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SECOND AIAA/NASA USAF SYMPCSIUM ON AUTOMATION, ROBOTICS AND ADVANCED ICMPUTING FOR THE
NATIONAL SPACE PROGRAM

Dale Myers
Deputy Administrator
NASA Headquarters
Wasnington, DC

Tnanx you, Noel (Hinners), and good
moraing £o you all. On benhalf of all of
4s at NASA, I'm pleased to welcome you o
tnNis Most important symposium.

o]

Nearly 40 years ago, one of the fathers
of cybernetics, Norbert Weiner, described
automation as a "new development wnich
has unbounded possibilities for good and
for evil.”

Mr. Weiner was right, of course. New
technologies are, in themselves, neutral.
It is only in our capabilities and
intentions to apply them that tney take
on moral significance. The real
importance of advanced technology lies

in what we do with it. 1 am pleased thact
this Symposium will help us to focus on
applying some of mankind's most advanced
technologies to create unbounded
possibilities for good.

As we prepare to enter the Space Station
era, it is clearer than ever that the
Station’'s development will also drive

the development of automation, robotics
and advanced computing, both in space and
on Earth.

Advances 1n these technologies, to be
stimulated by the Space Station Program,
will benefit the United States in many
WwaYs.

Such advances will increase productivity
in space for commerce and science,

They will also increase productivity
thrcughout the United States economy,

33 the new technologies are transferred
back to industries on Earth. And they
will help to preserve United States'
leadership both in space and at the
cutting edge of technology on Earth.

NASA welcomes the challenge of developing
a highly automated and autonomous Space
Station,. Indeed, such a facility will

be essential, not only to the station's
development, but to its evolution and to
future space endeavors through the end of
the century and beyond.

The successful use of such technologies
will ensure that future space missions,
ho *hev manned or unmanned, will be
beneficial, productive ard costa
effective. NASA's goal in developing
t.ese technologies is to ensure that

we achieve the best mix of people and

machines to do our work effectively

and efficiently,

-

TTa5 tater 15 declared a work o6 ene

esernment and 15 not surjerse
DoThryriaht o nrotectisan in the

nited Trares,

If we can meet that gcal, we will ernance
5oth the productivity and =ne safaty 7

tne ploneers who wiil De 1iving, working
and learning in space permanently .7 3jus*®

a3 few short years. Indeed, the safety

of our people is NASA's nighest priority,
because people are our most precious
resource.

What is NASA doing to achieve that
balanced mix of people and machines
so essential to future progress?

We have developed a research program
designed to exploit automation and
robotics technology to the highest
degree possible consistent with our
resources. The research is carried
out by our Office of Aeronautics and
Space Technology, and its fruits are
tranaferred to tuiece other NASA program
offices; that of Space Flight, of the
Space Station and of Space Science and
Applications.

Our research program has three
objectives. First, we aim to
decrease the cost of ground rontrol,
and ground processing and checkout;
second. we want to increase the
capability and flexibility of space
operations. Finally, we want to
increase the probability of missicn
success.

Artificial Intelligence Technology will
be used to reduce the size of the ground
control contingent. Telerobotics will be
used to enable increased space assembly,
servicing and repair.

In the long run, we expect the program
will have extremely beneficial results.

Its goals are to decrease mission
operations manpc--~ h~y 75 per cent;

to replace half o1 extra-vehicular
activities with t- - oDotics; and to
enable remote asse. , servicing and

repair through telerobotics in both
geosynchronous Earth orbit and in peolar
orbit for the Space Shuttle, the Space
Station's Orbiting Maneuvering Vehicle
and Flight Telerobotics Servicer and
other orbiting facilities.

NASA's work is designed to complement
thae axtensive efforts of industry and
the military in special arcar *that
several study groups have identified
as requiring NASA leadership.
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For example, one area :1n whicn NASA
clearly has taken a leadership role (s
that >f traded zontrol. As you know,
tnis is tne ability =2 switch from human
td autonomous control of 3 macnine grace-
fully and smootnly - sometning Llixe using
rruise control in your 2ar, Another area
i3 that of sperator-machineg int2rfices.
NASA gain=d =his =xpertise cecause it
"33 2mpLoy=d adatomation aind robotics in
o271 mann=21 1nd unmianned nissions 3iace
~n2 2eglaning of tne spale program, Dur
inpinned Silanetiry 2xplorers and other
scientific spacecrart all have nad and
continue %o have highly automated
systeams. And, as we all know, the
planned Mercury flights were so automated
that the astronauts felt they would be
little more than passengers in their
capsules,

Qur heritage in robotics was highly
visible in the Viking Mars Lander,

and remains so in the Shuttle's Remote
Manipulator System. <Clearly, automation
and robotics are not new to NASA.

What 13 new is our increased focus on
advanced automation and robotigs tech-
nology in recent years. This new surge
of interest and activity has come about
because of two related government
initiatives.

The {irst is the Space Station program,
initiated by President Reagan in his 1984
State of the Union Address. The second
is high Congressional interest. This was
manifested in July 'Y84 when Congress
passed legislation, now known as Public
Law 98-371, which directed NASA to put
the best brains in the country to work

to identify and develop space station
systems which advance automation and
robotics technologies, not only on the
initial Space Station, but throughout

its evolution,

That same public law spawned the
formation of two groups. The first

is the NASA's Advanced Technology
Advisory Committee, a group of NASA
experts formed to make the reports the
law made mandatory. The second is the
Automation and Robotics Panel, composed
of non-NASA experts from industry govern-
ment and academia. Both of these groups
have made and continue to make valuable
contributions to the NASA program.

Their advice and assistance has been
invaluable in developing our agency-wide
focused and augmented automation and
robotics program.

We are developing the program, as we
develop any major program, hased on
strict assignments of roles and
responsibilities and careful planning
a33uap*  ~s5. Indeed, we had ten planning
assumptions, and they have served as our
Ten Commandments as the p=~g-am tilzz
<hape.

Because they are so importan~, 7 w>ild
like to summarize those plann:ing
3ssumptions now.

The first is thnat tner2 wll. o= “W&4d 520!

~2l2roootics and syst2m adlinomy, LU
2xpRrt systams,

Second, =aca ucus Wwill nave a3 series of
ground demonstrations of an evolutisnary
t2stbed to show increasing capability »f
integrated technologies.

Third, there will be a core technology
program to develop the capabilities
needed to enable the demonstration
sequences.

Fourth, the resources balance will be
2/3 for core technology and 1/5 for the
demonstration sequences.

Fifth, any flight demonstr_ticn3 will be
funded in conjunction with the NASA User
Offices, that is, the Office of the Space
Station and the Office of Space Fligat.

Sixth, each ¢f the two ground
demonstration sequences will take place
at a NASA Center, but not necessarily the
same center.

Seventh, the core technologies will be
developed at various sites.

Eighth, government, industry and
university research will be leveraged by
using 40 percent of the program funding
to sponsor research outside of NASA.

Ninth, for each focus, the technology
development will begin with an early
demonstration of current capabilities

and move forward in aggressive, but
reasonable increments, leading to the
development of a revolutionary technology
for both automation and robotics.

¥inally, arrangements will be made to
link research centers, user centers,
NASA program offices and appropriate
universities and industries into working
teams.

Using the approach I have just outlined,
NASA is moving vigorously to integrate
application of advanced automation and
robotics technology into the development
of the Space Station and into the Space
Transportation System as a whole. Our
most critical needs for those tech-
nologies for the Station will be in

the initial assembly and building phase;
for antnanomous operations, once it is
assembled and built; and in the efficicnt
servicing of the Station, payloads and
satellites.

It is obvious that our contractor's
cooperation is vital in this program.
That is why we have made it clear to
them bath in the Phase I deliaitiz. ==7
prelimiyary design phase ¢f the program,

slat ' ‘APUUIM
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and as we approacn the jevelopmental
onase, <nat 3dtczation and robotics
t23nn5l04y 15 r2quirad for the Space
3tation. Tndead, w2 Wwill =2valuate
2a1traznor praopesals for the Tinal Jdesign

3nd Taorication pnase of thn2 program for
ta2ir r2323nsiv2ness Lo automation and
2027123 TR2iLalr2mants.

I oam S.o23323 %"oit Judr coniraclors ar2
7 N

2sming Lnriagn 2y owWell. Tney
_o2nniT2d ind r=oommended aatomation
ind roodtias 3applicacions Jduring Phase B,

and have amplified those plans in
innovative and skillful ways as we
orepare for development in Phases C
and D.

“anding for NASA's autcomation and
robotics research and technology program
i3 growing incrementalily every year.

It has gone from $10.2 mililon &t the
orograa's inception in FY 1986 to a
poroposed $25.7 million for Fiscal 1988.

I am pleased to report that funds have
been committed and significant progress
nas seen made in developing a flight
telerabot servicer. This machine will
e available as the first element launch
5f the Space Station and will be used to
support assembly, maintenance, and
servicing of the station.

Research and development also is being
conducted throughout NASA and by its
contractors on expert systems to support
Space Station operations and scientific
research and manufacturing in space.

The university community is on board, as
well. NASA nas selected the University
~f Wisconsin to establish a Center for
the Commercial Development of Space,
specializing in space automation and
robotizs.

As we move forward with these activities
it is =lear that potential applications
»f this work will be important not only
for the Space Station program, but for
the Space Transportation System as a
whole and for industries on Earth.

Indeed, given the long-term benefits in
greater Space Station productivity and
in major productivity improvements that
would result from transfer of expert
systems to industries on Earth, many
pbelieve that NASA should make a greater
investment in automation and robotics
technology.

For example, the recent report of the
Automation and Robotlics Task Force
commissioned by NASA's Space Systems and
Technology Advisory Committee estimates
that the prograa is uuderfunded by a
factor of 2 to 4. The Task Force
asserted that to be successful, and to
do all that NASA should be doing in this
promising area, funding should be
_.creased substantially.

NASA agrees Wwitn Tnat assessment, AnzI D
2an only say tnat (¥ tne Congress will
Zive US ta2 £230Url2s, wWe wiil do ta=

< > t

zan oe l1one,

Our great adventure in gpace has hardly
begun, The Space Station and the
miszsions to follow will challenge our
ingenuity and skills to the fullest. 3ut
from this 2ffort will come new knowledge
and new technological bdreakthroughs we
can hardly imagine today.

Qur challenge is to make the most of our
opportunities to benefit ourselves and
future generations.

Last month, President Reagan spoke to the
NASA employees on the first anniversary
of the Challenger accident., He said:
"Whether it i3 the exploration of space
or the applications of space researcn
nere at home, the future to which you are
Leading us is bright, the challenge whizn
you are shouldering for all mankind is
one that we cannot tura cZway from."

NASA welcomes that challenge. We will
never turn away from it. We will
continue to push ahead, with dedication
and resolve, toward a brighter future faor
all manking,

Thank you very much.
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APPLIED ARTIFICIAL INTELLIGENCE IN NAVY

Randall P. Shumaker
Naval Research Laberatory
Washington, DC

Abstradt

Tre U.S i.avy has a wige spectrum of applications to
wnicn Al can be appied. :ncluging manufacturning and
ogistcs. and operational applications n surface ships,
supmarines. arrcraft and space applications. The Navy,
hrough the Office of Naval Research (ONR), has
supported artificial intelligence research from its earliest
amergence as a disciphine. and continues o be an
mportant contributor to university-based artificial
rteiligence research. Increasingly the Navy is
conducting applied research programs within its own
abcratones with the goal of transitioning the technology
.nto service. These programs cover a range of

Tris racer 1 declared 4 work of the
wsernment and |5 anr sabhiece
try ceovriaht crntesrian 1n the

"nmited jrates,

application areas, many of which are closely related to
civihan problems, but often they exhibit a unique miiitary
flavor. Applications such as fault diagnosis, inspection,
planning aids and 'mage analysis clearly have close
counterparts in the commercial world. Target
classification, battle management, naval message
processing and enemy plan recognition are unlike therr
closest commercial counterparts in a number ot
respects, panticularly when operational impact, real-time
operation and computing power hmitations are
considered. Navy projects in several of these areas
have matured to the degree that full scale utilization of
the technology could begin within three to five years.
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3 AND THEMES IN INFORMATION SCIFENCE AND TECHNILOGY

faul

Amarel

Tefense Adviarced Yesearah Protects Aadency
nfarmation Science and Technoloay Office

Ar.ingtaon,

meutind s an extremelv Iynamic tiela, and it
Wii o TTnricue S0 Mave mator 1rract on our snciety,
Trere are ceveril oxXJltind scrent:it:ic/technoloq: til
levaloprents in o the Yirel il swodavy chat rromise t o
1zrelerite furt=er the _mpact »f computing on

Te
‘ferense and Snour Cat:ional econeorry,
Tre technnlngv ~f erv large 5cale Intearzat_.on
LSIE and netwerking has spawned several novel
~ultipracessor architectures. These architectures
oromise to rrovide the vervy high performance
-avabilities that are needed in applications such
Sreech, Comoplex Svmbolic Processing
Tarcte 3clientific problems. DARPA has a major
2¥f~rt :n thls area as part of our Strategic
Torputing Program. Results so far are very
encouraqing. Much remians to be done, espec:ially
inoatening 3 hetter understanding of the
tamabiiities of new architectures and in
‘eveloring effective wavs of applving them to the
solution of various types of computatiorally-
:ntensive rroblems., Basically, we face the
challerge of developing avpronriate computational
raradigms for parallel computing. Another
tmoortant task 1s to establish better links
tetween devel.pments in conventional (primarily
numericallv-criented) supercomouters and the new
exnlnarations in highly parallel architectures.

15 Tision,
an?

vle are now at a voint where Artificial Intelligence
‘Al) is starting to have noticable impact on a
number »f industrial and defense problems. DARPA
has been the nrimary source of support for Al
research over the last twenty years. Scientific
levelopments in AI promise to elucidate the nature
~f intelligent action in man and machine: in
wddition, thev promise to bring about a new
qeneration of machine intelligence technology that
w11l extend considerably the scope and power of
computing that will be available to various
~lasses of users. The major thrust of the DARPA
Strategic Computing Program is to accelerate in a
substantial way the development of a machine
:ntelligence technology that can have a significant
impact on defense systems and that can strengthen
~ur industrial capabilities. Much work in AI is
now directed to the exploration of methods and
svstems for solving very complex “"real life”
oroblems. In parallel with these efforts, we need
ro pursue basic research on problems of repre-
sentation, reasoning, learning and discovery, and
»n frameworks for designing and implementing AI
svstems.

This country, and the DoD in particular, has an
ennrmous investment in software. This is an area
where better methodologies, tools and theories
are sorelv needed. We must develop much more
effective ways of designing, building and main-
taining software. AI methods and cost-effective,
massive, computer power will certainly help us in
this enterprise. In addition, we need to develop
better theoretical underpinnings and more powerful
automated processes to support the engineering of
complex, testable and reliable software.

‘Lpyriqght @)1987 by the American

institute of Aeronauticg and :

As*ronautics,
reserynd,

Ine. Al riahts

Yirainia 22209-2208

Ade have made enormous progress 1n ti.e area of
computer networking and distributed computing. wWe
must build on top of our experience with ARPANET
ind internetting to provide a more convenlent
network access to the national (and international)
scientific and engineering communities. We can
expect completely new patterns of collaborative
resesrch and engineering to develop because cof the
Jrowtn ind maturation of computer networking
technology. Experience to date suggests that these
developments will have significant impact »n the
productivity of professionals. More research 1is
needed on wide-band networks and on reconfiguratle
networks. Also, we are still facing difficult
problems in the design and use of distributed
computing systems.

In recent years there has been substantial progress
in the application of computers to design and
manufacturing. This is an enormously promising
area, and 1t has great significance for the
national economy. Most of the work so far has
concentrated on the use of computers to design
computers and their parts (e.g., VLSI design,
digital circuit design, system confiquration). It
1s becoming apparent that many of the current
techniques can be extended to other types of
design, including the design of mechanical parts
and processes. Computer science and technology 1is
now at a point where it can provide the intellec-
tual basis and the tools for the development of a
science of design. I believe that the entire area
of exploring computing as a basis for assisting
and amplifying industrial prodictivity is in
excellent candidate for a major national
initiative.

Even though the U.S. pioneered many of the early
developments in robotics, it is now lagging
(relative to Japan) in the production and use of
robotics. We now have many of the elements that
are needed for the construction of advarnced
robots, i.e., robots that can effectively
integrate perception, planning and action in the
pursuit of given goals. At DARPA we have a growing
program in this area, including the Autonamous
Land Vehicle project. This is another area that
may be re 3}y for a major national thrust.

There has been progress in ter-aided
instruction and training in the last decade but
much more needs to be done in this area. By
increasing the effectiveness of computer systems
as adjuncts to instruction we can improve the
human potential of the nation. This is an
extremely important objective. We need additional
research in this area, in particular work on
effective and adaptive man-machine interfaces.
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‘ We are moving to a1 point where the presence Hf
computers 1s influencing in 1 substantial way the

‘ ipproach ta many scientific and engineering
problems. Bas-c paradigms for :;?Q-ZHighVZLCS,
in mathemat:cs .iand 1n other ireas ire heing
reshaped hecause f the availabilitv «f vag=s[w
increased imcunts of compurer power as well s ot
mprroved meth. doloqgles Yor harnessing raw computer
power to the nceds of users. [t 15 important o1
crmputer scrence and technology to be aware -f
rhese developmerts ind to try to understand them.
rris has 1mplicat:ions »n education in -omputer
science and on the need for cross-disciplinary

research.

“Tomputer Science 1S continuing to suffer from a
manpower shortage. It 1s essential to build
qniversity environments that encourage an

increased production of graduate students in the
discipline. This has implications on the

continuity of research support and the availabil:itv
of up—to-date computational facilities in

icademia.

We need to maintain an adequate growth rate »f
computer science research funding in the nati-n.
At DARPA, -omputing 1s an area B? high prierity,
ind 1t 1s heing funded at a level which is

rouaghly one Tuarter of the agency's total budaget.

It would be desirable to develop a rnational pol: |

for computer science research. In order to mcve
towards such a1 policy, it is important to

increase the coordination of planning in computer
science among government agencles. The FCCSET
committee activities are a move in the right
direction. Also, 1t would be useful to establish
32 forum for the interchange of ideas on leng-
range planning ~ith participation from gaverrnment,
industry and academia. The creation of the
“omputer Science and Techrology Board bv th
National Research Council is an impoctant step in
that direction.

“rmputer science and technology are in a healthy
state »f development today. There are many
research and engineering challenges in the field;
there are alro many opportunities. Viewed 1in a
broader context, the computer field is in a
pivotal position of influence vis-a-vis all nther
areas of science and advanced technology in the
1J.5. It is essentlal that we maintain our
momentum in advanced computing in order to
maintain/increase the chances of national
leadership i1n other key areas of science and
rechnology, such as Space.
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Vision and Navigation
for the Camegle Mellon Naviab

Charies Thorpe
Steven Shater
Takeo Kanade
and the members of
the Strategic Computing Vision Lab

1. Introduction

Robotics Is where Artiticial Inteftigence meets the real world. Al
deals with symbols, rules, and abstractions. reasoning about concepts
and relationships.  The real word, in contrast. ts tangible. full of
sxceptions to the rules. and often stubbomly difficult to reduce to
logical expressions. Robots must span that gap They lve in the real
world. and must sense, move, and manipulate real objects. Yel to be
intefligent, they must aiso reason symbolicalty The gap is especiaty
pronounced K the case of outdoor mobile robots. The outdoors 18
constantty changing, due to wind in trees. changing sun positions,
aven due to a robot's own tracks from previous runs. And mobiiity
means that a robot s always encountering new and unexpected
avents. So static models or preloaded maps are inadequate to
represent the robot’s world

The toots a robot uses to bridge the chasm between the extemal
workd and Hfts inlemal representation Include sensors, image
urderstanding to imerpret sensed data, geometrical reasoning, and a
concept of time and of the vehicle's motion over time. We are
studying those issues by building a moblle robot, the CMU Naviab,
and giving it methods of understanding the wortdd. The Naviab has
perception routines for understanding color video images and for
nterpreting range data. CODGER, our ‘whiteboard®, which was
developed for the Naviab and Hs smaker cousin the Terregator,
handies much of the modeling of time and geometry. Our architecture
coordinates control and information flow between the high-level
symbolic processes running on general purpose computers, and the
lowardevel control ruming on dedicated real-time hardware. The
system but trom these tools 8 now capable of driving the Naviab
along narrow asphalt paths near campus while avolding trees and
pausing for joggers that get in its way

This repont describes the Naviab [11] and the software we have
built over the past year color vision, for finding and foflowing
roads [12]), 3D perception, for obslacle avoidance [4]; and the
CODGER whiteboard {10].

2. The Naviab

The Naviab (short for Navigation Laboratory) i3 a van converted into
a robot, capable ol being driven conventionally or under compuler
control (figure 1) It i3 self contained, carrying s own sensors,
processors, power, and even researchers.

Owr previous moblle robots, such as the Terregetor, have been

roflable workhorses for small-scale experiments. However, we have
started 1o oulgrow thelr capabllites. As we began to experiment with
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sensor tusion, smaler robots ran out of space and power for muttiple
sensors. When we wanted to expand owr test areas, communications
fo a remote computer in the lab became mora diticult And as the
experiments became more sophisticated, we found it more productive
for the experimenters to test or debug new programs near or in the
vehicle, instead in a remotely focated laboratory

Nedab Is based on a commercial van chassis, with hydraukc drive
and electric steering. Computers can steer and drive the van by
glectric and hydraufic servos, or a human driver can take over control
i necessary. It is even licensed in Pennsylvanta, 3o we can drive it by
hand to our remote test sites. Once thers, the driver pulls a switch
and an onboard microprocessor assumes control of the steering and
drive. The Naviab has room for researchers and computers on board,
and has enough power and space for al our existing and planned
sensors. This gets the researchers closs to the experiments, and
efiminates the need for video and digital communications with remote
computers.

Features of the Naviab include:

* Onboard computers. We have five computer racks. one
for low-level controflers and power smoothing, one for
video  distribution, VCRs, communications and
misceflangous equipment. two racks for general-purpose
processors (currentty Sun workstations), and one for a
Warp processor

+ Onboerd resesrchers. There is atways a safety driver in
the driver's seat. There i3 room lor four researchers in
the back, with a terminal or workstaticn tor each. An
overhead shelf holds video monitors and additional
teinals. The researchers can monftor both thew
programs and the vehicie’'s motion.

* Onboard power. The Naviab cames two 5500 Watt
generators, plus power conditfoning and battery backup
for critical components.

« Onbosrd sensors. Above the cab Is a pan mount
carrying our laser scanner and a mounting rak for a color
TV camera. There wilk aventually be a separate pan/itt
moumnt for stereo camerss.

« Evolving controfler. The first computer controfler for the
Naviab i8 adequate for our current needs. it will evolve to
do smoother motion control, and fo interface to an inertial
guidance system and possibly to GPS satefite
navigation. The controler will also watch vital signs such
as computer temperature and vehicle hydraulic pressure.

3. Color Vision

The Naviab uses color vision, specifically multi-class adapttve color
classification, to find and follow roads. Image points are ciassified into
*road" or “non-road® principally on the basis of their color. Since the
road s not a8 uniform color, color classification has to have morg than
one road model, or class, and more than one non-road class. And
since conditions changs from time to time and trom piace to piace
over the test course, the colors have to adapt. Once the image is
classified. the road is found with an area-based voting technique that
finds the most likely location for the road in the image.

3.1 Vision Principles for the Real Worid
We based the development of our vision on the following principles:
Assume veristion and change. On sunny days, there are

shadowed areas, suniit areas, and patches with dwmunlgm On
ralry days, there are dry patches and wet patches. days, there
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are wet and dry and sunny and shadowed af in the same image The
0ad has clean spots and other piaces covered with leaves or with
drips of our own hydraulic fluld  And as the sun goes behind a doud
or as the vehicle tums. lighting conditions change This means that
wa need 1o have more than one road color class and more than one
non-road class, that those classes need lo adapt 1o changing
condittons, and that we need to process images frequentty so the
change from one image to the naxt will be moderate

Use few geometric parameters. A complete description cf the
rrad’s shape mn an image can be quite comnlax The road can bend
Jently of tum abruptly. can vary in »ath. and can qo up or down hill
Howevar. the more parameters therg are. the greater the chance of
arror an finding those paramseters  Small misclassitications in an
mage could give risa to laidy large »rrors in percelved road geometry
Franthermore o all the road parametess Lan vary. there .. ambiguous
nterpretations  Joes the road actually nise, or does it instead get
widar as i goes’ Wa chose !o descnbe the road with only two free
parameters  its onentation and its distance from the vehicle. Road
width 1s fixed. we assume a #at world, and we decree that the road is
straight While none of those assumptions are true over a long stretch
of the road. they are nearly true within any one image. And the errors
n r3ad position hat come from those oversimplificalions are balanced
by less chance of bad interpretations. ! there are a few pixels
neorractly classitied as road. the worst our method will do is to find a
slightly incorrect road. A method thal tries to fit more parameters. on
the other hand. may come up with the perfect interpretation of part of
‘he road. but could find an abrupt turn or sudden slope near the bad
pixels.

Work in the image. The road can either be found by projecting the
road shape into the image and searching in image coordinates. or by
back projecting the image onto the ground and searching In world
coordinates. The problem with the latter approach comes in projecting
the image ontoc an eventy spaced grid in the world. The points on the
world grid close to the vehicle correspond to a big area in the lower
pant of the image. points farther away may correspond to one or a few
pixels near the top. So either there has to be a complex weighting
scheme. of some image pixels (those at the top, that project to distant
worid points) will have more welght than other (lower) points A few
noisy pixeis can have a big or a smafl etfect, depending on where in
the image they lle. On the other hand, working directly in the image
makes it much easier to weight all pixels eventy. ¥ve can directly
search for the road shape that has the greatest number of road pixeis
and the least non-road pixels Moreover, projecting a road shape is
much more effident than back projecting all the imayje pixeis.

Calibrate directty. A complete description of a camera has tc
include Hs posttion and orentation in space; its focal length and
aspect ratlo. lens eftects such as fish-eye distortion, and non-
lineartties in the optics or sensor. The general calibration problem of
irying to msasurg each of these variables Is very difficult. it is much
eagiar. and more accurate. to calibrate the whole system rather than
trying to tease apart the individual parameters. The easlest method 19
tn 1ake a picture of a known object and build a lookup table that
rolates each world point to an image pixel and vice versa. Projecting
and back projecting are simply done by tabie lookup, or table lookup
tor dose by vatses with simple Interpolations Such a table Is
straightforward to bufid and provides good accuracy. and there are no
nstablifties in the calculations.

Uoe vuiside constraints. Even without a map Jf our lest course
of an axpensfve inertial navigation systemn, we know approximately
whaere the road should be based on the previous image and on vehicle
motion  Our “whiteboard” can predict where the road should appesr it
the road were straight and the vehicle navigation werg perfect.
Adding a suitable margin for curved roads and sloppy navigation stif
gives useful limits on where In the image o look for the road.

Test. Wa triad to run our VCR every day we took the vehicle out, to
coflect images under as many conditfons as possible. We had sunny
days. cloudy days, rainv days, leaves on trees, leaves {uming color,
leaves falfing, early moming. noon, after dusk, even a partial solar
actipse  Strategies that worked well on one set of images did not
atways work on the others. Our philosophy was to collect the toughest
images from those sets. We ran our best algorithms and printed the
classification resuits, changed parameters or algorthms, reran the
data 3et. and compared resufts. This gave us the best chance of
being mathodical and of not introducing new bugs as we went. When
the ‘mage processing worked o our satistaction, we ran simuiations in
the lab that iInduded the whiteboard, range processing, path planning,

and 1 yetwcle simulatar with Lisica processirg stcred mages and
interacting with the rest of the sysiem When the simulations worked
n the 'ab, we moved them 1o the vehide Only after the simulations
worked on the vehicle's computers. and we were sure that af
nacessary software was on the van. did we Go Mo the faid for real
tasts  Even then, everything didnt work. but there were many lewer
bugs than there would have been without the simutations and tests

3.2 Road Following Aigorithm

Figure 2: Original image

Wg foflowed those principles in butlding and tuning adaptive color
classification for following roads. Our algorfihm involves three stages.
1 Classity each pixel.

2. Use the results of dassification o vote for the best-M
road posttion.

3. Collect new color statistics based on the detected road
and nonroad regions.

Plixet classification i3 done by standard pattem classificaton Each
class i3 renragented hy the means, veriances, and covarances of red,
green. and blue values, and by s a priorl Hkelthocd based on
expected fraction of pixels In that class. For each pixel, caiculating the
class to which it most likety belongs involves finding how far the pixel’s
values lie trom the mean of sach class. where distance is measured in
standard deviations of that class. Figures 3 and 4 show how sach
pixel is classiied and how well it matches.

Once each point has been classiied. we have to find the most kely
location of the road. We assume the road is locafly straight, and can
be described by two parameters (figure 5):

1. The image column of the road's "vanishing point*, where
the road intercepts the horzon. This gives the road's
dirgction relative to the vehicle.

2. The ortentation of the road in the image, which gives
now tfar the vehicle I3 to the right or left of the centeriine.
Wese(matwodmnsionﬂpamspacawnhlmwcoplasm
dimension and orlentation as the other. Each point dassified as road
votes for all road intercept / oflentation combinations to which it could
belong, as shown in figure 6. The orentation / intercept pair that
receives the most votes i3 the one that contains the most road points,
and is reported as the road (figures 7 and 8).

Once the road has been found In an image. the color statistics are
recalculated for each class (igure 9). The updated color statistics wit
gradually change as the vehicle moves info a different color road, or
as kghting conditions change, or as the color of the surrounding grass,
dnt, and trees vary. As long as the processing tme per image is low
encugh that there is a large overiap between images, the statistics
adapt as the vehicle moves. The road is picked out by hand in the
first )mage.  Thereafler, the process is automatic, using the
segmentation from each image to caiculate color statistics for the next.
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Figure 3: Segmented image. Color and texture cues are used lo
jabel points below the horizon into two road and two otfroad classes

Figure 4: Road probability image. The pixeis that best match
typical road colors are displayed brightest.
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Figure 5: Apolmdasalﬂodasroadcmldboapmdroedsmm
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There are several variations on this basic theme. One vartation (s
to smooth the images first. This throws out outliers, and tightens the
road and norwoad clusters. Ancther Is 10 have more than one class
!orroada-udlornon-road.1orlnstmoecm'orwotmadmdomlor

- Of one for shadows and one for sun. H we knew where the wet
'Mwa'yrowpmd\eswwo,weomjdooloasoparmcdor
tatatics for those two dlasses. Since we don't know where those
Hmm.mmmsmﬂabystﬂmmmdmmm
?Oooa'to!tfvvroadlmagemdomiovmbo«om. Using color
statistics from those regions, we reclassiy the road pixels in the same
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Figure 8: The point from figure 5 wouid vote for these orentation /
intercept values in the parameter space.

Figure 7: Votes for best road orlentation and intercept, and point
with most votes.

Figure 8: Detected roud.
mage, and recaiculate statistics based on this reclassification. We
bopttwwohlhodassl!y-wdatewdosemlmwsachmA
As long as the first two point sets have ditlerent distributions. the
resulting classes wilt move towards separate, tighter clusters.

Om«vmmmmmovoﬂngtwbestmw. Besides adding
vo(osbrmadplxob.msmavotosbfnon-madpohts. Votes are
wdghtodamordhgtohowmleed:po«ﬂmd&osroadornomoad
classes.

Themmohordueshmknaqabesldescobr.!oflmmvbud
texture. mnmmmmn.mm;nmtmwm
than grass of leaves, as shown In figure 10. Ouwr first texture algorithm
ran a Robert's gradient operator, threshoided the result, and counted
(henumerolplxebwovelhrasho‘dheamlsby 16 block. This
mhodluslododadeqmetymmshadowedoos.tomm's
mmmmssmm.mwmmmmmm,mm
the absokste vduooo(gmdonumsmdboenwoﬂnpudvm
are small, ﬂ\oshadowedqoptoblommbehmdodbydmme
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Figure 9- ''pdating rnad and nonrnead model colors teaving a
wat, zone around thy detected road region

The road

Znomed picturs of road-nonroad boundary
i a1 much 1999 taxtursd than the grass at right)

Figure 10

3 3 Implementation and Results
T hast ambination we have hund (S ta have two road Tiagses
11 twn Non-rmad 3asses and 10 smooth the image with a 16 by 16
y.uraging fftar Tha two road ciasses handle sunny and shaded road
nomAght 4ays 3r wet and dry PAtChas undgr overcast condiions
Tva rwn non road c1a5598 Sften convarge on trees and grass. of grass
g 1r laavas  Fllering the images by averaging reduces the etfect
1 racks i tha sidawalk and other scene anomales. and also
meothg Wi ok aberrations from misaligned camera guns and from
rigs mothe digrizans and Cokor spittter

“ha tarhyrg inlormaton coukd be ugad as a fourth atemant in the
ssitication Ajong with rad graan and bug  We found leriure used
g amy 1 ha lass rekabke than cnlor Instead we teat tarture As 3
aparata ‘ganira ~th Hegd siatisieg maan and vafiance {or 1oad andg
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2ot avery 1mage s classitied pertectty but almos!t alt are Jo0¢ ancugh
cur navigaton  We leave a S0 cicel “satety Ione’ about tan feat o
'ha ground near the «shide) along the road border that 1s not used
updatng color statistics. to keep trom being trawn oH by <maf
mIstakes of curving roads
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Figure 11: Low resoiution texture image The brighter tocks are
wnage areas with more visual texture
Tharg i3 no need lor compiets geomseliric ~ahtration  The ason

algorthms calculate the road's shape road width and incation ot the
honzon) from the first training image  We also take two calibraton
picturgs, with a meter stick placed perpendicular to the vahwkla 8 4
12 meters in front  Then. durng the run. given the canterdine > 3
4etected road in \/mage coordinates. 1 is sasy 10 g4t tha « position of
the road at 8 and 12 maeters, and then 1o calculale the vehicle s
positlon on the road

Thig algorithm rung in about 10 seconds par imaga o0 a Jedicated
Sun 3.160. using 430 by 512 pixel imagas reduced (0 30 rows by 32
columng  We currently process a new image svery 4 mataers. which
gives about three fourths of an image overlap between images Ten
seconds 13 1ast enough to batance the rast of the system. but is sicw
anough that douds can come and go and Highting ronditions changs
batween images Wa plan 1o pont this algonthm 1o the Narp. “MU g
gxpermental high-speed processor  We hope 10 Process an »mage
per second. and to use higher regohution

4. 3D Perception

Our obstade detection starts with direct range parcegtion using an
ERIM scanning laser rangefinder  Our ERIM proguces. every hai
second. an image coriaining 64 rows by 256 cotumns of ange vakmes
1300 figure 12) The scanner measures the phase ditferance between

an ampltude-moduiatad laser and fts ratiection from a target object
which in tum provides the distance between the target object and the
scanner The scanner produces a dense range image by using two
deflecting mirmors, one for the horizomtal scan #nes and one for vertical
motion between scans. Tha volume scanned i3 B0 degrees wide and
30 high  The range at each pixel Is discretized over 256 levets rom
zero to 64 feet.

Figure 12: Range image of two trees on flat terrain.  Gray levels
ancode distance. nearer points are painted darker




Our range processmg begns by smoothing the data and undoing
the pecultarities of the ranging guometry The “arnbiguity intervais®,
where range values wrap around trom 255 o 0. are detacted and
uiolded. Two other undersirable effects are removed by the same
algorithm  The first one is the presence of mixed points at the edge of
an object. The second is that a measurement from a surface such as
» 9f. glass, ur glossy phyments is meaningless. [n both cases. the
resulting points are in regions kmited by considerable jumps In range
and can theretore be removed by the same algorthm  We then
transtorm the values from angle-angle-range. in scanner coormnates.
to «-y-z locations  These 30 points are the basis for all turther
processing

We have two main processing modes cbstacle detection and
tarrain analysis  (bstacie detection starts by cailcutating surface
normals trom the <-y-2 points  Flat, raversable surtaces will have
«odical surtace normals  Obstacies will have sudace patches with
narmals pointed in other directions  Fhis analysis is relatively tast.
running n about 5 seconds on a Sun 3/75, and is adequate for
smooth terrain with discrete obstacies.

Simple obstacle maps are not suffident for detafled anatysis  For
qreater accuracy we do more careful terrain analysis and combline
sequences of images comesponding to overlapping parts of the
anvironment into an extended obstade map. The terrain analysis
algorithm first attempts to find groups of points that belong to the
same surface. and then uses these groups as seeds for the region
growing phase Each group is expanded nto a smooth connected
surface patch. The smoothness of a patch is evaluated by fitting a
surtace. plane or quadric In addition. surface discontinuities are used
1o limit the region growing pnase. The complete algorthm is

1 Edges: Extract surtace discontinuities, pixels with high
Jumps in x-y-z

2 Clustering:  Find dlusters in the space of surface
normais and identity the comresponding regions in the
original image

3 Region growing: Expand each region untit the fitting
error is larger than a given thweshold. The expansion
proceeds by feratively adding the pomnt of the region
boundary that adds the minimum fitting error.

The clustering step is designed so that other attibutes such as
calor or curvature can aiso be used to find potential regions on the
object. The primitive surface used to compute the fitting emmor can be
either a plane or a quadric surface. The decision is based on the size
of the ragion

Obstacle detection works at longer range than terrain analysis.
When the scanner is lookdng at distant objects, t has a very shallow
depression angle. Adjacent scaniines, separated by 1/2 degree In the
range image. can strike the ground at widely different points. And
since the grazing angle is shaflow, very Ktle of the emitted laser
anergy ratums to the sensos, producing noisy pixels. Noisy range
salues. widely spaced, make it difficult to do detalled anatysis of flat
terrain. But a vertical obstacle, such as a tree. shows up much better
in the range data. Pixels from neighboring scanfines fak more closety
together. and with a more neasty perpendicular surface the retumed
signal Is stronger and the data Is cleaner. So it I8 much easier for
obstacle detaction to find obstacisa than for terrain analysis to certify
that a patch of ground is smooth and level.

There are cases in which neither video nor range alone provide
enough information, where we have to do data fusion to determine
mobility or recognize an object One such example occurs in
navigating the smaller Temegator vehicle around campus sidewalks.
At one spol. a sidewalk goes up a fight of stairs and a bicycle path
curves around. Video alone has a tough time distinguishing between
the cement steirs and the cement bicycle path. Range data cannot
tell the ditference between the smooth rise of the grassy hill and the
smooth bicycle ramp. The only way o correctly identity the safe
«shicle path 18 to use both kinds of data.

Wa stant by tusing the data at the pixet levet. For each range point,
we find the corresponding pixel in the video image. We produce a
painted range image, in which each pixel is a {red, green, blue, x, y, z}
f-vactor. Then we can run our standerd range segmentation and
color segmentation programs, producing regions of smooth range or
congtant color  For the stairs in particular, we have a special-purpose
step detection program that knows about vertical and hortzomal
planes, and how they are related In typical stairs. It Is easy to

T

combine the regions trom these separate processes. smce they are al
in the same coordinates of the painted range image The final resut
s a smooth concrete region, in which i IS sate to drive. and a positive
igentification and 30 location of the stairs, lor updating the vehwcle
position

5. System Buliding

Besides the problems in buliding the various modutes for road
hinding, obctacis “~'climns, pamn planmng, and so forth, there are also
a >ut ol issues related to buikding a coherent system. We have built a
layered system, »#h CODGER providing tools and services. and an
architecture on top setting conventions for control and data tlow

5.1 Blackboards and Whiteboards

The program organization of the NAVLAB software is shown in
figure 13, Each of the major boxes represents a separately runnmg
program. The central database, called the Local Map, Is managed by
a program known as the Local Map Bullder (LMB). Each module
stores and retrleves information in the database through a set of
subroutines called the LMB Interface which handie all communication
and synchronization with the LMB. H a module reskies on a ditferent
processor than the LMB. the LMB and LMB interface will transparantly
handie the network communication. The Local Map, LMB. and LMB

interface  together comprise the CODGER (COmmunications
Database with GEometric Reasoning) system.
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Figure 13: Naviab sottware architecture

The overall system structure—a central database, a pool of
knowiedge-intensive modules, and a database manager that
synchronizes the modules—is characteristic of a traditional blackboard
system. Such a system is calfled ‘“heterarchical® because the
knowledge is scatiered among a set of modules that have access to
data at all levels of the database (.e., low-level perceptual processing
ranging up to high-level mission plans) and may post their findings on
any level of the database; in general, hewerarchical systems impose de
facto structuring of the information flow among the modules of the
system. in a traditional blackboard, there is a single flow of control
managed by the dalabase (or blackboard) manager. The modules are
subroutings, each with a pre-determined precondition (patiem of data)
that must be satisfled belfore that module can be executed. The
manager keeps a kst of which modules are ready to execute, and in its
central loop 1t selects one module, execnes R, and adds ‘o s ready-
st any new modules whose preconditions become satisfied by the
currently executing modute. The system is thus synchronous and the
maneger's function is to focus the attention of the system by selecting
the "best” moduie from the ready-iist on each cycle.

We cal CODGER a whiteboard because R also implements a
heterarchical system structure, but differs from a blackboard In several
key respects. in CODGER, each module is a separate,

module will be re-activated and the data will be
CODGER a module programmer thus has control

the
execution within his module and may implement real-time




demons, data flows among cooperating modutes, etc. CODGER aiso
nas nu pre-cownplled st of duia reweval spedications; each time a
module requests data. it provides a pattem for the data desired at that
tme. We call such a system a whiteboard—it is heterarctn al fke a
blackboard, but each module runs in paraflel with the module
programmer controfting the synchwonization and data retrieval
requests as best sulted for each module. Like other recent dictributed
Al architectres, whiteboards are suited to execution on multipie
Processors.

5.2 Data Storage and Retrieval

Data in the CODGER database (Local Map) is represented In
tokens consisting of classical attnbute-valuve pairs. The types ot
tokens are described In a temp/ate file that tefls the name and type of
each attribute in tokens of each type. The attributes themselves may
be the usual scalars (integers, floating-point values, strings,
enumerated types), arrays (of sets) of these types (including arrays of
arrays). or geomelric locations as described balow. CODGER
automaticafty maintaing certain attributes tor each token: the token
type and id number, the “generation number” as the token is modifled,
the tme at which the token was created and inserted into the
database, and the fime at which the sensor data was acquired that led
to the creation of this token. The LMB Interface provides facilities for
building and dissecting tokens and attrbutes within a module. Rapid
execution is supported by mapping the module programmer's names
for tokens and atiributes onto globasy used index vates at system

startup thme.
A module can store a token by calling a subroutine to send it to the

LMB. Tokens can be refrieved by constructing a pattem called a
specification and caing a routine to request that the LMB send back
tokens matching that specification. The specification is simply a
boolean expression n which the attributes of each token may be
substituted; if a loken's aftributes satisfy the boolean expression, then
the token is sent to the module that made the request. For example, a
module may spedity:
tokens with type equal 10 “Intersection” and trsffic-control equal
to “stop-sign”

This would retrieve all tokens whose type and traffic-control
attributes satisty the above conditions. The specification may indude
computations such as mathematical expressions, finding the minimum
value within an array attribute, comparisons among attributes, etc.
CODGER thus implements a general database. The module
programmer constructs a specification with a set of subroutines in the
CODGER gystem.

One of the kay leatures of CODGER Is the abifity to marnipulate
tric information. One of the attribute types provided by
CODGER s the location, which 8 a 2-0- or 3-D polygon and a
reference o a coordingte frame iIn which that polygon is described.
Every loken has a specific adribute that telis the location of that object
in the Local Map, # , and a specificaton can indude
geometric calcutations and expressions. For exampie, a specification
might be:
tokens with location within 5 units of (45,32) [in word coordinates|

or
tokens with locetion overlepping X

where X is a description of a rectangie on the ground in front of the
vehicle. The geometric primiives currently provided by CODGER
mchide caiculation ot centroid, aree, diameter, convex bull, orentation,
and minimum bounding rectangle of a location, and distance and
ntersection calcuiations between a pair of locations. We belleve that
this kind of geometric deta retrieval capebiity Is essental for
supporting spatial reaesoning in moblle robots with muitiple sersors.
We expect geometric specifications to be the most common type of
data retrieval request used in the NAVLAB.

CODGER also provides for automalic coordinate system
maintenance and ranstormetion for these geometric operations. in
the Local Map, all coordinales of location attributes are defined
relative to WORLD or VEHICLE coordinates; VEHICLE coordinates
are parameterized by $me, and the LMB meaintains a time-varying
transformation between WORLD and VEMICLE coordinates.
Whenever new information (l.e., a new VEHICLE-toWORLD
transform) becomes avallable, R is added to the “history® maintained in
the LMB; the LMB will Interpolats 0 provide intermediate
transformations aa needed. n addifon t0 these basic coordinate
systems, the LMB inerface allows a module prograrwmer to define

RS

local coordinates relative to 'he basic coxrfinates or relative o some
other local coordinates. Location aftrbutes dJefined =n 3 ‘ccal
coordinate system are automaticaty converted to (he appropnate
basic coordinate system when a token is slored in the database
CODGER provides the moduie programmer with a conversion routine
to convert any location to any speciled coordinate system
Al of the above tacifittes need to work togethetr 10 Suppon
asynchronous sensor fusion For exampie. SLPPOse we have a3 vsion
module A and a rangefinder module B whose resufts are 10 be merqged
by some modute C. The following sequence of actions mught occur
1 A receives an Image al time 10 and posts results on the
database at time 15. Aithough the calcuiations were
carried out in the camera coordinate system for time 10,
the resufts are automatically converted to the VEHICLE
system at time 10 when the loken I8 stored in the
database.

2. Meanwhile, B receives data at time 12 and posts results
at time 17 in a similar way .

w

- Attme 18, C receives A's and B's results  As dascribed
above. each such token will be tagged with the time at
which the sensor data was gathered. C decides to use
the vehicle coordinate system at time 12 (B's time) for
merging the data.

4. C requests that A’s result, which was stored in VEHICLE
time 10 coordinates, be transtormed into VEHICLE time
12 coordinates. if necessary, the LMB wil automatically
interpolate coordinate transformation data to accomplish
this. C can now merge A’s and B's results since they
are in the same coordinate system. At time 23, C stores
results in the database, with an indication that they are
stored in the coordinate system of time 12.

5.3 Synchronization Primitives

CODGER provides module synchronization through oplions
specified for each data retrieval request Every ime a module sends
a specification 10 the LMB to retrieve tokens, i also specifies options
that tel how the LMB should respond with the matching tokens:

 Immediate Request Tha module requests all tokens
Currently in the database that match this specification.
The module will block {i.e., the “request” subroutine in the
LMB Interface will not retum control) until the LMB has
responded. | there are no tokens that match the
specification, the action taken Is determined by an option
In the module’s request:

* Non-Blocking. The LMB wil answer that there are
no matching tokens, and the module can then
proceed. This would be used for fime-critical
maodules such vehicle conrol. Example: “Is
there a stop sign?”

* Blocking. The LMB will record this specification and




5.4 Architecture
There are several modutes that use the CODGER toots. and that fit
into a higher level architecture. The modutes are:

< Pilot. Looks at the map and at curres't vehicle position to
predict road location for Vision. Plars paths.

« Color Vision. Waits for 3 prediction from the Pilot. waits
until the vehicle is in the best position to take an image of
that section of the road. retums road iocation

« Obstacle Avoidance. Gets a requ2st trom the Pilot to
sheck a part Jf the road for obstacles. Returns a list of
ohstacles on or near that chunk of the road.

e Helm Gets planned path from Pilot. converts polyline
path into smooth arcs. steers vehicle

« Graphics and Monitor Draws or prints position of vehide.
obstacles, predicted and perceived road.
There are three other modules in our architecture but not yet
implemented
« Captain  Talks to the user anc provides high-level route
and mission constraints such as “avoid area A® or "go by
road B°

¢ Map Navigator. Maintains a map, does giobal path
planning, provides long-term direction to the Phot.

» Lookout. Looks for landmarks and objects of importance
to the nission

These modules use CODGER to pass information about “driving
units™ A driving unit is a short chunk of the road of terrain (in our
case 4 meters long) treated as 3 unit for perception and path pianning.
The Pilot gives driving unit predictions to Color Vision, which retums
an updated driving unit 'ocation. Obstacte Detection then sweeps a
driv.ing unit for oobstacies. Tne Pliol takes the driving unit and
obstacles. plans a path, and hands the path off to the Heim. The
whole process is set up as a pipeline. in which Color Vision is looking
ahead 3 driving units, Obstacle Detection is iocoking 2 driving units
ahead, and path planning at the next unit. It for any reason some
stage slows down, all following stages of the pipeline have to walft.
So. for instance, it Color Vision Is waiting for the vehicle to come
around a bend so it can see down the road, Obstacle Detection will
finish its current unit and will then have to wait for Color Vision to
proceed. In an extreme case, the vehide may have to come to a hait
until everything dears up. Afl pianned paths include a deceleration to
a stop at the end, so if no new path comes along to overwrite the
current path the vehicle wilt stop before driving into an area that has
not been seen or cleared of obstacles.

In our current system and test area, three driving units Is too far
ahead for Color Vision to look, so both Color Vision and Obstacle
Datection are looking at the same driving unit. Obstacle Detection
looks at an area enough lasger than the Pllot's predicted driving unit
location hat the actual road is guaranteed to be covered. Another
practical modffication is to have Obstacle Detection ook at the closest
driving unit also. so if a parson walks onto the road immediatety in
front of the vehicte he will be noticed. Our system will try to plan a
path around obstacies while remaining on the road. If that Is not
possible, it wilt come to a hait and wait for the obstacle to move before
continuing.

6. Conclusions and Future Work

The system described here works. Since quashing the last of our
tknown) bugs. R has successfully driven the Naviab many tens of
times, processing thousands of color and range images without
running off the road or hitting any obstacles. CODQER has proved to
be a uselul tool, handiing a lot of the detalls of communications and
geometry Module developers have been able to bulld and test their
routines in isolation, with (olatively Httle integration overhead. Yet
there are several areas that need much more work.

Speed. Wo drive the Naviab at 10 crmv/sec, a slow shuffle. Part of
the roason for this is because our test road is narrow and winding, and
part of the reason is that we deliberately concentrate on competence
rather than speed. But faster motion is always more interesting, so we
are pursuing several ways of increasing speed. One bottieneck is the
computing hardware. We are mounting a Warp, CMU's experimental

high speed processor, on the Naviab. The Warp will give us a factor
ol 100 more processing power than a Sun for color and range mage
processing. At the same time, we are looking at improvements to the
software architecture. We need a more sophisticated path planner,
and we need to process ‘mages that are more dosely spaced than the
length of a driving unit. Also, as the vehicle moves more quickly, our
simplitying assumption that steering is instantaneous and that the
vehicle moves along drcular arcs becomes more serously flawed
We are looking at other kinds of smooth arcs. such as clothoids.

Map. One particular reason for the slow speed is that the Pilot
assumes straight roads. We need 1o have a description that alows for
curved roads, with some constraints on maximum curvature. The next
steps will include building maps as we go, so that subsequent nuns
over the same coursa can be faster and easier.

Cross country travel. Travel on roads is only half the challenge.
The Navlab should be able to leave roads and venture cross country.
Our plans call for a fully integrated on-road/off-road capabilty.

Intersections. Current vision routines have a built in assumption
that there is one road in the scene. When the Na4ab comes to a fork
in the road. vision will report one or the other of the forks as the true
road depending on which looks bigger. It will be important to extend
the vision geometry to handle intersections as wel as straight roads.
We already have this abiiity on our sidewalk system, and will bring that
over to the Navlab.

Landmarks. Especially as we venture off roads, it wil become
increasingty impontant to be able to update owr position based on
sighting landmarks. This involves map and perception enhancements,
plus understanding how to share limited resources, such as the
camera, between path finding and landmark searches.

Software Development. Ouwr current blackboard system can
manipulate primitive data elements but has no concept of data
struciures made up of tokens on the blackboard. We need aggregate
data types for representing complex 3D geometric descriptions of
objects for recognition. We will aiso be imptementing a LISP interface
to our blackboard so that not al modutes need to be written in C.

integration with Work from Other Sites. There are other
universities and research groups cooperating with Camegie Mellon
through DARPA’s Strategic Computing Vsion program. We plan to
incorporate some of thek programs o the Naviab system in the
coming years as it evolves into the “New Generation Vision System®
which is that goal of that program.
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rrent  upper limit on  the
zapacity £ somput 1ng systems 18
derermined by 2ur  ability to design
somputers, not Dy Jemand. Advances in
Tlroult rabrication technology have
recently made possible the construction
2f a new type of Computing engine called
the Zonnecrt:ion Machine which contains
rens of thousands »f tiny processors.
fach processor 1S capable of computing
concurrently, so the machine is much
faster than a conventional computer,

3ackground

The first prototype of the Connection
Markinz gystem, with 65,536 processors,
was constructed by Thinking Machines
Corporation under contract from DARPA 1in
1985, Even this first prototype, the

M1, is one of the world's fastest
computers, ard it is currently Dbeing
applied to problems in fluid dynamics,
database retrieval, design automation,
image processing, simulation, and
artificial 1intelligence. A commercial

version of the CM]l was 1introduced in
spring of 1986, and 1is currently being
sold and manufactured by Thinking
Machines Corporation,

The key idea of the Connection Machine is
to combine memory and processing into a
single cell which can be replicated many
times. Most computers today are based on
a two-part design where the memory and
processing functions are performed by
separate units. This two-part design
made a great deal of sense in the days
~hen prncessing was realized by
relatively expensive and fast vacuum
tubes and memory was realized by
relatively slow and inexpensive delay
lines. Since the two functions of the
computer were implemented by essentially
different technologies, they were
implemented separately. The system was
programmed in such a way as to keep the
expensive vacuum tubes relatively busy.
Progyrammers were trained to break up a
problem into a series of sequential
nsperations, so that the data could be
processed one word at a time. For
example, to simulate that flow of a fluid
on a conventional machine the volume of

lopyriant <:) 1387 by the American

Instinute of Aernonautics and
Astronagtics, Inc.  All rights res-rved.

22142

the velocities of various polints in 3space
would be stored in the memory and =Tut up
into cells. To simulate the chanje in
fluid over a moment nf time, the
programmer must arrange &to seqguentially
shift the cells to the processing unit
one at a time for computation, Alrnough
the computation would Dbe modelling 3
system that 1is fundamentally parallail,
namely the flow of the fluid, the
programmer would realize this by a series
of sequential operations.

This sequential method of solving
problems made a great deal of sense in
the 1940's, since it allowed only one
processing unit for a large amount of
memory., The economics of the technology
at the time were such that the single
processing unit was as large and
expensive as many thousands of words of
memory. Today we still use
word-at-a-time processing 1in almost aill
our computers even though the technical
reasons for using it have largely
vanished. Both memory and processing
elements today are built of the same
fundamental material; wusually silicon.
They can be fabricated on the same
integrated circuit, In spite of this, a
modern single chip computer is
essentially just a scaled-down version of
the roomful of vacuum tubes and mercury
delay lines that represented a computer
in the 1950's. The organization of
programs in terms of streaming memory

past a single processor, although
originally developed for reasons of
efficiency, has become a serious

performance handicap. Today most of the
silicon in a computer is in the memory,
and most of this is idle.

One way to speed up a computer 1is to
increase the speed of the primitive
operations. This is difficult to do
beyond a certain point. The fastest
conventional machines already have
operation times comparable to the time
required for light to travel from one
side of the processor to the other.
While some improvement can be made by
mak ing the processing components
physically smaller, the operation times
of processors are getting close to their
practical limits. It is becoming
increasingly difficult to improve the
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process the larna
advantage Ot the
nemory and processing
rhnenrs are fahrirated on the same
iels} anD and produce a simple
SSOr memory anit that can be
ated rens of thousands of times.
w= 23n also rake advantage of a more
Sam2ral mapping »f the problem into the
mataine Dy e2liminating the need to
arringe =he computatisns in serial order,

:n%:ruﬂrlon of a3 machine with
e nnousands OL processors 1is
sible Hy the avallability of very
caie integrated circuits with
~isands of transistors on a

But  Just having many

s >rs 1s 1ot suffictient. Very few
Ltme=resting appilcations decompose  into
ally independent subproblems; most
1ra communicatlion between the
essing elements, For example, 1in a
e-Jdimensional fluid flow problem each

n:t 5t volume must communicate with its
mmediar2 neijndors Ln three-dimensional
spate. In oSther prnoblems, such as a
.ar;2 lata bhase problem, the pattern of
e zommunication can  be much more
somplizcated, depending entirely upon the
Soyatent H»f rhe data., In fact, many

prabiers rejulre dynamically changing
sattarns St Tommunication that rearrange
furing the course of oomputation,

fm1s lests =o> the second 1mportant
l2ment o f rhe “onnection Machine
irchirecrura: the connections. Each
Lrocessonr/memcry  cell 1s  linked by a
coymmanicatlons network to all other cells
117 tne Mmacnine, This arrangement 1is
simiiar £ 3iving each cell a telephone
41%n «~hizn 1t tan call up any other cell
it needs to communicate. The

Yacee t swit-h communication network
2rves the role of the telephone system.
jeilc can :2ommunicate whenever they know
e an@ther‘s "telephone numbers.” In a
rnree-dlimensional problem, such as
1;dnll..; the flow of fluid over an
1rrplane wing, each cell is given the
aumbers »f the cell representing its
“iaree-d1mensional neilghbors. Cells do
a7t hive a physical three-dimensional
patrnern of wiring, hbut many applications

tnvolve a more complex pattern of
sonnections., For an example of an
applicarion that requires a more complex
carrt2rn of communications, consider the

simulatinn »f an electronic circuit with
1 nundred rthogsand transistors. Such
simulations are <oommon and commercially
tmportant during the design of integrated

Tircuits., In such an applizat:ion o=
natural to use 2ne processing mem
D represent the state >f 2a:ch

hundred thousand transistors. Tha
natural pattern 5f communilatldn degends
an the exact wlring pattern € the
transistors. If two processor cells
s1mulate Lwo transistors whi1ch ire
Tonnected n the ji1ajram, then tne
processor cells must communicate. WNhen

the wvoltage level on one transistor
changes, this change is propagated to the
other transilstor through the connection.
In such an application the processing
cells are assigned £ transistnars
arbiltrarily, and each processing cell :s
given the telephone numbers of the
transistors to which 1t 1s conrnected,
Thus the communications structure of the
processing <=lements exactly matches the
natural structure of the problem.

In more compliex algorithms, such as
those that nccur in the study bR 4
artificral 1intelligence, the connection
pattern may actually change during rthe
course of a computation, For example,
fach processor may represent a simple
concept, with the connections between the
processors representing the relationsn:ips
between the concepts. One processor may
represent the concept "Socrates," another
"man," and another “mortal.” A
connection between the processor
representing "Socrates” and the processor
representing "man" represents the concept
that "Socrates is a man." and,
similarly, a connection between man and
mortal may represent the statement that
"all men are mortal." Such a machine
would be able to deduce the concept that
Socrates was mortal by following the
chain of connections, The example 1is
simple and contrived. But 1n a real
artificial 1intelligence application, a
simple common-sense knowledge base might
consist of hundreds of thousands of such
assertions; for example, assertions like
“dogs are animals" and "apples are often
red.," From such a knowlege base a
program may be required to make hundreds
of common-sense inferences per second.
Each time a new fact 1s learned, a new
connection must be formed.

The implementation of the
communication network is the most
difficult technical problem in
constructing a Connection Machine system.
For example, in the first 65,536 of the
machine, new connections are formed at a
rate of about one hundred million each
second, This is comparable to the
switching capacity of the entire
telephone exchange for the city of New
York.

The key component that makes this all
work is an integrated <circult that
integrates 16 simple processing units and
a communications router. Each of the
processinc units is a very simple
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c~omputer with 4,000 bdits of memory. The peak rares JF ypea
. di1ff1icult part 1s the router. There are LASEruzr1ons per second,

4,096 <cnhips  in the 65,336 processor

system., Packaging Zonsiderations make 1t

tmpractical t> hava 31 Jdirect cornnection

nDetween all pailrs of chips. Instead,

2ach router 1s connected directly to only

12 others in the system. TwO processors

within a single <chip may communicate

directly, o2uat processors o~n Jdi1fferent

snips may need to communicate through
intermedlaries., This is the function of

a router. It 1s the responsibility of a
roudter to forward an i1ncoming message
from one chip to another, The pattern of

wiring 1s such that six such forwarding
steps, ©on the average, are required to
communicate between two chips. Even with
all the forwarding steps, the
transmission o0f a message from one
orocessor to another requlires less than
190 microseconds. Each packet is
transmitted as a stream of bits that are
f>rwarded through the system 1n such 2
#ay that the beginning of tne stream 1s
asually delivered before the end is e en
transmicted.,

The entire 65,536 processor M1
tncluding processor/memory unlts and th
communication networks, flts 1ntn a cudhe
approximately five feetr 5n a side. It :s
contronlled by a conventinnal host
computer SO that the operating system and
Juser interface seen by tne user are those
o€ the host. In fact, the Connection
Machline connects to the host computer in
much the same way as a conventional
memory unit, The processor/memory cells
can be accessed simply as memory cells by
the host. Thils arrangement allows simple
integration of parallel computing and
existing software, since data structures
may be shared by both the Connection
Machine and the conventional <on Neumann
nost.

The design of the 65,536 processor
machine was 72ptimized for simplicity and
r2lianility rather than speed. It runs
at a relatively slow clock rate »of 250
nranoseconds, as compared to, say, 25
nanoseconds for a typical supercomputer.
There are no exntic technologies to the
machine. The custom chip is built with a
simple integrated circult process similar
tn» that used 1in personal computers and
pncket calculators. The circuilt doard's
cooling, packaging, and power systems are

all similar to those found in
~conventinnal computers. Even with this
conservalve technology, the Connection

Machine is able to achieve computing
rates of jreater than 1000 million
instructions per second, more than 100
times the speed »f a typical large
computer. The instruction set of the
machine 1is optimized for operating on
problems that 1involve images and words
rather than just numbevrs. For this type
2f problem the machine is able to achieve
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abstract

The paper summarizes the current researcn in the Computer
Vision Research Laboratory at the University of Michigan.
The laboratory concentrates on developing generic vi: on
algorithms for industrial applications. Generic vision algo-
rithms can be applied to a wide variety of inspection prob-
lems. The paper includes a discussion of the current state
of the machine vision industry and provides recommenda-
tions for improving the transfer of vision technology from
research to practice.

1 Introduction

The University of Michigan recently formed a laboratory,
called the Computer Vision Research Laboratory, within the
Department of Electrical Engineering and Computer Sci-
ence for research in computer vision. The Computer Vision
Research Laboratory will evolve through interaction among
the researchers of varicus related disciplines and through
inductrial and government contacts.

The research program in the Computer Vision Labora-
tory concentrates on the development of generic vision algo-
rithms that can be applied to a variety of situations. Generic
perception algorithma are simple, reliable modules that hide
the details of perception in a packaged hardware or software
component that can be used by applications specialists who
are not themselves expert vision researchers. Generic vi-
sion algorithms are not developed for specific applications,
but are designed to solve a vision task that is part of many
different inspection problems that occur in different appli
cations in differen: industries. In developing generic vision
algorithms, researchers leverage their efforts by providing
solutions to classes of vision tasks while removing the details
of the application from the research efforis. This insulates
the vision researchers from the details of the application
and allows them to concentrate on understanding the vision
problems.

Ano’ her aspect of research on generic vision algorithms
is that the algorithms are classified according to properties
that are meaningful in the context of the emerging knowl-
edge of vision fundamentals, as opposed to classification
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according to applications areas. There are no automotive
vision algorithms or aerospace vision algorithms; vision al-
gorithms are not specific to any one inlustry. Vision algo-
rithms are defined by the p-operties of the vision processing
task; that is, in terms that depend on the vision processing
itself, rather than on some intended use for the algorithm.

The nature of the problems of applying vision to spe-
cific applications has not been widely perceived The cur-
rent macroeconomic system of machine vision is ‘nappro-
priate. The solution is to place machine vision technology
in the hands of the end users who are f>miliar with the re-
quirements of their environment. Vision technology should
be like any other instrumentation: plug it in and use it to
make measurements. It is not practical for the developers of
machin~ vision applications to perform the development spe-
cific to the aprlication and to develop the “instrumentation”
required for the development at the same time. To change
the current, untenable system, vision researchers must pro-
duce generic vision algorithms that can be used by vision
systems developers in a variety of applications.

Researchers are currently addressing problems related
to vision engineering but without much, if any, concern for
designing machine vision systems. The focus of the Com-
puter Vision Research Laboratory on vision algorithms that
are generic, rather than applications specific, mests needs
not addressed by other research institutions. The Com-
puter Vision Research Labcratory provides a focus for the
synergistic interaction of researchers aided by interactions
with industry. The goal of research in the laboratory is to
addrees fundamental probler.s blocking advances in the de-
sign of machine vision systems for various applications. The
research addresses basic issu>s in coraputational vision re-
search and the design of systems that can perform vision
tasks in real time for a given application. New engineering
techniquea for designing systems are being developed that
can perform tasks in an unstructured environment. The
research may also advance the understanding of biological
vision systems.




2 Research Problems

Visual perception is the process of interpreting measure-
ments such as light intensity and range that relate to the
projection of surfaces in a scene onto the image plane. The
central problem in vision is the reconstruction of surface
structure and properties from the projection onto the image
plane. This paper outlines some of the research problems
currently being explored in the Computer Vision Research
[.aboratory.

e Dynamic vision

¢ Range images

o Knowledge-based perception svsterns

e Computer architectures for vision algorithms
¢ Sensor integration

¢ Bridging the gap between research resuits and appli-
cations

3 Dynamic Vision

Motion provides valuable clues to surface structure. Al-
gorithms for interpreting sequences of images can provide
measurements that are very useful for applications. Image
flow research has many applications including passive sens-
ing systems for autonomous mobility, machine inspection of
surface structure, passive sensors for aircraft and sateliite
4ncking systems, and image compression.

3.1 Background

The last few years have seen increasing interest in dynamic
scene analysis. The input to a dynamic scene analysis sys-
temn is a sequence of images. A major problem in a computer
vision system is to recover the information about objects in
a scene from images. This problem cannot be solved without
some assumptions about the world. A sequence of frames
provides the additional dimension of time for recovering the
information about a 3-dimensional world that is lost in the
projection process. Muitiple views of a moving object ac-
quired using a stationary camera may allow recovery of the
structure of the object [45]. A mobile camera may be used
to acquire information about the structure of the stationary
objects in a scene using optical flow |11}, ax1al motion siereo
125,32|, and other methods [21].

Many researchers in the psychology of vision support the
recovery of information from image sequences, rather than
from a single image [11,31]. Gibson {11] argued in support
of active information pick-up by the observer in an environ-
ment. Neisser {31} proposed a model in which the perceptual
processes continually interact with the incoming informa-
tion to verify expectations formed on the basis of available
information. In computer vision systems, the power of ex-
ploiting motion, even with such noise sensitive approaches
as difference pictures and accumulated difference pictures,
has been demonstrated on complex, real world scenes (20].
Many researchers are addressing the problem of recovering

information in dynamic scenes; but due to the legacy of
static scenes, most researchers are approaching the recovery
problem using just two or three frames of a sequence. This
restricts the results to quasi-dynamic scene analysis, rather
than true dynamic scene analysis. The information recovery
process requires constraints about the scene. The analysis
based on small numbers of frames rests on assumptions that
ignore the most important information in dvnamic scenes.

The viewpoint of the Computer Vision Research Lab-
oratory is that image understanding is a dynamic process.
Dvnamic vision algorithms cope with the error-filled visual
world by exploiting redundant information in the image se-
quence. Current research efforts are developing a qualitative
approach to vision that uses only relative information avail-
able in a sequence to infer relationships between objects in
a scene.

3.2 Segmentation

In many dynamic scene analysis systems, the goal is to rec-
ognize moving objects and to find their motion characteris-
tics. If the scene is acquired using a stationary camera, then
segmentation generally refers to the separation of moving
components {rom stationary components in the scene and
identification of individual moving objects based on veloc-
ity or some other characteristic. For the case of a moving
camera, the segmentation task may be the same as above
or may involve further segmentation of the stationary com-
ponents of the scene by exploiting the motion of the cam-
era. Most research efforts for the segmentation of dynamic
scenes have been concerned with the extraction of the im-
ages of the moving objects observed by a stationary camera.
It has long been argued by researchers in perception {11,45]
that motion cues aid the segmentation process. Computer
vision techniques for segmenting dynamic scenes perform
well in comparison to those for the segmentation of station-
ary scenes. The segmentation of moving camera scenes into
their stationary and nonstationary components has received
attention only recently {22]. The major problem in the seg-
mentation of moving observer scenes is that every surface
in the scene shows motion in the image. For separation
of moving object images, the motion component assigned
to various surfaces in the images due to the motion of the
camera must be removed. The fact that the image motion
of a surface depends on its distance from the camera and
the surface structure complicates the situation.

Jain developed techniques for the segmentation of dy-
namic scenes {19,20,22]. These techniques have been used
in many applications. Sandia Laboratories is developing
systems for tracking objects for Army applications using
techniques based on differencing using a likelihond ratio.
Recently research led to a new approach for segmentation
using accumulative difference pictures that may be imple-
mented easily on sper -1 hardware |23].

3.3 Image Flow

Image flow is the velocity field in the image plane that arises
due to the projection of moving patterns in the scene onto
the image plane. The motion of patterns in the image plane




may be due to the motion of the observer, the motion of
objects in the scene, or both. The motion may also be zp-
parent motion where a change in the image between frames
gives the illusion of motion [36].

The intent of this research is to discover new models
for image flow that will yield new algorithms for image flow
estimation and analysis. Constraint equations that better
model the interactions between changes in object position
and the illumination and surface reflectance characteristics
will naturally result in better algorithms and better under-
standing of existing algorithms.

Prior image flow research developed an image flow equa-
tion for smooth patterns of image irradiance and smooth ve-
locity fields '27]. The equation was extended first to image
irradiance patterns with discontinuities and then to veloc-
ity fields with discontinuities [55,56,60]. Future research in
image flow constraint equations will aim to increase our un-
derstanding of image flow characteristics. This will lead to
new algorithms for image flow estimation that incorporate
the new continuity equations. Restrictions on the situations
in which existing continuity equation? can be used will be
discovered and these insights will improve the performance
of existing image flow estimation algorithms by pin pointing
the situations where the algorithms cannot be used.

3.4 Motion Stereo

Depth determination is 2 continuing problem in computer
vision. Research in this area is motivated by the need for
target tracking, autonomous vehicles control, visual pros-
theses for the blind, realistic flight trainers, and models of
the human visual system. There is a plethora of dep... de-
termination techniques. Many different stereo systems for
depth determination have been developed just in the last
few years.

Stereo information can also be obtained using a single
moving camera. Jain and O’Brien [25,32] map images into a
complex log space where the movement of the objects in two
dimensions due to the camera motion becomes a transiation
along one axis in the new space. Given this phenomenon,
the motion correspondence problem is greatly reduced, since
only a small strip of the new space needs to be searched
[18l. This constraint is similar to the epipolar constraint
in stereo. In addition, the transform is scale and rotation
invariant. It also has an analog in the human visual system:
the mapping of the retinal space into the striate cortex is
very closely approximated by the CLM. Figure 1 shows an
image and it8 mapping.

Optical flow has been studied with the aim of recover-
ing information about the environment and the motion of
the observer. The egomotion complez logarithmic mapping
(ECLM) exploits some characteristics of optical flow with-
out computing it. The mapping combines scale, projection,
and rotation invariances of complex log mapping with the
characteristics of opticz] low. This mapping is useful in seg-
mentation of image sequences to recover images of moving
objects. The distance to stationary objects can also be com-
puted from the egomotion complex logarithmic mapping.
Using this mapping, motion stereo and segmentation can
be achieved in one step. The feasibility of the approach has

Figure 1: An image and its complex log mapping are shown
in this figure. The mapping is similar to the retino-striate
mapping in primate visual systems. This mapping is very
useful in segmentation and depth recovery in dynamic vi-
sion.

been demonstated. The next step is to study its application
in dynamic scenes. This research should yield important
results for the navigation of mobile robots.

3.5 Motion Trajectories

Iterative algorithms for determining trajectories of points in
an extended frame sequence using path coherence are being
developed. The emphasis in this approach is to exploit mo-
tion characteristics for establishing correapondence without
assuming rigidity of objects. A greedy exchange algorithm
has been developed to implement this idea {41]. The results
of applying this algorithm to a sequence from the Superman
movie are shown in Fig. 2.




Figure 2: Three frames from the Superman sequence are
shown in this figure. Points on the head and belt of the three
soidiers running towards the camera were tracked using a
greedy exchange algorithm. The trajectories are also shown
here.

Figure 3: This figure shows results of our road edge detec-

tion algorithm. For the road shown in the top it corner,

the road edges are shown in the right bottom corner.

Another approach to finding trajectories that will deter-
mine motion events is being studied. In this approach, mo-
tion parameters are recovered using constraints imposed by
the equations for the motion of points {15]. The algorithm
uses successive refinement to determine the trajectories of
points. A very attractive feature of this approach is that it
determines discontinuities and tries to uce smoothness only
for the known smooth path in establishing correspondence.

The determination and role of events in dynamic scenes
is being studied. A motion event may occur due to a change
in the motion parameters or due to occlusion. A major
thrust of other research is to develop techniques that will
recover qualitative information about depth and motion of
objects using constrain. propagation.

3.6 Navigation

Techniques for the guidance of autonomous mobile robots
or vehicles are being developed. This requires techniques to
recover information about the environment using vision and
then to use knowledge based techniques to control the navi-
gation. The obeervation that the location of road vanishing
points does not change significantly from frame to frame
is used to develop an algorithm for finding road boundaries
[29]. The algorithm uses the hypothesize and test paradigm.
Results of this approach are shown in Fig. 3.




4 Range Images

The long term goal of this project is to develop techniques
that will be useful in object recognition and navigation using
range information.

The last few years have seen increasing attention to the
analysis of range images. Range images may be obtained
with passive methods, such as binocular stereo, or with
range sensors. Range images contain explicit information
about surfaces. This explicit information facilitates recog-
nition and location tasks in many applications. The goal in
range imuge understanding is to find robust symbolic surface
descriptions that are independent of viewpoint. Techniques
to characterize surfaces in range images are being developed
'5,4,24].

Surfaces are segmented using local features, such as Gaus-
sian and mean curvatures and related differential geometric
measures. The signs of the curvatures at each point in the
image are used to assign one of eight basic surface types to
each point in the image. The nex: step is to develop tech-
niques to identify surfaces by grouping points using the sur-
face type, spatial proximity, and other criteria. All grouping
processes must conform to the sensed information since the
ultimate truth is in the sensed data. This stimulus bound
approach uses symbolic surface descriptions in the <:gmen-
tation of images. Figure 4 shows a result of tlis segmenta-
tion approach. The symbolic surface -escriptions will play
important role in many applic~tions.

4.1 Recoruition Methods

Object recognition is a major motivation in most image-
understanding systems. Despite strenuous efforts, only lim-
ited success has been achieved.

The object recognition task can be classified based on
difficultv in several ways. One way is based on the degree of
uncertainty allowed in the object’s position and orientation.
This can range from no uncertainty, to uncertainty only in
its 2-D position, through uncertainty in both its 2-D posi-
tion and rotation, up to uncertainty in its 3-D poeition and
orientation.

The task can be further classified based on the complex-
ity of interactions allowed between objects. In the simplest
case, each object to be recognized must be completely visi-
ble and surrounded by background. In a more complex case,
objects are allowed to touch but not overlap. In tne most
general case, objects are allowed to partially occlude one
another.

Most work on the occluded-objects problem has concen-
trated on the case where there is only one object type in the
scene. Algorithms developed for this problem can be ex-
tended to cases of multiple objects types, simply by running
the algorithm multiple times, once for each possible object
type. This ia not ideal, as it does not consider or take ad-
vantage of the similarities and differences among possible
objects. Also the recognition time increases linearly with
the number of possible objects, after a fixed time for pre-
processing. This can become a problem as the number of
possible object types increases.

A new method for object recognition called the feature
indezed hypotheses method is being developed. This method
breaks the recognition process into two phases: hypothe-
ses generation and hypothesis verification. By using fea-
tures that occur multiple times in the possible object set,
the number of features in the search can be greatly reduced
generating a small number of false hypotheses that are easily
rejected. By carefully selecting the features, the recognition
time growth rate can be reduced to the square root of the
number of possible objects. This method also has the advan-
tage that unique features which are difficult or impossible to
find if the possible object set contains many similar objects
are not required. The method’s feasibility is demonstrated
by the results of a prototype two-dimensional occluded-parts
recognition system.

5 Knowledge-Based Perception Sys-
tems

Most complex tasks require specialized knowledge, image
understanding is no exception. The last few years have seen
an inc:casing application of knowledge in computer vision
systems. The application of knowledge at different levels in
a vigsion system is being studied.

5.1 Knowledge-Based Algorithms

An image interpretation system is a program that derives a
scene description from a time-varying image. The input sig-
nal is a rectangular grid of signal samples taken at regular
time intervals I(z,y,t). The sample can be taken in several
frequency ranges (for example, red, green, and blue) and
combined into a time-varying vector field C(z,y,t). There
is wide agreement that this characterizes the environmental
data used by such a system {9,17]. On the other hand, it is
much more difficult to formulate a descriptior of the output
of an interpretation system. In this project, the output of
an interpretation system is a network representing the scene
being viewed, an approach common to other interpretation
systems. The nodes of such a network are groups of objects
within the scene: individual objects, object parts, or refer-
ences to clusters of image events. Arcs in the network are
labeled with relations between the objects. Since primitive
object parts are usually depicted as geometric solids or cok
lections of joined surface patches [10], these representations
are included in the representation used in this work.

However, there is no need to limit ourselves to only that

type of representation. In fact, the study of which types of
primitives are useful and how they relate to the processing
of the image is part of our current research. The issues of
which relations to use, how to vary those relations with time,
and how to incorporate the variations in object descriptions
that occur over time are also being studied.

The image sequence is not the only source of data used

by an interpretation system. A large database of relational
and descriptive information, including information about
processes and procedures, is also necessary for image inter-




pretation {13,30]. These data are a symbolic representation
of knowledge about the world, especially as that knowledge
pertaina to the interpretation problem; thus, the database is
usually referred to as a knowledge base. For example, if it is
known that the camera is upright, level, and outdoors, then
it can reasonably be expected that the bright area at the top
of the image is the sky. Such simple rules and other more
complex inferences form the greater part of knowledge for in-
terpreiation. The problem of selecting and representing the
appropriate knowledge is a difficult one. Understanding of
image interpretation must be achieved by building systems
of processes that work in restricted domains. In building
such systems, the rules and processes which can eventually
be incorporated into a knowledge base are learned. The
problem then is to organize the information about the ob-
ject and *he nrocedurer for using thes waioimaetica so thatl
they can work in situations where the answers are less than
certain.
The issues are basically these:

e Organization must be imposed on the information used
for image interpretation, because that information is
richly detailed and complex, and because large amounts
of information are required.

Varied types of information (for example, relations,
procedures, and structural descriptions) need to be
made easily accessible at many levels of abstraction.

e There must be a way to control the selection of which
information is considered, which programs are acti-
vated, and what information is passed among pro-
grams.

o Interpretation processes need to deal with errors from
image data and introduced by processes producing
partial interpretation.

e All components of the interpretation system should be
able to deal with the changing nature of dynamic data
and the reorganization of interpretations that occur
when a process creates new hypotheses.

68 Vision Computer Architecture
The real-time application of image understanding algorithmse
requires computer hardware that allows the algorithms to be
executed at high speed. The NCUBE machine is being used
to study hypercube architectures for the implementation of
vision algorithms.

This research is concerned with developing techniques
to perform computer vision computations on loosely and
tightly coupled parallel processors. The size of data sets
and the speed at which they can be created in current prob-
lems cwamp even the fastest computers. The processing
power required to keep up with the input is greater than
100 MIPS. This level of processing power is possible only
with some degree of parallelism. However, a rule of thumb is
that parallel processors can rarely sustain an efficiency level
of greater than 20% [38]; thus the machine needs to have
a peak power of about 500 MIPS. Normally the number of

-

operations far exceeds this and the size of Lhe input data
set is often much greater than 512 times 512 bytes, either
because multiple views are required, or because the sensor
has a higher resolution (4096 times 4096, for example), or
more than one modality is in use.

in the past, vision researchers have been forced to use
SIMD meshes (such as the Goodyear MPP or pyramids) to
achieve this rate of computation. Hypercubes offer a better
alternative than SIMD meshes for several reasons.

o They can efficiently simulate these SIMD machines

e Their interconnections are better for operations such
as image rotation, that are inefficient on meshes or
pyramids

¢ The hypercube is better suited to higher level symbolic
tasks since it is an MIMD machine, the nodes have far
more memory, the interconnections are much better
for the more random information exchange, and the
node processors have a better instruction set

As an example of efficiency in vision tasks, a hypercube
with p processors can rotate an n times n image 90° in
0O(n? log p/p) time, versus O (n?/,/p) for a mesh or pyramid.

Hypercube architectures for MIMD organizations are
better than architectures with SIMD organizations for oper-
ations at the intermediate levels of vision processing where
the sequence of operations for different regions in an im-
age are usually different because the sequence is governed
by properties of the region. For this type of processing, a
loosely coupled multiprocessor system is ideal. If dynamic
scenes are involved, then massive parallelism is essential [1].

7 Sensor Integration

Representations and techniques for combining vision, range,
tactile, and other sensory information are being studied.
Representations that will allow easy inference using multi-
sensors are not known. Representations that will facilitate
combining multi-sensor information for planning and recog-
nition tasks using partial information obtained from each
source are key to the success of sensor fusion. Techniques to
combine uncertain and imprecise information are being de-
veloped using nonmonotonic and probabilistic approaches.
Methods that try to combine beliefs and disbeliefs using un-
certainty calculus for solving problems in distributed prob-
lem solving systems are being studied.

Computer vision and knowledge-based systems have to
deal with uncertain and imprecise data in almost all phases
of reasoning. Many approaches, such as Bayesian methods,
fuzzy logic, Dempster-Schaefer theory, and qualitative ap-
proaches, have been proposed for d:aling with uncertainty.
All of these approaches have their problems and advan-
tages. Unfortunately, it is not clear which method is best
for which types of applications. With the aim to under-
stand the strenghts and weaknesses of each approach, a lan-
guage called ULOG is being developed that will implement
uncertain variables in a PROLOG type environment. The
ULOG language allows a user to change the algorithm used




Figure 4: A range image and its segmentation using Besl’s
and Jain's algorithm are shown in the top-feft and bot-
tom-right corners respectively. Using the polynomial de-
scriptors of the segmented surfaces, the original image is
reconstructed. This is shown at top-right.

Figure 5: This figure shows an image showing the classifi-
cation of solder joints by our algorithm.

Figure 6: This figure shows an image showing two SEM
images of a section of a wafer and the 3-D surface structure
as reconstructed using our sem stereo algorithm.,




for uncertainty management to experiment with different
approaches in order to find the best approach for a given
problem.

8 Applications

Several research projects are closely applied with specific ap-
plications. Normally, the research projects are focussed on
the development of generic algorithms that can be applied
to a wide variety of applications. All of the research work
on generic algorithm can lead to applications. However,
occasionally some application is investigated in the Com-
puter Vision Research Laboratory because the application
provides a focus for learning about some class of vision al-
gorithms. Research projects that are closely associated with
applications are discussed in the foilowing sections.

8.1 Solder Joint Inspection

This project is for improving the reliability of solder joints
and to reduce the cost of manufacturing by reducing the
fault rate. Techniques are being developed for inspectien of
solder joints to identify not only good/bad joints but also to
identify the nature of defects. By identifying the nature of
defects and using trend analysis, the system may be able to
indentify the process parameters that may result in defective
joints [7]. An algorithm based on surface characteristics
classifies the joints. The performance of the current version
of the algorithm is 97-98% correct results. A knowledge
based approach to the task is being implemented to improve
the performance of the classifier still further and to identify
process parameters [3]. Some results from this project are
shown in Figure 5. Recent extensions to this research project
include inspection algorithms for circuit boards with surface
mounted components.

8.2 Semiconductor Wafer Inspection

This project is a part of the center of excellence in semi-
conductor manufacturing. The project is concerned with
the in-process inspection of semiconductor wafers to iden-
tify defects. The objective is to identify defects to control
subsequent processes; if possible, the system will take cor-
rective action and adjust the defective process parameters
at the stage that is be responsible for the defect. The cor-
rective actions are avtomatically performed by an expert
system that controls the processes. The inspection is done
with scanning electron microscopy (SEM) and optical mi-
croscopy. Current activities include the study of SEM im-
ages to implement stereo approaches for those images to per-
form analysis of those images to inspect the nature of edges
and other features on a wafer. A model-based stereo algo-
rithm has been implemented to reconatruct the 3-D struc-
ture of a wafer section. Figure 6 shows 3-d surface structure
recovered by our algorithm. Knowledge-based controls are
being developed for the interface between the vision sys-
tem and the expert system in the automated semiconductor
manufacturing project.
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NASA SYSTEMS AUTONOMY DEMONSTRATION PROJECT:

OEVELOPMENT OF

. SPACE STATION AUTOMATION TECHNOLOGY

John S. Bull,* Richard Brown,** Peter Frxedland,r Carla M. Hong.t

William Bates,?¥

Abstract

Congress has dispiayed substantial interest
in accelerating the dissemination of advanced
automation technology throughout United States
industries. The Space Station was selected as the
high-technology program to serve as a highly visi-
ble demonstration of advanced automation, and spur
dissemination of the technology to the private
sector. NASA has recently initiated an Automation
and Robotics Program to serve as the principal
Research and Technology program contributing to
Space Station automation.

The potential benefits of autonomy in terms
of increased capability, safety, reliability,
2fficiency, and cost savings for operational sys-
tems on the Space _tation has given strong impetus
to the development of a Project for feasibility
demonstrations of automation technology. Addi-
tional strong motivation was given by the report
and recommendations to Congress by the Advanced
Technology Advisory Committee (ATAC): "The devel-
opment of the Space Station offers a ~hance, both
to advance the technology of automat: and robot-
ics as proposed by Congress and to put the tech-
nology to use. The use of advanced automation and
robotics technology in the Space Station would
thereby provide a logical driving force for a new
generation of machine intelligence, rcbotics,
computer science, and microelectronics.”

The NASA Systems Autonomy Demonstration Proj-
ect has been initiated in response to this Con-
gressional interest and ATAC recommendations for
Space Station automation technology demonstra-
tions. The demonstrations will begin with the
testbed for the Space Statior Tharwmal Control
System (TCS) in 1988. Additional demonstrations
are scheduled for 1990, 1993, and 1996. The 1990
demonstration will involve coordinated control of
two Space Station subsystems through cooperating
expert systems, the 1993 demonstration will
involve hierarchical automation of multiple sub-
systems, and the 1996 demonstration will involve
distributed automation of multiple subsystems.

The 1988 TCS Demonstration will be a joint
cooperative effort between NASA Ames Research
Center {ARC) and NASA Johnson Space Center
(JSC). Knowledge-engineering and operator-
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interface technologies for Systems Automation w:ill
be developed by knowledge engineers, Al research-
ers, and human factors researchers at ARC by reiy-
ing on a close working relationship with the
domain experts, knowledge and integration engi-
neers, and mission operations personnel at JSC.

This paper provides an overview of the NASA
Systems Autonomy Demonstration Project, and
describes general details of the 1988 TCS Demon-
stration including expert system functional objec-
tives, system concept, and development plans.

In keeping with the mandates of the Nationa.
Aeronautics and Space Act of 1958 and the Nationa:
Space Strategy approved by the President and Con-
gress in 1984, NASA has set for itself a major
goal of "conducting effective and productive space
applications and technology programs which con-
tribute materially toward U.S. leadership and
security."”

The Report of the National Commission on
Space (May 1986) in its vision of the next
50 years on space strongly recommends an integra-
tion of humans and machines through automation and
robotics. Specifically it is recommended that
"NASA explore the limits of expert systems, and
tele-presence or tele-science for remote opera-
tions, including ties to spacecraft and ground
laboratories."

Congress has displayed substantial interest
in accelerating the dissemination of advanced
automation technology within United States indus-
tries. Space Station was selected as the high-
technology program to serve as a highly visible
demonstration of advanced automation, and spur
dissemination of the technology to the private
sector. NASA has recently initiated an Automation
and Robotics Program to serve as the principal
Research and Technology program contributing to
Space Station automation.

The potential benefits of autonomy in terms
of increased capability, safety, reliability,
efficiency, and cost savings for operational sys-
tems on the Space Station has given strong impetus
to the development of a Project for feasibility
demonstrations of automation technology. Addi-
tional strong motivation was given by the report
and recommendations to Congress by the Advanced
Technology Advisory Committee (ATAC): "The devel-
opment of the Space Station offers a chance, both
to advance the technology of automation and robot-
ics as proposed by Congress and to put the
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invoive hierarchical automation of multiple sub-
systems, and the 1996 demonstration will involve
distributed automation of multiple subsystems.

The '338 TCS Demonstration will be a joint
cooparative affort between NASA Ames Research
Center (ARC) and NASA Johnson Space Center
(JSC). Knowledge-engineering and operator-
.nterface technologies for Systems Automation will
be developed by knowledge engineers, Al research-
er3s, and human factors researchers at ARC by rely-
ing on 31 close working relationship with the
domain experts, knowledge and integration engi-
neers, and mission operations personnel at JSC.

The TCS Automation involves the implementa-
tion of current Al technology into the real-time
dynamic environment of a complex electrical-
mechanical Space Station system. The TCS includes
reai-time nominal control, fault diagnosis and
correction of real-time problems, design and
reconfiguration advice on the thermal testbed
(TTB), and an inteiligent interface to both novice
and expert users. The TCS Demonstration will
accelerate the transfer of Systems Autonomy
research technologies to user applications in a
real-time operational environment, and increase
user confidence in the new technologies.

Systems Autonomy Demonstratton (SADP)
Project

Obfectives

The objectives of the Systems Autonomy Demon-
stration Project are to provide:

t. Technical base of in-house personnel and
development tools to facilitate Al tech-
no.ogy transfer

2. Technology focus for Automation Research
and Development in support of NASA's
Space Programs

3. Means for validation and demonstration of
Automation Technology prior to transfer
to Agency programs

4. Credibility of Automation Technology
within NASA

5. Creadibiilty o NASA Al —oxperi s 1o tno

sutside Al community

droad Approach

The Systems Autonomy Uemonsirifion (Jil.
«“1ll be a joint, cocperitive »risrt tetweon
res2arch and operationa. NASA Tenters The
required Al technologi=s wiil be Zevelopec und

implemented by knowledge eng:ineers, and Al ang
human factors researchers at ARC; while relying
upon the domain experts, KnNow.edga ind niegral.on

engineers, and mission operations personnel ras. i-
Ing at operational NASA Centers.

The SADP project approach will invoive a
multidisciplinary integration of krnowledge engi-
neering, man/machine interfaces, and systems
architecture to enhance automation of the Space
Station.

fach project demonstration will proceeg

through a phased knowledge engineering methodology
consisting of: prototype knowiedge base deveiop-
ment, incremental knowledge base expansion, parai-
lel operator interface development, and .mp.emen-
tation in a realistic environment. Initial Al
system development will be carried out 1n-fhouse s0
as to develop a strong tecnnical base within NASA.

Demonstrations will 1nvolve interaction wWith
both experts and novice personnel represent:iung
mission operations, automated flight subsystems,
and automated sciences. This interaction with
astronauts and ground crew is a critical component
of the project to ensure that the human interface
(man-machine) issues are properly addressed.

SADP Demonstration Seiection Criteria

The following criteria will be used in
selecting demonstrations:

1. Provide maximum use of existing Al
technologies

2. Illustrate gains in human productivity
and reductions in manpower requirements
resulting from automation

3. Have access to domain experts

4. Requires no unattainable personnel and
equipment resources

5. Leave a framework of people and tools
which will facilitate future technology
transfer

6. Transfer developed technology to the
Space Station

SADP Management

The information Sciences and Human Factors
Division of NASA's Office of Aeronautics and Space
Technology provides overall direction, funding,
and evaluation of the Systems Autonomy Demonstra-
tion Project being managed by the Systems Autonomy
Demonstration Project Office in the Information
Sciences Office at ARC.
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5. Design advice on 773
6. Training assistance

Technology Thrusts

The ma or tecnnology thrusts of the TCS
Jemonstration Are:

‘. Integration of knowledge base systems
into a real-time environment

2. Causal modeling of complex components and
elements

3. Combining model-based and experiential
knowledge for diagnosis
Trend analysis heuristic rules

5. Al validation methodologies

TCS Automation Benefits

The ma jor benefits of TCS Automation are:

1. Reduces need for crew and ground monitor-
ing of TC3S

2. Increases crew safety through improved
systems monitoring

3. Provides TCS design assistance

4. Simplifies novice- and expert-user
training

TC5 Management Organization

The Thermal Control System (TCS) Demonstra-
“ion Project is managed by the SADP Office at ARC
in 31 close working relationship with Aerospace
Human Factors Division at ARC, the Crew and Ther-
mal Systems Division at JS5C, the Systems

S22 00ment 4 S omuiation [lv.3ian a0 e
tne Mission Jdperitions Lar=ctorate 1t
Y olerneryl Arnroacn

The Space Stat:ion ITH tsooory el reer
tre Irew oand Thermal 3Systems L3030 1T 1D el
wrhich the domain expectlse s oRi7g proviled,  The
xnowledge engineering ancd demonstrat.on orotntyre
Jdevelopment are ba2ing done oy Ine Sal?
tne Artific:al I[nteiligence besearcn
suppert from the Jderospace suman ~3ot
1t ARC.  The Systems Deveiopment .2

Sivision at JSC provides support ang Lpate
with the SADP Office at ARC 1n the «now.23ge ongi-
reering ard expert system develop 5
tne TCS project and provides testze:l
tion. The Mission Operations Directorite :f
provides consultation ang alv:ice on rezent
ind technology advancements
tion and the application of these 2
current mission operations' ghilosophy o tne
TCS. The general TCS approach is srown on

Facilities

JSC. The TTB includes the following subs:
1) Thermal System Test Articles (pumps.
2vaporators, condensers, busses), and Z) 1
Acgquisition and Control Ssytem.

A facility is located at ARC for developmert
of the Thermal Expert System (TEXSYS). This
facility wili consist of 1) AT HW/SW develocment

tools and 2) a simulation HW. model of the T72
for TEXSYS development and va.idation.

TCS Schedule

The broad overall TCS Demanstration Prolect
Schedule is showr in Fig. 2

Success Criteria

Programmatic success criteria, although more
difficult to define than technical success cri-
teria (meeting system specifications), is of equal
importance. These criteria are the incorporation
of systems autonomy technology (developed as a
result of and demonstrated during the TCS Demon-
stration) in various Space Station subsystems and
systems. This criteria does not imply direct
incorporation of TEXSYS, or any part thereof.
Rather, it implies an influence on Space Station
Project Offices, measured by the incorporation of
autonomy requirements in subsystem reguirements
documents and the inclusion of automation in the
design and development of those subsystems.

Discussion
This section discusses the TCS System Con-

cept, Specific Technical Objectives, Development
Plan, and Status.
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KNCw.2dge-nased functions within the irs2

and Faulr-ilorrection Advice

1ilure rrevention Through
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nt Interface to Novice and

:5 and Fault Correction Advice. The
failts in three major categories:

control malfunctions, and sensor mal-

nctions. The TCS demeonstration wiil show

cert-ievel 30illty to diagrose and suggest cor-

rective 3ctions on approximately 25 to 30 common
S fiults, reprasenting essentlally all major

—adp s e T
modes o U0S raLiures.

re Prevention. Human beings
siow and careful anal-
EEE . ta prevent iow frequency
lyramic anoma. .23 from escalating into problems.

v sovertial strengin of a knowledge-based systems
Lproacrn hermal management is the use of trend
nal : e t iong-term degradation and

oA

15 required to prevent system
:1rameters from exceeding operational limits. The
i1 exhibit "nffline"” (i{.e., during
times) analysis of trends to detect
123 *2 make corrections to the ther-
mal system ofore serious probiems result,

PTmonstration 4L

Orary s

Hes ] and Fauit Correction. The
emornstration Wil 2xhibit real-time nominal con-
.. 15 W@l 13 reai-time correction of at least
five major failure classes of the thermal
. in tne context 2f the thermal system,
“e3l-time (303 matter of seconds. The TCS expert
ystem Wil oanacyze actual sensor data, notice and
f.adnose probiems, and correct (or bypass) prob-
cemsony sending 2ontrol signais to the thermal

caronr

system.,

-ntelliigent Interfice.  Tne 12monsioalon

plitty of tne arowi=sise-tases T,
2¥pert system to 2xplain 1ts 21301118 to Lsers.
The operator intertice Wil. iliow 1se:

imtaormation on testbed schematics, il stages of

Y reasoning, tisic phys:icia.

lyirg component ard TS system oehavior, and pro-
vide guirdance (n making 1ec.si0ons invoaving tner-
TAl management. The intertfice ~ill 2e 3 "direct

manipulation” style interface,
based pointing 1nd meru seleat:nn 15 1520 input)

1na the interface Wil!l show some drgree of uncer-

stinding of the skiul level of (L3 user.

Training Assistance. A beneficlai side

2i'rect of knowledge-based systems {3 that the

owledge bases have substantial atility for
future training purposes wWwith the system. The
information display capabi:ities will Jdemonstrate
now the knowledge-based TCS eupert s3ystam can be
Lsed for purposes of crew and grouns operitor
training in the context of Space Silition
Traiinees will be able to examine data and simulate
the effects of all known faults

Design 1ssistance. The expart Lysieon
mocdeling and simulation knowiedge sase trovides i
substantial capacity for inteliligent issistance t:
the design engineer using the TTB. The informa-
rion and display capabilities will Jemonstrate the
ability to automatically retflect new physical
realities resulting from design changes during
system configuraction change investigatiors

TEXSYS Conceptual Configuration with the T7B

The conceptual configuration of TEXSYS with:n
the TTB is shown in Fig. 4.

ndividual test articles are directly conr-
nected to control computers {microVAXes) which
then connect to an Ethernet. A D S computer (a
larger microVAX IT) acts as a system controller,
central data router, and command queuer for the
TTB. The TEXSYS initially running on a special-
ized LISP machine will be connected via standard
DECnet protocols to the Ethernet. The machine may
receive data from the DACS system and pass com-
mands to the DACS system. If this routing strat-
egy 1s not sufficiently fast or powerful, data
will be received from and commands passed directly
to the test article controllers.

Another possibility for increasing speed
would be the use of a cunventional computer 1is a
front-end processor (FEP) along with a LISP
machine. Such an arrangement could be useful 1f
the ma jor speed bottleneck turns out to be in
handling the raw data from DACS. The FEP could
handle preprocessing tasiks to reduce the raw data
to a compressed amount of information that can be
handled by the expert system. [t might be possi-
ble that the DACS itself could provide this data
reduction. Further investigation of this area
will be necessary.
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testing various models 1n many Sirfe T3 tua-

tions and determining the rele.ant sp2ed iccur ey’
cost tradeoffs that apply.

ieneral Development Plan

In any knowledge engineering proisct the work
proceeds by incremental refinement of a relatively
simple system, adding knowledge and ccnsequently
ability for increased performan~e; anc¢ oy carry:ing
out research in how to better combine types ol
knowledge and reasoning methodologies.

As one of the largest knowledge engineer:ng
orojects yet attempted, this demonstration w:i..
use the previously described approacn, ang w~i1. .
also proceed along traditional project devel:spment
methods: definition of tne problem, sprc:iiiicg:
of system requirements, Jefinition of 3;
cifications, development, validation, n
checkout, and demonstration.

Specific Develonment Flan

The development and demonstratiorn of the
TEXSYS system will be accomplished through six
ma jJor stages, most of which are = parated by ma »r
project reviews. Those stages l.clude:

Prototype Development Stage
Requirements Definition Stage
System Specification Stage

. Initial-System Development Stage
. “inal-System Development Stage
Jemonstration Stage

o oo

o N

Prototype Development Stage. As a first step
1n the problem definition and incremental engi-
neering process, a small but significant prototype
was constructed in June and July of 1986. The
objectives of the prototype development were:

1. To learn significantly more, directly
from an expert, about the TTB environment
and about thermal engineering, especially
as related to two-phase thermal systems
on Space Station

2. To provide knowledge engineering training
for ARC RI SADP personnel in a practical,
problem~oriented environment

3. T build a working prototype system that
would serve as a starting point for
future work

An analysis was mace or probable TEXSYS func-
tional and performance requircments, -“vailable
hardware, software, expert-system building tools,
and training and engineering csupport. Based on
this analysis, a selection was mad. as to the
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System Reguirements Definition Stage. The
next step in the Jdevelopment and demorstration o
“XS5YS system 15 the formal and specific d»: -
altion of requirements.  Particular care wili D2
pa:d to intertaces to the operator, to the TCS
Testhed computers, to real-time data collection
ind TEXSYS performance reguirements, and to the
itructure of the TEXSYS knowiedge
Yeytures Will be documented in tne
smoEeprtrements Definition and wioo T
tre TEXSYS System Requirements ey,

wne

architecturi.

Jystem Specitfication Stage. Foilowing “he
sPul accemp.ishment of the SRR, work «
0 tne gerneration of 1 system design,
cesidn of the knowledee base arch:itac-

e interfaces with recessary util.-
T3, ;tems, and the human operator or
1ser of the TEXSYS, and the structure and fornat
ot data to be used as real-time Input and out-

put. This stage will be documented in the TEXSYS

System Design Specification which will also spec-

1fy the dPILVP”j nhardware and software. This
ta

Initial Svstem Development Stage. The in:-
r1ai TEA3YS development activities will consist of
procurement of test and demonstration hardware ind
software, and include two major phases of knowl-
edge base development. The development activitlies
at ARC will concentrate on development of TEXSYS
«nowledge bases and the human interface to TEXSYS,
whiie JSC will take the lead in developing the
software needed to integrate and interact with the
reaj-time systems with which the TEXSYS will
interface.

Phase one of the knowledge base development
Wwill consist of the acquisition and organization
of knowledge about the TCS Testbed components and
vopology, and the development of rules for detect-
ing and diagnos.ing probiems. During thris phase a
statlic knowiedge base will be used for testing
purposes.

Phase two wili 1nclude the modification of
the system to successfully accommodate real-time
operation and the provision of simulated dynamic
data to test this major enhancement. This stage
15 compiete at CDR.

Final System Development. After completion

nf the COR and delivery, installation, and check-
ot of the TCS Demonstration software at JSC, the
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ily, the verification and wvalidation

. be perrormed on the final demonstri-
ion 772 configuration jointly by ARC and JSi <o
in.t the expert-system krow.iecge b
:ne correct.  Aftler passing thes
nall be considered ready for the
stration phase.

i3 phase of the TEXSYS development will
conc'!ude with the TCS Operational Readiness Heview
(ORP) The ORR will examine all TMS Demonstratior
C 2s to determine the readiness of the sys-
tem, the procedures and documentation, and tne
ersonnel tor the conduct of the operatlonal phase
f the TCS Demonstration.

I'CS Demonstration Stage. After successfuil
completion of the ORR, the final phase, the Demon-
stration Phase, will begin. This stage, conducted
jointly by ARC and JSC, will include the demon-
stration cperations, and the post demonstration
analysis and review.

The operations stage will 1nvolve the actual
conduct and documentation of the TEXSYS in manage-
ment and control of the TCS Testbed. The analysis
and review phase will provide an integrated retrc-
spective nalysis of the system capabilities, and
the development process, to provide insight into
the effectiveness of the TEXSYS in management and
control of the TCS Testbed anc to identify
improvements that can be made in later phases of
the SADP project activities.
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Corcluding Remarks

Zongrass nas displayed substantiai interest
in zccel~rating the dissemination cf advanced
jitemation teochnology to and in United States

Industry.

n oinitiated In response to this desire
nd Wii: ecnduct Space Station automa-
/ demonstrations in 1988, 1390,

KNOWLEDGE
BASE

KNOWLEDGE
\ ENGINEERING

The o initial demonstrition in C388 invelves
wtomation of tne Space Station Therma. [t
System.  An initlal expert system prototyde 7is
oee=n deve _oped 1t ARC and the development .5 pro-
Jressing on scnoedule for 3 demonstration 2notne

normal Testbed at JSC in August '983.
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