The magnitude of this problem can be seen in Figure 1. The

number of vehicles that accumulate upstream of the bottleneck depends
on the duration of each congestion.

! DURATION OF CONGESTION '
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When traffic demand exceeds the service rate of a section of freeway, a bottleneck is formed,
and vehicles will accumulate upstrearn of the bottleneck, The amount of delay 15 represented
by the shaded area.

SOURCE: Transportation Research Board, “Freaway Traffic Managemant,” September 1579

FIGURE 1 RELATIONSHIP BETWEEN DEMAND, CAPACITY, AND CONGESTION

- ;
All references are listed at the end of the report.
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The highway researcher has responded to this need for alternative
means of alleviating highway traffic congestion by developing traffic
surveillance and control systems. To date, these systems have relied
primarily on two basic elements: (1) entrance ramp metering that regu-
lates the rate of traffic flow onto the highway, and (2) incident detec-
tion and management that eliminates the lengthy traffic stoppage or near
stoppage by rapidly detecting and removing the cause (e.g., the disabled
vehicle, spilled load, or traffic accident).

Traffic surveillance and control systems were first tested about
20 years ago. The first systems relied heavily on loop detectors that
consist of permanent magnets and imbedded coils. (A set of magnets is
arranged such that a unique pattern of wvoltage is induced in a coil within
the roadway. Passage of a vehicle interrupts the flow of current.)
Advantages of such systems included simplicity and passivity; their
primary disadvantage was the inability to transmit specific information
about the cause of the congestion.

Later systems added television cameras and broadband coaxial cables
to verify loop-detected problems and identify their causes. However,
the cost for coaxial cable was, and still is, high. Telephone lines
were considered for low-cost communication linkage, but the requisite
compressed television images lacked clarity. Compression of images is
necessary for telephone lines due to the small bandwidth -of the lines.

Most recently, the Maryland Department of Transportation (DOT)
began plans for a television~based traffic surveillance and control
system for the Baltimore Beltway. Television imagery will be transmitted
over telephone lines. The imagery would be compressed, however, with
NASA-developed technology to ensure clarity. NASA~developed error pro-
tection would ensure reliability. Highly sophisticated compressed tele-
vision transmission (CTT) is positionally constructed. If the image is
out of synchronization, it loses its place, and thus it needs error
protection (e.g., NASA's powerful chamnel coding techniques developed
for the Jupiter mission).

This report describes NASA's CTT technology and considers its
potential market; a market that encompasses teleconferencing, remote
medical diagnosis, patient monitoring, transit station surveillance,
as well as traffic management and control. In addition, current and
{other) potential television tramsmission systems and their costs and
potential manufacturers are considered.

The market analysis was conducted at the request of the Director
of NASA's Technology Transfer Division. The purpose of the analysis
was to assess the transferabifity of this NASA technology.



11 CURRENT AND PROPOSED TRAFFIC SURVEILLANCE SYSTEMS
AND RELATED TECHNOLOGIES UNDER DEVELOPMENT

The first traffic surveillance and control systems were installed
in the early 1970s. These systems, in Los Angeles, Chicago, and Min-
neapolis, relied on magnetic loop detectors. More recent systems have
included closed circuit television (CCTV) transmission. Some of the
later systems existing in California, Michigan, and Ontario are described,
as well as the Maryland DOT's proposed system. This section closes
with descriptions of potential technologies for use in the future in the
controel of traffic flow.

Maryland Department of Transportation

Both the Washington Beltway and the Baltimore Beltway currently are
equipped with telephone call boxes from which emergency aid or roadside
service may be summoned. Along both beltways, boxes are spaced at l-mile
intervals. The Baltimore Beltway also has a number of variable message
signs. (Message signs for the Washington Beltway are in the planning
stage.) By responding quickly to calls for help and simultaneously
displaying sign messages for other drivers, Maryland highway crews have
attempted to alleviate incident—caused traffic congesticn. Because
of the possible time lapse before the call box is reached, however,
traffic congestion still may be severe.

The Maryland DOT believes that a traffic surveillance system is
needed and has developed plans to install one. The system design in-
cludes 60 television cameras to be located on Beltway overpasses, 3 miles
of interconnected telephone cable (to be bought by Maryland), 9600-baud
telephone line (to be leased from the Bell Telephone Co.), and a data
compression capability to reduce the number of frames per second (without
image degradation) to enable the use of telephome lines.

California Department of Tfangportation

The state of California has two traffic management systems partially
installed. One system is on the San Francisco-Oakland Bay Bridge ‘and the
other on the Santa Monica Freeway.

The San Francisco-0Oakland Bay Bridge traffic management system
was designed "to improve the efficiency and enhance the user benefits
provided by the (bridge's) tow service." About 60 cars per day stall
on the bridge, blocking lanes and causing delays totaling 3,000 vehicle
hours. An average of 3 accidents per day also occur on the bridge.



The San Francisco-Oakland Bay Bridge traffic management system will
include:

*+ 10 changeable message signs and sign controllers.

¢ Magnetic loop detectors at 1,200-ft intervals in all 10 lanes
of the 8-mile bridge.

¢ 32 call box stations.

e 12 CCTV cameras hard-wired to a ready room on Yerba Buena
Island where two pictures will be electronically selected for
simultaneous transmission to the control center.

e An incident detection microcomputer, with added random access
memory (RAM).

s An intelligent cathode ray tube (CRT) display controlled by
a microcomputer.

e About 100,000 £t of coaxial cable.

An initial cost of $3 million for the system is estimated, exclud-
ing the magnetic loop detectors and call boxes that are already installed.
The cost is high--$375,000 per mile. An additional $100,000 per year
for operating and maintenance costs is anticipated. It should be noted,
however, that a benefit-cost comparison made by the California DOT in-
dicated that a $3 million saving would be realized in 10 years as a
result 6f a reduction in accidents and time delays.

The Santa Monica Freeway traffic management system in Los Angeles,
degsigned to reduce rush-hour congestion and incident response time,
combines tow-service enhancement with ramp metering. This Santa Monica
Freeway traffic management system is a demonstration project. The 12-
mile east-west stretch of the freeway, when complete, will contain 14
single cameras, each having a 350-degree field of view capability and
0.43-mile view range. Images will be carried by microwave tramsmission,
20 to 60 ft above the roadway. Three channels will simultaneously pro-
vide three television pictures at the control center. The system, by
Motorola, will cost in excess of $1 million, including cameras and displays.

Microwave transmission was selected as a cost-saving feature.
Quotations received for coaxial cable ranged from $30,000 to $75,000 per
mile ($360,000 to $900,000 for 12 miles). A system using microwave
transmission is costed at $66,000 per mile for antenna, recievers, and
transmitters for 14 camera sites. However, microwave transmission cannot
be used in many urban areas because of the Federal Communication Commission's
(FCC) restrictions on frequency allocations. In addition, microwave trans-~
mission requires straight—line links. For these reasons, the Califormia
DOT has negated plans to expand the system. (The entire freeway system in
Los Angeles is approximately 600 miles long. At $66,000 per mile for
microwave transmission, the total cest would be $39.6 million.)



Golden Gate Bridge Highway and Transportation District

Traffic on the Golden Gate Bridge (about 2 miles long, six lanes
wide) is under surveillance and control by means of a low-light-level
CCTV system. The CCTV system was installed several years ago and re-
cently converted to low-light-level television., Imaging data are trans-
mitted by means of coaxial cable to the control center at the toll
plaza. Two cameras, one on each tower, cover the entire bridge. The
system can handle four channels, although only two are currently used.
Total cost for the system was about $80,000, most of which is in 1976
dollars. The system performs well and is well accepted. Surveillance
of the bridge approaches is included in near-future plans.

Important to the Golden Gate system is a fleet of tow trucks owned

and operated by the District. Response to traffic incidents is rapid
and effective.

Michigan Department of Transportation

The traffic surveillance system in Detroit is primarily an elec-
tronic loop detector system although some televising capability exists.
On the Edsel Ford Freeway (I-94), detectors are buried in all six lanes,
every 1/3 mile, on 14 miles of highway. Smaller loop detector systems
have been installed on the Chrysler Freeway (I-75 and I-375) and the John
Lodge Freeway (U.S. 10). Only I-94 has telephone call-boxes, also located
every 1/3 mile, and four television cameras at two locations (the I-375
and the U.S. 10 intersections). Eight additional camera sites are planned,
for a total of 12. Michigan has avoided complex and expensive ramp meter-
ing systems. Detroit's simple ramp meters operate at one speed only

(5~sec intervals) regardless of the time of day or the traffic volume on
the freeway.

Emergency information is relayed to the freeway driver by means
of variable message signs that are attached to the overpasses. Coaxial
cables carry all signals. (The largest single expense to Michigan was
the labor cost for digging trenches and laying the coaxial cable.)
Traffic abnormalities are discerned by the computer, which alerts the
operator at the Control Center by means of four TV displays. (Eight
additional displays have been installed for future use.)

System components and their manufacturers are identified in Table 1.
Cost for the entire system was $15 million in 1979, or about $469,000 per
mile, including the variable message signs and loop detectors. The
cost of the coaxial cable, including installation, exceeded $100,000
per mile.

Ontario Ministry of Transportation

The Queen Elizabeth Freeway in the vicinity of Toronto, Canada
has a traffic surveillance and control system that was designed in-house
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Table 1

COMPONENTS OF THE DETROIT TRAFFIC SURVEILLANCE SYSTEM

Component Manufacturer Model Number or Description
Loop detectors Canoga No. 402 and 404
Telemetry Tocom Specially modified equipment
Coaxial cable General cable Fused 3/4 inch type IIT
TV cameras Diamond B/W, LLL, 16-160 mm, zoom—
tilt-pan
Field modulators Tocom 5-30 MHz
Ramp controller Siklos Custom-made
TV monitors Panasonic 17 inches
Sony 22 inches
Computers {2) Perkin-Elmer No. 832
Line amplifiers RCA No. 152
Video cassette tape Gyrr Modified time lapse; 50-216
recorder MHz

Colorgraphic projector  Ramtek
and display

in 1974 to give ministry staff in-depth expertise in traffic surveillance
technology. The system includes low-light-~level CCTV. The entire system
consists of 5 cameras, spaced a little less than 1 mile apart, 5
microprocessor-based ramp metering controls, 15 ramp and mainline in-
duction loops, a central computer, a CRT graphic display, and a single
broadband coaxial cable that is strung overhead. The system covers a
3.9-mile stretch of highway on the southern approach of Toronto. The
highway contains three lanes in each direction.

Ontario has found the CCTV system to be a valuable tool for traffic
and incident management, particularly because of close interaction with
police. (The control center is located in a local police facility.)
Public reaction to the system has been favorable. Early adverse reactions
were related to the ramp metering which ostensibly was inequitable to
the Toronto area residents during morning rush hours because their en-
trance onto the highway was constrained by current traffie flow. This
complaint proved to be unfounded in that all ramp meters were adjusted
when traffic flow slowed downstream.

Failures in the system have been minimal. Usually the cause of
the failures was poor maintenance. In general, the Queen Elizabeth
Freeway system has been well received by the Ministry and the public,
and expansion of the system is planned.
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High costs have not been considered a disadvantage to date. It
should be noted, however, that the Toronto system is small--smaller
than the system on the San Frnacisco-~QOakland Bay Bridge. As the system
is expanded, the high cost of coaxial cable may become an issue.

Related Technologies Under Development

Conditional Replenishment

A search of the United States Patent index revealed ome patent,
in addition to the NASA-JPL patent, that relates to traffic surveillance
systems or to surveillance-types of telecommunications systems that
could be applied to traffic surveillance. Issued in 1971, the patent
describes an asynchronous time division multiplexing system for use with
television signals ("Time Division Multiplexing of Video Redundancy Re-
duction Data Compressors," U.S. Patent 3,584,145, assigned to Bell
Telephone Laboratories, Inc.). The primary objective of the invention
is to reduce the time required for processing television signals and
hence eliminate the extended interval for inactive images. The buffer
memory in each redundancy reduction data compressor is asynchronously
time-division-multiplexed to a transmission channel. The buffer memory
stores a sample from a television signal only when that sample differs
by more than a threshold value from a corresponding previously stored
sample having the same time position in a television frame. The tech-
nlque is now known as conditional replenishment.

Understandably, Bell Laboratories has a continuing interest in the
transmission of television signals over conventional telephone lines.
In 1980, Bell announced a new technique,3 calied motion-compengsated
coding, which takes conditional replenishment one step further. Motion
within a scene is estimated and then compared with successive frames
that are spatially displaced by that motion. If the estimate is accu-
rate, the intensity difference between the original point and the point
to which the object has moved is less than the intensity difference
at the same location of the two successive frames; consequently, less
information is needed for transmission. Thus, less information (1.5
m1llion bits per second compared with 64 million bits per second for
standard television) is needed for tramsmission. According to Bell re-~
searchers, motion-compensated coding provides a picture that is "accept-
able for videoconferencing, but not for television transmission where
excessive motion is evident." Excessive motion, such as that seen on
highways, causes a blurring of the picture.

Fiber Optics

Fiber optics has attracted considerable attention as a means of
televigsion transmission. The state of the art has reached the level
of maturity necessary for application to traffic surveillance and con-
trol. With fiber optics, light instead of electricity 1s used to
transmit voice and video images by bundles of fine glass fibers. Images



are converted/coded into pulses of light at the rate of 44.7 megabits/
sec. The fibers carry laser signals over long distances; for short
distances, light-emiting diodes (LEDs) are used.

Fiber optics is applied primarily to point-to~peint information
transmission through a high bandwidth (potentially higher than microwave
radio), low~loss medium. For the 1980s, the high bandwidth promises a
capability for integration of multiple communications on one fiber.

Initial capital costs for fiber optic systems also are expected to be
high.

The largest near—-term market for fiber optics is the telephone.
In fact, several developers of integrated data transceivers already offer
fiber optic links as features within existing product lines. Although
handled in a manner similar to coaxial cable rather than twisted-pair
cable, the optical cable can be buried, aerially mounted, or ducted.
Improvements, however, are still needed in both instrumentation and
techniques. Further development of laser sources, photodetectors, and
optical couplers is needed according to the Harris Government Informa-
tion Systems Division of Melbourne, Florida.! Companies such as AMP,
Incorporated of Harrisburg, Penmsylvania are making progress in develop-
ing fiber optic connectors that overcome the coupling mismatch problem.
(Mismatches between light sources, detectors, and fibers can sap optical
transmission power.)

Of note is AT&T's limited use of fiber optics to date. Currently,
only one telephone system includes fiber optics: Within the Bell system
in Chicago, 144 fibers can tramnsmit 50,000 telephone conversations (not
television) simultaneously.5 Manufacturers of fibers for video trans~
mission included Belden Corporation whose cables are incorporated into
the Sperry Univac video frequency data link for the city of Houston.

The fiber optics link a management information system (MIS) computer

in Houston's Municipal Courts Building with 5 video terminals in the
main library more than 10 miles away. Honeywell has joined with Du Pont
and ITT Cannon to produce HDC (Honeywell-DuPont—Cannon) interface com-
ponents. Although 2 years older than the HDC, Belden fiber optics can
claim many advantages (see Table 2).° Motorola's fiber optic ferrule
semiconductor fits into AMP's conmector for efficient optical coupling.
Other companies include RCA, 3M, Tektronics, Bell & Howell, Hewlett-
Packard, Orionics, and Laser Diode.

The market to date for fiber optic systems has resided almost
exclusively in custom-designed components to be integrated into exist-
ing nonoptic systems such as standard telephone lines. Users have in-
cluded manufacturers of telecommunications systems; Army, Navy, and
Marine facilities; transportation agencies; utility companies; financial
institutions; libraries; and oil refineries. 8ales in 1979 approached
$13 million, primarily for voice transmission.

Costs for fiber optic systems range from $2 to $5 per foot in lots
of 1,000, or $10,400 to $26,400 per mile, plus an initial cost of $50,000
to $100,000 for repeaters and other equipment.® It should be noted
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that fiber optics requires costly trench installation, similar to that

of coaxial cable.

Table 2

COMPARISON OF BELDEN ANWD HDC FIBER OPTICS

1978 Belden Fiber Optic Advantage

Small size and light weight
Flexibility and high strength

Large bandwidth for size and
welght

Longer cable runs between re-
peaters

Electromagnetic, crosstalk im-
munity

Nuclear radiation resistant

No electrical hazard, cut, damaged

Potential high-temperature opera-
tion

No arcing in combustible atmo-
sphere

No ground loop or short circuit
problem

Immunity to lightning discharge

1980 HDC Fiber Optic Advantage

Light weight and small dimension

Cable flexibdility compared with
wire

Data rates to 30 Mb per sec

Optical path lengths to 30 meters

Immunity to electromagnetic inter—
ference

Use standard electrical connectors

Simple fiber termination at diode
connector

Compatible with high~density
packaging

TTL and CMOS compatible output

Cost less than existing fiber
optic links .

HDC interface requires little
extra design

Note: Entries taken nearly verbatim from Belden and HDC statements.

Source: Reference 6

Discussions with traffic and research engineers in several states,

however, revealed a reluctance to trust fiber optics.

The problem re-

lates primarily to the industry, which according to California DOT engi-

neers is not ready.

These engineers will not consider investing in a

fiber optics system until the manufacturers are well established and
bave interchangeable equipment, a condition not expected for many years.
According to these same engineers, the injection lasers and receivers
of different manufacturers have different performance criteria with
regard to temperature sensitivity and other parameters.



Further discussions with the California DOT engineers revealed a
cessation of interest in any microwave technology, with or without satel-
lite links, because of the high cost—-more than $50,000 per mile-—and
the licensing requirements. The long waiting period for an updated
picture was the primary strike against slow scan television transmission.
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III NASA'S COMPRESSED TELEVISION TRANSMISSION

The NASA-JPL CIT techmnology is based on a space communications
system that incorporates a concatenated Reed-Solomon-Viterbi coding
chammel [U.S. Patent 3,988,677 awarded to NASA (R. F. Rice) on October
26, 1976]. The space system transmits compressed data from a space-
craft to a data processing center on eath. Imaging data are compressed
into source blocks that are coded by a Reed-Solomon coder and inter-
leaver and a convolutional encoder., A Viterbi decoding is followed by
a Reed-Sclomon decoding and deinterleaving. The output is then decom—
pressed and processed to reconstruct the original image. The primary
benefit of this on~site coding is significant error reduction. The
patent is provided in full as Appendix A.

Two additional efforts by R. F. Rice of NASA-JPL on channel coding
and compressiocn of planetary imaging data are documented in NASA-CR-
140181, "Channel Coding and Data Compression Systems Considerations for
Efficient Communications of Planetary Imaging Data," dated September 1,
1974 and in NASA-CR-157343 "RPV Application of a Globally Adaptive Rate
Controlled Compressor," dated July 15, 1978. (See Appendix B for docu-
ment abstracts.} Appendix C provides a paper that describes the NASA-
JPL rate-controlled image data compression developed for the Galileo
orbiter mission of Jupiter.

The proposed NASA traffic surveillance system transmits television
images over telephone line digital data links by means of a low-cost
data compressor/decompressor with error protection coding. The system
consists of 7 components: 2 at the television camera site (the code
computer and semiconductor, plus the camera), 4 at the control center
(decoder minicomputer, video digitizer, display driver, television
monitor), and 1l between sites (the modum to the telephone line). (See
Figure 2.) Each interface unit will handle two-way communication between
the camera site and the center. That is, in addition to receiving data,

JRANSMITT ING 11T — ame e BECEWVINOGUMIT ——
- - r I
vioso I COMPRESSOR/ INTER- } lcommunicaTon H INTER - DECODER/ mswuv..LD ToTV
INPUT CODER FACE c:q@ UINK W‘ FACE DECO AFNAPRIvEREEL somiTon
! 1 i [ I
| SIMULATED OR 1 |
PAN TILT, ?;;:Es" l PROVIDED BY OPERATOR
200M e ST d | MARYLAND ! CONTROLS |
SIGNALS
' IR | |

SOURCE JPL

FIGURE 2 COMPRESSED TV TRANSMISSION SYSTEM COMPONENTS
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the control center will send signals to control the television frame
rate and the pan, tilt, and zcom of the camera, The operator is given
great flexibility to adapt the rate/fidelity priorities. All or most

of the components can be obtained readily off-the-shelf (e.g., micro-
processor chips and associated equipment). The system is compatible
with a videcon camera and will be compatible with a solid-state, charged
coupled device (CCD) for imaging in the future.

Block coding is used to enmable error correction (mot just detection)
at the receiver end. Each block is coded; the decoder corrects errors
made in transmission.

The data compression algorithm is rate—controlled. By accepting
degradation of image quality (i.e., some blurring), the operator can
obtain high frame rates. The slower the frame rate, the better the image
quality. Good quality is possible at speeds of 3 sec per frame. (See
Figures 3 and 4.) Acceptable quality is possible at 1 sec per frame.

A comparison of compressed television imaging with slow-scan averaging
is provided in Figure 5.

QUALITY VER3US FRAME RATE

R ({////Wﬁ’/’///{/////// T
1) I A I
- !
I
I

FIGURE 3 FRAME RATE VERSUS QUALITY TRADE-OFF

The use of telephone lines for data transmission should mean much
lower costs. Less than $10,000 per mile is estimated by JPL for CTT
using telephone lines as compared with $30,000 to $70,000 for other
systems. An agreement with the particular telephone company is neces—
sary. Data compression makes possible the use of telephone lines that
cannot handle the high data rates of live television.
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IV CIT POTENTIAL MARKET

The CCT system is a surveillance system. Therefore, anything
that needs to be watched is potentially a candidate for CIT. The
applications discussed below are the applications that will likely
benefit by use of the system today. Many other applications may sur-
face, however, as the system's unit cost decreases and as the cost of
labor that can be replaced by the system increases.

The CIT system is being developed by JPL specifically for highway
traffic surveillance., From discussions with several major manufacturers
(i.e., Nippon Electric Corporation, Robot, TRW, Colorado Video, and Dalmo
Victor), traffic surveillance appears to be an excellent application of
the system and should prove to be very beneficial, but it is not neces—
sarily the best application. The two applications that appear to have
a high potential for CTT use are business teleconferencing and remote
medical diagnosis.

Teleconferencing

Several businesses already have leased slow-scan systems (78 sec/
frame). They have all experienced the same problem with existing systems:
the slow system rate takes some adjustment. In some cases, the business-
men adjusted well to the system. In other cases, the men were unable
to adjust and consequently rejected the system. The primary objection
was the long waiting period for an updated picture. The NASA/JPL CIT
system (1-3 sec/frame) is expected to eliminate that concern. It should
be noted, however, that systems approaching real-time (1/30 sec/frame)
are being commercially produced. Compression Labs Inc. is marketing
such a system, but it requires a special high-bandwidth telephone line
at a monthly rental cost of about $40,000.

The use of CTIT in business teleconferencing is very promising.

The increasing burden of travel on management is causing the major
corporations to seek alternmatives. ARCO recently announced plans for a
$20 million video conferencing network that will offer one or more of
the following capabilities at 110 of its offices: electronic mail,
facgimile transmission of documents, computer-to-computer data trans-
mission, as well as video conferencing.

Video teleconferencing will unquestionably be cost-effective for
at least the top 500 companies in the United States according to Richard
F. Bader, President of Compression Labs Inc. His statement is in refer-
ence to systems costing $60,000 to $300,000 per pair.
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If the cost can be reduced by an order of magnitude by a cost-
reducing compression system, the overall market for business telecom-
munications would be even more. The limiting faetor in its widespread
use may be disgruntled middle managers. From a recent survey of 1,000
middle managers, Gnostic Concepts Inc., a Menlo Park consulting Firm,
concluded that this group of managers will object vehemently to video
conferencing. According to industry experts, resistance will arise
because employees still associate travel with status and view it as a
higher value to the corporation. On the other hand, Paul Snyder, vice
president responsible for the mew network at ARCO, is convinced that
once ARCO managers become aware of what the system can do, most of them
will not only accept it, but also find new ways to use it.

SRI has made a conservative estimate that a market exists for 730
telecommunications systems.

Remote Medical Diagnosis

Remote medical diagnosis is being used successfully in Canada.
With a slow-scan system, Canadian doctors are now able to visually
diagnose patients who live in remote areas, close to a teleconferencing
center, but hundreds of miles from any hospital., This type of service
could become a valuable medical tool if extended to all hospitals. Rare
or baffling diseases could be diagnosed by experts across the country.
In fact, X rays and even microscopy are being transmitted successfully
by today's slower systems (transmission rates of 78-150 sec/frame)
between 25 to 50 hospitals and approximately 300 radiclogists in the
U.s.

Approximately 7,000 hospitals operate in the United States today.
The use of a teleconferencing system, at least for sending X rays in
many of these hospitals is likely. Once this use is proved to be cost-
effective, many other hospital applications should be possible.

Patient Monitoring

Intrahospital use is another hospital application for video monitor-
ing as many patients need continuous observation. Either a standard,
real-time, closed-circuit system or the CTT system could significantly
reduce hospital costs. To decide which system to use, a cost-benefit
analysis for each hospital should be done. Currently, sitters are
employed to watch patients in their rooms. No more than two patients
are assigned per room; theoretically, therefore, two is the maximum
number of patients a sitter can watch. However, the severe shortage of
nurses and the high financial burdens necessitate that hospitals use
one sitter for two rooms, but vigilance of the patients is thereby
reduced.
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Hospitals are currently using closed-circuit video monitors for
only three purposes: security of the miles of hallways, observation of
psychologically disturbed patients, and education. San Francisco General
Hospital illustrates the potential for this application. The hospital
has 500 staffed beds (generally 70% occupancy), 300 registered nurses,
100 licensed nurses, and 100 orderlies. A hospital this size has many
patients that require constant observation: approximately 10-15 patients
must be watched for suicide precaution, about 20 criminal patients are
under security by policemen, and 10-15 patients in the intensive care
unit must have a nurse on hand at all times. All of these patients
are now.watched by sitters or hurses. Yet, except for those in inten-
sive care (these patients need comstant treatment until their condition
stabilizes), all could be monitored remotely. Therefore, 40-50 patients,
or about 15% of all patients, could be observed by the CTT system.

The primary objection to use of a video system in hospitals (other
than financial) is the lack of human contact and the unnerving feeling
patients may have from being watched by a camera. This should be a
serious consideration for only the suicidal patients; the others are
generaliy unconscious and would not be adversely affected by remote
observation.

Contrary to expected good interhospital use, however, intrahospital
applications are mot very promising. The CIT system is at best oanly
marginally cost-effective compared with bedside personnel costs, even
in the large hospitals such as San Francisco General. As such, few
hospitals will use the system for observatiom purposes. Only an in-—
crease in the nurse shortage would cause the hospitals te use the sys-
tem. It is dmportant to note that this pessimistic view of the hospital
as a potential market for CIT is only an early indication. A complete
cost-benefit analysis for hospitals should still be done, especially if
the hospital is interested in the system for remote medical diagnosis.

Education

The CIT could also have many educational applications. Lectures
could be transmitted from major universities to companies around the
country, industries could visually demonstrate a process or technique
to interested people nationwide, and doctors could more easily promote
medical advances and breakthroughs in surgical techniques. Essentially,
any educational or training service, instead of being limited to local
people could be expanded to serve people anywhere.

According to Mr. Robert Kinchlow, director of Stanford University's
telecommunications, however, the CIT system will have a very small
market in the educational field. Although there is a real need for
continuing education in industry, that need is being satisfactorily
filled. For example, Stanford lectures are transmitted throughout the
Bay Area by microwaves and distributed throughout the nation on video
tapes. The only limitation to video tapes is for case study courses;
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however, in this situation, real-time monitoring is more desirable than
a slow scan system anyway.

Defenge

A major user of the CIT system may be the military. In addition
to the numerous air fields and bases that the military would like to
observe more closely, many remote sites also must be guarded that have
no personnel on hand. To guard these remote sites, the military is
using low-bandwidth sensors that tend to generate many false alarms.
The cost of reacting to these false alarms is excessive. Reducing
false alarms by the use of a visual transmission of the site should re-
sult in significant cost savings. Approximately 250 military bases in
the United States could benefit from CIT surveillance.

Traffic Management and Control

Discussions were held with representatives of 11 state highway de-
partments. Table 3 lists the 11 departments, their current sgystems, and
interest in NASA's CTT. Nine of the 1l expressed varying degrees of
interest in the NASA system. The remaining two have no interest in any
traffic surveillance system due to budgetary constraints. WMany depart-
ments believe that the future of the NASA system will be determined by
the cities where traffic congestion is most severe. The application most
often mentioned was the Iinterstate highway that approaches or penetrates
2 metropolitan area. Of primary interest to all departments is the
system's combination of a high frame rate and low cost.

Projecting to all states the degree of interest in CTIT for traffic
management indicated from a survey of 11 states gives an estimate of
the total market. That is, 9 of the 11 states surveyed indicated a
potential market, and those markets represented 1 to 4 systems each (an
average of 1.3 systems per state); therefore, the total potential market
could be 53 systems. The high cost for a traffic management system given
as the reason many states have installed no system to date should be
alleviated with the NASA CTT and further strengthen the market projection.

Emergency Traffic Management

Emergency management might also benefit from traffic surveillance
and control. Interest has been expressed by at least one emergency
response unit. California's Office of Emergency Services realizes that
the major highways and arterials must be unblocked to ensure escape
routes for civil defense units or in case of a natural disaster such as
an earthquake, flood, or voleanic eruption. The state has already begun
an informal investigation of surveillance techniques, but this market
is too uncertain to estimate a sales figure.
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Table 3

TRAFFIC MANAGEMENT SYSTEMS IN USE AND INTEREST IN CIT
IN SELECTED STATE HIGHWAY DEPARTMENTS

Potential
Interest
State DOT Current Systems in CTT Comments
Connecticut  None None Budget constraints
Kansas None Yes Potential need in 2
urban areas
Kentucky None Yes
New Jersey Inductive loop system Yes
on New Jersey Turn-
pike
New Mexico None Yes Would 1ike additional
information
New York CCTV in Hudson River Yes
tunnels, inductive
loop system planned
for Long Island
Oklahoma None No
Oregon None Yes
Pennsylvania HNone Yes Potential needs exist
on 4 major highways
Texas CCIV in Houston Yes Houston system in-
operative due to cable
problems
Washington CCTV in Seattle Yes System expansion
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Airport Surveillance

Accidents on airstrips and at airport ramps are not uncommon. Whether
an accident results from the collision of two aircraft or of an aircraft
and a maintenance vehicle, the loss of time and dollars is hdigh. NASA and
SRI believed that many airport accidents could be aborted if television
surveillance systems were installed. Therefore, contacts were made with
airport officials of six states -to determine potential interest in tele~
vision surveillance of airports, particularly compressed television trans-—
mission. The responses are documented below.

® California has some interest in a surveillance system to momitor

traffic volumes, according to the Deputy Chief of the Aesronautics
Division. However, budget constraints negate any near-future
plans.

® Comnnecticut's Manager of Airport Operations expressed an interest
in after—the-fact accident monitoring and in detecting foreign
objects, but questioned the advisability of telephone line
transmission.

® In Georgia, a concern was expressed regarding radio frequency
availability to relay warnings to aircraft and maintenance
personnel. The frequency at Atlanta International Adirport has
about reached the point of overloading.

¢ The Ohio Division of Aviation believes that the value of a tele-
vision surveillance system would be limited to documenting the
events leading to an accident for use at public hearings. In
fact, acceptance by the pilots' unions of any surveillance system
is considered doubtful.

® 1In Pennsylvania, television surveillance is viewed by the Bureau
of Aviation's Airports' Engineer as an effective security measure,
particularly for remote areas of the airfield, but is not
considered effective for acecident prevention.

© According to Chicago's Chief of Airport Operations, ramp and
airfield surveillance would not be cost-effective at the 0'Hare
and Midway Airports. Both airports have configurations that
would require the installation of many television cameras. As an
added dis-incentive, airport telephone lines already transmit
weather data as well as the data collected by all airport instru-
ments. Line capacity has been reached.

From the above documentation, SRI has concluded that a market for
compressed television transmission for alrport/airfield surveillance would
be small--limited to accident documentation in those airports having the
approval of the local pilots' union and to remote airstrip surveillance,
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Trangit Station Surveillance

A study conducted by Dunlap and Associates, Inc. for the Transporta-
tion Systems Center® revealed that closed circuit television (CCTV) systems
have been installed in many transit stations. Some have been connected to
automatic sensor alarm networks and automatic response capabilities, such
as remotely controlled gates and locks for both safety and security. The
presence of the cameras has contributed to increased ridership due to
passenger confidence in station safety.

Transit station envircnments (e.g., low light, vibration, dirt and
dust, electrical power and moisture) present special problems for CCTV
hardware. Cameras and video~signal transmission lines must be selected
and located with these environmental factors in mind.

Properties that have station surveillance systems include the Bay
Area Rapid Transit District (BART) in San Francisco/Oakland, the Chicage
Transit Authority, the Massachusetts Bay Transportation Authority (MBTA)
in Boston, and the Southeastern Pennsylvania Transportation Authority .
(SEPTA) in Philadelphia. Telephone interviews were held with representatives
of the four properties.

All BART stations are equipped with television surveillance systems.
Images are transmitted by means of coaxial cable. BART officials reportedly
have expressed concern over the high cost of coaxial cable and would be
interested in telephone line transmission, provided image clarity and
transmission time are satisfactory.

Philadelphia began installing television surveillance systems in its
stations in 1976. The Authority has approximately 40 statioms, 3 of
which are currently equipped with slow scan TV cameras (as many as 25 per
station) and one-way audio communication. Images are transmitted by means
of telephone lines., Plans are under way to provide television surveillance
in 20-30 stations, and a contract has been let to Westinghouse.

Chicago has 2 broadband television surveillance systems, with coaxial
cable image transmission, serving less than 10 transit stations. One
system has an 8-mile distribution on 70 channels. (Maximum capability is
120 channels.) Two-way audio communication with troubled passengers is
possible by means of 4,000 speakers within the stations. The cameras zZoom
in to the site of the communication initiator. The central monitor is
installed at the Chicago Police Department headquarters. Although costs
are high, Chicago appreciates the systems and is looking forward to providing
television surveillance in all 140 stations by 1990.

*Bloom, Richard F., "Closed Circuit Television in Transit Stations: Appli-
cations Guidelines, "Dunlap and Associates, Inc., Darien, Connecticut,
Report No. UMTA-MA-06-0048-80-5, August 1980

21



In Boston, only one station has been equipped with a closed circuit
television surveillance system §ith coaxial cable transmission). Braintree
Station was opened in 1979 on the MBTA's newly expanded railway. CCTIV
surveillance was included in the Federal construction specifications.

Central controls are located at the Braintree Police Department. Interest
is equipping all stations is high; however, because of budgetary constraints,
CCTV installations are not included in current plans.

A brief call was made to the Qffice of the Director of Safety of the
New York City Transit Authority (NYCTA), which is testing television
surveillance systems at two stations., (NYCTA is by far the largest transit
property in the United States with 458 stations, including 265 subway
stations.) A determination of performance and user satisfaction appears
to be premature. Cost savings would certainly be of interest, however,
since here again budgetary constraints are real.

Based on information acquﬁfed from the five above-mentioned transit
properties, SRI has concluded that a sizeable market exlsts for television
surveillance of transit stations. Each of the properties expressed a
desire to provide a surveillance capability at its stations. Budgetary
constraints appear to be the primary limiting factor. With the decreased
cost of compressed television transmission, the constraints may be
eliminated in some cases.

The resulting market, including existing properties and planned

properties and property expansion, could be as large as 820 stations by
1990:

456 NYCTA
132 CTA
57 MBTA
15 SEPTA

40 Washington Metropolitan
Area Transit Authority
(expanded system)

20 BART (expanded system)

100 New properties in Baltimore, Miami,
and other cities

820
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V POTENTIAL MANUFACTURERS

The SRI Team contacted five manufacturers of slow-scan television
systems to determine their interest in the NASA/JPL CIT technology.
A1l of them expressed considerable interest im it.

Robot Corporation, San Diego, CA sells slow-scan systems exclu-
sively. It has been in the business since 1969, has 30 employees,
sells 200 units per month, and generates about $2 million gross per
year. The company has systems that transmit at between 2-70 sec/frame
at varying degrees of clarity. The standard transmission of 256 x 256
lines takes 35 sec. President David Smith believes that Robot is by
far the most capable slow-scan producer, with better systems and far
greater sales volume than any other commercial company in the country.
Mr. Smith does not believe that compression of the transmission will be
cost-effective for 5-10 years, but is extremely interested in any tech-
nical development.

The Broadcast Division of Nippon Electric Corp. (NEC), Poway, CA
has 50 employees and sells two systems. NEC has an analog system on an
FV carrier that requires 30 sec/frame of information and a digital
color system that delivers 4.8 kilobytes of information in 150 sec
over a standard voice-grade telephone line with no loss of resolution.
NEC's digital system can send 1.54 megabytes in real time, with some
degradation of quality. The company has sold about 10 large systems
to such organizations as NASA, Ford, and IBM. Nippon is aware and
confident that a market exists, especially in teleconferencing and as a
medical tool. ’

Colorado Video in Denver, established in 1965, has 40 employees
and has sold about 90 slow-scan television systems in the past 13 years.
The slow-scan system is the primary product. Prices range between
$11,000 and $22,000. The Colorado Video system uses no compression
and as such achieves about the maximum transmission rate of 78 sec/frame
over the voice~grade telephone lines. As reported, Coleorado Video sees
a market in the following areas: <remote medical diagnosis, business
teleconferencing, educational transmission to remote locations, and
security of remote sites. Colorado Video is the main competitor of
Robot according to Robot's president.

Dalmo Victor, Belmont, CA produces many instruments for military
applications and until recently produced slow-scan television equipment.
Tt has recently become interested in JPL's CIT system and would like to
see a simulation to determine how well the system works.
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The Electronic Systems Division of TRW in Redondo Beach, CA is
engaged in the "creative," early development of advanced image process-
ing systems. TRW is investigating slow-scan systems mostly for military
applications because all of its work is under government contract. It
does no commercial marketing of products.
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Vi CONCLUSIONS

Although still small in number, television-based traffié survell-
lance systems are growing in favor with highway engineers. Since the
wid-1970s, all new installations have included television transmission.
Imaging data are transmitted by coaxial cable at a cost of $30,000 to
$75,000 per mile of highway, depending on labor costs, or by microwave
at a cost of 550,000 per mile. A need for a reduction of data transmis-—
sion costs has directed attention to the use of telephone lines. Clarity
of the imaging data that must be compressed to accommodate telephone
line digital data links, however, has been sacrificed as has fast trans-—
mission time. NASA's data compression/decompression technology with
error protection coding, developed at JPL for a space communications
system, promises to overcome the problem of image degradation and thereby
make possible a transmission cost of less than 510,000 per mile.

To ensure commercial viabil:dity of the NASA-developed system, the
market must not be limited to traffic surveillance. A survey of poten-
tial users revealed a large market for teleconferencing equipment to
replace slow—scan systems (78 sec/frame), for medical equipment to
monitor patients and enable remote diagnoses, and for surveillance of
remote military sites.

SRI believes that the maximum 10-year market projectiom for CTT
systems derived from its survey of potential users, would be about 5,390.
This projection represents about 3,500 hospitals, 70 urban areas, 750
coporations, 820 transit stations, plus 250 military sites. A more
realistic projection would be 539 systems, i.e., 10%Z of the maximum.
Costs should range between $20,000 to $600,000 depending on size, with an
average cost of about $50,000. Thus, sales expectancy for 10 years would
be $27 million, or $2.7 million per year.

Discussions with seven manufacturers of slow-scan television and
related equipment revealed a real interest im the NASA CTIT technology
with its 1-3 sec/frame compression/decompression rate. In addition,
(based on their experience), they have some conviction that a significant
market exists for it.

A review of emerging technologies revealed no means for transmitting
imaging data that appeared to be cost—-effective in a small system. Fiber
optics transmission requires a large initial capital outlay for trench
installation. In addition, because of differing performance criteria
of different manufacturers for injection lasers and receivers, equipment
is not dinterchangeable and therefore not yet acceptable to potential
users of traffic surveillance and contrel systems. Bell Laboratories’
conditional replenishment/motion compensated coding is ineffective for
rapid-motion subjects such as highway traffic and intruders. Thus it
may compete for the teleconferencing wmarket, but not the market for
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From its survey of potential users and manufacturers, we conclude
that a significant market does exist for the NASA~JPL CTT system and
that competition from an emerging technology (i.e., fiber optics) is
not expected for a minimum of 5 years. The CTIT system should be ready
for commexrcial introduction worldwide in less than 3 years.

[y
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1

SPACE COMMUNICATION SYSTEM FOR
COMPRESSED DATA WITH A CONCATENATED
REED-SOLOMON-VITERBI CODING CHANMEL

ORIGIN OF THE INVENTION

The inventon described herein was made in the tar-
formance of work under a NASA contract and 1= .10-
jected to the provisions of Section 305 of the Nar cnal
Aeronautics and Space Act of 1938, Public wLaa
85-568 (72 Stat. 435, 42 USC 2457)

BACKGROUND OF THE INVENTION

1. Freld of the Invention

The present invention generzlly relates to a cor—u-
nication system and, more particularly, to an impro.ed
system for communicating compressed data from a
spacecraft to Earth

2 Descoiption of the Prior Art

As is known by those fammbliar with the art cf =d- 2

vanced space communication the iformation wh ¢1 15
gathered n a spacecrafi, generally referved to as Jata.
1s first coded to be transmitted to Earth, where - s
received at one or more ground stations The re.z =d
coded data 15 first decoded and thereafter processc. o
retneve the onginal data which s in the form -1 a
stream of bits The coding of the data in the spacz:-_1t
and the decodng of 1t after reception on the groura 1s
generally referred to by the well known term “char~el
codmg” As 1s appreciated, the basic motvaticn Jor
channel coding has been to reduce the frequenc of
errors tn the output information bit stream tor 4 ¢ en
signal to nose ratio, EyN,, or conversely, to mcrase
the transmusston rate, Ry, at which mformatton cun ce
transmutted with a given error probabiity For :zch
channel coding technique the average bit error grzoa-
bility 15 generally plotted as a function of the sig-=
nose ratio (in db} These plots are generally referzzz 1o
as the performance curves

In the last few years many articles have appear:a mn

various publications m which vanous channel cocing
techniques are analyzed and their relative merits ~ zh-
lighted The following are but a few of prior art re.2-2n-
ces:

A A J. Viaterbi, “Convoluttonal Codes and :~air
Performance in Communication Systems™. :EEE
Trans. Commun Technol., Volume COM-1% and
part I, October 1971, pp. 751-772

B.J A. Hellerand I M Jacobs, “Viterin Decozing
for Satellite and Space Commumication™. EEE
Trans Commun Technol, Vel COM-1Y, pot i,
October 1971, pp 835-848

€ I P Odenwalder et al, “Hybnd Coding Systes
Study™", Final Report prepared by Linkabit Corro-
ration for Ames Research Center NASA, Septem-
ber 1972 This report is available to the pub ¢ as
NASA Cr 114,486

Reference A s an excellent ttortal on a decover

now generally referred to as the Viterbr decoder ior e
with a convolutional coder and a modulator and .-sns-
mitter 1 the spacecraft and a receiver and demcedla-
tor on the ground, heremafter generally referrec 10 as
the Viterb: channel Extensive performance chas_cter-
istres of the Viterbr channel for different consizant
lengths, represented by K, and different code rzes.
represented by 1/p, are analyzed and plotted in -2fer-
ence B Most of the curves 1n reference B are 7 :-1ed
under assumed ideal operating conditions in whi-= the
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carner phase tracking loop signal-to-nose ratio, repre-
sented by @, 15 assumed to be infimty In FIG 15 on
page 845 of reference B the performance of the Viterb:
channel for K=7 and +=2, i¢e, a code rate of ¥ for
various values of & 1s plotted in terms of bit error rate
15 By N, (in db) As seen therefrom for any desired bit
error raie the required system’s E/N, increases (trans-
mission rate drops) as an becornes smaller

Reference C 1s related to a hybnd coding system
which 1s analyzed The hybnid system, as shown on page
10 of reference C, includes a Reed-Solomon (RS) en-
coder winch encodes data gathered at 2 remote loca-
tion, e g a spacecraft, mto RS codewords, each con-
sisting ot cede symbols and parity symbols, These code-
words are first interleaved by means of a buffer prior to
being encoded by a convolutional encoder in the space-
craft The received coded data on the ground is first
decoded by a Vaterbr decoder whose output 1s loaded
+to a demterleaving buffer to reconstruct the RS code-
words which are then decoded by a RS decoder The
output ot the latter 15 the fully decoded data which 1s
then processed Since the convolutional encoder and
the Vrerbt decoder along with the modulation and
demodutation system have been defined heremn as a
Viterb: cnannel, the system descnibed in reference C
can pe Jefined as a concatenated RS-Viterb: channel,
o st dereinafter 1t may also be referred to by the
stmpler t2rm  the concatenated system™.

Although m reference C the advantages of the con-
catenated RS-Viterbr channel over other known chan-
nals are wiscussed, 1t should be stressed that in refer-
ence C ihe performance of the concatenated RS-
Viterbi caannel are analyzed only under assumed ideal
cends: ons, 1e . o =« Performance under non-ideal
condit.ons are neither discussed nor supgested Also,
aocne cf the above mentioned references constder the
wnanase! rrom a system’s pomnt of wview, including the
type of Jata which 1s to be communicated

A» 15 appreciated by those famuliar with the art of
INTOrF 2Uon Cormmurications, 1t 15 generally deswrable
to reduce tne number of bits which represent any infor-
maticn e g, a picture of a planet, and which have to be
transmtted without sigmificantly sacrificing informa-
tion content This 1s desirable, since by reducing the
number of bus, more information can be transmtted to
Earth dunng any given period of ttme This can be
achieved 1f the oniginal data, gathered in the spacecraft,
can bz compressed to reduce the number of bits
needea to communicate the iformation before any
coding s performed As 1s appreciated various com-
pressien techmques may be employed Then, after the
data 1s Jecoded on the ground it can be decompressed,
basea on tne particular compression technique em-
ployed n the spacecraft, to provide non-compressed
data which s finally processed It 1s appreciated how-
ever that when communicating compressed data a
much lower average bit error rate is generally required
Js compared with non-compressed data since 2 single
error i1 the compressed data stream is often propa-
gated oy the data decompressor tnto many errors in the
reconstructed data

OBJECTS AND SUMMARY OF THE INVENTION

It »s a primary object of the present invention to
provide a new commumcation system for communicat-
ing data from a spacecraft to Earth

Anotner object of the present invention s to provide
4 new spacecraft communication system for communi-
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cating compressed data at an acceptable bit error prob-
ability.

These and other objects of the mvention are achieved
by providing a communication system i which a con-
catenated RS Viterbi channe! i1s employed and through
which compressed data 15 communicated The inven-
tion wiil first be desenibed 1n connection with commu-
nicating compressed image data, although the inven-
tion 15 not intended to be imited thereto The invention
1s based on an analysis indicating that by proper choice
of the depth of mterleaving of the RS codewords and
due to the properties of the Viterbr channel com-
pressed 1mage data can be communicated through the
concatenated RS-Viterbi channel at a sufficiently low
RS codeword error probability, even under non-ideal
conditions, ie , when @ 5 ©, at a system signal-to-
noise ratto Ey/N, which 1s on the order of the Ey/N,
needed for communicating via a Viterbi channel alone
non-compressed image data at an acceptable bit error

probability This arrangement 1 possible since the anal- =

1s1s indicates that, unlike the Viterb: channel in which
for relatively low average bit error probability on the
order of 1074 the system’s Ey/N, increases greatly as a
decreases, in the concatenated RS-Viterbi channel by
proper choice of parameters, including RS codeword
mterleaving depth, the change i E,N, for low code-
word error probability changes only by a small factor as
a decreases

The novel features of the invention are set forth with

particulanty in the appended clawns, The mvention wili -

best be understood from the following description
when read m conjunction with the accompanyng draw-
ings

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a general block diagram of the novel com-
mumcation system of the present invention,

FIG 215 a simphfied diagram of an original and re-
constructed picture used to indicate the effect of
source block losses due to random errors,

. FIG 3 15 a diagram of performance curves for a
Viterbr channel and the concatenated system under
1deal conditions;

FIG. 4 is a diagram simular to FIG 2 except that all
errors are assumed to be concentrated in one source
block,

FIG 5 is a simple diagram useful in explaining the
operation of a RS coder;

FIG. 6 15 a basic RD codeword structure for /=8,
E=16,

FIGS 7 and 8 are useful i explaming two different
mnterleave structures for mterleaving 16 RS code-
words,

FIG 9 is a duagram useful in expiaming the effect of
2 RS codeword error using mterleave A shown m FIG
7; and

FIG 10 is a diagram of performance curves of a
Vaterbi channel and the concatenated RS-Viterb: chan-
nel under 1deal and non-ideal conditions

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

Attention is first directed to FIG 1 wherem numeral
10 designates a source of data n a spacecraft, the data
being i the form of a stream of bits The data from
source 10 15 supphed to a data compressor 12 whose
function is to compress the data in accordance with
preselected compression criterta, so as to reduce the

Reproduced from
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nember of buts as compared wath those supplied thereto
from source 10.

For explanatory purposes, let it be assumed that a
picture was taken of a planet and that the picture con-
sists of an array of 512 by 512 picture elements, herein-
after defined as mivels and that each group of 64 by 64
pixels represents a source block, with the entire picture
bemng represented by 64 source blocks It 15 further
assumed that tor each pixel data source 10 provides a
stream of erght bits Let the number of bits of an un-
compressed source block defined as Rp® (which m
the parhcular example is 64 X 64 X 8) and after com-
pression the numcor of bits for each source block be
defined as R.# Tauws, compression factor, provided by
compressor 12, may be defined as CF = R,..*IR.’
Clearly, the princapal motivation for data compression
15, of course. to obtamn compression factors (CF)
greater than 1 Various $chemes have been proposed
for data compression and since the present invention is
not directed to a specific scheme, the data compressor
12 will be shown only m block form

The compressed data from 12 15 supplied to a Reed-
Solomon (RS; coder and interleaver 14, For explana-
10Ty purposes it . assumed that J=8, representing the

=¥ number of bits per RS symbol, £=16, where E 15 one-

half’ the numnoer of party symbols per RS codeword or
the number of RS symbols which can be corrected and
I=16, [ being the number of mterleaved RS codewords
representing an RS block

As 1s appreciated by those famuiliar with the art a
Reed Solomon code 1s a2 BCH code with a specific set of
parameters 1ne prior art provides all tne background
necessary to build an RS coder and mterleaver as well
as an RS deceder and demnterleaver Therefore m the
present appacation these units or devices will be repre-
sented 1 block form only. The prior art mcludes at
least refererce C. chapter 6 of “Information Theory
and Rehable Commumcation” by R G Gallager pub-
ished m 1963, *Algebraic Coding Theory™ by E. R
Berlekamp, pubhshed i 1968, and an article by James
L, Massery, Shift Register Synthesis and BCH Decod-
mg”, IEEE Trans Info Theory, vol [T-15, pp
122-127, January 1969 There are other publications
known to those familiar with the art

The compressed data from 12 after bemg RS coded
mto codewords which are interleaved to form an RS
code block are in turn coded by a convolutional en-
coder 16, assumed to have a constraint length k=7 and
a code rate of %, 1 e, 3==2 The output of the latter is

50-then transmitted to Earth through a modutatorftrans-
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mtter 17, heremnafter also referred to as transmitter 17,
winch wcludes a transmutting antenna 18, The trans-
mitted signals are represented by arrow 19. Heremnat1s
assumned that i moduolatorftransmitter I7 antipodal
PSK-PM modulation of a square wave subcarner with
S-band or X-band carner takes place.

On Earth several deep space network stations desig-
nated DSN1-DSNn are located at different locations to
msure that at any tme the signals 19 from the space-
craft are received at at least one of the DSN's These
stations are wlentical The signals received on Earth are
designated by numeral 20. Each DSN includes a re-
cewver antenna 21 connected to recewver/demodulator
22, herenafter simply referred to as the receiver 22,
which 15 assumed to include a phase locked loop coher-
ent demoduiator with a three-bit quantized symbol
output Herem, 1t 15 assumed that the signals from the
spacecraft to Earth are subject to wideband Gaussian
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noise. That 15, the communication channe! incl.aing
the transmutting and receving antennas as well zs the
environment through which the signals propagate be-
tween is a wideband Gaussian channel.

In accordance with the present invention, each DSN
also includes a Viterb: decoder 24 which 1s desigred to
respond to the recever/demodulator output anc at-
tempts to reproduce the original data stream entering
the convoluticnal encoder 16 in the spacecraft

As heremnbefore defined the Viterbi decoder 24 to-
gether wath the encoder 16 and the modulator/teans-
mitter 17 and the recewver/demodulator 22 together
with the wide band Gaussian noise channel (betsezn
the spacecraft and Earth) represent a Viterbi charnel
With K=7 and =2, the Viterb channel is sometimes
referred to as the Jupiter/Saturn channet by those -
volved 1 constructing a communication channel for a
spacecraft to be used in mussions planned for the late
1970's to explore Jupiter and Saturn. Viterbi decoders
with different K and v are presently available as oif the
shelf items One source is Linkabit Corporation of San
Diego, Calif, whose literature extensively describes
such channels Modulator/transmutters, hike 17 and
recever/demodulators ke 22 as hereinbefore defined
as welt known by those familiar with the art of commu-
mication, particularly as related to space communica-
tion Such modulatorftransmtters and receneri-
demodulators have been used in prior space missions
and are described in literature

The output of the Viterbi decoder 24 (of each DSN)
is directly supplied to a single RS decoder and demter-
leaver 25, heremafter simply referred to as the RS
decoder 25. Its function 1s to decode the Vitertn de-
coder output by separating the received 16 (when
=16) interleaved RS codewords mto separate RS
codewords and thereafter decode these words The
output of RS decoder 25 in essence represents the
compressed data which data compressor 12 supplied to
the RS coder 14 in the spacecraft The compressed

5
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data from RS decoder 25 15 then supphed to a dara 40

decompressor 27 which cffectively reconstructs from
the compressed data an approximation to the ongmal
noncompressed data, provided m the spacecraft by
data source 10 to data compressor 12, The recon-
structed non-compressed data from decompressor 27 is 4
supplied to a data processor 29 for processing, eg.,
produce an approximation of the onginal pictuse, ex-
cept for any lost source blocks due to errors in the
transmussion The RS decoder 25, the data decompres-
sor 27 and the data processor 29, are located at a cen-
tral data processing center 3@, such as the one pres-
ently existing for processing data received from pror
space missions

It should be appreciated that the arrangement shown
in FIG 1is a concatenated RS-Viterbi channel or sys- 3
tem for communicating compressed data from a space-
craft, It 15 conceded that such a channel 15 discussed in
reference C However, theremn the channel was only
analyzed under 1deal conditions (@ == ). Also in refer-

ence C no consideration was given to the usefitlness of 60

the channel to transmit compressed data under any
conditions

The great advantage of the channe! to transmit com-
pressed data will become apparent from the following
discusston on which the invention 15 based The aiscus-
ston may be facilitated by considering compressed
tmage data. As hercinbefore suggested let nn be as-
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of bus representing an onginal picture, as shown m
FIG 2. Let it be assumed that the picture consists of
512 by 512 picture elements or pixels, and each pixel
from source 10 1s represented by eight tits (for 256
grey level quantization) Let 1t further be assumed that
the data compressor 12 compresses the data into
source blocks, each consisting of a two dimensional
array of 64 by 64 pixels.

These source blocks are made independent by pre-
ceding the bizs representing each source block with a
sufficiently long sync word Each sync word is used to
wdentifs the start of the following source block By
choosing a sufficiently large source block (in terms of
the rumber of bits) the sync word has neghgble effect
on the transnussion rate In FIG, 2, the smaller squares
represent the separate source blocks In FIG 2 a small
X in a source block means that after reception the cor-
responding source block has an error somewhere n 1t
It is assumed that a bit error in any source block, re-
gardless of where the error occurs within a compressed
source bloch, the block 15 completely lost, simce asingle
ervor 1 the compressed data stream 1s often propa-
gated oy the data decompressor into many errors in the
decomroressed data The above assumption s a worst
case assumption and therefore includes any data com-
pression process which may be used

A kev pont 1n this example 15 that because the loca-
tion of tut errors was generally aniformly distnbuted
throughout the compressed data, each error appeared
1n a different compressed source block Consequently,
each error caused the loss of a different source block.
If such compressed data were to be transmitted through
a JuprersSaturn channel (a Viterbi channel with K=7
and »=_) extremely low average bt error rates P, on
the orcer of 107% and 107 will be required. And, even
then the errors will tend to cceur in approximately this
randem fashion

Refererce 1s now made to FIG 3 in which the Jupr
ter/Saturn channel performance curve 15 shown, under
assumed 1deal conditions, 1 e, a=co Itis designated by
numeral $2. As 1s known to those fanutiar with the art
for uncompressed 1mage data, hereinafter referred to
as uncompressed PCM, avérage bit errors probability
P, below 5 X 107% is regarded as neglgible Thus, the
JupitersSaturn channel can operate as a signal-to-noise
tatio, EJ/N, = 2 6 db, However, to obtan average bit
error bit probability on the order of 107° for com-
pressed data the required increase in E/N, is about 3
db gher which corresponds to a reduction in trans-
mission rate by a factor of about two under only 1deal
conamuons Thus, a net gain cannot be obtamed from
the data compresston and the Jupiter/Saturn channet
unless the average compression factor (CF) exceeds
approximately two However, under practical operat-
g conditions, as will be described hereinafter, m
which @ # < much ligher E;/N, is required to obtam
very low bit error probability on the order of 107
Furthermore, m the Jupiter/Saturn channel with rela-
tively low values of a, bit error probability on the order
of 107 or less s not even obtainable, except with ex-
tremely large Ey/N,. This will become apparent from
the discussion in connection with FIG. 10,

The reason that the Jupiter/Saturn channel 15 not
efficient for data compression communication 1s due to
the fact that its performance curve is not steep enough.
That 15, 1o lower Py from 5 X 1072 to about 107° re-
quires a large increase 1 Eyf/N, Ancther important
pomt s the general random distribution of individual
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bit errors in the Jumter/Saturn channel at low Py values
on the order of 107% Consequently, if the Jupiter/-
Satum channel were used, due to the random distribu-
tion of the individual bit errors, the reconstructed pic-
ture would look as shown in FIG. 2 with the black
source blocks being lost blocks, which m most cases
would be unacceptable H should thus be appreciated
that one desired property of the channel is that for a
given average arror probability, the errors occur m
bursts For example, if as shown in FIG. 4, which 15
simtlar to FIG 2, the eight errors were to ocecur 1 one
source block since the first error n the compressed
source black causes all the damage, the other seven
errors are of no consequence and therefore mn the re-
constructed picture the eight errors will only cause the
loss of a single source block

The proposed solution to this problem 1s provided by
the msertion of the RS coder 14 1n the spacecraft and
the RS decoder 25 on the ground A key to the simplic-

1ty of this configuration is that the RS decoder need not =

be inserted 1n each DSN station and only one such
decoder 25 1s needed at the central data processing
center 30. The RS encoder 14 can be considered to-
gether with the data compressor 12 as the source en-
coding unit, and the RS decoder 25 as part of the data
processing center, with the communicatton channel
bemng the Jupiter/Saturn channel ( Viterbi channel with
K=7.1=1} However, to demonstrate that the addition
of the RS coding and decoding offers a solution for the
commumication of compressed data the purpose is bet-
ter senned by regarding the RS coder and decoder as
part of the concatenated RS-Vitert: channel or system.

As 15 appreciated by those famthar with RS coders
and as diagrammed in simple form n FIG. 5, let 1t be
assumed that J[2¢ — (14+2E)] mformation bits from a
source. such as compressor 12, are received The result
of the coding operation is a codeword of 2/ — 1 RS
symbols of which the first 2/ — (14-2E) are RS informa-
tion symbols, representing the incommng wiformation

bits, and the remaimnder of the codeword is filled wath <

2E panty symbols An RS symbol (whether information
or panty) is in error if any of the J bits making up the
symbol are 1n ervor. E represents the number of cor-
rectable RS symbol ervors 1 an RS codeword. That is,
if E or less RS symbols in a codeword are i error iz any
way, the RS decoder will be capable of correcting
them FIG. 6 is 2 diagram of the basic RS codeword
strueture for J=8, £=16, formed for a stream of 1784
mformation bits entering the RS coder 14.

To make the most effective use of the power of RS ©

coding when concatenated with Viterln decoded con-
volutional codes requires interleaving This 15 because
of the burstiness 1n error events expenenced by Viterbr
decoders at values of Ey/N, of interest (between 20
and 25 db) Without interleaving Viterbi decoder
burst error events would tend to occur within one RS
codeword That one codeword would have to correct
all of these errors Thus, over a period of time there
would be a tendency for some codewords to have “too
many” errors to correct {1¢, greater than 16, when
E=16) while the remaining codewords would have “too
few" (i e , much less than 16). This situation does not
make effective use of the capabilities of the RS coding
The effect of mterleaving 1s to spread these bursty error
events over many codewords so that the RS decoder
tends to work uniformly hard on all the data

Two methods of wmterleaving will be investigated
here We will call them Interleave A and Interleave B

"i-l'e[;:d—uced from %1
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The first exhibrs a shight performance advantage in the
transmission of compressed data whereas the second
offers an adiantage m memory requirements for the
onboard RS coder 14, In both cases we.will assume an
mterteaver depth, /=16

INTERLEAVE A

A diagram tdlustrating Interleave A s shown in FIG
7. The consecutive numbers 1, 2 ..., 3568 denote
labeling of consecutive RS information symbols which
are to be nterleased and coded into 16 RS codewords
These symbols correspond to the compressed data

grouped into eight bit symbeols} as it would enter the
RS coder 14 from data compressor 12. We call this
sequence of bits an Information Code Block to distin-
gnsh 1t from a Code Block which also mcludes panty
symbols The length of an Information Code Block is
116) (223)=1.568 RS symbols ar (8) (3568)=28,544
bits

‘The crosshatched regions specify which RS informa-
ion symbols belong to each of the 16 codewords As
specified, the first 223 form the information symbols of
codeword 1, the second 223 information symbols be-
ong to codeword 2, and so on Without interleaving
these symbols along with their 32 panty symbols,
»ould be transmitted over the Jupiter/Saturn channel
in the order m which they appear Thus a particularly
‘ong burst of errors from the Viterbr decoder would
tend to affect the symbols of only one codeword With

“ Interleave A the order of RS mformation symbel trans-

mission 18 (1. 224, ..., 3346}, (2, 225, ..., 3347), .

.{223, 446, ...,3568), That 15, the first symbol from
codeword 1, the first symbol from codeword 2,...,the
first symbol from codeword 16, the second symbol
from codeword 1, and so on The parity symbols would
follow mn the same manner. With this arrangement 1t
should be clear that a burst of errors that spans k < 16
RS symbols (128 bits) will be distnibuted among & dif-
ferent codewords.

Since the information symbol 3346 i the 16th sym-
col to be transmitted, memory for the complete Infor-
mation Code Block must be provided m addition to
that required for panty symbol generation However,
with present day technology this much working mem-
ory today 1s really msigmficant For example, Ad-
vanced Pioneer mission planners are presently assum-
ng at least 10 bits of working memory. Single sohd
state chips are available off the shelf with 4096 bits of
random access memory. However, we pomt out that

“the second nterleave method, Interleave B, does offer

an advantage n this area by requiring memory only for
the parity symbols

If 16 or less RS symbols of a codeword are 1n error
before entening the RS decoder, then all mnformation
symbols of that codeword leaving the decoder will be
correct No decoding error 1s made On the other hand,
if more than 16 RS symbols of a particular codeword
are n error before decoding, then a decoding error will
occur and the output information symbols may have
many errors If we interpret FIG, 7 as descnbing an
output Information Code Block we see that the effect
of a decodng error on a particular codeword 1s con-
strained to the corresponding crosshatched region for
that codeword Thus, for Interleave A the effect of an
RS decoding error is confined 1o consecutive symbols
An RS decoding error will appear as a burst of errors of
up to 223 symbols in length (1784 buts). Earlier we
pomted out that this bursty property is desirable for the

A-11



ORIGINAL PAGE I8
GF POOR QUALITY

3,988,677

transmission of compressed dara We will see that 1t 15
the relatively gr2ater burstiness of Interfeave A over
Interleave B that gives Interleave A a shght perform-
ance advantage

INTERLEAVE B

Before mves: z2ung the spec fic effects of RS code-
word errors on Jompressed d2ta, ac need to establish
the basic struc-ure of Interleae B Tius 1s shown o
FIG 8. Agam the consecutne wribers 1,2.,.., 3568
denote the labe ng wi Lonsoe Pive mformation sym-
bols Alsoasin Fi5 7, the cre--natcned regions soeoity
which mformai -1 ~ymbol Foong 7o 2ach of the 16
codewords ™oe that for ~acn cogeword, adjacent
symbols are ser_-.ted b '3 Li-ur symbols in the Infor-
mation Code B o<h Forename ¢ the alormation sym-
bols for codew~-2 1 are mae 1 n of Information Code
Block Symbols 7, 33,...,-533 Asmdicated by the

arrows, the orzer of transm swion ot RS imformation

symbols (over ~-e Jupiter/Satern channel) 15 exactly
the same way “~ev appear o the _rtonmation Code
Block 1,2,.. . i6, [7,....3%3 Panty symbols
would follow r "~2 same manrr Ir s casy to see that
this accomplis= <~ rhe desrad sterlenmeg (e g, a hurst
error event fro~ 1 v iterb dee~ver "vould kave o span
symbols 2 thre.2a 16 m eraer o artzct adjacent sym-
bols 1 and 17, 27 zadeword 1, ™ aacinen this ordering
means that no memory » reacired wor the Complete
Information C.<e Bluck, sine Jb's 22k can be trans-

mitted, unchanzea s 1t arrives fror dala compressor

12. Thus, sign.”. a0tly less memewy > required for this
form of mterlez 'ng

Just aswe ¢z .a FiG 7 we .on reerpret FIG 8 as
describing an c.xput Inform.: wn Cude Block so that,
as before, the «™sut 31 o Jo.CCNg 21, 3T 0N a particular
codeword 15 =oz. fisd By the L-ossianciied 1221008 tor
that codewore « wke a.cileave L ae aote that these
crosshatched ~:z-on$ are »b.z v 1N d200Jt The I'or-
mation Code = v rather ke worsrarred 5 2 won-
secutive string of 223 syimooe  The cunsequences ot
this spread-out ~1l be seen later

The cheice oz mrerleaver =ln wdy selecied to
achieve statist:c.! independesce etacen RS symbol
of mdwidual tovenords  beresz wecoding™ That an
interleaver depw- of o 15 suffic ent 1o make any depen-
dencies negligrt ¢ for vur spee.fic concatenated coding
system 15 high . Dlausitle Ervor bansts from a Vaterbn
decoder exceez -z 128 buts » .2 23 symhols) are 2%
tremely unhike. -or e X=7, =2 code for EyN, values
aslowas I.4co <1073 [twas pnmeniy such observa-
tions which fe3 * ~ choose I==; 3 ulonz ath the tact dat
161sapower .1 Thischoree would seem to even be
overdoing it fer tne speaific code ot the JupitersSaturn
channel, paruc.iarly under romunat phase coherent
recewver conc tons {for whica our interests will be
restricted to V *erb1 decoder £ ., -2lues greaster than
about 2db) Periaps the major pot o keep m mund s
that even dour .ng interleaver depth to 32 does not
severely impact the implementation of erther Loder or
decoder

We will corirue with the assumipuon that enough
interleaving 15 2rovided tu make the assumption of
tndependent RS »wmbo) error events a valid one An
mterleaver derta of no more ihan =106 should be com-
pletely adequatz v thiy sense From @ more prachcal
point of view I= b may not he wecessary If desired =8
may be choser
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10
With 7 denoting the ave-zge probability of an RS
symbol error leaving the » et decoder (group of
eight bits), the probability of an RS codeword error
(using Interleave A or B) 15 given by

more than 16
Py = Pr mdependent sy=zock L1}
cIrors

255
h (o B
A

Thus Py, ts determuned enur2i, by 7 The term 47 can
be deternuned by directly momtoning the correctness
or meorreciness of RS symbo:s emanating from simu-
lated Viterbs decoders at vanous signals to nose ratios,
or from Viterbr burst error statistics to obtamn the same
results A performance cune ¢ Pgre vs Ex/N,) which was
derned from Equation (1) znd the expeniments which
produced the varnious values of « 1s shown m FIG. 3,
under which ideat conditicr: == ) are assumed

The effect of a codeword =rror on compressed data
mn the torm of source blocks 41l now be discussed using
the above referred to exart 2 for source blocks That
15, attention 1s resincted to 2ource blocks onginating
from 4096 preels (e g . 64 b+ 23 pixel arrays) Heremn-
hefore R.* was defined as 12 number of bits of com-
pressed data representing a source blocks, and Rpem®
the number ot bits of 4096 puvels representing a source
bloek without compression With eight bits/pixel Rpen®
=8 x H)96 However, the ~umber of bits of a com-
pressed source block, 1e, B3 clearly depends on the
compression factor, CF

FIG 9 ilustrates the effect of an ndividual RS code-
nord 2rrof on sequences of compressed soutce blocks
whun Interleave A s emplovea At the top of the fipure
» shown an gutput Informzt.on Code Block iz much
*he same manner as n FIG 7, The subsequences of
decedea mtormation bits for each of the 16 codewords
Jre mdicated by the parentheses and are labeled from 1
to 16 Each subsequence 15 1734 bits long for a total of
28,344 bis The numoer of compressed source blocks
making up the 28,544 bits Zapends on the distnbution
of compiessed source bloca rates, R,Z That is, how
many s 1t takes to represe 2ach compressed source
bloch We wiil look at the simpler case in which each
compressed source block - the sequence 18 repre-
sented by 4 fixed number ¢f bits,

Skown immediately below the Informaton Code
Bluck wn MG 9 15 a seque~ce of compressed source
blocks which each require 1734 bats This 15 equivalent
to about U 435 bitsypixel (CF=20) assuming 4096 pixel
souree blocks Each compressed source block is indi-
cated by brackets Note that the start of the first RS
codeword 15 not (necessanly) synchronous with the
start of a compressed source block. Thus, the Informa-
tton Cude Block contains data from 17 compressed
souree blocks

Below this example are shown several sumilar tllustra-
tions for increasing comrressed source block rates
(lower compression factors: starting with average rates
of 075 bits/pixel and increasing up to 40 bits/pixel.
Note that because of the mereasing number of bits to
tepresent a compressed sosrce block the Information
Code Block represents fewer and fewer source blocks
At four bas/pixel a compressed source block is over
16,000 bits long so that an RS Information Code Block

2535
- b

=17
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only “overlaps™ tud or threc compressed source
blocks

To investigate the *fect of an RS codeword error, we
restate some earlier results and assumptions First we
assume that if any error occurs in a compressed source
block, that complete source block is lost but no more
We add 1o this by ass.mng that 1f an RS codeword 15 1n
error after decodint. il decoded 1rformaton bits are
m error for that code~ord Finally we recatl from FI1G
7 that when Interlea ¢ A 15 used, the effect of a code-
waord error 18 constreaed o a consecutne sequence af
formation bits (syricols) In FIG 9 these potental
error sequences are 'nose enclosed by parentheses and
labeled 1 to 16 In FIG 9 1t 15 assumed that codeword
4 was n error By ~ur assumptions above, any com-
pressed source block which s represented by this se-
quence of wrong bits 's lost In FIG 9 this corresponds
to any compressed source block which falls in the
crosshatched region In all cases we obsere the follow-
ing. using Interleave A the number of source blochs
lost due to an RS coceword error1s ! or 2

To obtam smmlar resuits for Interleave B, we recall
from FIG 8 that when a single RS codeword errors
occurs the effect 15 scread umiformly across the com-
plete Information Code Block Thus the typical num-
ber of lost source blocas tn simply the number of com-
pressed source blocks represented bv the Information
Code Block Extendirg our earhier observations using
FIG. 9 results in a summary comparison of Interleave A
and B in Table 1

Table 1

Comparsen of Interleave Metrods

Eztor Event
Tyvpical Mo of Lost
Saurce Blocks duc 10

Rate of Compressed Rate in RS Word Error
Source Block Batsf Interleane  Interledve
n Bus Paxel B
1,784 ={ 435 leoe2 150rl6
4096 10 Tord 9 or 10
8192 20 Forl Soré
16,384 40 ftor2 2or3

*Souree block contains 4096 pracls,

The discussions just completed descnibe the effect of
mdividual RS codeword errors in terms of lost source
blocks The next question to address 1s the determina-
tion of the largest value of Pas for which the overall
mmpact of these errer events 15 considered neghgible
More simply, how cften can we let these error events
oceur

With an RS codeword error rate given by Pgs, onthe
average, a source block error event would oceur every
1/Pys RS codewords

But the number of source blocks per RS codeword 15
given by

+ = (1784 mformaion bits/RS word'1RA bt
source blocks)

(¢}
Thus, on the average a soutce block error even would
occur every

Ngp = ¥fPys source blocks (3)

To carry this pownt farther to a situation which is
more readily visuahized, assume that our 4096 pixel
source blocks are 64 by 64 pixel arrays Further, as-
sume that the frame size for a picture 1s 512 by 512

F

{l Reproduced from 7
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preels making up a total of 64 sc_--2 blechs us 1 e
example of FIG 2. Using equat.c- 35 we can then say
that, on the average, a source b'oz. rror event would
occur every

5
Vo =1\ anifihd) prctures i
Equation 4 15 ervaluated for th-zx values of P,
Table 2
10 Table 2
“wumber of Pictures Betaven Sou > Bloch krrors
MAEQ 43 = Aserazs “umber of Pictures
Source Blowx Buween Sousee .+ Epar Brveads
Rates i {sce ™ -. 1}
15 BatssPixel Ppy= 1077 Ppe=2+ 7 Pae= u™*
=1)435 136 £3 136
140 68 4 6%
24 14 7 32
3] 17 kS "
*Source Bluck contans 4096 pricls
20 **Picture Sre 512 by S12 paxels {64 saurce hav-er

(24}
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=esp_, == Probubility of an RS codeword ervor

From Table 2 it is seen that with *he cheice of Pys =
10-% and a source block rate of 4+ =.igipiel, typrcally
only i out of 17 pictures would %z 2 any degradation
duc to the channel That 15, the crzaty of 16 outof 17
pictures would be controlled sole . oy the charactens-
tics ot the particular data comprers on operation Trpi-
cally, every 17th picture would su®er the loss of ene or
two source blocks with Interleave A or two or three
source blocks with Interleave B

Decreasing the source block -—=ziz {increasing the
compression factor) lengthens *-2 imnterval betweesn
source block error events Specifics iv, with Pog= 1074
and a source block rate of 0 435 ¢ 5.pixel, we see that
typieally only 1 out of 136 pictures ~ould have any ‘oss
m quality ossociated with the crznnel. Every 136th
picture or so would suifer the loss 1 one or two source
blocks 1f Interleave A were usec or 16 to 17 source
tlocks if Interleave B were used (222 Table 1).

From the performance curve 21 the concatenated
RS-Viterb: system, shown mn FIG 3 and designated by
44,1t 15 seen that for Pre= 107" the s1gnal-to-noise ratio
Eu/N, 15 on the order of 2 6 db Due to the steepness of
the curve, changing Ppg by an orzer of magnitude re-
quires only a change m Ex/N, of about 0 1 db. Thus, the
selection of the highest acceptaciz value of Pgs as the
value of RS codeword error prcoadthty, below which
the effect of lost source blocks car ce considered negh-
gible for hoth interleave methocs. s not cntical For
purposes of discussion Py, = 1U7* 15 selected as the
highest acceptable value

Before companng the two performance curves,
shown i FIG 3, attention is gnen to the use of the
channel to transmit uncompressea data, generally re-
ferred to as uncompressed PCM When an RS code-
word error occurs during the transmisston of uncom-
pressed PCM, the tesult 15 a burst of errors extending
over 1784 bits using Interleave A or spread more thinly
over 28,544 bits using Interleave B. If we assumed eight
bits/pixel for each PCM sample, t-en these error bursts
would occur typically once every 2ight pictures or so If
Pps = 107 Any imagined advantage to accepting a
ugher frequency of these error tursts m order to -
crease transmisston rate should be empered by the fact
that changing Pps by an order of magmitude requires
only 0.1 db Consequently, the iy gnificant increase n
transmission rate will result 1 zrror bursts occuring
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13
more frequently For example, increasing Pgs to 073
would result in an error burst which would occur ¢nce
n every picture Therefore, Prs= 10715 also chosen as
the maxamum RS codeword error probability below
which degradation to uncompressed PCM data can be
considered neglipible

Attention 15 again directed to FIG 3 in which the
performance curves for the Jupiter/Saturn channel
(Viterbi channel with k=7, 1=2) and the concaterated
RS-Viterbr system (with J=8, E=16, K=7, u=2) are
diagrammed It should be recalled that for uncom-
pressed PCM data, transmitted over the Jupiter/Satutn
channel, P, =5 X 10" is the approximate valuz of
average bit error probability below which the etfect
due to errors can be considered negligible This corre-
sponds to an E/N, of 2 6db Swmslarly, as previously
assumed for both compressed or uncompressed data
transmitted on the concatenated RS-Viterh: channel
Pps=10"*15 a reasonable choice of RS codeword error
probability below which any effects due to the channel
can be considered neghgible This also corresponas to
an E)N, of approximately 2.6db Thus, it should be
appreciated that uncompressed data on the Jupiter/-
Saturn channe! and both compressed and uncom-
pressed on the concatenated RS-Viterbi channel can be
transmtted at about the same rate with negligible deg-
radation due to channet errors 1t should be poted out
that heremnbefore worst case assumptions for the error
sensitivity of compressed data were made Namels. 1t
was assumed that any (one or more) source blocks
contained in any RS codeword 1n efror cannot be cor-
rected and that all compressed data contained n such
source blocks is lost Therefore, the above statement
that for compressed data, transnutted on the concate-
nated channel, Pgs= 107 15 a reasonable choice of RS
word error probability below which any effects due to
the channel can be considered neghgible, apphes 1o
virtually any data compression technique.

From the foregomg, it is thus seen that in accordance
with the present invention the concatenated RS-Viterbr
channel 15 used to communicate compressed data with-
out having to give up signtficant transmission rate as
compared with the transmission rate required to trans-
mit uncompressed data with the Jupiter/Saturn channel
alone The ability to transmit compressed data with the
concatenated RS-Viterh channel without sacnfice of
transmission rate has not been realized nor discussed
by any of the prior art references

It should be appreciated that any scientific mission to
the planets will include data other than that provided
by imaging experiments This includes both general
science and engineering measurements Some of this
data is considered much more sénsttive to channel
errors than uncompressed PCM imaging data This
imposes difficultzes when the Jupiter/Saturn channel 1s
employed, as 1s proposed for the Jupiter/Saturn mis-
sions As we discussed for compressed data, just a few
errors can severely degrade a complete block of sai-
ence data for some experiments. it is quite clear that
the transmission of such data over the Jupiter/Saturn
channel at a § X 1072 average bit error rate produces
totally uracceptable degradation. A “cleaner™ channef
is required for this data

During cruis¢ operations, when science and engi-
neering data totally monopolize the telecommunica-
tions channel, an acceptable but not desirable alterna-
tive 1s provided by sunply lowering the transmission
rate (increasing Ey/N,)} until the error rate is low
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enough As seen from FIG 3, decreasing the transmis-
stont rate by a factor of two on the Jupiter/Saturn chan-
nel will reduce the average bit error rate from 5 X 1073
to about 1075 and this s only under assumed ideal

5 conditions (@ ==} However, during a close planetary

encounter general science and engmeenng data must
“share ' the channel with imaging data Imaging experi-
ments are typically aliocated between 80 and 90 per-
cent of the total transmisston capabuity during such

10 encounters Reducing the transmisston rate by a factor

of two w0 obtain very low error rate 15 clearly unaccept-
able for uncompressed PCM immaging experiments,
since they only require bit error rates in the vicinsty of
5% 10-* The presently proposed solution to this prob-

15 lem for the Jupiter/Saturn Manner missions 15 to put

additional error protection on the general science and
engineenng data using a modified Golay block code.
However, from the foregomng discussion and the per-
formance curve of the concatenated RS-Viterbi chan-
nel shown v FIG 3, 1t should be apparent that the
concatenated RS-Viterbi channe! s ideally smited to
the general requirements of science and engineering
data This is the case since with the concatenated RS-
Viterb1 channel very fow error rates, needed to trans-

25 mit general science and engineernng data, are attan-

abile without a substantial increase of EW/N, With J=8
and E=16 all data can be transmutted through the sys-
tem at an overall EyfN, of 2 6 or 2 7 db with neghgible
degradation due to errors It should also be noted that
it is possible to apply data compression to general sc1-
ence and engineering data without worrying about a
disastrous effect from errors Clearly, as seen from FIG

3, by a very small increase in E/N, on the order of
about » 2 db the system can operate with a codeword

35 error probatilhity of 107% which would satisfy all science

and engineering data and be more than enough for the
magmng data

As previously pomted out, the performance-curves
shown m FIG 3 are for assumed 1deal conditions in

40 which carner phase is exactly known, i e., =2 How-

ever, under actual operating conditions, a phase locked
loop, tracking a noisy received signal, will generaily
provide a phase reference for the demodulator which 1s
mperfect. 1, @ » © This causes a degradation in
system performance, The effect of decreasing «on the
Viterbr channel has been anatyzed in reference B and 15
diagrammed therein on page 845, for X=7, 1=2 Some
of the curves from reference B are shown in FIG. 10 for
the Virerbi channel for e =®, a=15db, a= 12db and

50 ¢ = 10db These curves are designated by numerals

51-54. respectively. It has been appreciated and as
seen from FIG 10 in the Vaterb: channel as e decreases
1o obtain a low bit error probability, higher and higher
Eu/N, 15 required For example, for a bit error probabil-

55 1ty of 10~* a change n & from 15db to 12db requires a

change from about E,/N, of 4 4db to about 8db, which
corresponds to a reduction in transmission rate by
about a factor of 2

The effect of decreasing @ on the concatenated RS-
Viterb system has never been analyzed in the prior art.
From a first impression 1t would seem that a similar
effect would occur in the concatenated RS-Viterbi
system That is, at low codeword error probability on
the order of 107* the needed EN, would increase

65 greatly from that required for =1 as e decreases, 1n

a relationship proportional to that experienced n the
Viterbi channel alone. That is, from a first impresston
one would assume that for a codeword error probabil-
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ity on the order of 10! as a changes from = to lower
values. e g., 15db or 12db the required Eu/N, would
increase by about 4db, which would reduce transmis-
sion rate by a large factor. It is reasonable to assume
that based on such first impression the use of the con-
catenated RS-Viterbi system was never considered by
others for the transmission of compressed data. How-
ever, a careful analysis shows that this 1s not the case
That is, the analysis shows that 1 the concatenated
RS-Viterbi chianne! the increase in Ex/N, due to a re-
duction in « from @ to reasonable values is quite small
for codeword error probabilities of interest.

With a conventional code of K=7, +=2 in order to
obtain a codeword error probability Pps = 10~ the
Viterb1 decoder operates_in the region where 1ts aver-
age bit error probability Py is on the order of 1/50. In
this region of operation the change in required system’s
Eo/N, 15 very sinall due to changes of a. For example
the change m Ey/N, from a = o to a = 15db in the
Viterbi channel at P, = 1/50 is on the order of about
0 1db It 1s by this amount that the performance curve
for the concatenated RS-Viterb: system is shifted at Prg
= 10~* when @ changes from = to 15db. In FIG. 10 the
performance curves of the concatenated system for
different values of e are designated by lines 55-58. In
the operating region of the Viterbi decader (P, = 1/50)
fo a change of « from = to 10db the E/N, difference 1s
about 12db Thus, for the concatenated RS-Vitertn
system at Pgg = 1071 the shift would be from 2.6db to

3 8db However, for a change n « from % to 12db in 3

the concatenated RS-Viterbi system for Pre=10"*the
mcrease i Ey/N, is only about 0.3 {from 2 6db to about
2 9db)

For these curves the points for Prs= 10~ for differ-
ent values of e were calculated based on the shift in the
Viterbr curves in the approximate operating region of
about 1 50 for the Viterbr decoder bit error rate £,
needed to produce a codeword error probability of
10~% The rest of the curves 55-58 were mterpolated
As seen from FIG 10 the Viterbi curves are practically
paraile! from about P, of 8 X 1072 and up Thus, the
curves 55-58 are reasonably accurate down to at least
a codeword error probability of Pgs= 1075,

It should be pointed out that at much lower code-
word error probabilities for which the Viterbi decoder
operatmng region is at a bit error probability Py, where
the Viterbi curves ae no longer parallel, e.g., P,=1073,
the performance curves for the concatenated RS-
\ sterbt systems would also tend to fan out and would
no longer be parallel. However, such low codeword
error probabilities are not required for the transmission
of compressed data, either image data or data derived
from general engmeering or scientific expenments.
Thus, in the regions of interest for the present invention
the performance curves of the concatenated RS-
Viterbi system are reasonably assumed to be parallel as
shown in FIG. 10, more inportantly, it 1s seen that at
the region of interest, namely Pgs= 1074, the difference
in required Ex/N, from ideal conditions (a = ®) to
non-ideal conditions, such as a = 12db is very small,
e g, 0.3db. Furthermore, 1t is seen that the perform-
ance curves are quite steep and therefore a change in
Pgs by an order of magnitude requires a mimmal
change on the order of G.1db in Ex/N,

Hereinbefore Pgs= 10~* was assumed as the value of
RS codeword error probability below which the effect
of lost source blocks can be considered negligible.
Clearly, if Pgs= 10* were chosen the increase in the
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raquired E,™N, would be about 0.1db from 2.6db to
> 7db for the :aeal case (a==) or from about 2 9db to
about 3db for a == 12db. Recalling the foregoing equa-
uons and Table 2, with Pgs = 1075 with a source block
rate of 4 0 bas prsel only 1 out of every 170 pictures
“ould have any degradation due to the channel
From the foregoing 1t ss thus seen that since the per-
formance curves of the concatenated RS-Viterbt sys-
tem are steep and parallel even down to very low
1109} codeword error probabilities, the RS-Viterbi
system 1 parucufarly suited to transmut compressed
mmaging dutd <t Epdv, values (2 6 —3.0db) which are on
the order of the ExN, required for transmitting non-
compressad image data with a bit error probabihty Py
on the order of 3 X 1073 Furthermore, the concate-
nated RS-Viters: system can be used to transmt scien-
ufic and enginesring data at sufficiently low error prob-
abiisties waithout requirmg additional coding, such as
that provided ¥ the Golay coder, as hereinbefore dis-
cussed In addiuon, 1t should be stressed that if desired,
the system can be used to code and transmit non-com-
pressed data
Herembetorz the concatenated RS-Viterbi system
=as been deserced in connection with /=8, £=16, and
K=7, =2 It :hould be appreciated that other code
parameters van e employed. As s known J defines the
~umber of bits cer RS symbol. Stnce the memory of any
modern mimicomputer 1s structured m powers of two,
with a byte sze of eight-bits the most common, the
shotce of /=¥ szems to be a preferred one for decoding
appiicanons An RS code of J=8, E=8 may offer certain
advantages over /=8, F=16. The equation for computa-
tion load per codeword s dominated by an E? term
Thus, by reducing E from 16 to 8 higher decoding rates
can be achievzs  As to the convolutional code, it was
dasenbed in tarms of K=7 and =2 since this code 1s
evpected to ke mmplemented i the Jupiter/Saturn
channel for 32 future Jupiter/Saturn exploration mis-
sions Howe'er, the mvention is not intended to be
limited thereto Other convolutional codes may be used
such as X=7, =3 which offers an improvement be-
tween 0.3 and 0 5db over the K==7, =2 code, with
improvements largest at higher values of F,. Conceiv-
ably both codes can be onboard the spacecraft in en:
coder 16 (see FIG 1). When code K=7, 1=3 15 used in
the concatenated RS-Viterb system one can expect an
improvement of about 0 4 to 0.5db of Ei/N, at Prs =
1074
Although particular embodiments of the invention
have been described and illustrated herein, it 1s recog-
mzed that modifications and variations may readily
cceur to those shilled n the art and consequently, it 1s
mtended that the clayms be interpreted to cover such
modifications and equivalents.
What 15 clumed 15
1. In a communication system for communicating
data from a first station to a second station, the ar-
rangement compnsing
Reed Solomon coding and interleaving means in a
first station adapted to receive data and code it into
linterleaved Reed Solomon codewords, each code-
word contaning 27 ~ (1 + 2E) Reed Solomon in-
formation symbols and 2E parity symbols, each
symbol being J bits long, 1, § and E being integers;
convolutional encoding means in said first station
and characterized by a constraint length definable
as K and a code rate definable as /v, for encoding
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the coded cutput of said Reed Solomon coding and
interleaving rmeans,

transmatter means in said first station for transmitting
the output of said convolut.onal 2ncoding means to
a second stzuon,

receiver means at said secend station for receiving
signals transmitted by said transmitter means,

Viterbi decoding means at said second station, re-
sponsive to the output of sud receiver means for
decading the recewer means output to provide an
output which 15 related o the output of sawd Reed
Solomon coding and interleaving means supplied in
said spacecraft 1o said convolutional encoding
means,

Reed Solomon decoding and demterfeaving means at
said second station tesponsive to the output of smd
Vitesbt decoding means for demnterleaving sad |
Reed Solomon codewords and for decoding said
codewords o provide an output substantially cot-
responding to the data adapizd to be supplied n
said first station to sard Rezd Sujomon coding and
mnterleaving weans, saed J, E | K and » being se-

‘/ lected to provide a Reed Salomon codeword error

probability. definable as -, which is rot greater
than a presgiected value for 4 preselected system
signal-to-noise ratio, definable as E\/N, in db;
data means i <aid first station for gathering data und
for providing an output teprasenting said data as a
stream of bits.

data compression means 1 said $irst station for com-
pressing the aata-represent:nz stream of bits from
said data means o a strecm Of oits Tepesenting
blocks of dara. definable as souree tlocks, the aver-
age pumber of bits Tepresenung each source block
being less than the number of Hits provided by said
data means for the correspondirig soutce block,

means in said “irst station for supp ,1ng «he vits repre-
senting saia source biocks trom s.ua -lata compres-
sion means o sawd Reed Soromun Jducoding and
mterleaving means; and

data de-compression means at sa+d second station
responsive o the output of »smd Reed Solomon
decoding 2nd interleaving means for providing
output data which 1s un approximation of the data
supplied to said data compression means prior o it
being compressed therein

18
§, The arrangement as desciibed in clam 1 wherein
J=8, £—16, K=7, =2 and 1 s 'ess than 16 but not less
than 8
6. The arrangement as dessnbed in claim 1 wherein
5 J=3, B=16, K=7 and »==2.
7].6'[113 arrangement as de-cribed in claim 6 wherein
=16,
8. A method of commun;zaung data from a space-
craft to a data processing cenier on Earth, the steps
10 comptising:
gathermg data 1n a spacec-aft,
compressing the gathered cata in said spacecralt,
coding the compressed dzta 1n smid spacecraft in a
concatenated Reed Solomon-Viterbi coding chan-
15 nel, compnsing a Reed Solomon coder and inter-
ieaver followed by a “iterby convolutonal en-
coder;
transmitting to Earth the dz1a coded by said concate-
nated Reed Solomon-Vierbi coding channel,
30 receiving on Earth the coced data transmutted from
said spacecraft; and
decoding the recewved coced data, first by a Viterbi
decoder followed by a Rzed Sclomon decoder and
deinterleaver, the parameters E, J and I of the Reed
as  Solomon portion of the zoding channel and the
parameters K and v of ire Viterbr poruon of said
channel being s¢lected 1o orovide a Reed Solomon
codeword average error probability definable as
Pas being not greater :~an 107* with a system’s
30 signal-to-notse rauo, definable as Ey/N,. being be-
tween 2 and 3db, J representing the number of bits
per Reed Solomon symbc1. E representing ote-haif
the number of Reed Sciomon panty symbols, |
representing the number of imerleaved Reed Solo-
mon codewords, and wirere K represents the con-
stramt length of the Va1 encoder and /v s the
code rate,

9. The method as described m claun 8 wherein sad
data 15 imaging data repressating & two dimensional
array of r by x picture elements, definable as pixels,
each pixel in sasd first stream of bits bemng represented
by y buts, sasd pixels being separable into source blocks,
each source block comprising an array of 2 by 2 pixels
whercby m = y{z*}, where m s an integer, reptesenting
the number of bits per source blocks,

said entire array of x by x tikels being dnisible into

X2z source blocks, the m bits tepresenting each
source block being compressed so that the average
number of bits represerung each source block in

as

40

45

2. The arrangement a5 described in claum 1 wherein
Pas is not greater than 107* when EyN, 15 in the range
between 2 and 2db.

3. The arrargzment as described .o claim 1 wheremn
J=8, =16, K=" and »=3.

4, The arrangement as described m claim 1 wheremn
J=8, =8, K=" and »=3

~
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65

said second stream of bi's 15 less than m

19, The method as descrited in claim 8 wherein the
parameters of the Reed Solcmon coding and interteav-
ing means are J=8, £=16, /=5 and wherein the param-
eters of the Viterbs portiors of said channels are K=7
and =2
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BLOCK ADAPTIVE RATE CONTROLLED IMAGE DATA COMPRESSION

Robhert F. Rice
Ed Hilbert, Jun-Ji Lee, Alan Schlutsmeyer

Jet Propulsion Laboratory
Pasadena, Cabfornia 91103

Abstract

A block adaptis e rate contiolled (BARC) amage
dula compression algorithm 1s presentud. 1o its
principal rate controlled mede, image Lines can be
cadid M selicted rates by combaning practical uni-
gl noiscless ceding technigues with block adap-
tiv e adiustments m hnear quantization. Compression
of any source date at selected rates of 3.0 bits/sample
and above can be expected to yield visual image qual-
Hy waitn ampetcepubly depradation,  Laacl recon-
astruction wall 1esult i the one-dimensional difference
entropy I1s below the selected compression rate.

The cumpressor can also be operated as a floating
rate noisdle ss coder by simply not altering the input
dela quantization. In this case, the universal noise-
less codur assures that the code rate 1s always close
to the entropy .

Application of BARC 1mmage data compression to
the Gableo orbiter mission of Jupiter 1s discussed.

INTRODUCTION

This paper presents a one-dimensional Block
Adaptive Rate Controlled {BARC) image data com-
pression algorithm recently developed for applica-
tions having extremely high fidelity requirements
such as archining and certam saentific investijga-
tons. This development 1s an outgrowth of earlier
work involving both channel coding and image data
compression.

BARC will first be introduced in combination with
a brief review of this related earher work. Impor-
tant functional and performance relationships will be
described. Later sections will provide a more de-
tailed defimition of BARC.

SCIENCE/ENGINEERING

CONCATENATED CHANNEL, P, <1077 AT £/Ny % 2.5 &3

AlCS

Information processing resvarch for deep space
exploration evolyed into the concept of an Advancid
lmagm% Commurmcatiun bystom {AlCH) shown n
Fig. 1. li

AlICS introduced a new approach te munochrom:c
image data compression as well as a practical solution
to the classic error sensitnity problem of comprossod
data. The latter solution 1 provided by concatutie:-
ing an nterlecasved Reed-Solomon (RS) code with the
famihar conyolutionally coded/Viterb: decoded duta
hnk, 121,13} The combined channel results in virtual
ly error {ree communicalion 4t the same date rate 1c-
quired by the cenvolutional channel alone 10 provide
an acceptable error rate jor uncompressed maging
(Pe 210-3,F, Thus dala rate does not need 1o be
lowered to achiere an error rate dacceptable to com-
pressed data. Ratd/fidohity tradeoffs involving pure-
ly source coding concepts can be consitdered as end-
to-end"” commun:ication system tradeofts. The bene-
f11s derived may simlarly be considered as end-to-
end bencfits. The implications of this approuch ard
far broader than the deep space communication prob-
lem for which 1t was intended.

RM2. The AICS concept mntraduced in Ref. 1 in-
cludes an mmage compression algorithm calied RM2.
This technigue provides a continucus flevibilaity to
tradeoff rate vs. quality by allowing any compression
rate (bits/sample} to be selected on each image {rame.
Image quabity 1s monotanically related to the bits/
sample used for coding. Thus a shghtly higher buis/
sample results in slightly better image reconstruction

TAt this same signal-to-noise ratio. Ep/Ng = 2.5 dB.
uncoded PSK modulation would yield a bt error rate
of about 1/50.

SCIENCE/ENGINEERING DATA

s PR ar -
ol SR |
1 geeo- CONVOLUTIONAL- REED-
{Pit/smale) I | sOLoMON}——ae{ ViTERD ] SOLOMON fomaes
—5*-— CObER DATA Link! pecopet | |
] ]
IMAGE DATA . IMAGE
W COMPRESSOR l-.....—..._.--....——----——-———-.——u---..-l T DECOMHESSOIW
TCONSTANT LENGTH # 7, RATE= 1/3

Fig. 1. Advanced Imaging Commumcation System (AICS)
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(Up to enact reconstruction near the rate correspond-
g to the differontial entropy of tin dats). Superior
puorformance has been observed ot ali compression
rates in cutnparison with standard adaptive tech-
nsques (eduptine cosine, Hadamard, hybrd, etc.)14)

The ®MZ rate control structure altfows o fixed but
drbitrary number of bits to be used per image frame
by using a globally adaptive procedurce to allocate
bits according to activity measures taken from sub-
prctures throughout an amage. High activity arcas
generalty rocoive higher allucations than jow activity
arvas  Io o supie cases o fnther rebenest morate
allucatiuon (and huncee quality) can be simply oblamed
for selective "target” regions by.using pattern recog-
mition techmgues o weaight the naturally vecurring
activity lealures,

Future use uf AICS in deep space exploration and
other applications 1s expected to yield sigmficant
mprovemd Nis 10 amaging information return capninhl_i)’
OVUr eXasing IMepIng COmmuUumcalion systems. 16}.17}

A Onc-Dimensional Algorithm

The system constraints of several current applica-
tions made 1t difficult to capitalize on the brosd range
of sclectable performance options provided by RM2.
This led 1o the development of a simpler but related
image compression aigorithm aimed at satisfying thesc
more restrictive performance and jmplementation
ruquirements,

The resulung one-dimensional Block Adaptive Rate
Controlicd {(BARC) algorithm has many simibar func-
tional end porlormence charactenstcs, Functionally
both algorithms allow arbitrary selectable compression
rates but the RM2 two-dimensional structure gives it
a broader range of useful options. That i1s, at high
rates of 3.0 bits/sample and above the performance of
buth algorinhms s cquivalent whergas ol lower rates
RM2 exhibits o deaided advantage. On an absolute
scaje, degradation to visual mage gquality can be ex-
pected to be mperceptible at selected rates of 3.0
bits/sample and above for vartually any source data.

Both algorithms can be operated as {loating rate
noiseless coders with code rates close to the data dif-
ferential entropy for all entropies above the neigh-
borhoed of 0.7 bits/sample.

Thus BARC basically provides the top ead of the
RM2 rate/quality performance range while needing
only one-dimensional processing. The latter means
that BARC 1s also apphcable to other non~imaging
forms of correlated deta for which there are stringent
{idelny regquircments.

BARC

The operations ilustrated n Fi1g. 2 are fundamen~
tal to the BARC algorithm, The primary rate con-
trolled mode, 1o be discussed later, 15 simply obtamed
by utilicing thesc operations in a closed loop fashion.

fluantization

D,(0) represents a sequence of K data samples
{e.8., 64) represented by m bats of hinear quantiza-~

c-3

.1 D, 1, 2, 00 UMNIVERSAL
NOISELESS
CODER [ ]
B.(0) By Vi)
I Je— L W) p—
Fig. 2. Basic BARC Operations

uon. (1), 1,=0, 1, 2, ... represents the same

K samples of 12,{(0) after the linear quantization has
bueen roduced by ) bits, This 1s simply accomphished
by a shift and round operation so that if x 1s a sampic
of §;(0) then [(x + ¢) 124}, 1, # 015 the corrcspoend-
ing sample of D(1,) (and ¢y 15 a roundoff constant),
An approximation to the original semple » can be ob-
tained ax X where

X L1 =20
]
&= (1)
t{x+cC
zll-""'"‘T"}".Iu tI#D
2}

Noiseless Coding

Applying the Umiversal Noiscless Code operator
¢B|-] m Fig. 2 to D,(t,) yieldy the binary sequence

¢s [B,11)) (2

from which 51(‘i) can be reconstructed exactly (hence
the term noseless coding). The original soquence
D,(0) can be approxmmated using {1).

To be useful, operator ygi+] must also provide a
data representation which s efficient. Efficient
naseless coding_means that the expected bits/sample
required by ¢B|E,(:,)l 15 close to some practical
measure of the mimmum possible (whiic stll allowing
exact reconstruction of b,(1;)). For this problem this
measure 15 of course the one-dimensional differential
entropy.

A great many practical noiseless coding problems
can be partitioned into two distinct subproblems.
The first, preprocessing, basically corresponds to
specifying appropriate decorrelation and relabeling
operations while the second corresponds to the as-
signment of varable length codewords to the result~
ing preprocesscd data.

Reversible preprocessing. For the specific mmag-
ing problem motivating the BARC development the
preprocessing operations reduce to these shown
Fig. 3. Here RP[+] denotes the collective operations
involved. These operations are veversible in that in-
verse operations applied to the output will enactly re-
construct the original input.

1818 the integer part of p.
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Fig. 3. Reversible Preproceesing Operations

As shown, differences between adjucent samples
are firat taken to yield an "approxmmately” memory-
less sequence of samples indicated individually by the
symbul a7 Because wuf considi rable nun-stationarity
i the date scvurce and the pussibility of adjustments
n 1, signaficant variations in the entropy of A distri-
butions can be eapected. Howewver, the &'s will tend
to remamn distributed about zero 1 a uni-modal fash-
wh  As g cmscquence, the following probability or-
dering of & values 1s consistently well approximated

Pria=0l2Pria=+1]z Pria=-1lz Prla=+2}]2 ...
3)

Thus 1t 1s a simple matter to map the A's mnto the
non-negative integers & = 0, 1, 2, ... such that waith
py = Prits =i the following condition remams well
dpproximated

PoZP 2P ZEpPy Z.--. (4)

The original noiseless coding problem has been
reduced to the coding of an approximateiy memory-
less source with known symbel probability ordering
but with basically unknown values. That 1s, the en-
tropy of & distributions can be expected to vary con-
siderably but without disturbing condiuen (4). Effi-
cient coding means that the expetted bxtsis:émplu
required remains close to this entropy for all the en-
tropy values that may occur. References 8 and 9 ex-

Twe are basically taking differences from a prediction
that the next sample will be the same as the last. In
most cases the improvements in performance from us-
ing a more sophisticated one dunensional predictor
cah be expected to be minor,

IThe entropy of the A or & distributions 1s, of
course, the same. It corresponds to the one-
dimensional entropy mentioned earlier and appearing
in Fig. 2, defined by the famihiar equation

—ij lcsg2 Py
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tensively treat this general problem, providing prac-
tical code operators which yicld efficient performance
m this sense for any entropy above sero. This s
hustrated in fage 4. Thest results are eatensions
and revisions of carlicr work described in Ref. 10,

We will not elaborate on these techniques here. It
suffices tu note that current breadboard verswons ol
BARC vmploy code operator fofe J = 16 detimed] in
Refs. B and 9. Combimung 3 l+] with the reversibic
preprocessing of Fig. 3, RP{*], completes the detms-
tion of the BARC Umversal {works on all entropy
values) Noseless Code Operator gple] shown in
Fig. 5.

Rate Controlled Mode

A block diagram descerilung the BARC rate con-
trolled mode 18 given mn Fig. 6. This mode provides
the ability to distribute a prescribed number of bats,
N, over a one dimensicnal data sequence such as an
image hne. The basic idea 15 to partition the input
data sequence into smaller data blocks {e.g., 64 sam-
ples) and then use "activity measures” for these
blocks to determine which blocks should recerve re-
ductions 1n lincar data quantization. The number of
reductions and thewr location is determined such that
a) when all the modified blocks are efficiently coded
the number of bits used equals the number dliowed
for the input data sequence, and b) reductions 1n
quantizations are first apphed to blecks of higher ac-
tivity (larger sample-to-sample variations), Subse-
quent paragraphs will specify this approach i mort
detal.

Let B represent a data sequence partitioned into n
blocks of K samples

b= ﬁ](m Eiz(u) Bym ... (5)

and where 13,(t)} has alrcady been defined as data
block D,(0) with each sample reduced in quaniization
by t; bats (see Eq. 1).
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The "achivaty" tor D(ty) 1s delined ant

Estimated bits to
a (1) = ¢ code Dylry = Lntropy  (6)
nuiselussly using tjaBl‘l

Then wae have

L Lstimated bits 1o code all of
a = E al((.l) = I such thal exact recongtruction (V)

=1 15 possible

If N bits have been allowed for the coding of D
and N > &, dummy bits actually have to be added.
However, 1if @ > N the bits needed to cede D must
somehow be reduced by

a~N s (b)

gb’ observation. whenever the differential entropy
for I};(1) 1z greater than about 3.5 bits/sampl

E{al(t +1} w efa ) - x "

TThe estimates in (6} can be easily obtained without
the need 1o actually code D(t) with g 1+]. {8].019]
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where h{-f denotes espectation, 4 his moeans that o
roduction an nea quantization by one bit can be ea-
prestodd to redace the Ints needed 1o codaing by a)a-
prosanately one bit/sample,  The total bits needed to
code D can be reduced by o - N bats by applying

]

block reductions in gquantizafion,

(§11}]

A larger ap(t) indicates a higher data activity for
the block, which alse means the typical sample-to-
sample transitions are larger. Clearly, a reduction
i i guosntizatzon as Jess damaging (o blucks
whnbi have lurge transitsons than to blocks whaeh
have small transitions. 1 his suggests o ssmple algo-
rithm tor determining the location of the n block re-
ductions in guantication. The algorithm appeaers in
' 5.

INTFIALIZATION
= O ALL 4

FIND k SUCH THAT
ﬂ('k) - “i“ ﬁ"i'

. 'k'|_'°'k

Fig. 7. Quantization Locator

Except for some subtieties the basic BARC defmmi-
tion 1s complete. Returmng to Fig. 6, input se-
quence [ {5 stored while the I, values are determined
for esch data bleck [,{0). Once this 15 accomphshed,
quantization adjustment followed by noiseless coding
of the resulting Dl(t) 15 1nitiated.

~ Adpustments for changes in 1. The first A for
Lyty) as the result of taking the dufforence between
the first dutu sample n D,(1)) and a "reference” sam-
plu gencrated from the last sumple of the previous
bleck Dy _)(1,.y). H t, <t ) the expected fidelity of
this reference sample needs to be upgraded to a level
of gquality corresponding to t,. This can be accom-
modated by sending an additional 1, . - t, bits at the
beginning of a4 block. We will denote these bits by

LSB, {11)

Cc-6

Addisonally, the newd tarr an anitial reference sample
can be provided by transmitting the st sample of

100} scparately (sntiahizas - g 3. e do-
note this by

REF = {fm,\_t sample (1)

ufD](U)

Format. Notmg also that the t; values nedd to e
transmitted (standard bmary form) the date format
can be defined as shown below in Fig. 8.

*. [ﬁ,(l‘)] ’Pﬂ [BZ('Z'] va [En"nl]
— e, g —_— A e,
gl | B [t ] |
Fig. 8. Duata Format

Mmor adjustiments. Because of spome shipht inac-
curaciwes 1y the a;{t)) cstimates the aclual bits re-
quired to code D may not match up precisely with the
allowed N bits. In some applications this s of no
congequence, whereds an others it may be o strict ro-
quirement. For the jatter case there are several al-
ternatives which may be applied separately or in
combination.

¢) If the number of bits required to code D s
ceeds N, then codihg termimmates when the bits used
equals N (e.g., a few picture clements are lost at the
end of a TV hne).

b} buffermp: 1f the bals required excecd N by A
bits, adjust the number of bits ailowed in the next D
sequence to N' =N - A,

c) epsilon. The potentiul for exceeding N bits can
be reduced by meodifying the numerator m (10) to
o -~ N+ ¢, The choice of ¢ can be picked to alse
include the effcet of overhead buts needed for RED,
I.SB1 and L.

d) Continually update the t; as D 15 coded.

H the number of hats required to code B s less
than N, dummy bats are added.

Other observations. In most image apphications 1
values of two or less arc completely adequate to en-
sure selected code rates down 1o 3 butafsample {dula
cnirepies up to about 5 nts/sample). Requirements
for larger valuus of { may be accomplished by a (ront
end "hne-spht"™ which truncates off the least signih-
cant bits of all samples of D. The decision to per-
form the split(s) is made only if the catculated num-
ber of quantization reductions, n n Eq. 10, 15 larpe.
Each line~spht is basically eguivalent to increasing
cach 1, by one. The hne-split approach can alsv be
used to more casily extend the efficient performance
range of Ygl-} to higher entropics when eperating n
“ floatini rate nowseless coding mode (all 1) =

0).18}-[10}
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DISCUSSION

With unly shght varations the BARG ulgorithn
deseribed bere as gencrally appiicable 1o most real
one=dimensional correleted data sources for which the
Ndelty reguiraments arc very high. The universal
noyseliss coding Wochnigues used by BARC but club-
orated onn tlsewhercl 81.19) have o much broaduer
applicabahity.

The eflcct of at errors will propagate so that
BARC suffurs from the familiar error sensilavity
problem of compressed data. Other than remedial
operations such as the occasional insertion of sync
words, BARC should be uscd m an envaronment
where urror events are rare. I'or deep space com-
munication this clasaic problem was solved by the
cuncatendatived Recd-Solomon/convolutional-Viterb:
channel described earher (Fug. 1).

The concatenated channel and an 800 Kbat/sec
CMOS verswon of BARC have been implemented for the
Gualilew orbiter mssion of Jupiter,

BARC will be apphiud to 8 bit/sample imaging data and
aperated at o hixed 3,24 bits/sample. This version
cmploys a single hine-spiit to extend the efficient
noiseluss coding range to entropy values from 0,7 to
6 bitsfoample,

The concatenated Reed-Solomon/convelutiandl-
Vaterb: channel will also be incorporatcd on the Inter-
national Sular Poler Project. Both BARC and RMZ are
currently bemng studied for apphcation to Sclar Polar
maging devices {Corenograph and X-ray}.

In carth based spphcations both algonthms are
bang investigated for compression of NOAA weather
sulcHne data.
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