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1 BACKROUND

Throughout its history, the Army has been manpower-intensve in most of its sysems. The
combination of demographic changes (fewer young men), changed battlefield scenarios, and
advanced technologies in improved robotics, computers, and artificid intelligence (Al) suggests
both a need and an opportunity to multiply the effectiveness of Army personnel. Not only can
these technol ogies reduce manpower requirements, they can aso replace personnel in hazardous
areas, multiply combat power, improve efficiency, and augment capabilities.

The Deputy Chief of Staff for Research, Development and Acquisition authorized the Nationd
Research Council to form a committee to review the state of Al and robotics technology, predict
developments, and recommend Army gpplications of Al and robotics. This Committee on Army
Robotics and Artificid Intelligence brought together experts with military, industrid, and
academic research experience.

APPROACH

The committee began its work with a detailed review of the State of the art in robotics and
atificid intelligence aswell as with predictions of how the technology will develop during the
next 5- and 10-year periods. Thisreview is summarized in Chapter 2 and in its entirety formsthe
gopendix of thisreport. It isthe foundation of the committee's recommendations for selecting

and implementing of gpplications.

The committee used its review of technology and information on Army doctrine, prior reports on
Army gpplications of Al and robotics, and its combined military, university, and industria
experience to develop criteriafor selecting applications and to recommend specific gpplications
that it considers of vaue to the Army and the country. For each gpplication recommended, the
committee was asked to report the expected effects on personnd, skills, and equipment, as well
as to provide an implementation strategy incorporating priorities, costs, timing, and a measure of
effectiveness.

PRIOR STUDIES

As background to its efforts, the committee was briefed on and reviewed three studies completed
during 1982 on Army robotics and artificia intelligence:
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D. R. Brown, et d., R&D Pan for Army Applications of Al/Roboatics, SRI International,
May 1982 (Contract No. DAAK70-81-C-0250, U.S. Army Engineer Topographic
Laboratories).

Army Plan for Al/Robotics Technology Demongrators, Department of the Army, June
1982.

Report of the Army Science Board Ad Hoc Subgroup on Artificia Intelligence and
Robotics, Army Science Board, September 1982.

Each contributes to the base of knowledge regarding these expanding new technologies and
offersindgghtsinto potentia applications to enhance the Army's combat capabilities. Their
conclusions are hriefly reviewed here to place the contribution of this particular report in a
proper context.

R&D Plan for Army Applications of Al/Robotics

The report by SRI cites as the primary motivation for the gpplication of Al and roboticsto Army
systems the need to conserve manpower in both combat and noncombat operations. It covers
more than 100 possible Army applications of Al and robotics, classified into combat, combat
support, and combat service support categories. Many of the gpplications, though listed as
digtinct, could easily be drawn together to serve as generic applications. The report focuses on
the need to document judtification for the vaue of Al and robaticsin Army gpplicaionsin
generd, but the committee found that it lacked sufficient detall for ranking the many applications
to pursue those of greatest interest and potential payoff.

From the 100 specific concepts that the SRI study considered, 10 broad categories of application
were sdlected. An example from each of these 10 categories was chosen for further study to
identify technology gaps and provide the basis for the research plan recommended by the study.

Included in that plan were 5 fundamenta research areas, 97 specific research topics, and 8
system considerations. Most potentia applications were judged to require advancement of the
technology base (basic research and exploratory development) before advanced devel opment
could begin. In fact, the study estimated that devel opment on only four could be sarted in the
next 10 years, and two would require deferrd of development until the year 2000.

2

A briefing on the Army Proposed Plan was given to the committee e its initid meeting. The
report identified five projects for gpplication of Al or robotics technology to demongtrate the
Army's ahility to exploit Al and robotics:

Robotic Reconnaissance Vehide with Terrain Anayss,
Automated Ammunition Supply Point (ASP),
Intelligent Integrated Vehicle Electronics,

Al-Based Maintenance Tutor,

Al-Based Medicd System Development.
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Of these five proposed demongtrations, technica availability assessments placed one in the near
term, one in the mid-to-far term, and the other three in the far term. Cost estimates and schedules
gppear optimigtic to this committee, considering that much of the effort was neither funded nor
programmed &t that time.

Report of the Army Science board
Ad Hoc Subgroup on Artificid Intelligence and Robotics

The Army Science Board Ad Hoc Subgroup was established to provide an assessment of the
date of the art of Al and robotics as fast-track technologies and of their potentid to meet Army
needs. It concentrated its efforts on those aspects with which it could dedl rapidly and relatively
completely; it dso conddered the five Army demongtrators and supported them.

The report grouped the five demondtrators into two categories. proceed asis or proceed with
modification. The subgroup recommended changes to the maintenance tutor and the medica
system, and recommended that the other three demonstrators proceed as planned. Other
battlefield technology topics recommended were automatic (robotic) weapons, automatic pattern
recognition, and expert support systems.

Noting that the introduction of technology into weapon systems could be hampered by
management problems, the subgroup recommended establishing a single dedicated proponent of
Al and robotics in the Department of the Army, giving preference to existing equipment and
technology, and cregting an oversght committee from the Army's materiel developer and user
communities.

The subgroup tied its recommendations to the five technology thrusts that the Army has
designated to receive the mgjority of research and development funds (lines 6.1, 6.2, and 6.3a of
the budget) during the next five-year funding period:

Very Intdligent Surveillance and Target Acquisition,
Didributed C31,

Sdf-Contained Munitions,
Soldier/Machine Interface,
Biotechnology.

CONTRIBUTION OF THIS REPORT

This committee is indebted to the foregoing efforts for the base they provide, a base which this
report attempts to expand. Our recommendations are founded on a comprehensive assessment of
the state of the art and forecasts of technology growth over the next 10 years. The details of that
assessment are contained in the Appendix. We hope that our recommendations to the Army will
provide aredigtic technica assessment that will enable the Army, in turn, to concentrete its
effortsin aress offering the most potentia return.
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No two groups consdering possible Al and robotics applications will have identica lists of
priorities. This committee used the combination of Army needs and the direction of technology
development as aguidein narrowing the list of possible applications. The Nationd Research
Council isunique in the diversty of backgrounds of the experts it brings together. The members
of this Committee on Army Roboatics and Artificid Intelligence have among them 248 years of
industry experience, 110 yearsin academia, and 184 yearsin government. The recommendations
in this report are the consensus of the committee, drawing on those years of experience.

We agree with the authors of studies we have reviewed that Al and robotics technologies offer
great potentid to save lives, money, and resources and to improve Army effectiveness. This
report will

support the need for ongoing work in these hightrisk, high-technology fields that offer
such great promise for the country's future security

help channd Army effortsinto the most effective aress,

build understanding of what Al and robotics can offer within the broad groupsin the
Army that will need to work with these technologies,

provide redigtic information on what Al and robotics technology can do now and the
directions in which research is heading.

4

12

2 SUMMARY OF THE TECHNOLOGY

DEFINITIONS

We used the Robot Ingtitute of Americas definition of arobot as

a reprogrammable multi-function manipulator designed to move materid, parts, tools, or
specidized devices through variable programmed motions for the performance of a variety of
tasks.

The main components of arobot are
the mechanica manipulator, which isa set of links that determine the work envel ope of
the robot and the ability to orient the hand;
the actuation mechanisms, which are hydraulic, pneumdtic, or eectric;
the controller, usudly a computer, which controls motion by communicating with the
actuation mechanism.

The robot can be augmented by the addition of

end effectors, or "hands';
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sensors, for performing measurements as required to sense the environment, including
electromagnetic (visud, infrared, ultraviolet, radar, radio, etc.), acoudtic, tactile, force,
torque, spectographic, and many others.

other "intelligent” functions, such as understanding speech, problem solving, god
seeking, and commonsense reasoning.

None of these, strictly speaking, is part of the robot itsdlf.

This chapter isasummary of the detailed report on the state of the art and predictions for Al and
robotics technology contained in the gppendix.

13

Artificd intelligence, as defined in SRI Internationd’'SR&D Pl an for Arnmy Applications of
Al / Roboti cs, iS

the part of computer science that is concerned with symbol-manipulation processes that produce
intelligent action. By "intdligent action” is meant an act or decison thet is god- oriented, arrived
at by an understandable chain or symbolic analysis and reasoning steps, and isonein which
knowledge of the world informs and guides the reasoning.

The functions or subfields of artificid intdligence are

natura-language understanding; that is, understanding English or ancther noncomputer
languege:

image understanding; that is, the ability to identify what isin apicture or scene;

expert systems, which codify human experience and useit to guide actions or answer
questions,

knowledge acquisition and representation;

heuristic search, amethod of looking at a problem and sdlecting a path to the solution;
deductive reasoning;

planning, which entails an initid plan for finding a solution, then monitoring progress.

Asthisinfant field develops, the list of subfidds will expand. Artificid intdligenceisthe
gpplication of advanced computer systems and software to these areas, with "intelligent
behavior" as the intended resuilt.

RESEARCH ISSUES

The categories of robotics research receiving the mogt effort are
improvement of mechanica systems, including manipulation design, actuaion systems,

end effectors, and locomotion,
improvement of sensors to enable the robot to react to changes in its environment;
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creetion of more sophigticated control systems that can handle dexterity, locomotion, and
sensors, while being user friendly.

In atificd intdligence, expert syst ens iSthe area of research closest to being ready to move
from the laboratory to initid commercid use.

6

Mechanicd Systems: Manipulator and Actuation

Research on the kinematics of design, models of dynamic behavior, and dternaive desgn
dructures, joints, and force programming is leading to highly accurate new robot structures. This
research will lead to robots capable of applying force and torque with speed and accuracy and
will transform today's heavy, rigid, Sngle robotic arams into more lightweight, ultimately more
flexible arms cgpable of coordinated motion.

Research on end effectors--the hands attached to a robot-- seeks to improve dexterity, enabling
robots to handle avariety of parts or tools in complex Stuations. Two gods are the quick-change
hand and the dexterous hand. The robot would be able to charge a quick-change hand by itsdf,
ataching the means of tranamitting power as well asthe physca hand to the arm.

Although the dexterous hand is beyond the current Sate of the art, there are some interesting
present gpproaches. One is a variable finger sdlection; another isthe use of materids that will
produce signds proportiona to surface pressures. Thisis coupled with research in

microe ectronics to anadyze and summarize the sgna's from these multisensored fingers for
decisionmaking outputs.

Early attention to locomotion has led to alarge number of robots in current use mounted on
tracks or an overhead gantry. Progress has recently been made on a six-legged walking robot that
is stable on three legs.

A middle ground between tracked and unconstrained vehicles is awire-guided vehicle used in
plants. These vehicles have onboard microprocessors that communicate with acentra control
computer at stations placed dong the factory floor. The vehiclestravel dong awire network that
is kept free of permanent obstacles, bumper sensors prevent collisions with temporary obstacles.

Sensors
The purpose of sensorsis to give the robot adaptive behavior--that is, the ability to respond to
changesin its environment. Vision and tactile sensors have recelved the lion's share of research
effort. While tactile sensors are till fairly primitive, vison sysems are dready commercidly
avaladle.
Vison systems enable robots to perform the following types of tasks:

identification or verification of objects,
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location of objects and their orientation,
ingpection, navigation and scene andys's,
guidance of the servo mechanism, which controls position through feedback.

7

15

Thefirgt three tasks can be performed by today's commercid systems. Three-dimensond
vison syssems are a present rudimentary.

Tactile sensors are just beginning to be commercidized. Within the next few years, force-sendang
wrists and techniques for controlling them will be available for such tasks as tightening nuts,
inserting shafts, and packing objects. More research will be needed before they can work in other
than benign environments.

Control Systems

The underlying research issue in control systemsis to broaden the scope of the robot to include
dexterous hands, locomotion, sensors, and the ability to perform new complex tasks.

Robots are typicaly programmed by either the lead-through or the teach-box method. In the
former the controller samples the location of each of the robot's axes severa times per second,
while a person manipulates the robot through the desired motions. The teach-box method enables
the operator to use buttons, toggle switches, or ajoy stick to move the robot.

Programming languages for robots have long been under research. Early robot |anguages have
combined language statements with use of ateach box. Second-generation robot languages,
which resemble the sandard structured computer language, have only recently become
commercidly available. It is these second-generation robot languages that create the potentia to
build intelligent robots.

Expert Systems

Artificid intdligence has generated severd concepts that have led to the development of
important practica systems. A subset of these systems has been cdled expert systems. Asthe
name suggests, an expert system (ES) encodes deep expertise in anarrow domain of human
speciaty. Severd expert systems have been constructed whose behavior surpasses that of
humans. Examplesincude the MIT Macsyma system (symbolic mathematics), the Digitd
Equipment Corporation R-1 system (configuring VAX computers), the Schiumberger dipmeter
andyzer (ol wel logs), and various medica expert systems, including PUFF (pulmonary
function diagnosis) in regular use at San Francisco Hospitd . Expert systems behavior in
research laboratories and the civilian sector is cause for optimism in the military sector.

One can consider expert-systems support not only at the corps and divison levels but dso for
battalions and regiments. As envisioned in the Air Land Battle 2000 scenario, battaion and
regimental formations will be operating in forward battle areas in a dispersed manner. Expert-
system support at this level will be particularly helpful in increasing combet effectiveness
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through flexibility and adaptability to varied, complex stuations and improved survivability of
men and machines,

16

Although there is cause for optimism, current expert sysems have significant limitations and
require intensve basic research if the technology is to be successfully trandferred from the
university laboratory to make rugged operationa systems.

Present expert systems support only narrow domains of expertise. Asthe domain of
application becomes broader, the number of dternative courses of action increases
exponentidly and effectiveness decreases exponentialy. Though research is addressing
thisissue, practical expert sysems are likely to be severdly restricted in their domain for
the next 5 years.

Only limited knowledge- representation languages for data and relations are available.
Theinput and output of most expert systems are inflexible and not in English (or any
other natural language).

Expert systlems il require laborious construction--approximately 10 man-yearsfor a
Szable one.

Because present expert systems need one domain expert in control to maintain
consgtency in the knowledge data base, they have only a single perspective on a
problem.

Many expert systems are difficult to operate.

9

3 CRITERIA FOR SELECTION OF APPLICATIONS

The committee spent agreat ded of time developing criteriafor the selection of Army
gpplications of robotics and artificid inteligence. These criteria were essentid in guiding the
work of the committee; but beyond that, they are more broadly applicable to future decisons by
the Army aswdl as by others. The criteriafor sdecting applications reflect both the immediate
technologica benefits and the attitudina and manageria condderations that will affect the
ultimate widespread acceptance of the technology.

REASONS FOR APPLYING ROBOTICS
AND ARTIFICIAL INTELLIGENCE

Theintroduction of robotics and artificid intelligence technology into the Army canresultina
number of benefits, among them the following:

improved combat capabilities,
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minimized exposure of personnd to hazardous environments,
increased mission flexibility,

increased system reliability

reduced unit/life-cycle costs,

reduced manpower requirements,

smplified training.

In sdlecting gpplications from the much larger list of posshilities, the committee not only looked
for opportunities to achieve those benefits but aso sought affirmative answers to the following
questions.

Will it perform, in the near term, an essentid task for the Army.

Canitsinitid verson beimplemented in 2 to 3 years?

Can it be readily upgraded as more sophisticated technology becomes available?
Doesit tiein with exiging, related programs, including programs of the other services?

10

Will it use the best technology available in the scientific community?

These consderations should help to ensure initid acceptance and continuing success with these
promising developing technologies.

COMBINING SHORT-TERM AND LONG-TERM OBJECTIVES

Initid short-term implementation should provide a basis for future upgrading and growth asthe
user gains experience and confidence in working with equipment using robotics and Al
technology. To this end the Army's program should be carefully integrated and include short-
term, achievable objectives with growth projected to meet long-term requirements.

Asaresult; some of the applications chosen may & first appear to be implementable in the short
term by other existing technologies with lower cost and ease. However, such short-term
expediency may cause unwarranted and unintended delay in the ultimately more codt- effective
goplication of new developing robot technologies. To prevent this problem, short-term
applications should be

goplied to exiging, highly visble sysems,

reasonably afforded within the Army's projected budget,

within the date of the art, requiring development and engineering rather than invention or
research,

able to demondtrate an effective solution to a critical Army need ,

achievable within 2 to 3 years,

not redundant with effortsin DARPA or the other services.
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On the other hand, the committee considered long-term applications to be important vehicles for
advancing research in these technologies and, in some cases, for introducing useful gpplications
of robotics and artificia intelligence. These more advanced gpplications would ultimately, a
reduced codt, assist in meeting the changing requirements of the modern battlefield envisoned in
the Army's Air Land Battle 2000 concept.

The principle that guided the committee's selection of applications, therefore, was to combine
short-term and long-term benefits; that is, to salect gpplications that can be implemented quickly
to meet a current need and, in addition, can be upgraded over the next 10 yearsin ways that
advance the gate of the art and perform more complex functions for the Army.

PLANNING FOR GROWTH
For the near term, using State of the art technology and assuming that a demongtration program
gartsin 1 1/2 to 2 years and continues for 2 years, the committee recommends that projects be
selected based not
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only on what is commercidly available now but aso on technology thet is likely to become
available within the next 2 years.

During the next 4 to 5 years, while the Army is developing its demondration systems, annua
expenditures by university, industrid, government, and nonprofit laboratories for R& D and for
initial gpplications will probably exceed severd hundred million dollars per year worldwide. To
be timely and cost effective, Army demonstration systems should be designed in such away that
these developments can be incorporated without discarding earlier versions.

It istherefore of the utmost importance to pecify, a the outset, maximum feasible computer
processor (and memory) power for each application. Industry experience has shown that the
magor deterrent to updating and improving performance and functions has been the choice of the
"gmalest" processor to meet only theinitia functiona and performance objectives.

It isat least asimportant to ensure that this growth potentia be protected during devel opment of
the initid applications Both industry and the Army have known programmers with a propensity
to expand operating and other systems until they occupy the entire capacity of design processor
and memory.

Robots are currently being developed that incorporate externa sensors permitting modification
of the sequence of moations, the path, and manipulative activities of the robot in an adaptive
manner. The status of the "dumb, deaf, and blind" robot is being raised to that approaching an
"intelligent” automaton. This upgraded system can automaticaly cope with changesin its
reasonably constrained environment.
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The earliest adaptive robot systems are just beginning to be incorporated into production lines.
Mogt of these Systems are presently in an advanced development stage, worked on by
gpplication engineersfor early introduction into production facilities. Such Systems, cdled third-
generation robot Systems, are expected to supplement the second-generation robot Systems
(having programmable control but lacking sensors) in the next 2 to 3 years. Shortly theresfter, as
more and more assembly operations are automated, they are likely to become the dominant class
of robot Systems. In view of these technologica developments, the Army demondration Systems
should, at the very least, be based on the third-generation robot Systems capable of being readily
upgraded with minimum change in the interna hardware configuration, relying on future

additions of readily interfaceable externa sensors and software.

SELECTING APPLICATIONS TO ADVANCE
PARTICULAR TECHNOLOGIES

In addition to considering the benefits that result from applying robotics and artificia
intelligence, the Army has the opportunity to use its choice of gpplications to teke an active role
inadvancing

12

particular technologies. Because robotics and Al are developing. rapidly, the committee believes
that Army should support arange of component technologies.

The two fidds are at present separate, and the possible gpplications can be divided into those that
areprimarily r obot i cs and thosethat are primarily artificial intelligence. Therobotics
gpplications can be further divided into those that primarily advance end- ef f ect or (hand)
technology and those that primarily advance sensor technology.

The Al gpplications can be divided into a number of types, of which the furthest developed is
expert sysems. The committee limited its consideration of Al gpplicationsto expert sysems, in
kesping with its goa of short-term implementation of limited aspects. The primary technology
for expert sysemsis cognition.

Each of these areas-- effectors, sensors, and cognition--is an important source of technology for
the Army and for this country's industrial base. To encourage R&D in these areas and to enable
the Army to have someinitid experience in each area, the committee agreed to recommend three
goplications, one directed at each.

13

4 RECOMMENDED APPLICATIONS AND PRIORITIES
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The committee used the criteria described in Chapter 3 to develop an initid list of 10 possble
Army applications of robotics and artificid intelligence. These were discussed at length and
narrowed to Sx applications that met the criteria, three of which are strongly recommended.

Many hours of committee discussion are reflected in the following list. The committee found it
impossible to match the large numbers of possble applications and criteriain any sysematic
way. No two groups gpplying the criteriawould arrive a identicd lists of Army projectsto
recommend. The gpplications recommended below are eminently worthwhile in the judgment of
the committee. They clearly address current Army needs, offer short-term benefits, are likely to
give Army personnel some positive early experiences with the technology, and are capable of
being upgraded.

AN INITIAL LIST

With these congderations in mind, the committee developed the following list of 10 potentid
goplications of robotics and artificid intelligence. Not dl of these gpplications are recommended
by the committee; thislist is the result of the committee 'sfirst effort to narrow down the vast
number of possible applications to those most likely to meet the criteria described earlier.

Aut omati c Loader of Ammunition in Tanks. Thissysem would require
development of arobot arm with minimum degrees of freedom for use within the tank.

The arm would be capable of acquiring rounds from amagazine or rack and loading them
into the gun, with avison system to provide the means to correct for imprecise

positioning of rounds and gun and tactile or force sensors to ensure adequate acquistion.
Sentry Robot . A portable unattended serntry device would detect and report the presence
of personnd or vehicles within a designated area or dong a specified route. The device
would aso be cgpable of sensing the presence of nuclear, biological, and chemical
contaminants.
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Fl exi bl e Material - Handl i ng Modul es. Adaptive robots mounted on wheeled or
tracked vehicles would identify and acquire packages or palets to load or unload. There
are S0 many potentid applications for materia- handling systems that materid- handling
robots are likely to become as ubiquitous as the jeep in the Army supply system, with
gpplications in forward aswell as rear aress.

Robotic Refueling of Vehicles.A wheded robot fitted with an gppropriate fuel
digpensr (atool for insarting into afud inlet) could automaticaly refud avariety of
vehicles

Count er- M ne Syst em Adaptive robots mounted on wheeled or tracked vehicles could
be fitted with specidized sensors and probing or digging toolsto find and dispose of
buried mines. Vehicles could be remotely controlled in the teleoperator mode.

Robot Reconnai ssance Vehi cl e. Theremotey controlled reconnai ssance vehicle that
the Army is considering as amgjor demonstration project could be fitted with one or
more externa robot arms and equipped with vision and other sensors. Thiswould expand
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the utility of the system to perform manipuletive functions in forward, exposed aress,

such asretrievd of disabled equipment; sampling and handling nuclear, biologicd, and
chemically active materids (NBC); and limited decontamination.

Ai rborne Surveillance Robot.A semiautonomous aerid platform fitted with sensors
could observe large areas, provide westher data, detect and identify targets, and measure
levels of NBC contamination.

Intel ligent Maintenance, Diagnosis, and Repair System AnES, specidized
for aparticular piece of equipment, would give advice to the relatively untrained on how
to operate, diagnose, maintain, and repair relatively complex eectronic, mechanica, or
electromechanical equipment. It would also act as arecord of repairs, maintenance
procedures, and other information for each mgor item of equipment.

Medi cal Expert System Thissystem would give advice on the diagnoss and
evacuation of wounded personnd. A trained but not necessarily professonal operator
would enter relevant information (after prompting by the system) regarding the condition
of the wounded individud, including any results of initid medicd examination. The

system would logicaly evauate the relative seriousness of the wound and suggest
dispostion and priority. This system could be improved by having available acomplete
past medica record of the individud to be entered into the system prior to asking for its
advice,

Battalion Informtion Managenent System Thissystem would provide guidance
and assistance in Situation assessment, planning, and decisonmaking. Included would be
the automatic or semiautomeatic production of Situation maps, plans, orders, and status
reports. It dso would include guidance for operator actions in response to specific
dtuations or conditions.

Although this list represents a considerable reduction from the many possible applications that
have been concelved, afurther narrowing is needed. Knowledgeable researchers and other
resources are in such short supply that Army effortsin Al and robotics should
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be well thought out and focused. The remainder of this chapter presentsin more detail the
functions, requisite technology, and expected benefits of the committegs top Six priorities.

As noted in Chapter 3, the committee recommends that the Army fund three demonstration
projects, onein each of the areas of effectors, sensors, and cognition. This committee s
consensus is that, at aminimum, the following projects should be funded:

1. automatic loader of ammunition in tanks (effectors),

2. sentry robot (sensors),

3. intdligent maintenance, diagnosis, and repair system (cognition).
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These gpplications dl meet the criterialisted on pages 10-11: they meet a current Army need,
demongtrations are feasible within 2 to 3 years, and the systems can be readily upgraded.
Together, these gpplications are strongly recommended for funding.

The committee aso found the following applications to meet its criteria If funding is avallable,
these are a so recommended:

4. medical expert system (cognition),
5. flexible materid- handling modules (effectors) ,
6. battalion information management system (cognition).

Asto the remaining goplications, robotic refueling of vehiclesis an example of aflexible
meaterid-handling module (priority 5) and the airborne surveillance robot is an upgraded verson
of the sentry robot (priority 2). The reconnaissance vehicleis not in this committee”’ s
recommended list because a demondtration is not likely to be possible within 2 years. The
counter-mine vehicle is not recommended because the problem seems better suited to aless
expensive, lower-technology solution.

AUTOMATIC LOADER OF AMMUNITION IN TANKS

At present the four-man crew of aU.S. tank congsts of a commander, a gunner, adriver, and a
loader. The loader receives verbd ingructionsto load a particular type of ammunition; he then
manudly sdlects the desgnated type of ammunition from arack, liftsit into pogtion, insarts it
into the breech, completes the preparation for firing, and reports the cannon's readiness to fire.
The gunner, who has been tracking the intended target, has control of firing the cannon. When
fired, the hot, spent casing is automaticaly gected and is later disposed of, as convenient, by the
loader. The loader occasiondly unloads and restores unfired cartridges onto the rack.

With gppropriate design of the complete ammunition loading system, these functions can be
automated. The committee recommends the use of state-of-the-art robotics to effect this
automation, eiminaing one
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man (the loader) from the crew, and potentialy increasing the firing rate of the cannon, now
limited by the loader's physica capabilities.

Functiona Requirements
The mgor functiona requirements of the system are
A conputer-controlled, fully programmble, servoed robot designed for the

specid purpose of ammunition selection and loading. Its configuration, Size, number of
degrees of freedom, type of drive (hydraulic or eectric), load capacity, Speed precision,
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and grippers or hands would be engineered specificaly for the purpose as part of the
overdl system design. Computer power in its controller would be adequate for
interfacing with vison, tactile, and other sensors, and for communicating with other
computers in the tank. Provisions would be made to introduce additiona processing
power in the future by leaving some empty "dots' in the processor cage. The principles
of design for such arobot are now known, and the mgor requirement, after setting its
specifications, is good engineering. A working prototype should take 1-1/2 to 2 years to
produce.

A sinpl e machine vision systemdesgned to perform the functions of locating the
selected type of ammunition in amagazine or rack, guiding the robot to acquire the
round, and guiding the robot to insert the round into the breech. Althoughit is certainly
possible to design amore specidized and highly constrained system, the proposed
adaptive robot system provides for greeter flexibility in operation and reduction of
congraints, and will enable more advanced functiona capabilitiesin the future. The
principles of desgning an gppropriate vison system are now available; the design for this
purpose should not be difficult. Simplifying congraints such as colored, bar code, or
other markings on the tips of shells and breech would €liminate tedious processing to
obtain useful imagery for interpretation. Other sensory capabilities (e.g., tactile and force)
could readily be added to the system if necessary, for confirming acquistions and
insertions. The robot computer could be programmed to accommodate al these sensors.
An ammuni tion storage rack (or, preferably, magazine) desgned to facilitate both
bulk loading into the tank and acquisition of selected anmunition by the robot gripper. It
may even have an auxiliary eectromechanica device that would push sdected
ammunition forward to permit easy acquisition by the robot, such action controlled by the
robot compuiter.

Robot and vision conputers integrated and interfaced with the fire
control conputer under control of the commander or gunner. Thisloca computer
network isintended for usein later developments when further autometion of thetank is
contemplated. However, it could even be used in the short term to ensure that the type of
ammunition loaded is the same type that is indexed in the fire control computer.
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Bendfits

The near term advantages (2 to 5 years) foreseen are

elimination of one crew member (the loader) and automation of adifficult, physcaly
exhaudting task that contributes little to the overdl skills of the people who perform it;
potentia increase in fire power by reducing loading time;

the avallability of atest bed for further development and implementation of more
advanced systems and increased familiarity of personnd with computer-controlled
devices,

amplification of communications between commander, gunner, and loader, which may
lead to direct control by the tank commander and potentia reduction of errors during the
heat of combat;
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Army experience with computer control, especidly of robot systems.

In the long term, if concurrent developments in automated tracking using advanced sensors
occur, it may be feasble to diminate the gunner, reducing the crew to acommander and adriver.
This would make possible two- shift operations with two two-man crews operating and
maintaining the tank over a 24-hour period, a consderable increase in operating time for very
important equipment. Mechanization of the ammunitionloading function and an integrated
computer network in place are prerequisites for this development.

A potentid tank of the future could be unmanned--atank controlled by ateleoperator from a
remote post or hovering aircraft. The tank would be semiautonomous; that is, it could maneuver,
load rounds, track targets, and take evasive action to a limited degree by itsdlf, but its actions
would be supervised by aremote commander who would initiate new actions to be carried out by
internally stored computer programs. Eliminating people on board the tank could lead to highly
improved performance, now limited by human physical endurance and safety. The tank would
become an unmanned combet vehicle, smaler, lighter, fagter, with far less armor and more
maneuverable- - essentially a mobile cannon with highly sophisticated control and target

acquidtion sysems.

SENTRY/SURVEILLANCE ROBOT

The modern battlefield, as described in Air Land Battle 2000, will be characterized by
consderable movement, large areas of operationsin avariety of environments, and the potentia
use of increasingly sophisticated and letha wegpons throughout the area of conflict. Opposing
forces will rardly be engaged in the classica sense--that is, dong orderly, digtinct lines. Clear
differentiation between rear and forward areas will not be possble. The implications are that
there will be insufficient manpower available to observe and survey the myriad of possible
avenues by which hostile forces and weapons may threaten friendly forces.
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Initidly using the concepts and hardware developed in the Remotely Monitored Battlefidd
Sensor System (REMBASS), a surveillance/ sentry robotic system would provide a capability to
detect intruson in pecified areas--either in remote areas aong key routes of communication or
on the perimeter of friendly force emplacements. Such a system would apply atificia

intelligence technology to integrate data collected by a variety of sensors--seismic, infrared,
acoudtic, magnetic, visud, etc.--to facilitate event identification, recording, and reporting. The
device could dso monitor NBC sensors, as well as operate within an NBC-contaminated area.

Initidly, the system would be stationary but portable, with an antenna on an elevated mast near a
sensor field or layout. It can build on sentry robots that are currently available for use in industry.
Ultimately, the system would be mobile. Either navigation sensors would provide mobility aong
predetermined routes or the vehicle would be arborne; the decision should be made as the
technology progresses. Also, the mobile system would employ onboard as well as remote
Sensors.
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Functiona Requirements
The proposed initid, portable system would require

A fully progranmbl e, conputer-operated controller (withtranamit/receive
capabilities) that would interface with the remote sensors and process the sensor data to
enable automated recognition (object detection, identification, and location). This effort
would entall matching the various VHF radio links from existing or developmentd

remote sensors a a"smart” console to permit integration and interpretation of the data
received.

A secure conmuni cations |ink from the controller to atactica operations center that
would permit remote read-out of sensor data upon command from the tactical operations
center. This communications link would aso provide the tactical operations center the
capability of turning the controller (or parts of it) on or off.

Later versions of the system would have the attributes described above, with the additiond
features of mobility and onboard sensors. In this case, the sentry/surveillance robot would
become part of ateleoperated vehicular platform, aether traversing a programmed, repetitive
route or proceeding in advance of manned systems to provide early warning of an enemy
presence.

Bendfits
The principa near-term advantages are

to provide atest bed for exploiting Al technology in a survelllance/sentry application,
using available sensors adapted to
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gpecid agorithms that would minimize false alarms and speed up the process of detection,
identification, and location.

to permit asavings in the manpower required for monitoring sensor darms and
interpreting readings, while providing 24-hour-a-day, dl-westher coverage.

to provide a capability for operating a survelllance/sentry system under NBC conditions
or to warn of the presence of NBC contaminants.

The far-term mobile syssem would be invauable in providing survelllance/sentry coveragein the
vicinity of critical or sendtive temporary field fadilities, such as high-level headquarters or
gpecia weapons storage aress.

INTELLIGENT MAINTENANCE, DIAGNOSIS, AND REPAIR SYSTEM

Expert Systems gpplicationsin autometic test equipment (ATE) can range from the equipment
design stage to work in the field. Expert systems incorporating structural models of pieces of
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equipment can be used in equipment design to smplify subsequent trouble shooting and
mai ntenance.

Inthefidd, expert systems can guide the soldier in expedient field repairs. At the depot, expert
systems can perform extensive diagnosis, guide repair, and help train new mechanics.

In the diagnostic mode it would ingtruct the operator not only in the sequence of tests and how to
run them, but dso in the visud or aurd features to look for and their proper sequence.

In the maintenance mode the system would describe the sequence of tests or examinations that
should be performed and what to expect at each step.

In the repair mode the system would guide the operator on the correct toals, the precise method
of disassembly, the required replacement parts and assemblies by name and identification
numbers, and the proper procedure for reassembly. After repair the maintenance mode can be
exercised to ensure by appropriate tests that repair has, in fact, been effected without disabling

any other necessary function.
In any of the above operations the system would record the repairs, maintenance procedures, or
conditions experienced by that piece of equipment. Users would thus have access to essentid
readiness information without needing bulky, hard-to-maintain maintenance records.

Current Projects and Experience

Some current Army and defense projects concerned with ATE are

VTRONICS, a st of projects for onboard, embedded sensing of vehicular malfunctions
with built-in test equipment (BITE);
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VIMAD, Voice Interactive Maintenance Aiding Device, which is externd to the vehicle;
Hawk missile computer-aided ingtruction for maintenance and repair.

Electronic mafunctions have been the subject of the most research, and electronicsis now the
most reliable aspect of the systems. Not much work has been done to reduce mechanica or
software mafunctions. During wartime, however, such systems will need to be survivable under
fire as well as be reliable under norma conditions.

For ground combat vehicles around 1990, a BITE diagnostic capability to tell the satus of the
vehicle power train is planned. In one development power train system, the critica information is
normaly portrayed either by cues viaa series of gauges or by adigital readout. Mafunctions can
be diagnosed through these cues and displays. The individud is prompted to push buttons to go
through a sequence of displays.
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An exigting Army project concerns a helicopter cockpit display diagnostic system. One purpose
of the project was to study audible information versus visua display. For example, the response
to the FUEL command isto state the amount of fue or flying time left; the AMMO command
tells the operator how much ammunition isleft. One reason for using Speech output is that
monitoring visud displays didiracts attention from flying.

A lot of work has been done in the Army on maintenance and repair training, but computer-
assgted indruction (CAI) and artificid intelligence could greetly reduce training time. For
example, the Ml tank requires 60,000 pages of technical manuals to describe how to repair
breakdowns.

The Army has planned for an Al maintenance tutor that would become amaintenance aid, but it
isnot yet funded. Under the VIMAD project supported by DARPA, a helmet with asmall
televison receiver opticaly linked to a cathode ray tube (CRT) screen is being investigated as an
ad to maintenance. Computer-generated video disk information is relayed.

An individua working insde the turret of an Ml tank, for example, cannot at present easily flip
through the pages of the repair manua. With VIMAD, using a transmitter, receiver, floppy disk,
and voice recognition capability, theindividua can converse with the system to get information
from the data base. The system alows a 19-word vocabulary for each of three individuas. The
system has a 100-word capability to access more information from the main system and provides
acombination of audio cues and visud prompts.

Any Army diagnogtic system should be easily understood by any operator, regardless of
mai ntenance background ("user friendly™). Choosing from aternatives presented in amenu
approach, for example, is not necessarily easy for a semiliterate person.
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Recommended Projects for Expert Systemsin ATE

We propose that the following projects be supported as soon as possible:

Interactive, mxed-nedia manuals for training and repair.Manudsshould

employ Sate-of-the-art video disk and display technology. The MIT Arcmac project,
supported by the Office of Nava Research, illustrates this approach.

Devel opnent of expert systenms to trouble-shoot the 50 to 100 nopst
common failures of inportant pieces of equi pment. Thesystem should
incorporate smple diagnogtic cues, be capable of fixed format (stylized, nonnatural)
interaction, and emphasize quick fixes to operationd machinery. The project should be
oriented toward mechanical devices to complement the substantial array of existing
electronic ATE. Projectsin this category should be ready for operationa use by 1987.
Longer-term devel opnent of expert systens for ATE of nobre conpl ex
mechani cal and el ectronmechani cal equi prent . The sysemsin this category are
intended for use at depots near battle lines. They are less oriented to quick fixes and
incorporate preventive maintenance with more intelligent trouble shooting. They do not
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am for the sophidticated expertise of ahighly qudified technician or mechanic. The
emphagsison (1) determining whether it isfeasble to fix this piece of equipment, (2)
determining how long it will take to fix, (3) determining if limited resources would be
better used to fix other pieces of equipment, and (4) laying out a suitable process for
fixing the equipment.

The trouble-shooting systems recommended above rely on human sensors, exactly like
MY CIN and Prospector. MY CIN is an expert system for diagnosing and treating
infectious diseases that was developed at Stanford University. Prospector, developed at
SRI Internationd, is an expert sysem to aid in exploration for minerds. Pardld, longer-
term efforts should be started to i ncor por at e aut omati ¢ sensor s into the trouble-
shooting expert systems recommended above.

EXPERT SYSTEMS FOR ARMY MEDICAL APPLICATIONS

Expert sysems for various areas of medicine are being extensively studied at a number of
indtitutions in the United States. These include

rule-based systems at Stanford (MY CIN) and Rutgers (for glaucoma) ,

Bayesan satigticd systems (for computer-assisted diagnosis of abdomind pain),
cognitive mode systems (for internal medicine, nephrology, and cholestass) ,
knowledge management systems for diagnosis of neurologica problems at Maryland.
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Current Army activities to gpply robotics and artificid intelligence in the medica areaare
described in the Army Medica Department's Al/Robotics plan, which was prepared with the
help of the Academy of Health Sciences, San Antonio. This plan was presented to this committee
by the U.S. Army Medical Research and Development Command (AMRDC).

Current Army Activities

Purdue Univerdity's Bioengineering Laboratory has an Army contract to study the concept of a
"dog-tag chip” that will assist identification of injured personnel. The god for thisdevice isto
assig inthe digplay of patient symptoms for rapid casudty identification and triage. AMRDC
noted that visud identification of casudtiesin chemica and biologicd warfare may be very
difficult because of the heavy duty garb that will be worn.

Airborne or other remote interrogation of the dog-tag chip, its use in sdf-aid and buddy-aid
modes, and use of logic trees on the chip for chemica warfare casuaties are being examined by
the Army. Other areas of Al and robotics listed in the U.S. AMRDC plan are training, systems
for increased rediism, and a"smart aideman” expert system, the latter being a"pure” applicaion
of expert systemsto assis in early diagnoss.

Medica Environments, Functions, and Payoffs

Medica environments likely to be encountered in the Army are
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routine nonbattle, generd illnesses, and disease;
battle injuries, shock/trauma;

epidemics,

chemicd;

radiation;

bacteriologica.

In abattle area, amedicd diagnosis paramedic aide machine would

speed up diagnosis by paramedic and provide productivity increase, noninvasive sensing,
and triage;

suggest the best drugs to give for a condition, subject to patient dlergies,

suggest priority, disposition, and radio sensor sgnas on aradio link to field hospitd, if

necessary to consult physician.

At forward aid sations, in addition to routine diagnostic help, the device might infer patterns of
illness on the basis of reports from loca areas, track patient condition over time, and teach
paramedics the nature of conditions occurring in that particular areathat may differ from ther
prior experience.
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Payoffs would include increasing soldiers likelihood of surviva and the consequent boost to
mora e through the knowledge that efforts to save them were being assisted by the latest
technology. Note thet the automated battalion information management system, described below,
will involve building alarge planning modd , which could include medicine.

Recommended Medicd Expert Sysems

In view of exigting technology, a more aggressive dog-tag chip program than that aready under
way at Purdue Universty is advocated. The Army should contract with some commercid
company currently making wristwatch monitors to develop a demonstration model Army body
monitor and not worry if the development gets out into the public domain. Wristwatch monitors
of pulserate, temperatures, etc., are listed in catd ogs such as the one from Edmund Scientific.

Technology for low-leve digita communication with cryptography isdso available. Asa
prerequisite to the smart dog-tag, the Army may wish to make use of this technology in various
Army systems more mundane than the smart dog-tag chip. Cryptography can ensure that
information on asmart dog-tag is not susceptible to interception.

Collection of data on noninvasive new and old sensors and related methods of datistica andysis
to determine their efficiency in monitoring casuaty/injury conditions should be the subject of a
longer term study. The study should create a data base that relates medical diagnosis and sensor
capabilities
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The development of Al expert sysems aimed & providing computer consulting for nonbattle and
battle-area Army medicine and paramedica training are long-term projects that could be
undertaken in collaboration with military and university hospitals. For example, the emergency
room or shock/trauma unit of a civilian hospital could be used in beginning studies. Correlation
of the patient 's current condition with past medica history as recorded on a soldier's dog-tag
chip would be one result available from an expert systlem. Paramedic skills may or may not
require a dight increase, depending on how well the Al aid is designed. It does seem that the
same number of paramedics should be able to accomplish more.

FLEXIBLE MATERIAL-HANDLING MODULES

Most robot gpplications in industry today are directly related to materia handling. Theseinclude
loading and unloading machines, paletizing, feeding parts for other automation equipment, and
presenting parts for ingpection.

Materid handling in Army operations has many smilar gpplications, which, at the very less,

involve agreat number of repetitive operations and often require working under hazardous
conditions. It is proposed to make use of state-of-the-art robotics to develop a
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multifunctiondl, material-handling robotic module that can be readily adapted for many Army
functions serving both rear echelon and front line supply needs.

An ammunition resupply robot could select, prepare, acquire, move, load, or unload ammunition
at forward weapon sites to reduce exposure of personnel or in rear storage areas to reduce
personne requirements and provide 24-hour capability.

For genera use, arobot mounted on awhedled base is recommended so that the human operator
can maneuver the robot into position and then initiate a stored computer program that it will
execute without continuous supervison. With present technology constraints on the necessary
vision system, it would be necessary to have a bar-code identifying insgnia affixed to every
package or object in aknown position. State-of-the-art pattern recognition devices can then be
mounted on the robot arm to identify an object or package for sorting and verification. Future
technologica advance would reduce the need for identifying inggnia

The proposed robot to refud vehiclesis actudly an ingtance of a materia-handling module. It
would be mounted on whedl's and equipped with vision. The operator would position the robot in
the proximate location, where it would then use afue dispenser without exposing the crew.
Specid gas tank caps would be required to facilitate insertion and dispensing of fud by the
robot.

Functiona Requirements

The module would be afully programmable, servo-driven robot with advanced controller
cgpable of interfacing with avison module, other sensor modules, and teleoperator contral. It
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would include ateach-box programmer to provide the smplest programming capability by unit-
level nongpecidists. The teleoperator would provide the operator with the ability to operate the
robot on one-at-a-time tasks that do not require repetitive operations or are too difficult to
program for automatic operation.

The robot module base would be designed to be readily mounted on atruck, atrailer, or a
weapons carrier, or emplaced on arigid pad or even firmly embedded in the ground. It would be
desrable to engineer severd different sizes with different load capacities but operating with
identical controllers.

High speed and precison would be desirable but not mandatory. Trade-offs for ruggedness,
amplicity, maintainability, and cost should be consdered serioudy.

Provison would be made for readily interchangeable end effectors, or "hands." Each gpplication
would have a pecidized end effector, which could be a gripper or tool. The particular
requirements of the task or mission would specify which set of effectors accompany the robot.
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Some near-term advantages are

In supply logistics the module could stack such items as packages or ammunition, from
ether trucks or supply depots, where standard pallet operations are not available or
feasble. Many personnd engaged in dl forms of moving supplies and munitions would
become acquainted with and adept at the use of this strength-enhancing, labor-saving
tool. Reduction of gaff and imination of many repetitive and fatiguing operations

would result. Key personnd would be time-shared, snce a single operator could set up
and supervise severa robot systems.

In front line and other hazardous activities, the robot module, after programming, could
operae autonomoudy or under supervisory control from a safe location. Ammunition and
fue resupply for tanks serviced by arobot mounted on a protected vehicleisatypica
example. Handling hazardous chemica or nuclear objects or materia could be performed
remotely. Retrieving and ddivering objects under fire may be possible with gppropriate
remote-controlled vehicles.

When personnd become familiar and experienced with these systems, they will probably
generate and jury-rig arobot to perform new operations creatively. This system is meant
to be a generd- purpose helper.

The long-range advantages include the following:
With the future addition of awide range of sensors, including vision, tactile, force, and
torque, the robot module becomes part of an intelligent robot system, enlarging itsfield

of gpplication to pardld many intended uses of sysemsin industry. With specidized
tools, maintenance, repair, reassembly, testing, and other norma functions to maintain
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sophisticated wegpon systems, al become possible, especidly under hazardous
conditions.

The proposed module can be readily duplicated at reasonable cost and serve at many
experimental Sites for evauation and development into practicd tools. It will
undoubtedly uncover needs requiring advanced capabilities that can be added without
complete redesign.

AUTOMATED BATTALION INFORMATION MANAGEMENT SYSTEM

Combat operations in amodern army require vast amounts of information of varying
completeness, timeliness, and accuracy. Included are operational and logistic reports on the
gatus of friendly and enemy forces and their functiona capabilities, tactical andyses, wesather,
terrain, and intelligence input from sensors and from human sources. The information is often
incongstent and fragmentary but in sufficient quantity to lead to information overload, requiring
sorting,
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classfication, and distribution before it can be used. Getting the information to the appropriate
people in atimdy fashion and in ausable form isamagjor problem.

A bettaion forward command post is usudly staffed by officers having respongbility for
operations, intelligence, and fire support. These officers are seconded by enlisted personnd with
sgnificantly less schooling and experience. Other battaion staff officers asst, but they do not
carry the main burden. The battalion executive officer usualy positions himself where he can

best support the ongoing operation. Together, these men smultaneoudy fight the current baitle
and plan the next operation. Thus, efforts must be made to dleviate fatigue and stress. Thereisa
consequent need for automated decision aids.

Expert systems for combat support could assist greetly. It appears that information sources
cons s currently of hand-written, repeatedly copied reports and that intelligence operations
integration is degraded because of information overload and because information is incons stent.
Thus, while cgpable of intuitive judgments that machines do poorly, officersfind it difficult to
integrate unsorted and unrdlaed information, are limited in their ability to examine aterndives,
and are dow to recognize erroneous information. Decisonmaking in tense Stuationsis
spontaneous and potentialy erroneous.

Capturing the knowledge of an officer, even in ahighly domain-restricted Stuation such asa
forward command pog, is difficult. Even though they strain the State of the art, expert systems
for combat support have such potentia payoff in increasing combat effectiveness that they
should receive high priority and be begun immediatdly. The following sequence of projects can
be identified:
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how to capture and deploy knowledge and duties of the operations, intelligence, logigtics,
and fire-support officers into operations, intelligence, logidtics, and fire-support expert
systemsto aid these officers;

how to automate screening messages and establishing priorities to reduce information
overload,

how to integrate the operations of the expert systems to support the command,;

how to integrate generd information with detailed information about the particular
gtuation a hand; for example, how supplementa experts for multisensor reconnai ssance
and intelligence, topographic mapping, Stuation mapping, and other functions such as
night attack and air assault can be used to adapt the generd battaion expert system to the
particular battle Stuation.
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SIMPLEMENTATION OF RECOMMENDED APPLICATIONS

For the applications recommended in Chapter 4, the committee made gross estimates of the time,
cost, and technica complexity/risk associated with each. The results of those deliberations are
summarized in this chapter.

The matrix on the following pages was developed to present the committee ' s proposed
implementation plan. For each candidate, the matrix shows the estimated time and man+years of
effort from initiation of contractud effort until demondration of the concept by a bread- or brass-
board moded, gross estimates of costs for a single contractor, projected payoff, relative technica
complexity, remarks, and, findly, recommended priority in which projects should be undertaken.
Inlight of condrained funding and even more drictly limited technica capacity, we recommend
that one candidate in each of the three areas-- effectors, sensors, and cognition--be undertaken
now. The recommended top-priority gpplications are the automatic loader of ammunitionin
tanks (effectors), the sentry/surveillance robot (sensors), and the intelligent maintenance,
diagnosis, and repair system (cognition).

While the committee agreed that it would be preferablein al casesfor at least two firmsto
undertake R& D smultaneoudly, it recognized that constrained funding would probably preclude
such action. Cost estimates in the matrix, therefore, represent the committee' s estimate of the
cogis of asingle contractor based on the number of man years of afully supported senior
engineer. Believing that the Army wasin far better position to estimate its adminidtrative, in-
house, and testing costs, the committee limited its cost estimates to those of the contractor.

After extensive discussion, the committee chose $200,000 as a reasonable and representative
edimate of the cost of afully burdened industria man-year for a senior engineer. The estimated
costs for contractor effort for different supported man-year costs can be caculated. The estimates
given are for demonsgtrators, not for production models.

28

Get any book for freeon:  www.Abika.com



APPLICATIONS OF ROBOTICSAND ARTIFICIAL INTELLIGENCE

COSTS
TECHNICAL (M=Million)
0JECT COMPLEXITY TIME FRAME (MY=Man-year) PAYOFF
tomatic 3 2 to 2-1/2 $4=85 M/system/ Reduce crew
Loader of (low) contractor from 4
Asmunition 5 MY /yr (senior to 3 to 2
in Tanks people)
irveillance/ 2 2 to 3 yr $5 M (2 or more Improve
Sentry Robot (high) sensor modalities) rear area
15 MY $5 M/yr surveillance
Augment
ability of
existing
personnel

itelligent 4
Mainotenance,
Diagnosis,

and Repair

System

$1 M;2 MY /yr

for 2 yr

$2 to 2 1/2 M;

3 MY/yr for
I yr
(prototype)

$2 to 2-1/2 K;

3 MY/yr for
3 yr

Total 22 MY

Don't abandon
when bandaid
fixes are
possible

Amplify
mechanic's
skills

Get any book for freeon:  www.Abika.com



APPLICATIONS OF ROBOTICSAND ARTIFICIAL INTELLIGENCE

Hedical
Expert
System

Flexible
Material-
Handling
Modules

Battlefield
Information
Management
Syatem

1 3yr
(most)
6 2-3 yr
(least)
3 5 or more
rl'
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15 MY

$4-5 M/ system/
contractor
15 MY (5 MY/yr)

$2-1/2 to 3 M/
yr for 2 MY/yr
for each of 4
ES and 1 over-
seer

Total $12-1/2
to 15 M for 5
yr (9 MY/yr for
5 yr = 45 MY)
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Morale,
efficiency,
survival

Reduce traini
load for
medics

Performance
(productivi

Safety

Training

Reduce staff
by duplicat
staff funct

Facilitate 24
operations

In time, prov
improved da
for
decisionmak:

MEASURES OF EFFECTIVENESS

The committee had considerable difficulty in attempting to develop useful measures of
effectiveness because such measures gppear to be meaningful only as gpplied to a specific
gpplication. Even then, the benefits of gpplying robotics and artificid intelligence are often
difficult to quantify at this early stage. How, for example, does one measure the vadue of a

humean life or of increments in the probability of successin battle?

Therefore, instead of attempting to develop quantitative measures that strain credibility, the
committee offers generd guidelines againgt which to measure the worthiness of proposed

gpplicaions of robotics and artificid intelligence. These guiddines are grouped according to

their intended effect.

Peopl e

Reduced danger or improved environment
Reduced kill levd or training requirements
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Improved survivability

M ssi on

Improved productivity or reduced manpower requirements

Military advantage

New opportunities

Enhanced capability to conduct 24-hour per day operations

Improved RAMS (rdiability, availability, maintainability, and supportability)

Mat eri al
Reduced cost

The fina item, reduced cog, is not the only one that can be assigned a quantitative value. A
reduced need for training, for example, should result in reduced training costs. Similarly,
improvements in RAM S should reduce life-cycle costs because of diminished need for repair
parts, reduced maintenance costs ssemming from greater mean time between failure, and reduced
maintenance marn-hours per maintenance action. However, meaningful estimates with acceptable
levels of confidence would require large volumes of experience data that Smply are not available
a this early stage in the development of anew and revolutionary technology.

Military advantage is probably the ultimate measure of effectiveness. For example, if it could be
shown through modeling or gaming that investment in a syslem meant the difference between
winning or losing, that system could be described as infinitey cost effective.
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The committee Smply does not have access to sufficient pertinent information to make other
than a subjective judgment of the effectiveness of its proposed gpplications at thistime. Further,
because each application is to be implemented progressively, such measures will change over
time. Findly, because the find versons of the gpplications require substantial research and
development, the committee, despite its collective experience, can provide only the gross
estimates of probable costs and payoffs contained in the matrix.

What, then, can the committee say about measuring the effectiveness of the proposed
goplications? Firdt, that in its collective judgment, the recommended applications provide sound
benefits for the Army and second, that these benefits will sem from more than one of the nine
aress listed above.

A possible precedent to consider is the manner in which DOD funded the Very High Speed
Integrated Circuits (VHSIC) program. It was consdered an area of great promise that warranted
funding as a matter of highest priority; gpplications were sought and found later on, after the
research was well under way. Similarly, thereislittle question that we have barely begun to
scratch the surface in identifying high-payoff gpplications of robotics and artificia intelligence
technology.
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6 OTHER CONSIDERATIONS

In the course of its Sudies, the committee identified a number of important consderations that
can be expected to bear heavily on the Army's decisions on future applications of robotics and Al
technology. These consderations, discussed in the paragraphs that follow, apply more generdly
than to the specific topics covered in the previous chapters.

SHORTAGE OF EXPERTS

Probably the most important single consideration at thistimeisthat there are far too few research
expertsin the areas of robotics and artificid inteligence. Most of those available to the Army for
their gpplications are clustered in afew universities where some 70 professors with an average of
410 5 (gpprentice) students apiece represent the bulk of existing technica expertise. There are
appreciably fewer qudified practitionersin military service. As aresult, despite the fact that
additional funding in these areasisrequired, it must be alocated with greet care to ensure that
recipients have the capability to spend the money wisdly and effectively. For example, SRl is
unable to accept more money for some branches of Al because its technica capacity is dready
fully committed.

Similarly, thereisacritica shortage of military expertsin the domains to be captured by expert
systems. In paticular, it is difficult to find the military officers required to participate in the
design and development of complex expert systems, such as those required for divison and
corpstactical operations centers.

Both factors underline the need for an Army-university partnership in educating qudified
individuasin order to expand the research and development base as soon as possible. They aso
appear to indicate a need for some sort of centraized coordination, to ensure that optimum useis
meade of the limited human and fisca resources available.
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OPERATOR-FREINDLY SYSTEMS

The creation of operator-friendly systemsis essentid to the successful spread of this technology.
A truly operator-friendly system will apped to dl levels of people, especidly under adverse
conditions. In addition, these syssems will facilitate the important task of getting novices
acquainted with and accustomed to using robots and robotic systems. Not only will thislead to
the critically needed confidence that comes from hands-on experience, but it will dso
demondtrate the redity of what can be done now and point the way toward more advanced
goplicaions of the future.

The importance of operator-friendly hardware has been recognized by the military snce World

War 11, when the Studies of aircraft accidents identified a number of pilot errors caused by the
design of the plane. Since then, military R& D hasincluded the andlysis of human factorsin the
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design of new technologies. Expected benefits include fewer accidents, improved performance,
reduced production costs, lower training costs, and improved implementation.

Operator-friendly systems are of particular importance to the military because the objective isto
ensure proper use of the systems under less than favorable conditions. In most cases the
environmenta conditions in which the robot will be expected to operate are more severe than
those currently experienced in industria applications. Furthermore, in times of crisis the robot
may need to be operated by or work with personnd that are not fully trained. Careful design of
the hardware and software can reduce training, maintenance, and repair costs. It can aso ensure
that the expected benefits are more likely to be achieved.

In some environments, such as tanks, humans and robots will be working in close quarters. If
there is hodtility or difficulty with the robatic system, or if the maneuvers require too much space
or movement, the system will not work effectively. In acrisis, there may not be a second chance
or an available backup for a system falure, so the marn machine combination must work
effectively and quickly.

Essentid to any operator-friendly sysem are high levels of rdiability, avalability, and
maintainability, and redundant fail- safe provisons. With the many hodtile environments, it will

be of basic importance to assure adequate redundancy in components and systems. What are the
backups? What happens when power fails? Can muscle power operate the system?

As military equipment becomes increasingly complex, its operation and maintenance will
compete with industry for scarce mechanical and computer skills. This shortage of experts and
trained skilled workers can be ameliorated by robotic applications, such as maintenance and
repair aids.
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COORDINATION OF EXISTING PROGRAMS

The committee is concerned that specific efforts be made to guard againgt reinventing the whed!.
With so many programsin the armed services, it gppears to outsders that many activities are
repeated because each particular area wants its own activity. The Army should have some means
of knowing the programsin the other services that could have gpplication to Army needs. The
committee has learned that the Joint Laboratory Directors, operating under the aegis of the Joint
Logigtics Commanders, have begun to address this important need. Any steps that foster
communicetion in this area are to be welcomed.

AVAILABLE TECHNOLOGY

There are dready anumber of successful gpplications of roboticsin usein industry. Such
gpplications as spot welding, arc welding, paletizing, and oray painting are not exotic and are
proven successes. The Army can improve its operaions immediately by taking advantage of
commercialy proven systems for production and maintenance in its depots.
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GETTING STARTED

The Army will experience the same growing problems that industry has experienced. Outside of
afew aresslike robotic spot welding of automobiles and robotic unloading of die casting
machines, there has been much talk about robotic applications but only dow growth. Thereis
evidence that implementation of robotics projects will now move a a much faster pace. The
Army should bear in mind, however, that getting a dynamic technologica program going dmost
invariably requires more time and money than its developers originally plan.

These technologies will cause a savings in manpower, though not necessarily for theinitid

thrust. Experience and training will be needed in dl areas--operators, maintenance personnel,
supervisors, and managers. Once the new systems are understood by al levels, then the savings
will be redlized. In many cases this savings will take the form of more output per unit. In
addition, the savings will compound as the systems grow with technology additions aswdll as
familiarity.

An important by-product following the initid learning period will be the motivation of

individuas. Being master of a phase of new technology gives one an accomplishment and &bility
that can be the base for growth within the existing employment area or for sdling persona
ability and knowledge outside the area--in short, aladder for growth and persona development.
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FOCUS FOR Al AND ROBOTICS

The committee has noted that the Army has identified the five technology thrusts of Very
Intelligent Surveillance and Target Acguistion (VISTA),

Digtributed Command, Control, Communications and Intelligence, Saf- Contained
Munitions,Soldier-Machine Interface,Biotechnol ogy.

These are areas to which it intends to devote its research and exploratory development efforts.

Robotics and atificid intelligence technology is not designated as a separate high-priority thrust.
It is possible to relate specific robotics/Al gpplications to one or more of the technology thrusts,
asthe Army Science Board Ad Hoc Group on Artificid Intelligence and Robotics did in its
report. However, the danger remains that robotics and Al efforts-- particularly where they do not
fal cearly under the mantle of one of the chosen five--will be consdered lower priority, with the
attendant implications of reduced funding and support. Failure to identify roboticsand Al asa
gpecid thrust may aso contribute to the lack of focus in management and diffusion of effort and
funding noted elsawhere in this report.

IMPLEMENTATION DIFFICULTIES

In addition to technica barriers that might normally be expected, severa misconceptions have
continualy clouded industry's technology development and ongoing research in artificia
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intelligence. Unredlitic expectations combined with problems inherent in any new technology
have created barriers to easy implementation. Based on recent industrial experiences, the Army
can expect these to include

Unreal i stic expectations of the technol ogy's capabilities.Inanextremey
narrow context, some expert systems outperform humans (e.g., MACSYMA), but
certainly no machine exhibits the commonsense facility of humans at thistime. Machines
cannot outperform humans in ageneral sense, and that may never be possible. Further,

the bdlief that such systemswill bail out current or impending disastersin more
conventiona system developments that are presently under way is amost dways
€rroneous.

The technol ogy is not readily I|earned. Thenotiontha "thisisnothing morethan
smart software’ continually demondrates the naiveté of first impressions. Current
experience in industry refutes this contention. A seemingly smple concept of knowledge
acquisition,
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amply having an expert sate hisrules of thumb, is currently an intricate art and so complex asto
defy automatic techniques. It is, and will remain for sometime, aresearch area.

Expectations often dramatically exceed what is possible. Thisispaticulaly
true of the times estimated for development. Performance of the systems has often lagged
because of such problems as classfication restrictions or alack of available expertise.
Desire for quick success. Very often the politica gods are not consonant with the
technica gods, thereby increasing the risk associated with developing an expert system
by placing unredidtic time condraints on the gaff.

University goals versus the goals of industry.Topresearchuniverstiesare
motivated to gain new knowledge, develop researchers, publish papers and dissertations,
and establish avehicle for the perpetuation of these. The gods of arespongveindustria
unit are to build a system or provide a service that results in ausable, functioning system
in an acceptable time to meet the needs of the customer for use by practitioners. Because
of thisdiversity of purpose, much of the software and hardware developed is not easily
transferable, and codtly transformations have been required.

Fear of not succeedi ng. Thisisasdetrimenta to technologica progressasin any
other art or science. Industry and government have often committed funds to unambitious
projects that met inadequate risks in order to prove nothing.

Calling it Al when it is not orisonlyloosdy related. The expectation that
development in thisareawill be readily funded encourages jumping on bandwagons.
Lack of credential s.Severd people and groups are claming expertise in Al, though
they may not have the rich base upon which research capability is normaly devel oped.
Careful credentid checking isimperative.

Technol ogy transfer. The preponderance of practitioners are in the universitiesand
have only recently been moving to industry, primarily to venture activities. Most have
never ddivered productsin the industrid context (e.g., documented with life-cycle
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consderations). Thetransfer of knowledge to industry at large is thusrarely done by
those with knowledge of both industry and the technology, which makesthe
industridization process more risky.

Premat ure determination of results. Therisk exigsof unwittingly predetermining
the outcome of decisons that should be made after further research and devel opment.
The needed skills Smply are not in industry or in the government in the quantities needed
to prevent this from happening on occasion.

Nont r ansf erabl e software tools. Virtudly dl software knowledge enginesring
systems and languages are scantily documented and often only supported to the extent
possible by the single researcher who origindly wrote it. The universities are not in the
business to assure proper support of systems for the life-cycle needs of the military and
industry, athough some of the new Al companies are beginning to support their
respective programming environments.
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Lack of standards. Thereare no documentation standards or restrictions on useful
programming languages or performance indices to assess system performance.

M smat ch bet ween needed conputer resources and existing machinery. The
symbolic languages and the programs written are more demanding on conventiona
machines than gppears on the surface or is being advertised by some promoters.

Knowl edge acquisition is an art. Thesuccessful expert systems developed to date
are al examples of handcrafted knowledge. As aresult, syslem performance cannot be
specified and the concepts of test, integration, rdiability, maintainability, testability, and
quality assurance in generd are very fuzzy notions at this point in the eva uation of the

at. A great ded of work isrequired to quantify or systeméticaly eiminate such notions.
Formal prograns for education and training do not exist.Theacademic
centers that have developed the richest base of research activities award the computer
science degree to encompass dl sub-disciplines. The lengthy gpprenticeship required to
train knowledge engineers, who form the bridge between the expert and development of

an expert system, has not been formalized.
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7 RECOMMENDATIONS

START USING AVAILABLE TECHNOLOGY NOW

Robotics and artificid intelligence technology can be gpplied in many areas to perform useful,
vauable functions for the Army. As noted in Chapter 3, these technologies can enable the Army
to

improve combat capabilities,

minimize exposure of personnd to hazardous environments,
increase mission flexibility,

Get any book for freeon:  www.Abika.com



APPLICATIONS OF ROBOTICSAND ARTIFICIAL INTELLIGENCE

increase system rdiability,
reduce unit/life cycle codts,
reduce manpower requirements,

amplify traning.

Despite the fact that robotics technology is being extensively used by industry (amost $1 hillion
introduced worldwide in 1982, with increases expected to compound at an annud rate of at least
30 percent for the next 5 to 10 years), the Army does not have any significant robot hardware or
software in the field. The Army's needs for the increased efficiency and cost effectiveness of this
new technology surely exceed those of industry when one considers the potentia reduction in
risk and casudties on the battlefield.

The shrinking manpower base resulting from the decline in the 19-to 21-year-old mae

population, and the substantia costs of maintaining present Army manpower (gpproximately 29
percent of thetotal Army budget in FY 1983), emphasize that a mgor effort should be made to
conserve manpower and reduce battlefield casuaties by replacing humans with robotic devices.

The potentia benefits of robotics and artificid intelligence are dearly great. It isimportant that
the Army begin as soon as possible so as not to fal further behind. Research knowledge and
practica industria experience are accumulating. The Army can and should begin to teke
advantage of what is available today.
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CRITERIA: SHORT-TERM, USEFUL APPICATIONS WITH PLANNED UPGRADES

The best way for the Army to take advantage of the potentia offered by roboticsand Al isto
undertake some short-term demongtrators that can be progressively upgraded. Theinitia
demondtrators should

meet clear Army needs,

be demonstrable within 2 to 3 years,

use the best state of the art technology available,

have sufficient computer capacity for upgrades,

form a base for familiarizing Army personnd--from operators to senior leadership--with
these new and revolutionary technologies.

As upgraded, the applications will need to be capable of operating in a hostile environment.

The dud approach of short-term applications with planned upgradesis, in the committee ' s
opinion, the key to the Army's successful adoption of this promising new technology in ways
that will improve safety, efficiency, and effectiveness. It is through experience with rdatively
smple applications that Army personnel will become comfortable with and appreciate the
benefits of these new technologies. There are indeed current Army needs that can be met by
available robotics and Al technology.
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Inthe Army, asin industry, thereis a danger of much talk and little concrete action. We
recommend that the Army move quickly to concentrate in afew identified areas and establish
those as a base for growth.

SPECIFIC RECOMMENDED APPLICATIONS

The committee recommends thet, a a minimum, the Army should fund the three demongtrator
programs described in Chapter 4 a the levels described in Chapter 5:

The Automatic Loader of Ammunition in Tanks, using arobotic arm to replace the
human loader of ammunition in atank. We recommend that two contractors work
smultaneoudy for 2to 2 1/2 years a atotal cost of $4 to $5 million per contractor.
The Survelllance/Sentry Robot, a portable, possibly mobile platform to detect and
identify movement of troops. Funded at $5 million for 2 to 3 years, the robot should be
able to include two or more sensor modadities.

The Intelligent Maintenance, Diagnosis, and Repar System, initsinitid form ($1 million
over 2 years), will be an interactive trainer. Within 3 years, for an additiona $5 million,
the system should be expanded to diagnose and suggest repairs for common break-
downs, recommend whether or not to repair, and record the repair history of a piece of
equipment.
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If additiona funds are available, the other projects described in Chapter 4, the medical expert
system, the flexible materid- handling modules, and the battalion information management
system, are aso well worth doing.

VISIBILITY AND COORDINATION OF MILITARY AI/ROBOTICS

Much additiona crestive work in this areais needed. The committee recommends that the Army
provide increased funding for coherent research and exploratory development efforts (lines 6.1
and 6.2 of the budget) and include artificid intelligence and robotics as a specia technology
thrust.

The Army should aggressively take the lead in pursuing early application of robotics and Al
technologies to solve compdlling battlefid needs. To assst in coordinating efforts and
preventing duplication, it may wish to establish ahigh-level review board or advisory board for
the Al/Robotics program. This body would include representatives from the universities and
industry, aswell as from the Army, Navy, Air Force, and DARPA. We recommend that the
Army condder thisidea further.
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APPENDIX
STATE OF THE ART AND PREDICTIONS FOR
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ARTIFICIAL INTELLIGENCE AND ROBOTICS

INDUSTRIAL ROBOTS: FUNDAMENTAL CONCEPTS

The term robot conjures up avison of amechanicad man--that is, some android as viewed in
Star Wars or other science fiction movies. Industria robots have no resemblance to these st ar
war s figures. In redlity, robots are largely constrained and defined by what we have so far
managed to do with them.

In the last decade the industria robot (IR) has developed from concept to redlity, and robots are
now used in factories throughout the world. In lay terms, the industria robot would be called a
mechanicd am. This definition, however, includes dmogt dl factory automation devices that
have amoving lever. The Robot Inditute of America (RIA) has adopted the following working
definition:

A robot is a programmable multifunction device designed to move materid, parts, tools, or
specidized devices through variable programmed motions for the performance of avariety of
tasks.

It is generdly agreed that the three main components of an industrial robot are the mechanical
manipulator, the actuation mechanism, and the controller.

Thenechani cal mani pul at or of an IR ismade up of aset of axes (either rotary or dide) ,
typicdly three to Sx axes per IR. Thefirg three axes determine the work envelope of the IR,
while the lagt

three dedl with the wrigt of the IR and the ability to orient the hand. Figure 1 shows the four
basic IR configurations. Although these are typica of robot configurations in use today, there are
no hard and fast rules that impose these congtraints. Many robots are more

The gppendix islargely the work of Roger Nagdl, Director, Ingtitute for Robotics, Lehigh
University. James Albus of the National Bureau of Standards and committee members J. Michadl
Brady, Stephen Dubowsky, Margaret Eastwood, David Grossman, Laveen Kanal, and Wendy
Lehnert aso contributed.
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FIGURE 1
Four Common Arrangements of Robot Manipulstor Joints

lal JOINTED ARM

{6l CARTESIAN OR X-¥-Z ARM

e} CYLINDRICAL ARM

restricted in their motions than the six-axis robot. Conversaly, robots are sometimes mounted on
extra axes such as an x-y table or track to provide an additional one or two axes.
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It isimportant to note a this point that the "hand" of the robot, which istypicaly agripper or
tool specificaly designed for one or more gpplications, is not a part of agenerd purpose IR.
Hands, or end effectors, are specia purpose devices attached to the "wrigt" of an IR.

Theact uati on mechani smof an IR istypicdly ether hydraulic, pneumatic, or eectric. More
important distinctions in capability are based on the ability to employ servo mechanisms, which
use feedback control to correct mechanica position, as opposed to nonservo opentloop actuation
systems. Surprisingly, nonservo opentloop industrid robots perform many seemingly complex
tasks in today's factories.

Thecontrol | er isthe device that goresthe IR program and, by communications with the
actuation mechanism, controls the IR moations. Controllers have undergone extensive evolution

as robots have been introduced to the factory floor. The changes have been in the method of
programming (human interface) and in the complexity of the programs alowed. In the last three
years the trend to computer control (as opposed to plug board and specid- purpose devices) has
resulted in computer controls on virtualy dl industria robots.

Themet hod of programi ng indudtria robots has, in the most popular and prevailing usage,
not included the use of alanguage. Languages for robots have, however, long been aresearch
issue and are now appearing in the commercia offerings for indugtria robots. We review firgt
the two prevailing programming methods.

Programming by the ead- t hr ough method is accomplished by a person manipulating awell-
counterbalanced robot (or surrogate) through the desired path in space. The program is recorded
by the controller, which samples the location of each of the robot's axes severa times per second.
This method of programming records a continuous path through the work envelope and is most
often used for goray painting operations. One mgor difficulty isthe avkwardness of editing

these programs to make any necessary changes or corrections.

An additiond--and perhaps the most serious--difficulty with the lead-through method is the
inability to teach conditiona commands, especialy those that compute a sensory vaue.
Generdly, the control structure is very rudimentary and does not offer the programmer much
flexibility. Thus, mistakes or changes usudly require completely reprogramming the task, rather
than making small changes to an existing program.

Programming by thet each- box method employs a specid device that dlowsthe
programmer/operator to use buttons, toggle switches, or ajoy stick to move the robot in its work
envelope. Primitive teach boxes alow for the control only in terms of the basic axis motions of

the robot, while more advanced teach boxes provide for the use of Cartesian and other coordinate
systems.

The program generated by ateach box is an ordered set of pointsin the workspace of the robot.
Each recorded point specifies the location of every axis of the robot, thus providing both postion
and orienta-
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tion. The controller alows the programmer to specify the need to Sgnd or wait for asgnd a
each point. The signd, typically abinary vaue, is used to sequence the action of the IR with
another devicein its environment. Most controllers dso now dlow the specification of

vel ocity/accel eration between points of the program and indication of whether the point isto be
passed through or is a destination for stopping the robot.

Although computer language facilities are not provided with most indudtria robots, thereis now

the limited use of asubr out i ne 1i brary inwhich the routines are written by the vendor and
sold as options to the user. For example, we now seepal | et i zi ng, where the robot can follow a
set of indicesto load or unload pallets.

Limited use of smple sensors (binary vaued) is provided by preprogrammed sear ch rout i nes
that allow the robot to stop a move based on a sensor trip.

Typica advanced industrid robots have a computer control with a keyboard and screen as well
as the teach box, athough most do not support programming languages. They do permit
subdivision of the robot program (sequence of points) into branches. This provides for limited
cregtion of subroutines and is used for error conditions and to store programs for more than one
task.

The ability to specify ar el ocat abl e br anch has provided the limited ability to use sensors and
to cregte primitive programs.

Many industrid robots now permit down- | oadi ng of their programs (and up-loading) over
RS232 communication links to other computers. Thisfacility is essentid to the creation of

flexible manufacturing system (FMS) cells composed of robots and other programmable devices.
More difficult than communication of whole programsis communication of parts of a program

or locations in the workspace. Current IR controller support of thisis a best rudimentary. Yet the
ability to communicate such information to arobot during the execution of its program is

essentid to the creation of adapti ve behavi or inindustrid robots.

Some pioneering work in the area was done at McDonnell Douglas, supported by the Air Force
Integrated Computer- Aided Manufacturing (ICAM) program. In that effort a Cincinnati
Milacron robot was made part of an adaptive cdl. One of the mgor difficulties wasthe
awkwardness of communicating goa points to the robot. The solution lies not in achieving a
technical breakthrough, but rather in understanding and standardizing the interface requiremerts.
These issues and others were covered at a National Bureau of Standards (NBS) workshop in
January 1980 and again in September 1982 [1].

Progranmi ng | anguages for indugtria robots have long been a research issue. During the last

two years, severa robots with an off-line programming language have gppeared in the market.
Two factors have grestly influenced the development of these languages.
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The firg is the perceived need to hold aPh.D., or at least be atrained computer scientist, to usea
programming language. Thisis by no meanstrue, and the advent of the personal computer, as
well astheinvason of computersinto many unrelated fields, is encouraging. Nonetheless, the

fear of computers and of programming them continues.
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Because robots operate on factory floors, some fed programming languages must be avoided.
Again, thisis not necessary, as experience with user-friendly systems has shown.

The second factor isthe desire to have industrid robots perform complex tasks and exhibit
adaptive behavior. When the motions to be performed by the robot must follow complex
geometrica paths, asin welding or assembly, it is generdly agreed that alanguage is necessary.
Similarly, acursory look at the person who performs such tasks reved s the high reliance on
sensory information. Thus alanguage is needed both for complex motions and for sensory
interaction. This dua need further complicates the language requirements because the
community does not yet have enough experience in the use of complex (more than binary)
Sensors.

These two factorsinfluenced theear 1y robot | anguages to use acombination of language
statements and teach box for devel oping robot programs. That is, one defines important pointsin
the workspace via the teach-box method and then ingtructs the robot with language statements
controlling interpolation between points and speed. This capability coupled with access to on+
line storage and smple sensor (binary) control characterizes the VAL language. VAL, developed
by Unimation for the Puma robot, was the first commerciadly available language. Severd smilar
languages are now available, but each has deficiencies. They are not languages in the classical
computer science sense, but they do begin to bridge the gap. In particular they do not have the
the capability to do arithmetic on location in the workplace, and they do not support computer
communication.

A second- generation | anguage capability has gppeared in the offering of RAIL and AML by
Automatix and IBM, respectively. These resemble the stlandard structured computer language.
RAIL is PASCAL-based, and AML isanew structured language. They contain statements for
control of the manipulator and provide the ability to extend the language in a hierarchica

fashion. See, for example, the description of aresearch verson of AML in[2].

In avery real sense these languages present the first opportunity to build intelligent robots. That
is, they (and otherswith amilar form) offer the necessary building blocksin terms of controller
language. The potentid for language specification has not yet been redlized in the present
commercid offerings, which suffer from some temporary implementation-dependent limitations.

Before going on to the topic of intelligent robot systems, we discuss in the next section the
current research areas in robotics.

RESEARCH ISSUES IN INDUSTRIAL ROBOTS
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As described previoudy, robots found in industry have mechanica manipulators, actuation
mechanisms, and control systems. Research interest raises such potential topics as locomotion,
dexterous hands, sensor systems, languages, data bases, and artificid intelligence. Although
there are clearly relationships amongst these and other

46

49

research topics, we will subdivide the research issuesinto three categories: mechanica systems,
sensor systems, and control systems.

In the sections that follow we cover manipulation design, actuation systems, end effectors, and
locomotion under the generd heading of mechani cal syst ems. Wewill thenreview sensor
syst ems as applied to robots--vison, touch, ranging, etc. Finaly, we will discussrobot cont r ol
syst ens from the smple to the complex, covering languages, communication, data bases, and
operating systems. Although the issue of intelligent behavior will be discussed in this section, we
reserve for the find section the discussion of the future of truly intelligent robot systems. For a
review of research issues with in-depth articles on these subjects see Birk and Kdlley [3].

Mechanicd Systems

The design of the IR has tended to evolve in an ad hoc fashion. Thus, commercialy avalable
indugtria robots have a repesatability that ranges up to 0.050 in., but little, if any, information is
available about their performance under load or about variations within the work envel ope.

Mechanical designers have begun to work on industria robots. Mgor research inditutes are now
working on the kinematics of design, models of dynamic behavior, and dternative desgn
structures. Beyond the study of models and design structure are efforts on direct drive motors,
pneumatic servo mechanisms, and the use of tendon arms and hands. These efforts are leading to
highly accurate new robot arms. Much of thiswork in the United Statesis being done at
university laboratories, including those at the Massachusetts Ingtitute of Technology (MIT),
Carnegie-Mélon Universty (CMU), Stanford University, and the University of Utah.

Furthermore, increased accuracy may not aways be needed. Thus, compliance in robot joints,
programming to apply force (rather than go to a position), and the dynamics of links and joints
are aso now actively under investigation a Draper Laboratories, the Univerdty of Florida, the
Jet Propulsion Laboratory (JPL), MIT, and others.

Theimplications of this research for future industria robots are that we will have access to
model s that predict behavior under load (therefore dlowing for correction), and we will see new
and more stable designs using recursive dynamics to allow speed. The use of robots to apply
force and torque or to deal with tools that do so will be possible. Findly, greater accuracy and
compliance where desired will be available [4-8].

The method of actuation, design of actuation, and servo systems are of course related to the
design and performance dynamics discussed above. However some significant work on new
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actuation sysems a Carnegie-Méelon University, MIT, and el sewhere promises to provide direct
drive motors, servo-control pneumatic systems, and other advantagesin power systems.

Theend ef fect or of the robot has aso been a subject of intensive research. Two fundamental
obj ectives--deve oping quick-change hands
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and devel oping generd- purpose hands-- seek to dleviate the congraints on dexterity at the end of
arobot arm.

As described earlier, common practice is to design anew end effector for each gpplication. As
robots are used in more complex tasks (assembly, for example), the need to handle avariety of
parts and tools is unavoidable. For agood discussion of current end-effector technology, see

Toepperwein et d. [9].

Thequi ck- change hand isonethat the robot can rapidly change itsdf, thus permitting it to
handle avariety of objects. A mgor impediment to progressin thisareais alack of astandard
method of attaching the hand to the arm. This method must provide not only the physica
attachment but also the means of transmitting power and control to the hand. If sandards were
defined, quick-change mechanisms and afamily of hand grippers and robot tools would rapidly
become available.

The development of adext er ous hand isdill aresearch issue. Many laboratoriesin this
country and abroad are working on three-fingered hands and other configurations. In many cases
the individud fingers are themsdlvesjointed manipulaors. In the design of a dexterous hand,
development of sensors to provide asense of touch is a prerequisite. Thus, with sensory
perception, a dexterous hand becomes the problem of designing three robots (one for each of
three fingers) that require coordinated cortrol.

The control technology to use the sensory data, provide coordinated motion, and avoid collision
is beyond the gtate of the art. We will review the sensor and control issuesin later sections. The
design of dexterous handsis being actively worked onat Stanford, MIT, Rhode Idand
Universty, the University of Forida, and other placesin the United States. Clearly, not dl are
attacking the most genera problem (10, 11], but by innovation and cooperation with other
related fields (such as prosthetics), substantia progress will be made in the near future.

The concept of robot locomotion received much early attention. Current robots are frequently
mounted on linear tracks and sometimes have the ability to movein aplane, such ason an
overhead gantry. However, these extra degrees of freedom are tregted as one or two additional
axes, and none of the navigation or obstacle avoidance problems are addressed.

Early researchers built prototypewheel ed and 1 egged (wal ki ng) robots. Thework

originated at General Electric, Stanford, and JPL has now expanded, and projects are under way
a Tokyo Ingtitute of Technology, Tokyo Univeraty. Researchers a Ohio State, Rensselagr
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Polytechnic Indtitute (RPI), and CMU are aso now working on whedled, legged, and in one case
sangle leg locomotion. Perhaps because of the need to ded with the navigationd issues in control
and the stability problems of awalking robot, progressin this areais expected to be dow [12].

In arecent development, Odetics, asmdl Cdifornia-based firm, announced a six-legged robot at
apress conference in March 1983. According to the press release, thisrobot, caled a
"functionoid,” can lift severd timesits own weight and is stable when standing on
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only three of itslegs. Itslegs can be used as arms, and the device can walk over obstacles.
Odetics scientists claim to have solved the mathematics of walking, and the functionoid does not
use sensors. It is not clear from the press release to what extent the Odetics work is a scientific
breskthrough, but further investigation is clearly warranted.

The advent of thewi r e- gui ded vehi cl e (and the painted dripe variety) offers an interesting
middle ground between the completely constrained and unconstrained locomotion problems.
Wire-guided vehicles or robot carts are now appearing in factories across the world and are
especidly popular in Europe. These carts, firgt introduced for trangportation of palets, are now
being configured to manipulate and transport materia and tools. They are aso found ddivering
mail in an increasing number of offices The carts have onboard microprocessors and can
communicate with a central control computer at predetermined communication centers located
aong the factory or office floor.

Themgor navigationd problems are avoided by the use of the wire network, which formsa
"freeway" on the factory floor. The freeway isa priori free of permanent obstacles. The carts use
abumper sensor (limit switch) to avoid collisons with temporary obstacles, and the centra
computer provides routing to avoid traffic jams with other carts.

While carts currently perform smple manipulation (compared to that performed by industrid
robots), many vendors are investigating the possibility of robots mounted on carts. Although this
appears a firg glance to present additional accuracy problems (precise self-positioning of carts
isdill not available), the use of cart location fixturing devices at stations may be possible.

Sensor Systems

The robot without sensors goes through a path in its workspace without regard for any feedback
other than that of its joint resolvers. Thisimposes severe limitations on the tasks it can undertake
and makes the cogt of fixturing (precisaly locating thingsit isto manipulate) very high. Thus

there is great interest in the use of sensors for robots. The phrase most often used is "adaptive
behavior,” meaning that the robot using sensors orswill be able to deal properly with changesin
its environment.

Of the five human senses--vision, touch, hearing, smdll, and taste--vison and touch have
received the most attention. Although the Defense Advanced Research Projects Agency
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(DARPA) has sponsored work in speech understanding, this work has not been applied
extensvely to robotics. The senses of amdl and taste have been virtudly ignored in robot
research.

Despite grest interest in using sensors, most robotics research liesin the domain of the sensor
physics and data reduction to meaningful information, leaving the intelligent use of sensory data
to
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the artificia intelligence (Al) investigators. We will therefore cover sensorsin this chapter and
discussthe Al implications later.

Vison Sensors

The use of vision sensors has sparked the most interest by far and isthe most active research
area. Severd robot vison systems, in fact, are on the market today. Tasks for such sysems are
listed below in order of increasing complexity:

identification (or verification) of objects or of which of stable satesthey arein,
location of objects and their orientation,

smple ingpection tasks (is part complete? cracked?),

visud servoing (guidance),

navigation and scene andyss,

complex ingpection.

The commercid systems currently available can handle subsets of the first three tasks. They
function by digitizing an image from a video camera and then thresholding the digitized image.
Based on techniques invented at SRI and variations thereof, the systems measure a set of features
on known objects during a training sesson. When shown an unknown object, they then measure
the same feature set and cal cul ate feature distance to identify the object.

Objects with more than one stable ate are trained and |abeled separatdly. Individua feature
vaues or pairs of values are used for orientation and inspection decisons.

While these systems have been successful, there are many limitations because of the use of

binary images and feature sets--for example, the inability to ded with overlgpped objects.
Nevertheless, in the congtrained environment of a factory, these systems are vauable tools. For a
description of the SRI vision system see Gleason and Again [13]; for avariant see Lavin and
Lieberman [14].

Not dl commercid vision Systems use the SRI gpproach, but most are limited to binary images

because the data in a binary image can be reduced to run length code. This reduction isimportant
because of the need for the robot to use visud datain redl time (fractions of a second). Although
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one can podtulate Situations in which more timeis avallable, the usefulness of vision increases as
its speed of availability increases.

Gray-scale image operations are being developed that will overcome the speed problems
associated with nonbinary vison. Many vison agorithms lend themselvesto pardld

computation because the same calculation is made in many different areas of the image. Such
parale computations have been introduced on chips by MIT, Hughes, Westinghouse, and others.

Visud servoing is the process of guiding the robot by the use of visua data. The National Bureau
of Standards (NBS) has developed a specia vision and control system for this purpose. If robots
are ever
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to be truly intelligent, they must be capable of visua guidance. Clearly the speed requirements
are very sgnificant.

Vison sysems that locate objects in three-dimensiona space can do so in saverd ways. Either
structured light and triangulation or stereo vision can be used to smulate the human system.
Structured light systems use a shaped (structured) light source and a camera a afixed angle[15].
Some researchers have aso used |aser range-finding devices to make an image whose picture
elements (pixels) are distances dong a known direction. All these methods--stereo vision,
sructured light, laser range-finding, and others--are used in |aboratories for robot guidance.

Some three-dimensona systems are now commercidly available. Robot Vison Inc. (formerly
Solid Photography), for example, has acommercia product for robot guidance on the market.
Limited versions of these gpproaches and others are being devel oped for use in robot arc welding
and other applications [16].

Specid-purpose vison systems have been developed to solve particular problems. Many of the
specia- purpose systems are designed to smplify the problem and gain speed by attacking a
restricted domain of applicability. For example, Genera Motors has used a version of structured
light for accumulating an image with aline scan cameraiin its Condght sysem. Rhode Idand
University has concentrated on the bin picking problem. SRI, Automatix, and others are working
on vison for arc welding.

Others such as MIT, University of Maryland, Bell Laboratories, JPL, RPI, and Stanford are
concentrating on the specia requirements of robot vison systems. They are developing
agorithms and chips to achieve faster and cheaper vision computation. There is evidence that
they are succeeding. Specid- purpose hardware using very large-scae integration (VLS)
techniquesis now in the laboratories. One can, we believe, expect vison chips thet will release
robot vison from the binary and specid- purpose world in the near future.
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Research in vison, independent of robots, is awell-established fidld. That literature istoo vast to
cover here beyond afew generd remarks and issues. The reader isreferred to the literature on
image processing, image understanding, pattern recognition, and image andyss.

Vidon research is not limited to binary images but also dedl's with gray-scale,color, and other
multispectral images. In fact, the word "image” is used to avoid the limitation to visud spectra. If
we avoid the compression, transmission, and other representation issues, then we can classfy
vison research asfollows.

Low- | evel vi si on involves extracting festure measurements from images. It is called
low-level because the operations are not knowledge based. Typica operations are edge
detection, threshold selection, and the measurement of various shapes and other features.
These are the operations now being reduced to hardware.

Hi gh-1 evel vision isconcerned with combining knowledge about objects (shape, size,
relationships), expectations about the image (what might bein it), and the purpose of the
processng (identifying
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objects, detecting changes) to ad in interpreting the image. This high-level information interacts
with and helps guide processing. For example, it can suggest where to look for an object and
what features to look for.

While research in vison is maturing, much remains to be investigated. Current topicsinclude the
speed of dgorithms, parale processing, coarse/fine techniques, incomplete data, and avariety of
other extensonsto the fidd. In addition, work is aso now addressng such Al questions as

representing knowledge about objects, particularly shape and spatid relationships;
developing methods for reasoning about spatid relationships among objects;
understanding the interaction between low-leve informetion and high-level knowledge
and expectations,

interpreting stereo images, e.g., for range and motion;

understanding the interaction between an image and other information about the scene,
e.g., written descriptions.

Vison researchisrdaed to results in VLS and Ar. While there is much activity, it is difficult to
predict specific results that can be expected.

Tactile Senang
Despite greet interest in the use of tactile senang, the sate of the art is relaively primitive.
Systems on industrid robots today are limited to detecting contact of the robot and an object by

varying versons of the limit-switch concept, or they measure some combination of force and
torque vectors that the hand or fingers exert on an object.
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While varying versons of the limit-switch concept have been used, the most advanced
forceltorque sensors for robots have been developed at Draper Laboratories. The remote center
of compliance (RCC) developed at Draper Laboratories, which alows passive compliance in the
robots behavior during assembly, has been commercidized by Astek and Lord Kinematics.
Draper hasin the last few years insrumented the RCC to provide active feedback to the robot.
The instrumented remote center compliance (IRCC) represents the state of the art in wrist
sensors. It alows robot programs to follow contours, perform: insertions, and incorporate
rudimentary touch programming into the control system [17].

IBM and others have begun to put force sensors in the fingers of arobot. With x,y,z strain
gauges in each of the fingers, the robot with servoed fingers can now perform smple touch
sengitive tasks. Hitachi has developed a hand using metal contact detectors and pressure-
sengitive conductive rubber that can fed for objects and
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recognize form. Thus, primitive technology can be applied for useful tasks. However, most of the
sophisticated and complex tactile sensors are in laboratory development.

The subject of touch-sensor technology, including areview of research, relevance for robots,
work in the [aboratory, and predictions of future results, is covered in asurvey article by Leon
Harmon [18] of Case Western Reserve University Much of that excdllent article is summarized
below, and we refer the reader to it for adetailed review.

The genera needs for sensing in manipulator control are proximity) touch/dip, and force/torque.
The fallowing remarks are taken from a discussion on "smart sensors' by Becsy [19]:

gpecific manipulaion-related key events are not contained in visua data at al, or can only be
obtained from visuad data sources indirectly and incompletely and at high cost. These key events
are the contact or near-contact eventsincluding the dynamics of interaction between the
mechanical hand and objects.

The non-visud information is related to controlling the physica interaction, contact or near-
contact of the mechanica hand with the environment. Thisinformation provides a combingtion
of geometric and dynamic reference data for the control of termina positioning/orientation and
dynamic accommodeation/compliance of the mechanica hand.

Although exigting industria robots manage to sense position, proximity, contact, force, and dip
with rather primitive techniques, al of these variables plus shape recognition have received
extensve attention in research and development laboratories. In some of these areas anew
generation of sophidtication is beginning to emerge.

Tactile-sengng requirements are not well known, ether theoreticaly or empiricaly. Mot prior
wrigt, hand, and finger sensors have been smple position and force-feedback indicators. Finger
sensors have barely emerged from the level of microswitch limit switches and pushtrod axia
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travel measurement. Moreover, the relevant technologies are themsdves rdatively new. For
example, force and torque sensing dates back only to 1972, touch/dip are dated to 1966, and
proximity sensing is only about 9 years old. We do know that force and pressure sensing are vita
elementsin touch, though to date, as we have seen, industria robots employ only smple force
feedback. Nevertheess, unless considerable gripper overpressure can be tolerated, dip sensing is
essentia to proper performance in many manipulation tasks. Information about contact aress,
pressure distributions, and their changes over time are needed in order to achieve the most
complete and useful tactile senang.

In contacting, grasping, and manipulating objects, adjustments to gripping forces are required in
order to avoid dip and to avoid possibly dangerous forces to both the hand and the workpiece.
Besdes the need for dip-sensing transducers, there is the requirement that the robot be able to
determine at each ingtant the necessary minimum new force adjustments to prevent dip.
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Transducer s Asof about 1971 the only devices available for tactile sensng were
microswithches, pneumatic jets, and (binary) pressure-sendtive pads. These devices served
principaly as limit switches and provided few means or none for detecting shape, texture, or
compliance. Still, such crude devices are used currently.

In the early 1970s the search was aready under way for shape detection and for "artificid skin”
that could yidld tactile information of complexity comparable to the human sense of touch. An
obvious methodology for obtaining a continuous measurement of force is potentiometer response
to alinear (e.g., Soring-loaded rod) displacement. Early sensorsin many |aboratories used such
sensors, and they are il in use today.

Current research liesin the following arees:

conductive materids and arrays produced with conductive rubbers and polymers,;
semiconductor sensors, such as piezo-eectrics,
electromagnetic, hydraulic, optica, and capacitive sensors.

Qut st andi ng Probl ems and New Opportunities Thetwo man areas most in need of
development are (1) improved tactile sensors and (2) improved integration of touch feedback
sgnals with the effector control system in response to the task-command structure. Sensory
feedback problems underlie both areas. More effective comprehensive sensors (device R& D) and
the sophidticated interpretation of the sense sgnds by control structures (system R&D) are
needed.

Sengtive, dexterous hands are the greatest challenge for manipulators, just as sensitive,
adaptable feet are the grestest challenge for legged locomoation vehicles. Each application area
has its own detalled specid problems to solve; for example, the design approach for muddy-
water object recovery and for delicate handling of unspecified objects in an unstructured
environment differ vadly.
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Emer gent Technol ogy One of the newest developments in touch- sensing technology is that of
reticular (Cartesian) arrays using solid-state transduction and attached microcomputer ements
that compute three-dimensiona shapes. The gpproach istypified by the research of Marc
Raibert, now at CMU, done while he was at JPL (20]. Raibert's deviceis compact and has high
resolution; hence, the fingertip is a salf-contained "smart finger." See dso the work of Hillis at
MIT inthisarea[21]. Thisisaquantum jump ahead of prior methods, for example, where small
arrays of touch sensors use passive substrates and materias such as conductive e astomers.
Resolution in such devices has been quite low, and hysteresis a problem.
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Sound Sensors

Many researchers are interested in the use of voice recognition sensors for command and control
of robot systems. However, we leave out voice systems and review here the use of sound asa
sengng mechanism.

In this context, sound systems are used as a method for measuring distance. The Polaroid sonic
sensor has been used at NBS and €l sewhere as a safety sensor. Sensors mounted on the robot
detect intrusonsinto elther the workspace or, more particularly, the path of the robot.

Researchers at Pennsylvania State University have developed a spark gap system that uses
multiple microphones to determine the pogition of the manipulator for calibration purposes.

Severd researchers a Carnegie-Médlon University and other locations are working on ultrasonic
sensors to be used in the arc welding process.

Control Sysems

The underlying research issue in control systemsfor robotsis to broaden the scope of the robot.
As the sophistication of the manipulator and its actuation mechanism increases, new demands are
made on the control system. The advent of dexterous or smart hands, locomotion, sensors, and
new complex tasks al extend the controller capability.

The desires for user-friendly systems, for less user training, and for adaptive behavior further
push the robot controller into the world of artificid inteligence. Before discussng intelligent
robot systems, we describe some of the issues of computer-controlled robots,

Hierarchica Control/Distributed Computing

Almogt al controller research is directed at hierarchiesin robot control systems. At the Nationd
Bureau of Standards, pioneering research has devel oped two hierarchies--one for control
information and one for sensory data. Integrated at each level, the two hierarchies use the task
decomposition approach. That is, commands &t each leve are broken down into subcommands at
the lower leve until they represent joint control a the lowest leve. In asimilar fashion, raw

Get any book for freeon:  www.Abika.com



APPLICATIONS OF ROBOTICSAND ARTIFICIAL INTELLIGENCE 58

vison data are a the lowest level, with higher levels representing image primitives, then
features, and finally objects[22].

The levels-of-control issue rapidly leads to an interest in distributed computing in order to
balance the computing needs and meet the requirements for red-time performance. The use of
smart hand or complex sensor systems, such as vision, also mandates distributed computing--
again, in order not to overload the control computer and degrade the real-time nature of the
robot's behavior.

Digtributed computing for robot control systems has taken two paths so far. Automatix, NBS,
and others use multiple CPUs from the
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same vendor (Intel or Motorola) and perform processor communication in the architecture of the
base system.

Others have used nonhomogeneous computer systems. They have had to pay a price in the need
to define and build protocols and work within awkward condtraints. Examples of this are found
in the development of MCL by McDonnell Douglas and in avariety of other firmsthat have
linked vision systems with robots. For a case study of one attempt see Nagd et d. [23].

Maor impediments to progress in these areas are the lack of standards for the interfaces needed,
the need for advancesin distributed computing, and the need for a better definition of the
information that must flow. Related research thet is not covered here isthe work on loca area
networks.

Data Bases

Thereisagreet interest in robot access to the data bases of CAD/CAM systems. As robot
programming moves from the domain of the teach box to that of alanguage, severa new
demands for data arise. For example, the programmer needs access to the geometry and physical
properties of the parts to be manipulated. In addition, he needs smilar data with respect to the
machine tools, fixtures, and the robot itself. One possible source for thisisthe data aready
captured in CAD/CAM data bases. One can assume that complete geometrica and functional
information for the robot itsalf, the things the robot must manipulate, and the thingsin its
environment are contained in these data bases.

Asrobot programming evolves, an interest has developed in computer-aided robot programming
(CARP) done at interactive graphics terminds. In such amodality the robot motionsin
manipulating parts would be done in afashion smilar to that used for grgphic numerical control
programming. Such experiments are under way, and early demongtrations have been shown by
Automatix and GCA Corporation.
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Furthermore, it is now reasonable to assume the desire to have robots report to shop floor control
systems, take orders from cell controllers, and update process planning inventory control systems
and the variety of factory control, management, and planning systems now in place or under
development. Thus, robot controllers must access other data bases and communicate with other
factory systems.

Research on the link to CAD/CAM systems and the other issues above is under way at NBS and
other research facilities, but mgor efforts are needed to achieve results.

Robot Programming Environment

As mentioned earlier, second-generation languages are now available. While the community asa
whole does not yet have sufficient experience with them to choose standards, more are clearly
needed.
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Programming advanced robot syslems with current languagesis reminiscent of programming
main-frame computers in assembly language before the advent of operating systems. It is
particularly a problem in the use of even the smplest sensor (binary) mechanisms. What are
needed are robot operating systems, which would do for robot users what operating systems do
for computer usersin such areas as input/output and graphics.

To daify, we define an explicit language as one in which the commands correspond with the
underlying machine (in this case arobot/ computer pair). We further define an implicit language
as one in which the commands correspond with the task; thet is, for an assembly task an insert
command would be implied. Use of an implicit language is complicated by the fact that robots
perform families of tasks. A robot operating system would be amgor step toward implicit

languages.

It isfar eesier to suggest the work above than to write a definition of requirements. Thus,
fundamental research is needed in this area. The Autopass system developed at IBM is probably
the most relevant accomplishment to date.

The concepts of graphic robot programming and smulation are exciting research issues. The
desire for computer-asssted robot programming (CARP) stems from the data base arguments of
before and the blief that graphicsis a good mechanism for describing motion. These
expectations are widdly held, and Computervison, Automatix, and other organizations are
conducting some research. However, no mgjor efforts gppear in the current literature.

Graphic smulation, on the other hand, is now amgor topic. Work in thisareais motivated by
the advent of offline programming languages and the need for fall- safe debugging languages, but
other benefits arise in robot cdl layout, training mechanisms, and the ability to let the robot stay
in production while new programs are devel oped.
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Work on robot smulation is hampered by the lack of standards for the language but is in process
a IBM for AML, a McDonnell Douglas for MCL, and a many universitiesfor VAL and is
expected to be acommercid product shortly. It is worth noting that Smulation of sensor-based
robots requires smulation of sensor physics. With the exception of some work at IBM, we are
unaware of any efforts in sophisticated smulation.

The use of multiple arms in coordinated (as opposed to sequenced) motion raises the issue of
multitasking, collison avoidance, and a variety of programming methodology questions. Generd
Electric, Olivetti, Westinghouse, IBM, and others are pursuing multiarm assembly. However
these issues require more attention, even in research that iswell under way.
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Intelligent Robots

It should be clear by now that robot control has become a complex issue. Controllers dedling
with manipulator motion, feedback, complex sensors, data bases, hierarchical control, operating
systems, and multitasking must turn to the Al areafor further development. In the following
section we review briefly the Al field, and in the find section we discuss both robotics and Al
issues and the need for expansion of the unified research issues.

ARTIFICIAL INTELLIGENCE

Theterm atificid inteligence is defined in two ways thefirg defines the field, and the second
describes some of its functions.

1. "Artificid intelligence research is the part of computer science that is concerned with the
symbol-manipulation processes that produce intelligent action. By ‘intdligent action’ is meant an
act of decison that is god-oriented, arrived at by an understandable chain of symbolic andysis
and reasoning steps, and is one in which knowledge of the world informs and guides the
reasoning’ [ 24] .

2. Artificid intdligenceis a st of advanced computer software gpplicable to classes of
nondeterministic problems such as naturd language understanding, image understanding, expert
systemns, knowledge acquisition and representation, heuristic search, deductive reasoning, and
planning.

If one were to gve aname suggestive of the processesinvolved in dl of the above, know edge
engi neer i ng would be the most gppropriate; that is, one carries out knowledge engineering to
exhibit intelligent behavior by the computer. For generd information on artificid intelligence see
references 25-34.

Background
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The number of researchersin atificid intelligence is rgpidly expanding with the increasing
number of gpplications and potentia applications of the technology. This growth is occurring not
only in the United States, but worldwide, particularly in Europe and Japan.

Basic research is going on primarily a universties and some research indtitutes. Origindly, the
primary research steswere MIT, CMU, Stanford, SRI, and the University of Edinburgh. Now,
most major

universtiesinclude artificid intelligence in the computer science curriculum.

Much of the materid in this section summarizes the materid in Brown et d. [24].
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An increasng number of other organizations either have or are establishing research |aboratories
for artificid intdligence. Some of them are conducting basic research; others are primarily
interested in applications. These organizations include Xerox, Hewlett-Packard, Schlumberger-
Fairchild, Hughes, Rand, Perceptronics, Unilever, Philips, Toshiba, and Hamamatsu.

Also emerging are companies that are developing artificid intelligence products. U.S. companies
include Teknowledge, Cognitive Systems, Intelligenetics, Artificid Intelligence Corp.,
Symantec, and Kestrdl Indtitute.

Fundamenta issuesin artifical intelligence that must be resolved include

representing the knowledge needed to act intelligently,

acquiring knowledge and explaining it effectively,

reasoning: drawing conclusions, making inferences, making decisions,
evauating and choosing among dternatives.

Natura Language Interpretation

Research on interpreting natura language is concerned with developing computer systems that
can interact with a person in English (or another nonartificia language). One primary god isto
enable computers to use human languages rather than require humans to use computer languages.
Research is concerned with both written and spoken language. Although many of the problems
are independent of the communication medium, the medium itsdf can present problems. We will
first congder written language, then the added problems of speech.

There are many reasons for developing computer systems that can interpret natura-language
inputs. They can be grouped into two basic categories. improved humarymeachine interface and
automatic interpretation of written text.

Improving the human/machine interface will make it smple for humansto
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give commands to the computer or robot,
query data bases,
conduct adiaogue with an intelligent computer system.

The ability to interpret text automaticaly will enable the computer to
produce summaries of texts,
provide better indexing methods for large bodies of text,
trandate texts autometically or semiautometicaly,
integrate text information with other information.

59

Current Status

Natural-language undergtanding systems that interpret individual (independent) sentences about
aredricted subject (e.g., datain a data base) are becoming available. These systems are usudly
constrained to operate on some subset of English grammar, using alimited vocabulary to cover a
restricted subject area. Mogt of these systems have difficulty interpreting sentences within the
larger context of an interactive didogue, but afew of the avallable systems confront the problem
of contextuad understanding with promising capability. There are so some systems that can
function despite grammatically incorrect sentences and run-on constructions. But even when
grammatica condraints arelifted, dl commercid systems assume a pecific knowledge domain
and are designed to operate only within that domain.

Commercid systems providing natura-language access to data bases are becoming available.
Given the gppropriate data in the area base they can answer questions such as

Which utility helicopters are missonready?
Which are operationd ?
Are any transport helicopters misson-ready?

However, these sysems have limitations:

They must be tailored to the data base and subject area.

They only accept queries about factsin the data base, not about the contents of the data
base--e.g., "What questions can you answer about helicopters?”

Few Computations can be performed on the data.

In evduating any given system, it is crucid to congder its ability to handle queriesin context. If

no contextua processing is to be performed, sentences will often be interpreted to mean
something other than what a naive user intends. For example, suppose there is a natura-language
query system designed to field questions about air force equipment maintenance, and a user asks
"What is the status of squadron A?" If the query isfollowed by "What utility heicopters are
ready?' the utterance will be interpreted as meaning "Which among al | the hdlicopters are
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ready?" rather than "Which of the squadron A helicopters are reedy?' The system will readily
answer the question; it just will not be the question the user thought he was asking.

Data base access systems with more advanced capabiilities are fill in the research stages. These
cgpabilitiesinclude

easy adaptation to a new data base or new subject area,

replies to questions about the contents of the data base (e.g., what do you know about
tank locations?),

answers to questions requiring computations (e.g., the time for a ship to get someplace).
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It is nevertheless impressive to see what can be accomplished within the current state of the art
for specific information processing tasks. For example, a naturd-language front end to a data
base on oil wells has been connected to a graphics system to generate customized mapsto aid in
oil fiedd exploration. The following sample of input illustrates what the system can do.

Show me amap of dl tight wells drilled by Texaco before May 1, 1970, that show oil deeper
than 2,000 ft, are themselves deeper than 5,000 ft, are now operated by Shell, are wildcat wells
where the operator reported a drilling problem, and have mechanical logs, drill stlem tests, and a
commercid oil andyss, that were drilled within the area defined by latitude 30 deg 20 min 30
sec to 31:20:30 and 80-81. Scale 2,000 ft.

This system corrects spelling errors, queries the user if the map specifications are incomplete,
and dlows the user to refer to previous requests in order to generate maps that are similar to
previous maps.

This sort of cgpability cannot be duplicated for many data bases or information processing tasks,
but it does show what current technology can accomplish when appropriate problems are tackled.

Research Issues

In addition to extending capabilities of natural-language access to data bases, much of the current
research in naturd language is directed toward determining the ways in which the context of an
utterance contributes to its meaning and toward devel oping methods for using contextua
information when interpreting utterances. For example, consider the following pairs of

utterances.

Sam: The lock nut should be tight.

Joe: I've doneit.

and
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Sam: Hasthe air filter been removed?

Joe: I've doneit.

Although Joe's words are the same in both cases, and both state that some action has been
completed, they each refer to different actions--in one case, tightening the lock nut; in the other,
removing the air filter. The meanings can only be determined by knowing what has been sad
and what is happening.

Some of the basic research issues being addressed are

interpreting extended diaogues and texts (e.g., narratives, written reports) in which the
meaning depends on the context;
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interpreting indirect or subtle utterances, such as recognizing that "'Can you reach the
sal t?" isarequest for the At;
developing ways of expressing the more subtle meanings of sentences and texts.

Spoken Language

Commercid devices are available for recognizing alimited number of spoken words, generdly
fewer than 100. These systems are remarkably reliable and very ussful for certain gpplications.

The principd limitations of these sysems are that

they must be trained for each speaker,
they only recognize words spoken in isolation,
they recognize only alimited number of words.

Effortsto link isolated word recognition with the natura-language understanding systems are
now under way. The result would be a system that, for alimited subject area and a user with
some training, would respond to spoken English inputs.

Understanding connected speech (i.e., speech without pauises) with areasonably large vocabulary
will require further basic research in acoustics and linguigtics as well as the naturd-language
issues discussed above.

Generding Information
Computers can be used to present information in various modes, including written language,

spoken language, graphics, and pictures. One of the principa concernsin atificid inteligence is
to develop methods for tailoring the presentation of information to individuals. The presentation
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should take into account the needs, language abilities, and knowledge of the subject area of the
Pperson or persons.

In many cases, generation means deciding both what to present and how to present it. For
example, consder arepair adviser that leads a person through a repair task. For each step, the
adviser mugt decide which information to give to the person. A very naive person may need
considerable detail; a more sophisticated person would be bored by it. There may, for example,

be severa ways of referring to atoal. If the person knows the tool's name then the name could be

used; if not, it might be referred to as "the smdl red thing next to the toolchest.” The decison
may extend to other modes of output. For example, if agraphic display is available, a picture of
the tool could be drawn rather than averba description given.
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Current Status

At present, mogt of the generation work in artificia intelligence is concerned with generating
language. Quite afew systems have been developed to produce grammatica English (or other
natura language) sentences. However, dthough awide range of constructions can be produced,
in most cases the choice of which congtruction (e.g., active or passive voice) is made arbitrarily.
A few systems can produce stilted paragraphs about a restricted subject area.

A few researchers have addressed the problems of generating graphical images to express
information instead of language. However, many research issuesremain in thisarea

Research Issues
Some of the basic research issues associated with generating information include

deciding which grammatica condruction to usein agiven Stuation ;
deciding which words to use to convey acertain ideg;

producing coherent bodies of text, paragraphs, or more;

taloring information to fit an individud's needs.

Assmilating Informetion

Being in any kind of changing environment and interacting with the environment means getting
new information. That information must be incorporated into whet is dready known, tested
agand it, used to modify it, etc. Since one aspect of intelligence is the ability to cope with anew
or changing Situation, any intelligent system must be able to assimilate new information about its
environmen.

Because it isimpossible to have complete and consstent information about everything, the

ability to assmilate new information aso requires the ability to detect and deal with inconsstent
and incomplete information.
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Expert Systems

The materid presented here is designed to provide asmple overview of expert sysems
technology, its current status, and research issues. The importance of this single topic, however,
suggedts that it merits a more in-depth review; an excellent one recently published by the NBSis
recommended [25].

Expert systens arecomputer programsthat capture human expertise about a speciaized
subject area. Some applications of expert systems are medical diagnosis (INTERNIST, MYCIN,
PUFF), minerd exploration (PROSPECTOR), and diagnosis of equipment failure (DART).
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The basic technique behind expert Systemsis to encode an expert 's knowledge as rules stating
the likelihood of a hypothesis based on available evidence. The expert system uses these rules
facr)lrdi ;[he avail-able evidence to form hypotheses. If evidence islacking, the expert system will ask
An example rule might be

IF THE JEEPWILL NOT START

and

THE HORN WILL NOT WORK

and

THE LIGHTS ARE VERY DIM,

then

THE BATTERY ISDEAD,

WITH 90 PERCENT PROBABILITY.

If an expert system has this rule and is told, “the jegp will not start,” the system will ask about the
horn and lights and decide the likelihood that the battery is dead.

Current Status
Expert systems are being tested in the areas of medicine, molecular genetics, and minerd
exploration, to name afew. Within certain limitations these systems appear to perform aswell as

human experts. There is dready at least one commercia product based on expert-system
technology.
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Each expert sysem istailored to the subject area. It requires extensve interviewing of an expert,
entering the expert'sinformation into the compuiter, verifying it, and sometimes writing new
computer programs. Extensive research will be required to improve the process of getting the
human expert ' s knowledge into the computer and to design systems that do not require
programming changes for each new subject area.

In generd, the following are prerequisites for the success of a knowledge-based expert system:
There must be at least one human expert acknowledged to perform the task well.
The primary source of the expert ' s exceptiona performance must be specia knowledge,
judgment, and experience.
The expert must be able to explain the specid knowledge and experience and the
methods used to apply them to particular problems.
The task must have awel-bounded domain of applications [25].

Research Issues
Badic research issues in expert systemsinclude
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the use of, causa moddls, i.e., models of how something works to help determine why it
hes failed:;

techniques for reasoning with incomplete, uncertain, and possibly conflicting

information;

techniques for getting the proper information into rules;

genera- purpose expert systems that can handle arange of smilar problems, e.g., work
with many different kinds of mechanica equipment.

Planning

Planning is concerned with developing computer Systems that can combine sequences of actions
for goecific problems. Samples of planning problems include

placing sensorsin ahogtile areg,
repairing a jeep,

launching planes off acarrier,
conducting combat operations,
navigating,

gathering informetion.

Some planning research is directed towards devel oping methods for fully automatic planning;
other research is on interactive planning, in which the decison making is shared by a
combination of the person and the computer. The actions that are planned can be carried out by
people, robots, or both.
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An atificid intdligence planning sysem garts with

knowledge about theinitid Stuation, e.g., partidly known terrain in hodtile territory;
facts about the world, e.g., that moving changes location;

possible actions, e.g., walk, fly, look around, hide;

available objects, eg., aplatform on whedls, arms, sensors;

agod, eg., ingaling sensors to detect hogtile movements and activity.

The system will produce (either by itself or with guidance from a person) a plan containing these
actions and objects that will achieve the god in this Situation.

Current Status

The planning aspects of Al are il in the research stages. The research is both theoreticd in
developing better methods for expressing knowledge about the world and reasoning about it and
more experimenta in building systems to demondirate some of the techniques that have been
developed. Mogt of the experimenta systems have been
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tested on small problems. Recent work at SRI on interactive planning is one attempt to address
larger problems by sharing the decisionmaking between the human and machine.

Research Issues
Research issues rdated to planning include

reasoning about dternative actions that can be used to accomplish agod or godls,
reasoning about action in different Stuations,

representing spatia relationships and movements through space and reasoning about
them,

evauating aterndive plans under varying circumstances,

planning and reasoning with uncertain, incomplete, and inconsigtent information,
reasoning about actions with gtrict time requirements; for example, some actions may
have to be performed sequentiadly or in pardld or a specific times (eg., night time),
replanning quickly and efficiently when the Stuation changes.

Monitoring Actions and Stuetions

Another aspect of reasoning is detecting that something significant has occurred (e.g., that an
action has been performed or that a Stuation has changed). The key hereissi gni fi cant . Many
things take place and are reported to a computer system; not dl of them are sgnificant al the
time. In fact, the same events may be important to some people and not to others. The problem
for an intdligent system isto decide when something is important.
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We will consider three types of monitoring: monitoring the execution of planned actions,
monitoring Stuations for change, and recognizing plans.

Execution Monitoring

Associated with planning isexecut i on noni t or i ng, thet is, following the execution of aplan
and replanning (if possible) when problems arise or possibly gathering more information when
needed. A monitoring system will look for specific Stuations to be sure that they have been
achieved; for example, it would determine if a piece of equipment has arrived at alocation to
which it was to have been moved.

We characterize the basic problem as follows: given some new information about the execution
of an action or the current Stuation, determine how that information relates to the plan and
expected dtuation, and then decide if that information Sgnas a problem; if so, identify options
avallablefor fixing it. The basc seps are: (1) find the problem (if there is one), (2) decide what
is affected,
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(3) determine dternative ways to fix the problem, and (4) select the best dternative. Methods for
fixing a problem include choosing another action to achieve the same god, trying to achieve
some larger goa another way, or deciding to skip the step entirely.

Research inthisareais ill in the basic stages. At present, most approaches assume a person
supplies unsolicited new information about the Stuation. However, for many problemsthe
system must be able to acquire directly the information needed to be sure aplan is proceeding as
expected, instead of relying on volunteered information. Planning to acquire informetion isa
more difficult problem because it requires that the computer system have information about what
Stuaions are crucid to aplan’ s success and be able to detect that those Situations hold. Planning
too many monitoring tasks could be burdensome; planning too few might result in the failure to
detect an unsuccessful execution of the plan.

Situation Monitoring

Situation monitoring entails monitoring reported information in order to detect changes, for
example, to detect movements of headquarters or changes in supply routes.

Some research has been devoted to this area, and techniques have been developed for detecting
certain types of changes. Procedures can be set to be triggered whenever a certain type of
information isinserted into a data base. However, there are till problems associated with
specifying the conditions that should trigger them. In generd, it is quite difficult to specify what
condtitutes a change. For example, a change in supply route may not be signaled by a change of
one truck's route, but in some cases three trucks could signd s change. A system should not dert
aperson every time atruck detours, but it should not wait until the entire supply line has
changed. Specifying when the change is significant and developing methods for detecting it are
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il research issues.
Pan Recognition

Plan recognition is the process of recognizing another's plan from knowledge of the Stuation and
observations of actions. The ability to recognize another's plan is particularly important in
adversary stuations where actions are planned based on assumptions about the other Sde's
intentions. Plan recognition is dso important in natura language generation because a question

or statement is often part of some larger task. For example, if apersonistold to use aratchet
wrench for some task, the question "What ' s a ratchet wrench?' may be asking "How can |
identify aratchet wrench?' Responding appropriately to the question entails recognizing that
having the wrench is part of the person ' s plan to do the task.
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Research in plan recognition isin early stages and requires further basic research, particularly on
the problem of inferring god's and intentions.

Applicaions-Oriented Research

The generd areas of natura-language processing, speech recognition, expert systems, planning,
and monitoring suggest the sorts of problemsthat are sudied in artificid intelligence, but they
may not, by themsalves, suggest the variety of information processing goplications that will be
possible with Al technology. Some research projects are now consolidating advances in more
than one area of Al in order to create sophisticated Systems that better address the information
processing needs of industry and the military.

For example, an expert system that understands principles of programming and software design
can be used as a programming tutor for sudents a the introductory level. Thisillustrates how an
expert system can be incorporated in a computer-aded ingtruction (CAI) syslem to provide a
more sophiticated leve of interactive ingruction than is currently available.

Programs for CAl can aso be enhanced by natura-language processing for indructionin
domains that require the ability to answer and ask questions. For example, Socrétic teaching
methods could be built into a politica science tutor when natura-language processing progresses
to arobust stage of sophigtication and reliability. Even with the current technology, areading
tutor for students with poor literacy skills could be designed for individudized ingruction and
evauation-. In fact, the long-neglected area of machine trandation could be profitably revisted
a thistime with an eye toward automated language tutors. Today's language andysi's technology
could be put to work evauating student trandations of single sentencesin restricted
knowldomains, and our generation systems could suggest appropriate aternatives to incorrect
trandations as needed. Thistask orientation is dightly different from that of an automated
trandator, yet it would be a va uable gpplication that our current Sate of the art could tackle
effectively.
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Systems that incorporate knowledge of plans and monitoring can be gpplied to the office
environment to provide intdligent clerica assstants. Such an automated assistant could keep
track of ongoing projects, reminding the user where he is with respect to a particular job and
what steps remain to be taken. Some scheduling advice might be given if limited resources (time,
secretarid help, necessary supplies) have to be used efficiently. A truly intdligent assstant with
natural-language processing abilities could screen eectronic mail and generate suggested
reponses to the more routine items of business at hand ("yes, | can make that meeting”; "I'm
sorry | won't be able to make that deadline” ; "no, | don't have accessto the technology").
Automated ass stants with knowledge of specific procedures could be useful both to novices who
are learning the ropes and to more experienced users who smply need to use their time as
effectively as possible.
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While most expert systems today assimilate new knowledge in highly restricted ways, the
importance of learning systems should not be overlooked. In the long run, generd principles of
learning will become criticd in designing sophigticated information processing systems that
access large quantities of data and work within multiple knowledge domains. As Al moves avay
from problems within restricted knowledge domains, it will become increasingly important for
more powerful systems to integrate and organize new information autometicaly--i.e., to learn by
themsdalves. We will have to move away from amplistic pattern-meatching strategies to the more
abgiract notions of analogy and precedents. Research on learning is il in itsinfancy, but we can
expect it to become an application-oriented research issue very quickly--within 5to 10 years, if
the field progresses at a hedlthy pace. Without sufficient research support in this area, our efforts
may stagnate in the face of apparent impasses.

With afidd that moves asrgpidly as Al, it isimportant to redize that along-term perspective
must be assumed for even the most pragmatic research effort. Even a 2-year project designed to
use exigting technology may adapt new techniques that become possible during the life of the
project. The Sate of the art isa very lively moving target, and advances can render research
publications obsolete in the space of afew months. New Ph.D.s must keep close tabs on their
aress of interest to maintain the expertise they worked so hard to establish in graduate schoal.
We mugt therefore emphasize how dangerous a short view of Al isand how critical it is for the
fied to maintain a sengtive perspective on long-term progressin al of our research efforts.

STATE OF THE ART AND PREDICTIONS

In the previous sections we have reviewed the state of the art in robotics and artifica
intelligence. Clearly, both robatics and artificid intelligence are rdaively new fields with

diverse and complex research questions. Furthermore, the intersection field--roboticd atificid
intelligence or the intelligent robot--is an embryonic research area. This arealis made more
complex by the obvious dependence on heretofore unrdated fields, including mechanica design,
contral, vison sensing, force and touch sensing, and knowledge engineering. Thus, predicting
the state of the art 5 and 10 years from now is difficult. Moreover, because predictions for the
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near future are likely to be more accurate than those for the more distant future, our 10-year
predictions should be treated with particular precaution.

One approach to the problem of prediction isto decouple the fundamenta research areas and
predict possible developments in each technology area. Such atask is easy only in comparison to
the former question; neverthdess, in the following sections we undertake a field-by-fidd
assessment and predictions of 5- and 10-year devel opments.

In the sections that follow, we devel op tables describing the current state of the art and
predictions for the next 5- and 10-year periods. Each section contains a short narrative and some
generd
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comments with respect to research funding and researchers working in the problem area. The
table at the end of the chapter summarizes the findings.

Mechanica Design of the Manipulator and Actuation Mechanism

Theindudtrid robot isasngle mechanica am with rigid, heavy members and linkeges.
Actuation of the dide or rotary joints is based on transmission gears, which resultsin backlash.
Joint bearings of conventiond design have high friction and gtiction, which cause poor robot
performance. Thus, with the rare exception of some semiconductor applications that are more
accurate, robot repeatability isin the range of 0.1 to 0.005 inches. Robots today operate from
fixed locations with little or no mobility (except track mountings or smple wire-guided vehicles)
and have alimited work envelope. The operating environment is congtrained to the factory floor,
and the typicd robot is not self-contained but requires an extensive support system with big

power supplies.

The factors listed above are reflected in the first column of the table under entry numbers 1 to 11.
As shown in the table, on a point by point basis we expect significant improvements within 5
years (column 2) and even more within 10 years (column 3).

Table entries 12 and 13 address the kinematics and dynamics of robots as they are today (column
1) and predict how they will evolve. These issues, while based fundamentaly on the mechanica
gructure of the robot and how it behavesin motion and under load, are clearly intertwined with
the issues of manipulator control and computation speed. For example, we do not today have
enough computer power in the robot control system to take advantage of kinematic model data.

Thus, while we make some predictions under these headings, they are closdly related to the
control issuesto be addressed later.

The research on mechanical design and actuation mechanisms has been supported by NSF, ONR,

and others but is not the main focus of amgor funding program at thistime. University
laboratories such asthose a MIT, CMU, Stanford, and the University of Florida a Gainesville
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are invedtigating the manipulator and its kinematics. Locomotion research is continuing at Ohio
State, CMU, and RPI. The Jet Propulsion Laboratory, Stanford Research Institute, and Draper
Laboratories are dso active in some of these areas [3-7].

End- Effector Design

Current industrid robots use many hands, each specificaly designed for a different gpplication.
As described in the Research section, this has led to research in two directions--one to produce
the dexterous hand and the second to produce the quick-change hand. The lack of progressin
these areas makes most gpplications expensive because of the need to design a specia hand, and
it prohibits others because of alack of dexterity or the ability to change hands rapidly.
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Many are also working on hand-based sensor systems; these issues are covered in depth under
the topic of sensor systems. Entries 14 and 15 in the table describe current technology hands as
sample (open or closed) hands that are rarely servoed--though the IBM RSl is anotable
exception, which others are following.

End effectors today are dso sometimes tools that are operated by an on/off signal. Today's hands
do employ limited sensors and permit rudimentary force programming. As described in the table,
we expect progress in the development of quick-change hands to precede the wide use of
instrumented dexterous hands.

Research in end effectorsistaking place a the University of Utah (based on prior work in
prosthetics), the University of Rhode Idand, and a most of the locations cited for mechanica
design research. References 9-11 are suggested for further detalls.

Funding of these hand effortsistypicaly a part of some larger project and is not amgor project
of any funding agency.

Vision Sensors

As described earlier, vison has been a high-interest areafor robotics in both the visud servoing
(guidance) and ingpection or measurement modality.

Commercid vison systems use binary images and smple festures and are restricted to high
contrast images. As shown in table entry 16, we expect that VLSl technology, now in research
labsa MIT, Hughes, Westinghouse, and others, will be commercidized. In 5 years thiswill
provide real-time edge images, aricher shape-capturing festure set, and will ease the restriction
on high-contrast binary images, dlowing gray-scale and texture-based objects to be handled.
These predictions are conservative. In 10 years we further expect rapid-recognition systems that
can handle alimited class of objects in arbitary orientation. Thus, the visud servoing problem
will be routindly achievable.
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The use of so-called three-dimensiond vision, using stereo, structured light systems, and other
visonbased methods to acquire "depth" information, is rudimentary today, as shown in table
entry 17. The stereo mapper system at DMA is an exception. This system, which works well on
textured terrain such as forests, isineffective on urban landscapes. A big step forward is
expected in the next 5 years. Currently in research labs are systems that extract depth using

gereo, employing ether vision or laser light (MIT, Stanford);

shape from shading, specid light (GE, MIT, SRl);

gross shape from motion (CMU, MIT, Stanford, University of Minnesota) ;
shape from Structured light systems (GE, GM, NBS).

Commercid systems will market three-dimengona vison systems that will generate a depth
map in reatively benign stuations. They will be dow, too dow for military rapid response
Stuationsin the next 5 years. The dgorithms for al these methods for computing
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depth are inherently parald. They can be computed using highly paralle computers specificaly
designed. A hardware stereo (vision or laser) and shape from motion system is possblein 5
years. One practica problem is lithographic density. Putting alot of processing on chipsof 1
micron dengity restricts patial resolution of an image. However, 0.1 micron dengities seem
feesblein 5 years.

Merely generating a depth map is not the same as seeing. It is aso necessary to extract objects
and to recognize them from arbitrary orientation. The depth map islikely to be noisy and
relaively coarse. It will be possible, for example, to identify a shape as a person, but not to
recognize which person. It will recognize atank, but only determine typeif it is Sgnificantly
different from another.

Tasks that will become feasble with depth datainclude
three-dimensiona inspection of object surfaces for dents, cracks, etc. that do not affect
outline
better edge maps and shape, leading to recognition of objects by outline shape, eg., an
automobile.

In 10 years, one can confidently predict
reliable hardware stereo systems,
systems capable of determining the movement of an object and maneuvering to avoid it,
rapid recognition of limited classes of objects from an arbitrary viewpoint.

Vison research isavery active fied in the United States (see reference 34). For asurvey of
vison research, see reference 35. For areview of image understanding, see reference 14. Most
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three-dimensiond vision research in the United Statesis funded by the DARPA Image
Understanding (1U) program. See, for example, the U workshop proceedings from DARPA.

Commercid vision systems are marketed by GE, Odek, Automatix, Cognex, Machine
Intelligence Corporation, ORS, and others. Government and foundation support of mgor
programsis provided by the Office of Naval Research (ONR), DARPA, Systems Devel opment
Foundations (SDF), and NSF.

Many corporations in Japan, including Hitachi, Sony, and Fujitsu, are doing work in this ares;
there are dso severd large university efforts (see references 13, 36, 39).

Nonvisua sensors (radar, SAR, FLIR, etc.) have mostly been devel oped by defense contractors
for DARPA, AFOSR, and ONR. The following systems are among those available from
Lockheed, TRW, Honeywdll, and others:

synthetic aperture radar (SAR),
forward looking infrared (FLIR),
millimeter radar,

Xray.
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For example, the cruise missile uses one-dimensiond correations on radar images. Thisis rather
crude. Capabilities are mostly classfied.

Advantages of nonvisud senang are that they smplify certain problems. For example, it is easy
to find hot spots in infrared. Often they correspond to camouflaged targets.

Limitations are that the physics of nonvisud imagery are poorly understood, and dgorithms are
limited in scope. Two main gpplications are for seeing large static objects and for automatically
navigating certain kinds of terrain.

Research isintense, funding levels are high, and progress will be good. Thisisentirely an
industry effort with DOD sponsorship. However, vision does appear to be the best way forward
becauseit is passive and operators know what visua images mean. Thisis aserious issue, sSince
trained observers are needed to check results of processing nonvisua images.

Contact/Tactile Sensors

As described earlier, contact/tactile sensors are an important area of robotics development.
Although progress has so far been dow, thisis an important areafor determining

surface shape, induding surface inspection;

dip computation--how surethe grasp is,
proximity--how close the hand isto the object;
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forceftorque, to control and measure its application.

Robots today are programmed for position only; in rare insdtances, they can do some rudimentary
force programming using acommercia version of the Draper Laboratory IRCC. For the date of
the art, see references 18-21 and 37

Current systems suffer from both rudimentary control cgpability (i.e., touch/no-touch and some
vector valued sensors) and limited sensors, with high hysteresis and poor wear and tear. As
shown in table entry 18, the next 5 years will see better control techniques (possibly hybrid, as
Raibert and Craig [37] suggest) and the development of array sensors with more gpplications.
But the red progress of broad commerciaization, atrue sense of fed, and the development and
understanding of the control/programming issues will take usinto the 10-year time frame.

Research in tactile sensing is being done a Ohio State University, MIT, JPL, CMU, Stanford
University, the Universty of Delaware, Generd Electric in Schenectady, and in France. Force
sensing isbeing done at MIT, Draper, Astek, IBM, and other commercid firms.

Research support is not on alarge scde: too few people, not enough money. Neverthdess, thisis
acritical areafor assembly and other complex tasks. A concentrated research program by a
magor funding agency or agencies would speed progress.
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Artificid Intdligence Research

As can be seen from the review of research aress, there are many avenues for combining Al and
robotics. The future will see anatura combination and extension of each areainto the domain of
the other, but to date there are no true joint developments. MIT, Stanford, and CMU are
beginning to lead the way in joint efforts, and many othersare sureto join in.

The genera area of reasoning and Al can be partitioned in many ways, and every taxonomy will
result in fuzzy edges and work that ressts a comfortable pigeonhole. A large portion of Al
research can nevertheless be characterized in terms of advisory Systems that strive to assst users
in some information processing task. This research can be categorized as work on expert
gystems, natural-language data base access, computer-aided ingruction (CAL), intelligent tutors,
and automated ass stants.

A grest ded of basic research is conducted without recourse to specific task orientations, and
progress & this level penetrates a variety of areasin amyriad of guises. Basic research is
conducted on knowledge representation, learning, planning, general problem solving, and
memory organization. It is difficult to describe the milestones and research plateausin these
aress without some technical introduction to the issues, which iswell beyond the scope of this
paper. Problems and issues in these areas tend to be tightly interrelated, so we will highlight
some of the more obvious accomplishments in a grosdy inadequate overview of basic research
topics. For further detail, see reference 38.
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Expert systenms are specidized sysemsthat work effectively in providing competent analyses
within anarrow area of expertise (e.g., oil exploration, diagnoss of infectious diseases, VLS
design, military intelligence, target sdection for artillery). A few commercid sysems are being
customized for specific areas. Typicdly, current expert systems are restricted in a number of
ways. Firg, the expertise is restricted in avery narrow corpus of knowledge. Examplesinclude
pulmonary function disorders, criteriafor assessing copper deposits, and configuring certain
types of computers. Second, interactions with the outside world and the consequent types of
information that can be fed into such expert systems are cgpable of only avery smal number of
responses--for example, 1 of 92 drug thergpies. Findly, they adopt a single perspective on a
problem. Consider, by way of contrast, that trouble-shooting an automobile failure to turn over
the starter motor (eectrical) suggests aflat battery. The battery is charged by the turning of the
fan (part of the hydraulic cooling system). This turns out to be deficient because of a broken fan
belt (mechanical).

Table entry 19 summarizes the current ate of expert systems and reflects the expectation of
their integration with other sysems within 5 years and sgnificant improvement within 10 years.
Significant work centers are at Stanford, Carnegie-Meéllon, Teknowledge, Schlumberger, and a
variety of other locations.
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Nat ur al -1 anguage data base access isnow limited to queries that address the contents of a
specific data base. Some require restricted subsets of English grammar; others can unravel
ungrammaticad input, run-on sentences, and spelling errors. Some gpplications handle alimited
amount of context-sengtive processng, in which queries are interpreted within the larger context
of an interactive didogue. We are just now seeing the first commercia sysemsin thisarea. As
table entry 20 shows, we expect sophisticated did ogue capabilities for interactive sessons and
better recognition capability for requests the data base cannot handle. More domains will have
been tackled, and some work may relate natural-language access capabilities to data base design
issues. We should see some efforts to connect expert-system capabilities with natura-language
data base access to provide advisory systems that engage in natura-language didoguesin the
next 5 years.

In 10 years the line between natural-language data base access and expert systems will be hard to
draw. Systems will answer questions and give advice with equa ease but Hill within well-
specified domains and limited task orientations. Key research efforts are a Y ale, Cognitive
Systems, Teknowledge, Machine Intelligence Corporation, and other locations.

Basic research on aut omat ed assi st ant s iSnow being conducted for avariety of tasks. As
shown in table entry 21, thiswork, which takes place a MIC, SRI, the University of
Massachusetts, IBM, and DEC, can be integrated with the other Al technologies. Thefield is not
yet funded to any extent, but commercid interest is growing and should attract funding.

With respect to know edge represent at i on ahd memory organization, there are techniques
that operate adequately or competently for specific tasks over restricted domains. Most of the
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work in learning, planning, and problem solving has been domain-independent, with prototype
programs operating in specific domains (e.g., learning by andogy). The domain-dependent work
in these areas tends to start from a domain-independent base, augmenting this foundation with
semantics and memory structures. As shown in table entry 22, progress is dependent on better
undergtlanding of knowledge; its representation is hard to predict.

Control Structure/Programming Methodology

Perhaps the mogt difficult areaof dl to cover isthe future of control structures and programming
methodology. In some sensg, dl the developments described impinge on this area; new
mechanicd designs, locomotion, dexterous hands, vision, contact/tactile sensors, and the various
Al methodologies dl affect the architecture of robot control and will affect the complexity of
programming methodology.

In order to treat the subject in an orderly way, we ded first with alogical progresson of control
structure. Then, possibly with overlap, we ded with the other topics.
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The most advanced current work in control structures uses multiple microprocessors on a
common bus structure. Typicaly, such robot controllers partition the control problem into levels
asfollows

1. Servo control to provide closed-1oop feedback control.
2. Coordinate transformation to joint coordinates, and coordinated joint motion.
3. Path planning for smple interpolated (straight line) motion through specified points.

4. Smple language constructs to provide subroutines, lock-step interaction, and binary sensor-
based program branches.

5. Structured languages, limited data base control) complex sensor communication, and
hierarchicd language definitions.

Levels 1 to 3 are common in most servo robots; level 4 is represented by the first-generation
languages such as VAL on Unimation robots, while level 5 represents second-generation
languages as found in the IBM AML Language, the Automatix RAIL, and at the Nationa
Bureau of Standards.

Beyond the firdt five levels of control are adiverdty of directions being pursued to different
extents by various groups. Thus, we can expect a number of developmentsin the next S years but
clearly will not see them integrated in that time. As shown in table entry 23, we see the following
extensons.
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Graphic systemswill be used to lay out, program, and smulate robot operations. Such
systems are garting to enter the market today from McAuto, Computervison, GCA, and
others.

Hierarchical task- oriented interface languages will be developed on the current structura
languages (AML, RAIL, etc.) to alow process planners to program applications.

Robot operating systems and controllers will be more powerful. They will remove the
burden of low-leve control over sensors, I/0, and communication; that is, they will do
more of what computer operating systems do for their users today.

Interfaces to other nonhomogeneous computers via developments in local area networks
and distributed computing will broaden coordination beyond the lock-step
synchronization available today.

The use of multiple arms, dexterous hands, locomotion mechanisms, and other
mechanica advances will foster the definition of asixth leve of control. Thiswill

emerge from research labs and be available in some rudimentary form.

The incorporation of Al technology in the use of expert sysemsisin the laboratory plans
of some now. This, coupled with the use of natura-language front ends and knowledge
engineering, will begin the definition of a seventh leve of control.

The linkage of robot control/programming systems with CAD, CAM, and other factory
data bases will be made.

Beyond these advances in new areas will be sgnificant improvementsin the firdt five levels as
computers get more powerful and cheaper.
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For example, the use of kinematic and dynamic models discussed in table entries 12 and 13 will
affect thefirg five leves, aswill the development and instrumentation of new sensors for
resolving robot position.

The research in these areas is growing rapidly. Robotics indtitutes at mgor universties--CMU,
MIT, Stanford, Forida, Lehigh, Michigan, RPI, and others--are now accelerating their programs
under funding from DOD agencies, DARPA, and NSF. As the programs grow, the need for
research dollars escalates, but so do the results. Robotics research is expected to expand
ggnificantly in the next decade. Commercid firms, both vendors and users, are linking
themsalveswith universties. The ligt of firmsinvolved includes IBM, Westinghouse, DEC, GE,
and many others.

The 10-year time frame is very difficult to predict. Thisis because of the variety of technologies
that must interact and the dependence on the output of a myriad of research opportunities being
pursued. However, we fed the following to be conservative estimates.

Robotics will branch out beyond industria arms to include awide scope of autometic
equipment. The directions will depend on funding emphasis and other such factors.
Sensor-based, advanced mechanicd, partialy locomotive (in restricted domains),
somewhat intelligent robots will have been devel oped.
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Many integration issues and further technologica advances will ill remain open

research questions.

Conclusion
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In conclusion, oneisforced to observe that the following table describes atechnology that is
very active--atechnology that, while diversfying into many research areas, must be integrated
for true success.

For those whose interest is in trandferring the technology outside the manufacturing arena,
immediate focus on targeted projects appears to be required. Although robotics and Al will be
integrated, and the focus on manufacturing will broaden by an evolutionary process, the process
will be painfully dow, even when pushed by well-funded initiatives.

7

Summary State of the Art for Robots and Artificial Intelligence

In 5 Years

In 10 Years

Mechanical Design and Activation of the Manipulator

1.

2.

ﬁl

Single arms with fixed bases

Heavy; designed to be rigid

Humanlike mechanical arrvange-
ments; linkage systems

Discrete degrees of freedom
{DOF)

Simple joints, revolute or
sliding; Cincinnati Milacron
has one wersion of the
d-roll wrist now

Actuators are electrical,
hydraulic, and poneumatic;
heavy, low power, often
require transmission gears
that result in backlash
problems

2 or 3 rigidly mounted arms
designed to work together

Designed to be rigid but
lightweight, using composite

materials

No change

Ho change

Flexible joints possible;
better discrete joints
(e.g., 3-roll wrisc)

Some improvement: lighter
weight, rare-earth motors,

direct drive
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Hultiple arms with
coordinated motion

Designed to be wer: Light-
weight and flexible

Monlinkage design (e.g.,
snakes, butterflies)

Continuous degrees of fre
dom without discrete
joints; flexible elemeni

Flexible joints as above

MWew actuator concept: di
tributed actustor (musc!
typel
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7. Joint bearing, conventional Hew discrete bearing designs Ho discrete joints, pos—
high friction and stictionm; (air bearings); some flex- sibly no bearings:
poor motion performance ible joints possible flexible elements, for

mobility

8: Ho absolute accuracy; repeat— Some absolute accuracy is Controlled to micron lew
abiliey 0.1 in. to 0.005 in. required (for offline pro- as required; alse clos
except in highly specialized gramming); good repeat- coupled to force and
semiconductor applications ability of 0.005 in. to position sensers to gi

0.001 in. broad functiopal range

9. Fixed location--some on tracks Mobility based on wheeled-track Mobility in semicontraoll
or wire-guided vehicles; wehicles in controlled en- environment, better
walking, wheeled, and hopping vironment (flat factory floor); vehicular control, som
robot mechanisms are now in rudimentary walking in specif- walking ability
research labs ic environments

10. Limited work envelopes More flexible, but constrained Greatly improved work
. envelopes as defined by domains by new designs
factors above linkages, mobility, as
defined above
11. Operate in controlled environ- Packaging for uncontrolled Possibly selt-contained;
ment (factories) or with environments; not self- wider range of environ
support systems (e.g., under- contained ments tolerated (e.g.,
water applications); not self- nuclear hardened)
contained, umbilical cords,
big power unit
79
How In 5 Years In 10 Years

12. The kinematics sre a signifi- Hew dedicated chips will be Computation not an issue;
cant computational burden available to greatly reduce reéal time kinematic pos=
that limits practical per- computational burdens--some sible at high speed

formance--real limitation alow motion real time possible
is on yreal time control
and action
13. Dynamics are not considered Robots will be designed for Robots will be high speed
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in robot design and per-
formance. They are basical-
ly slow devices operating
in "quasistatic" modes.
Control systems are on
joints only and position
only and are relatively
primitive. Typically,
velocity—dependent and
inertial terms ignored.
Arms made to rum slowly to
compensate

higher-speed performance
with some absolute accuracy.
There will be combined force
and position contral with
respect to the workspace
rather than joints. Robotic
trajectories will be planned
for optimal dynamic perfor-
mance, including the effects

of actuator and robot dynamics,

and limitations. Adaptive
control methods will be avail-
able, so the robot will be
insenaitive and tolerant
{dynamically) to its environ-
ment and its task
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and lightweight, with
tuned dynamic behavior.
Systems will control and
exploit their flexibilit
toe achieve high perfor-
mance. Issues of dy-
namics and performance
in most cases will move
to a higher level.
Questions of control of
individual elements will
be transparent, such a&s
the motion of comtrol
surfaces in supersonic
aircraft is not con-
sidered by the pilot
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End Effectors

Currently grippers and apecial

tools. They are typically
binary (opem or cleosed, on

or off) and have few or rudi-
mentary sensors; very simple
mechanical sctions, mostly one
DOF such as parallel jaw
poeumatically; and rudimentary
force comtrol

Quick-change hands are avail-
able today on & limited
special basis due to a lack
of standards for their
interconnection to a
variety of robots

End effectors with proportiomal

mobilicty--a hand that can be
centered and servoed to fit
a wide variety of objects;
poaition and force sensors
and limited tactile sensing;
several discrete DOF; wmajor
emphasis still on grasping
or sucking, with limited
assembly or quick-change
hand availability. EHEesearch
labes will have developed
sultifingered hands and
demonstrated their use to
grasp a vaciety of rthree
dimensional shapes

Deve lopment of a standard robor-

arm~-to-end-effector interface.
Comsercial availability of a

family of hands for tasks such
as assembly, using adaptations
of current tools and grippers

81

Contipuous motion, intel-
ligent control and
sensing at the wrist,
fingers, and fingertip:
Beginning to be con-
trolled by vision and
other noncontact sensin
to perfora assembly

Specially designed senso
based robot hands with
tools for a family of
tasks. All able to Eii
the standard interface

In 5 Years

In 10 Years

Vision Sensors

Current commercial systems are

restricted to binary image
and simple featues; gray-
scale and color are available
today only in very restric-
tive form

3-D vision systems, structured
light, and stereo approaches
to acquiring depth image
are rudimentary and only
beginning to emerge from
leboratories into commercial
systema

VLS] implementation now in labs

will be commercialized. This
will facilitate edge images
from gray-scale data, and
richer feature sets will be
developed

Laboratory systems of several

varieties will be commercially
available. They will produce
depth maps in controlled situa-
tions, but they will be slow,
will produce noisy images, and
have limited resolution. They
will permit 3-D surface in-
spection and will discriminate

objects with large shape differ-

ences

82

Systems that permit rapid
recognition and provide
orientation of limited
classes of objects from
arbitrary points of vie

Eeliasble hardware for dep
images and systems for
tracking and recognizin
moving objects
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Cortact and Tactile Semsing

18. Few robots have force or Force-sensing wrists and tech- Well-established tech-

tactile sensors. The IBM

R51 is an exception.

Limited use of commercialized
RCC and IRCC versions of
Draper Research products pro—
vide limited control capacity
At Fl!"ll‘lt

niques for programming and
controlling force will be
available. They are likely
to work only in benign situa-
tions, but should be able to
tighten nuts, insert shafts,
pack objects--simple assembly
operations. Will not yet be
good enough to examine ob-
jects by feeling them

81

niques for creating an
using these sensors wi
be developed. Deter—
mining shape of object
detecting slippage in
grip, inspecting for
cracks, and programmin
in the force domain wi
be possible. Touch se
sors will be implement
in hardware, probably
using VLSI technology.
This will perwmit &ll o
the above and offer a
wider range of force
monitoring and complia
operations

How In 5 Years In 10 Years

Artificial Intelligence

Automated design assistance

19. Expert aystems that work

Integrated systems

effectively in providing
competent analysis within a
narcow area of expertise,
e.g- oil exploration, medical
diagnosia, VLSI design, are
being customized and com—
mercialized. They are

for building and updating
expert systems. Formalization
of knowledge gathering and
integration of graphic dis-
playe Eor use in some appli-
cations. Integration with
robot control systems and

that draw on msultiple
domains of expertise
to formulate problem
solutions. Fossibly
total automation in
generating new expert
systems for certain
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21.

22.

Automared assistants ressarch is
now golng on in @ veriety of
tasks, such s word processing,
text sditing, and office auto-
mation

Enowledge representation in
restpicted domains 18 nDow work-
able (aee entriea 19-Z1). But
learning, problem=-solving, and
planning systems meed broader
dosnaing .

Control Styucture/Programming Methodalagy

23.

The control hierarchy of robots
somet imeg implemented on multiple
microprocesscrs has sF maskt 5
levels mow.

l. GServe control of joints

2., Coordinste cransformacion and
coordinated joint motion.

3. Interpolated path planming

Systems that sssist end Eemiliarize

users with the capabilities of
the system being uged

Increased understanding of trade-

offs between domaic—independent
and domain-dependent techniques

Individual elements of progreas

{not &1]1 in any one offering)
will be develaped.

# Graphical layout of robotic
calls and progremming will be
commercialized

# Hierarchieal rask-orienced
interface languages designud [or
process plannera will be

Integrated systems that

draw on multiple domaine
and provide the user with
with greatey task flexi-—
bility

Fossibly a motetion

system that allows formu-
lation of models that

are sensicive co domain
coustriinty without
having apecific cowmit—
mente Lo particular domsi

Levels six and seven as de-

fined in Lhe previous col
won will permit domain—
dependent, senpor-based
intelligent roboto. Many
lotegration 1ssues aod
advances to technology
will still be open ques—
tione. FRobotics will
brvaden im scope beyond
manufactoring ko limited-

for smooth motiom paths. developed. domein automatic devices
in new areas.
85
Kow In 5 Years In 10 Years
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4. BSimple subroutines, use of
sensors, and lock=-step coordina-
tion

5. HRudimentary operating system,
structural language, complex
sensor interface, hierarchical
constructs

# Robot operating systems will
do more for the user who uses

sensors Lo permit task orientation

# Interfaces to other nonhomo-

geneous cosputers will broaden
coordination beyond lock-step
available now

& Multiple arm, dexterous hand,
locomotive control, and other new
méchanical advances will define a
gixth level of control and be
available

# The incorporation of AL tech-

nology in the form of expert sys-
tems, natural=language front ends,
and knowledge representation will
define a seventh level of control.

# Data bases from CAD, CAM, and
other sources will be incorporated
to the language and control structure
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GLOSSARY OF ACRONYMS

AFOSR Air Force Office of Scientific Research

Al atificd intdligence

AML manufacturing language developed a IBM

AMRDC U.S. Army Medica Research and Development Command
ASB Army Science Board

ASP Automated Ammunition Supply Point

ATE automatic test equipment

BITE built-in test equipment

Ci command, control, communication, and inteligence
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CAD/CAM computer-aided desgn and manufacturing
CAl computer-aided ingtruction
CARP computer-aided robot programming
CMU Carnegie-Mdlon University
CPU central processing unit
CRT cathode ray tube
DARPA Defense Advanced Research Projects Agency
DART expert system for the diagnosis of equipment failure
DEC Digital Equipment Corporation
DMA Defense Mapping Agency
ES expert sysem
FLIR forward-looking infrared
FMS flexible manufacturing system
GE Generd Electric Company
GM Generd Motors Corporation
Hawk-Missle CAl trainer at Fort Bliss Air Defense School
ICAM Integrated Computer- Aided Manufacturing program of the U.S. Air Force
IR industrial robot
IRCC instrument_ed remote center of compliance developed at Draper
Laboratories
JPL Jet Propulsion Laboratory
MACSYMA symbolic mathematics expert system
90
MCL computer language developed a McDonnell Douglas
MIC Machine Intelligence Corporation
MIT M assachusetts Inditute of Technology
MY CIN production system for diagnosis and trestment of infectious diseases
NBC nuclear, biologicd, and chemica
NBS National Bureau of Standards
NSF National Science Foundation
ONR Office of Nava Research
Prospector expert system to ad in exploration for minerals
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PUFF

Pl

RAIL
RAMS
R&D
REMBASS
RIA

RPI

VLS
VTRONICS

1 BACKGROUND

Thr oughout

most of

pulmonary function diagnoss expert system
preplanned product improvement

Pascal-based second generation language by IBM
reliability, availability, maintainability,and supportability
research and development

remotely monitored battlefield sensor system
Robot Inditute of America

Renssdaer Polytechnic Indtitute

synthetic aperture radar

Stanford Research Indtitute

language developed by Unimation for Puma robot
very high frequency

Very High Speed Integrated Circuits

Voice Interactive Maintenance Assstlance Development system
(supported by DARPA)

vay large-scaeintegration

set of projects for onboard, embedded sensing of vehicular mafunctions
with built-in test equipment (BITE)
91

its history, the Arny has been manpower-intensive in
its systenms. The combi nati on of denographic changes

(fewer young nen), changed battlefield scenarios, and advanced
technol ogies in inproved robotics, conputers, and artifici al
intelligence (Al) suggests both a need and an opportunity to
multiply the effectiveness of Arny personnel. Not only can these
t echnol ogi es reduce manpower requirenments, they can al so repl ace

per sonnel
efficiency,

i n hazardous areas, mnmultiply conbat power, inprove
and augnent capabilities.

The Deputy Chief of Staff for Research, Devel opnent and

Acqui sition authorized the National Research Council to forma
conmttee to review the state of Al and robotics technol ogy,
predi ct devel opnents, and recommend Arny applications of Al and

r obotics.

This Commttee on Arnmy Robotics and Artificial

Intelligence brought together experts with mlitary, industrial,
and academ c research experience.

APPROACH
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The commttee began its work with a detailed review of the state
of the art in robotics and artificial intelligence as well as
with predictions of how the technology will devel op during the
next 5- and 10-year periods. This review is summrized in
Chapter 2 and in its entirety fornms the appendi x of this report.
It is the foundation of the commttee's recommendati ons for

sel ecting and inplenmenting of applications.

The commttee used its review of technology and information on
Arnmy doctrine, prior reports on Arny applications of Al and
robotics, and its conbined mlitary, university, and industria
experience to develop criteria for selecting applications and to
reconmend specific applications that it considers of value to
the Arnmy and the country. For each application recomended, the
comrittee was asked to report the expected effects on personnel,
skills, and equi pnment, as well as to provide an inplenentation
strategy incorporating priorities, costs, timng, and a neasure
of effectiveness.

PRI OR STUDI ES

As background to its efforts, the conmttee was briefed on and
reviewed three studies conmpleted during 1982 on Arny robotics
and artificial intelligence:

D. R Brown, et al., R& Plan for Arny Applications of
Al / Robotics, SRI International, May 1982 (Contract No. DAAK70O
81-C-0250, U.S. Arny Engi neer Topographic Laboratories).

Army Plan for Al/Robotics Technol ogy Denonstrators, Departnent
of the Arny, June 1982.

Report of the Arny Science Board Ad Hoc Subgroup on Artificial
Intelligence and Robotics, Arny Science Board, Septenber 1982.

Each contributes to the base of know edge regardi ng these
expandi ng new technol ogi es and offers insights into potenti al
applications to enhance the Arny's conbat capabilities. Their
conclusions are briefly reviewed here to place the contribution
of this particular report in a proper context.

R&D Pl an for Army Applications of Al/Robotics
The report by SRI cites as the primary notivation for the
application of Al and robotics to Arny systens the need to

conserve manpower in both conmbat and nonconbat operations. It
covers nore than 100 possible Arny applications of Al and
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robotics, classified into conbat, combat support, and conbat
service support categories. Many of the applications, though
listed as distinct, could easily be drawn together to serve as
generic applications. The report focuses on the need to docunent
justification for the value of Al and robotics in Arny
applications in general, but the commttee found that it |acked
sufficient detail for ranking the many applications to pursue
t hose of greatest interest and potential payoff.

From the 100 specific concepts that the SRI study considered, 10
broad categories of application were selected. An exanple from
each of these 10 categories was chosen for further study to
identify technol ogy gaps and provide the basis for the research
pl an recomended by the study.

| ncluded in that plan were 5 fundanmental research areas, 97
specific research topics, and 8 system consi derati ons. Most
potential applications were judged to require advancenent of the
t echnol ogy base (basic research and exploratory devel opnment)
bef ore advanced devel opnent could begin. In fact, the study
estimated that devel opnent on only four could be started in the
next 10 years, and two would require deferral of devel opnent
until the year 2000.

A briefing on the Arnmy Proposed Plan was given to the committee
at its initial nmeeting. The report identified five projects for
application of Al or robotics technology to denonstrate the
Arny's ability to exploit Al and robotics:

Roboti ¢ Reconnai ssance Vehicle with Terrain Anal ysis,

Aut omat ed Ammuni tion Supply Point (ASP),

Intelligent Integrated Vehicle Electronics,

Al - Based Mai ntenance Tutor,

Al - Based Medi cal System Devel opnent.

Of these five proposed denonstrations, technical availability
assessnents placed one in the near term one in the md-to-far
term and the other three in the far term Cost estimtes and
schedul es appear optimstic to this commttee, considering that
much of the effort was neither funded nor programred at that

tinme.

Report of the Arny Science board
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Ad Hoc Subgroup on Artificial Intelligence and Robotics

The Arny Science Board Ad Hoc Subgroup was established to
provi de an assessnent of the state of the art of Al and robotics
as fast-track technol ogies and of their potential to neet Arny
needs. It concentrated its efforts on those aspects with which
it could deal rapidly and relatively conpletely; it also
considered the five Arnmy denonstrators and supported them

The report grouped the five denonstrators into two categories:

proceed as is or proceed with nodification. The subgroup
recommended changes to the maintenance tutor and the nedical
system and recomended that the other three denonstrators
proceed as planned. O her battlefield technol ogy topics
recomended were automatic (robotic) weapons, automatic pattern
recogni tion, and expert support systens.

Noting that the introduction of technol ogy into weapon systens
coul d be hanpered by managenent problens, the subgroup
recomended establishing a single dedicated proponent of Al and
robotics in the Departnment of the Arny, giving preference to
exi sting equi pment and technol ogy, and creating an oversi ght
commttee fromthe Arny's materiel devel oper and user

communi ties.

The subgroup tied its recommendati ons to the five technol ogy
thrusts that the Arnmy has designated to receive the majority of

research and devel opnent funds (lines 6.1, 6.2, and 6.3a of the
budget) during the next five-year funding period:

Very Intelligent Surveillance and Target Acqui sition,

Di stributed C31,

Sel f - Cont ai ned Muni tions,

Sol di er/ Machi ne I nterface,

Bi ot echnol ogy.

CONTRI BUTI ON OF THI S REPORT

This conmttee is indebted to the foregoing efforts for the base
t hey provide, a base which this report attenpts to expand. Qur

recomrendati ons are founded on a conprehensive assessnent of the
state of the art and forecasts of technol ogy growth over the
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next 10 years. The details of that assessnment are contained in
t he Appendi x. We hope that our recommendations to the Arny wl
provide a realistic technical assessnment that will enable the
Arny, in turn, to concentrate its efforts in areas offering the
nost potential return.

No two groups considering possible Al and robotics applications
will have identical lists of priorities. This commttee used the
conbi nati on of Arny needs and the direction of technol ogy

devel opment as a guide in narrowing the list of possible
applications. The National Research Council is unique in the

di versity of backgrounds of the experts it brings together. The
menbers of this Commttee on Arny Robotics and Artificial
Intelligence have anong them 248 years of industry experience,
110 years in academ a, and 184 years in governnent. The
recomrendations in this report are the consensus of the
commttee, drawi ng on those years of experience.

We agree with the authors of studies we have reviewed that Al
and robotics technol ogi es offer great potential to save lives,
noney, and resources and to inprove Arnmy effectiveness. This
report will support the need for ongoing work in these high-

ri sk, high-technology fields that offer such great prom se for
the country's future securityhelp channel Arny efforts into the
nost effective areas, build understanding of what Al and robotics
can offer within the broad groups in the Arny that will need to
work with these technol ogies ,

provide realistic information on what Al and robotics technol ogy
can do now and the directions in which research is heading.

2 SUWARY OF THE TECHNOLOGY
DEFI NI TI ONS

W used the Robot Institute of Anerica's
definition of a robot as

a reprogramabl e nul ti-function mani pul at or
desi gned to nove

material, parts, tools, or specialized
devi ces through vari abl e
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programmed notions for the performance of a
vari ety of tasks.

The main conponents of a robot are the
mechani cal mani pul ator, which is a set of
| i nks that determ ne the work envel ope of
the robot and the ability to orient the
hand; t he actuati on nechani sns, which are
hydraulic, pneunmatic, or electric; the
controller, usually a conputer, which
controls notion by communicating wth the
act uati on nmechani sm

The robot can be augnented by the addition
of end effectors, or "hands";

sensors, for perform ng neasurenents as
requi red to sense the environnent,

| ncl udi ng el ectromagnetic (visual,
infrared, ultraviolet, radar, radio, etc.),
acoustic, tactile, force, torque,

spect ographi c, and nmany ot hers.

other "intelligent"” functions, such as
under st andi ng speech, probl em sol ving, goal
seeki ng, and commobnsense reasoni ng.

None of these, strictly speaking, is part
of the robot itself.

This chapter is a summary of the detailed
report on the state of the art and
predictions for Al and robotics technol ogy
contai ned in the appendi x.
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Artificial intelligence, as defined in SR
International's R&D Pl an for Arny
Appl i cations of Al/Robotics, is the part of
conputer science that is concerned with
synbol - mani pul ati on processes that produce
intelligent action. By "intelligent action”
s meant an act or decision that is goal -
oriented, arrived at by an understandabl e
chain or synbolic anal ysis and reasoni ng
steps, and is one in which know edge of the
worl d inforns and gui des the reasoning.

The functions or subfields of artificial

i ntelligence are natural -l anguage
under st andi ng; that i1s, understandi ng
Engl i sh or anot her nonconputer |anguage;

| mage understanding; that is, the ability
toidentify what is in a picture or scene;
expert systens, which codify hunman
experience and use it to guide actions or
answer questions; knowl edge acqui sition and
representation;

heuristic search, a nethod of |ooking at a
probl em and selecting a path to the

sol uti on; deducti ve reasoni ng; pl anni ng,
which entails an initial plan for finding a
solution, then nonitoring progress.

As this infant field devel ops, the list of
subfields wll expand. Artificial
intelligence is the application of advanced
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conputer systens and software to these
areas, wth "intelligent behavior" as the
| nt ended result.

RESEARCH | SSUES

The categories of robotics research
receiving the nost effort are

| nprovenent of nechani cal systens,
| ncl udi ng mani pul ati on design, actuation
systens, end effectors, and | oconoti on;

| nprovenent of sensors to enable the robot
to react to changes inits

envi ronnent ; creati on of nore sophisticated
control systens that can handl e dexterity,
| oconotion, and sensors, while being user
friendly.

In artificial intelligence, expert systens
IS the area of research closest to being
ready to nove fromthe | aboratory to
initial commercial use.

Research on the kinematics of design,
nodel s of dynam c behavior, and alternative
design structures, joints, and force
programmng is |leading to highly accurate
new robot structures. This research wl|l

| ead to robots capable of applying force
and torque wth speed and accuracy and w ||
transformtoday's heavy, rigid, single
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robotic arns into nore |ightweight,
ultimately nore fl exible arns capabl e of
coordi nated noti on.

Research on end effectors--the hands
attached to a robot--seeks to I nprove
dexterity, enabling robots to handle a
variety of parts or tools in conplex
situations. Two goals are the quick-change
hand and the dexterous hand. The robot
woul d be able to charge a qui ck-change hand
by itself, attaching the neans of
transmtting power as well as the physi cal
hand to the arm

Al t hough the dexterous hand is beyond the
current state of the art, there are sone

| nteresting present approaches. One is a
vari abl e finger selection; another is the
use of materials that will produce signals
proportional to surface pressures. This is
coupled with research in mcroel ectronics
to anal yze and summari ze the signals from
these nultisensored fingers for decision-
maki ng out put s.

Early attention to |loconotion has led to a
| ar ge nunber of robots in current use
nount ed on tracks or an overhead gantry.
Progress has recently been made on a si x-

| egged wal ki ng robot that is stable on
three | egs.
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A m ddl e ground between tracked and
unconstrai ned vehicles is a wre-gui ded
vehicle used in plants. These vehicl es have
onboard m croprocessors that conmuni cate
with a central control conputer at stations
pl aced along the factory floor. The
vehicles travel along a wire network that

| s kept free of pernmanent obstacl es; bunper
sensors prevent collisions wth tenporary
obst acl es.

Sensors

The purpose of sensors is to give the robot
adapti ve behavior--that is, the ability to
respond to changes in its environnent.
Vision and tactile sensors have received
the lion's share of research effort. Wile
tactile sensors are still fairly primtive,

vision systens are already comercially
avai | abl e.

Vi sion systens enable robots to performthe
follow ng types of tasks:

| dentification or verification of objects,
| ocation of objects and their orientation,
| nspecti on,

navi gati on and scene anal ysi s,
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gui dance of the servo nmechani sm which
controls position through feedback.

The first three tasks can be perforned by
today's commercial systens. Three-

di nensi onal vision systens are at present
rudi mentary.

Tactil e sensors are just beginning to be
comercialized. Wthin the next few years,
force-sensing wists and techni ques for
controlling themw || be avail able for such
tasks as tightening nuts, inserting shafts,
and packi ng objects. Mre research will be
needed before they can work in other than
beni gn environnents.

Control Systens

The underlying research issue in control
systens is to broaden the scope of the
robot to include dexterous hands,

| oconotion, sensors, and the ability to
perform new conpl ex tasks.

Robots are typically programed by either
t he | ead-through or the teach-box nethod.
In the fornmer the controller sanples the
| ocati on of each of the robot's axes
several tines per second, while a person
mani pul ates the robot through the desired
notions. The teach-box nethod enabl es the
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operator to use buttons, toggle swtches,
or a joy stick to nove the robot.

Programm ng | anguages for robots have | ong
been under research. Early robot | anguages
have conbi ned | anguage statenents with use
of a teach box. Second-generation robot

| anguages, which resenbl e the standard
structured conputer |anguage, have only
recently becone comercially available. It
| S these second-generation robot |anguages
that create the potential to build
intelligent robots.

Expert Systens

Artificial intelligence has generated
several concepts that have led to the

devel opnent of inportant practical systens.
A subset of these systens has been call ed
expert systens. As the nane suggests, an
expert system (ES) encodes deep expertise

I n a narrow donmai n of human specialty.
Several expert systens have been
construct ed whose behavi or surpasses that
of humans. Exanples include the MT Macsyna
system (synbolic nmathematics), the D gital
Equi pnrent Corporation R | system
(configuring VAX conputers), the

Schl unber ger di pneter analyzer (oil well

| ogs), and various nedi cal expert systens,
| ncl udi ng PUFF (pul nonary function
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di agnosi s) in regular use at San Franci sco
Hospital. Expert systens' behavior in
research | aboratories and the civilian
sector is cause for optimsmin the
mlitary sector.

One can consi der expert-systens support not
only at the corps and division |evels but
al so for battalions and regi nents. As
envisioned in the Air Land Battle 2000
scenario, battalion and regi nental
formations will be operating in forward
battl e areas in a dispersed nmanner. Expert-
system support at this level wll be
particularly hel pful in increasing conbat
effectiveness through flexibility and
adaptability to varied, conplex situations
and i nproved survivability of nen and

machi nes.

Al t hough there is cause for optimsm
current expert systens have significant
limtations and require intensive basic
research if the technology is to be
successfully transferred fromthe

uni versity | aboratory to nake rugged
oper ati onal systens.

Present expert systens support only narrow
domai ns of expertise. As the domain of
appl i cati on becones broader, the nunber of
al ternative courses of action increases
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exponentially and effectiveness decreases
exponentially. Though research is
addressing this issue, practical expert
systens are likely to be severely
restricted in their domain for the next 5
years.

Only limted know edge-representation
| anguages for data and relations are
avai | abl e.

The i nput and output of nobst expert systens
are inflexible and not in English (or any
ot her natural |anguage).

Expert systens still require |aborious
construction--approxi mately 10 nman-years
for a sizable one.

Because present expert systens need one
domai n expert in control to nmaintain
consi stency in the know edge data base,

t hey have only a single perspective on a
probl em

Many expert systens are difficult to
oper at e.

3 CRITERI A FOR SELECTI ON OF APPLI CATI ONS

The commttee spent a great deal of tine
devel oping criteria for the selection of
Arny applications of robotics and
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artificial intelligence. These criteria
were essential in guiding the work of the
commttee; but beyond that, they are nore
broadly applicable to future decisions by
the Arny as well as by others. The criteria
for selecting applications reflect both the
| mredi at e technol ogi cal benefits and the
attitudi nal and nmanageri al consi derations
that wwll affect the ultinate w despread
acceptance of the technol ogy.

REASONS FOR APPLYI NG ROBOTI CS
AND ARTI FI C AL | NTELLI GENCE

The i ntroduction of robotics and artificial
intelligence technology into the Arny can

result in a nunber of benefits, anong them
t he foll ow ng:

| nproved conbat capabilities,

m ni m zed exposure of personnel to
hazar dous environnents,

| ncreased mssion flexibility,
| ncreased systemreliability

reduced unit/life-cycle costs,
reduced nmanpower requirenents,

sinplified training.
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In selecting applications fromthe nuch

| arger list of possibilities, the commttee
not only | ooked for opportunities to

achi eve those benefits but al so sought
affirmati ve answers to the follow ng
guestions: Arny.

WIIl it perform in the near term an
essential task for the

Can its initial version be inplenented in 2
to 3 years?

Can it be readily upgraded as nore
sophi sti cated technol ogy becones avail abl e?

Does it tie in with existing, related

prograns, including prograns of the other
servi ces?

WIIl it use the best technol ogy avail abl e
in the scientific comunity?

These consi derati ons should help to ensure
initial acceptance and continui ng success
wi th these prom sing devel opi ng

t echnol ogi es.

COMBI NI NG SHORT- TERM AND LONG- TERM
OBJECTI VES

Initial short-terminplenentation should
provide a basis for future upgradi ng and
grow h as the user gains experience and
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confidence in working wth equi pment using

robotics and Al technology. To this end the
Arny's program shoul d be carefully

| ntegrated and include short-term

achi evabl e objectives wth growth projected
to nmeet |ong-termrequirenents.

As a result; sone of the applications
chosen may at first appear to be

| npl enentable in the short term by ot her
exi sting technol ogies wth | ower cost and
ease. However, such short-term expedi ency
may cause unwarranted and uni ntended del ay
in the ultinmately nore cost-effective
application of new devel opi ng robot

t echnol ogi es. To prevent this problem
short-term applications should be

applied to existing, highly visible
syst ens,

reasonably afforded within the Arny's
proj ect ed budget,

within the state of the art, requiring
devel opnent and engi neering rather than
| nvention or research,

able to denonstrate an effective sol ution
to acritical Arny need ,

achievable wwthin 2 to 3 years,
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not redundant with efforts in DARPA or the
ot her servi ces.

On the other hand, the commttee considered
| ong-term applications to be inportant
vehi cl es for advancing research in these

t echnol ogi es and, in sone cases, for

| ntroduci ng useful applications of robotics
and artificial intelligence. These nore
advanced applications would ultinmately, at
reduced cost, assist in neeting the
changi ng requirenents of the nodern
battlefield envisioned in the Arny's Air
Land Battl e 2000 concept.

The principle that guided the commttee's
sel ection of applications, therefore, was
to conbi ne short-termand [ ong-term
benefits; that is, to select applications
that can be inplenented quickly to neet a
current need and, in addition, can be
upgr aded over the next 10 years in ways

t hat advance the state of the art and
performnore conplex functions for the

Arny.
PLANNI NG FOR GROMH

For the near term using state of the art
t echnol ogy and assum ng that a
denonstration programstarts in 1 1/2 to 2
years and continues for 2 years, the
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commttee recommends that projects be
sel ect ed based not

only on what is commerci ally avail abl e now
but al so on technology that is likely to
becone avail able within the next 2 years.

During the next 4 to 5 years, while the
Arny i s developing its denonstration
systens, annual expenditures by university,
i ndustrial, governnment, and nonprofit

| aboratories for R& and for initial
applications will probably exceed several
hundred mllion dollars per year worl dw de.
To be tinely and cost effective, Arny
denonstration systens shoul d be designed in
such a way that these devel opnents can be

| ncorporated w thout discarding earlier
ver si ons.

It is therefore of the utnost inportance to
specify, at the outset, nmaxinum feasible
conput er processor (and nenory) power for
each application. Industry experience has
shown that the nmajor deterrent to updating
and i1 nproving perfornmance and functions has
been the choice of the "smallest" processor
to neet only the initial functional and

per f or mance obj ecti ves.

It is at least as inportant to ensure that
this growmh potential be protected during
devel opnent of the initial applications
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Both i ndustry and the Arny have known
programers with a propensity to expand
operating and other systens until they
occupy the entire capacity of design
processor and nenory.

Robots are currently being devel oped t hat

| ncor porate external sensors permtting
nodi fication of the sequence of notions,
the path, and mani pul ative activities of
the robot in an adaptive nmanner. The status
of the "dunb, deaf, and blind" robot is
being raised to that approaching an
"Iintelligent" automaton. This upgraded
system can automatically cope wth changes
In its reasonably constrai ned environnent.

The earliest adaptive robot systens are
just beginning to be incorporated into
production |ines. Mst of these Systens are
presently in an advanced devel opnent st age,
wor ked on by application engineers for
early introduction into production
facilities. Such Systens, called third-
generation robot Systens, are expected to
suppl enent the second-generation robot
Systens (havi ng programabl e control but

| acki ng sensors) in the next 2 to 3 years.
Shortly thereafter, as nore and nore
assenbly operations are automated, they are
| i kely to becone the dom nant cl ass of
robot Systens. In view of these
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t echnol ogi cal devel opnents, the Arny
denonstrati on Systens should, at the very

| east, be based on the third-generation
robot Systens capable of being readily
upgraded with m ni rum change in the

i nternal hardware configuration, relying on
future additions of readily interfaceabl e
external sensors and software.

SELECTI NG APPLI CATI ONS TO ADVANCE
PARTI CULAR TECHNOLOG ES

In addition to considering the benefits
that result from applying robotics and
artificial intelligence, the Arny has the
opportunity to use its choice of
applications to take an active role in
advanci ng

particul ar technol ogi es. Because robotics
and Al are developing. rapidly, the
commttee believes that Arny shoul d support
a range of conponent technol ogi es.

The two fields are at present separate, and
t he possi bl e applications can be divi ded
into those that are primarily robotics and
those that are prinmarily artificial
intelligence. The robotics applications can
be further divided into those that
primarily advance end-effector (hand)
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technol ogy and those that prinmarily advance
sensor technol ogy.

The Al applications can be divided into a
nunber of types, of which the furthest
devel oped is expert systens. The commttee
limted its consideration of Al
applications to expert systens, in keeping
wth its goal of short-terminpl enentation
of limted aspects. The prinmary technol ogy
for expert systens is cognition.

Each of these areas--effectors, sensors,

and cognition--is an inportant source of
technol ogy for the Arny and for this
country's industrial base. To encourage R&D
i n these areas and to enable the Arny to
have sone initial experience in each area,
the coomttee agreed to recommend three
applications, one directed at each.

4 RECOMVENDED APPLI CATI ONS AND PRI ORI TI ES

The commttee used the criteria described
in Chapter 3 to develop an initial list of
10 possible Arny applications of robotics
and artificial intelligence. These were

di scussed at |length and narrowed to six
applications that net the criteria, three
of which are strongly recomended.

Many hours of commttee di scussion are
reflected in the followwng list. The
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commttee found it inpossible to match the
| ar ge nunbers of possi ble applications and
criteria in any systematic way. No two
groups applying the criteria would arrive
at identical lists of Arny projects to
reconmmend. The applications recomended
bel ow are emnently worthwhile in the
judgnment of the commttee. They clearly
address current Arny needs, offer short-
term benefits, are likely to give Arny
personnel sone positive early experiences
wi th the technol ogy, and are capabl e of
bei ng upgraded.

AN | NI TI AL LI ST

Wth these considerations in mnd, the
commttee devel oped the followng |ist of
10 potential applications of robotics and
artificial intelligence. Not all of these
applications are recomended by the
commttee; this list is the result of the
commttee 's first effort to narrow down

t he vast nunber of possible applications to
those nost likely to neet the criteria
descri bed earlier.

Aut omatic Loader of Ammunition in Tanks.
This systemwoul d require devel opnent of a
robot armw th m ni nrum degrees of freedom
for use wthin the tank. The arm woul d be
capabl e of acquiring rounds froma nagazi ne
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or rack and |oading theminto the gun, with
a vision systemto provide the neans to
correct for inprecise positioning of rounds
and gun and tactile or force sensors to
ensure adequate acqui sition.

Sentry Robot. A portable unattended sentry
devi ce woul d detect and report the presence
of personnel or vehicles wthin a

desi gnated area or along a specified route.
The device woul d al so be capabl e of sensing
t he presence of nuclear, biological, and
chem cal contam nants.

Fl exi bl e Materi al - Handl i ng Modul es.
Adapti ve robots nounted on wheel ed or
tracked vehicles would identify and acquire
packages or pallets to | oad or unl oad.
There are so nmany potential applications
for material -handling systens that

mat eri al -handling robots are likely to
beconme as ubiquitous as the jeep in the
Arny supply system wth applications in
forward as well as rear areas.

Roboti c Refueling of Vehicles. A wheeled
robot fitted with an appropriate fuel

di spenser (a tool for inserting into a fuel
inlet) could automatically refuel a variety
of vehi cl es.

Counter-M ne System Adaptive robots
mount ed on wheel ed or tracked vehicl es
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could be fitted with specialized sensors
and probing or digging tools to find and
di spose of buried mnes. Vehicles could be
renotely controlled in the tel eoperator
node.

Robot Reconnai ssance Vehicle. The renotely
control |l ed reconnai ssance vehicle that the
Arny is considering as a najor
denonstration project could be fitted wth
one or nore external robot arns and

equi pped with vision and ot her sensors.

113

This woul d expand the utility of the system

to perform mani pul ative functions in
forward, exposed areas, such as retrieval
of di sabl ed equi pnent; sanpling and
handl i ng nucl ear, biol ogical, and
chemcally active materials (NBC; and

| imted decontam nati on.

Al rborne Surveillance Robot. A

sem aut ononous aerial platformfitted with
sensors coul d observe | arge areas, provide
weat her data, detect and identify targets,
and neasure | evels of NBC contam nati on.

| ntelligent Mintenance, D agnosis, and
Repair System An ES, specialized for a
particul ar piece of equi pnent, would give
advice to the relatively untrai ned on how
to operate, diagnose, maintain, and repair
relatively conpl ex electronic, nechanical,
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or el ectronechani cal equi pnent. It woul d
al so act as a record of repairs,

mai nt enance procedures, and ot her

i nformation for each major item of

equi pnent .

Medi cal Expert System This system woul d

gi ve advice on the diagnosis and evacuati on
of wounded personnel. A trained but not
necessarily professional operator would
enter relevant information (after pronpting
by the systen) regarding the condition of

t he wounded i ndi vi dual, i ncluding any
results of initial nedical exam nation. The
systemwoul d | ogically eval uate the

rel ati ve seriousness of the wound and
suggest disposition and priority. This
system coul d be inproved by havi ng
avai |l abl e a conpl ete past nedical record of
the individual to be entered into the
systemprior to asking for its advice.

Battalion Informati on Managenent System
This system woul d provi de gui dance and
assi stance in situation assessnent,

pl anni ng, and deci si onnmaki ng. | ncl uded
woul d be the autonmatic or sem autonmatic
production of situation maps, plans,
orders, and status reports. It also would
| ncl ude gui dance for operator actions in
response to specific situations or
condi ti ons.
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Al though this list represents a

consi derabl e reduction fromthe nmany
possi bl e applications that have been
concei ved, a further narrowing i s needed.
Knowl edgeabl e researchers and ot her
resources are in such short supply that
Arny efforts in Al and robotics shoul d

be well thought out and focused. The

remai nder of this chapter presents in nore
detail the functions, requisite technol ogy,
and expected benefits of the commttee's
top six priorities.

As noted in Chapter 3, the commttee
recommends that the Arny fund three
denonstration projects, one in each of the
areas of effectors,

sensors, and cognition. This commttee s
consensus is that, at a mninum the
follow ng projects should be funded:

1. automatic | oader of ammunition in tanks
(effectors),

2. sentry robot (sensors),

3. intelligent maintenance, diagnosis, and
repair system (cognition).

These applications all neet the criteria
| i sted on pages 10-11: they neet a current
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Arny need, denonstrations are feasible
within 2 to 3 years, and the systens can be
readi | y upgraded. Toget her, these

applications are strongly recommended for
f undi ng.

The commttee al so found the foll ow ng
applications to neet its criteria. If
funding is available, these are al so
reconmended:

4. medi cal expert system (cognition),

5. flexible material -handling nodul es
(effectors) ,

6. battalion informati on managenent system
(cognition).

As to the remaining applications, robotic
refueling of vehicles is an exanple of a
flexible material -handling nodule (priority
5) and the airborne surveillance robot is
an upgraded version of the sentry robot
(priority 2). The reconnai ssance vehicle is
not in this conmttee ' s recommended |1 st
because a denonstration is not likely to be
possible wthin 2 years. The counter-m ne
vehicle is not recommended because the
probl em seens better suited to a | ess
expensi ve, | ower-technol ogy sol ution.

AUTOVATI C LOADER OF AMVUNI TI ON | N TANKS
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At present the four-man crew of a U S. tank
consi sts of a conmander, a gunner, a
driver, and a | oader. The | oader receives
verbal instructions to |load a particul ar
type of ammunition; he then nmanually

sel ects the designated type of ammunition
froma rack, lifts it into position,
Inserts it into the breech, conpletes the
preparation for firing, and reports the
cannon's readiness to fire. The gunner, who
has been tracking the intended target, has
control of firing the cannon. Wen fired,
the hot, spent casing is autonmatically
ejected and is |ater disposed of, as
convenient, by the |oader. The | oader

occasi onal ly unl oads and restores unfired
cartridges onto the rack.

Wth appropriate design of the conplete
ammuni tion | oadi ng system these functions
can be automated. The comm ttee recomends
the use of state-of-the-art robotics to
effect this automation, elimnating one

man (the | oader) fromthe crew, and
potentially increasing the firing rate of
the cannon, nowlimted by the | oader's
physi cal capabilities.

Functi onal Requirenents

The maj or functional requirenents of the
system are
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A conputer-controlled, fully programabl e,
servoed robot designed for the speci al

pur pose of ammunition sel ection and

| oadi ng. Its configuration, size, nunber of
degrees of freedom type of drive
(hydraulic or electric), |oad capacity,
speed precision, and grippers or hands
woul d be engi neered specifically for the
purpose as part of the overall system

desi gn. Conputer power in its controller
woul d be adequate for interfacing wth
vision, tactile, and other sensors, and for
communi cating with other conputers in the
tank. Provisions would be nade to introduce
addi tional processing power in the future
by | eaving sone enpty "slots" in the
processor cage. The principles of design
for such a robot are now known, and the
maj or requirenent, after setting its

speci fications, is good engineering. A
wor ki ng prototype should take 1-1/2 to 2
years to produce.

A sinpl e nmachi ne vision system designed to
performthe functions of |ocating the

sel ected type of ammunition in a nmagazi ne
or rack, guiding the robot to acquire the
round, and guiding the robot to insert the
round into the breech. Although it is
certainly possible to design a nore

speci alized and highly constrai ned system
t he proposed adaptive robot system provi des
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for greater flexibility in operation and
reduction of constraints, and will enable
nore advanced functional capabilities in
the future. The principles of designing an
appropriate vision systemare now
avai |l abl e; the design for this purpose
should not be difficult. Sinplifying
constraints such as col ored, bar code, or
ot her markings on the tips of shells and
breech woul d elimnate tedi ous processing
to obtain useful inmagery for
interpretation. Qther sensory capabilities
(e.g., tactile and force) could readily be
added to the systemif necessary, for
confirmng acquisitions and insertions. The
robot conputer could be programred to
accommodate all these sensors.

An amuni tion storage rack (or, preferably,
magazi ne) designed to facilitate both bul k
| oading into the tank and acqui sition of
sel ected ammunition by the robot gri pper.
It may even have an auxiliary

el ectromechani cal device that woul d push
sel ected ammunition forward to permt easy
acqui sition by the robot, such action
controlled by the robot conputer.

Robot and vision conputers integrated and
interfaced with the fire control conputer
under control of the commander or gunner.
This |l ocal conputer network is intended for
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use in | ater devel opnments when further
automation of the tank is contenpl at ed.
However, it could even be used in the short
termto ensure that the type of ammunition
| oaded is the sane type that is indexed in
the fire control conputer.

Benefits

The near term advantages (2 to 5 years)
foreseen are

el imnation of one crew nenber (the | oader)
and automation of a difficult, physically
exhausting task that contributes little to
the overall skills of the people who
performit;

potential increase in fire power by
reduci ng | oading tine;

the availability of a test bed for further
devel opnent and i npl enentati on of nore
advanced systens and increased famliarity

of personnel with conputer-controlled
devi ces;

sinplification of comruni cations between
commander, gunner, and | oader, which may

| ead to direct control by the tank
commander and potential reduction of errors
during the heat of conbat;
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Arny experience wth conputer control,
especi ally of robot systens.

In the long term if concurrent

devel opnents in automated tracking using
advanced sensors occur, it nay be feasible
to elimnate the gunner, reducing the crew
to a commander and a driver. This would
make possi ble two-shift operations with two
two-man crews operating and nai ntaining the
tank over a 24-hour period, a considerable
I ncrease in operating tine for very

| nportant equi pnent. Mechani zation of the
anmmuni ti on-1 oadi ng function and an

| ntegrated conputer network in place are
prerequisites for this devel opnent.

A potential tank of the future could be
unmanned--a tank controlled by a

tel eoperator froma renote post or hovering
aircraft. The tank woul d be sem aut ononous;
that is, it could maneuver, |oad rounds,
track targets, and take evasive action to a
limted degree by itself, but its actions
woul d be supervised by a renote comander
who

would initiate new actions to be carried
out by internally stored conputer prograns.
El i m nati ng peopl e on board the tank could
| ead to highly inproved perfornmance, now

| imted by human physical endurance and
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safety. The tank woul d becone an unnmanned
conbat vehicle, smaller, lighter, faster,
with far I ess arnor and nore naneuver abl e- -
essentially a nobile cannon with highly
sophi sticated control and target

acqui sition systens.

SENTRY/ SURVEI LLANCE ROBOT

The nodern battlefield, as described in Ar
Land Battle 2000, will be characterized by
consi der abl e novenent, |arge areas of
operations in a variety of environnents,
and the potential use of increasingly

sophi sticated and | et hal weapons t hroughout
the area of conflict. Qpposing forces wll
rarely be engaged in the cl assical sense--
that is, along orderly, distinct |ines.
Clear differentiation between rear and
forward areas wll not be possible. The

i nplications are that there will be

| nsufficient manpower avail able to observe
and survey the nyriad of possible avenues
by which hostile forces and weapons nay
threaten friendly forces.

Initially using the concepts and hardware
devel oped in the Renotely Monitored

Battl efield Sensor System ( REMBASS), a
surveil l ance/ sentry robotic system woul d
provide a capability to detect intrusion in
specified areas--either in renote areas
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al ong key routes of communication or on the
perinmeter of friendly force enplacenents.
Such a systemwould apply artificial
intelligence technology to integrate data
collected by a variety of sensors--seismc,
| nfrared, acoustic, magnetic, visual, etc.-
-to facilitate event identification,
recording, and reporting. The device could
al so nonitor NBC sensors, as well as
operate wthin an NBC- contam nated area.

Initially, the systemwould be stationary
but portable, wth an antenna on an

el evated nast near a sensor field or

| ayout. It can build on sentry robots that
are currently available for use in

i ndustry. Utinmately, the system woul d be
nobi l e. Either navigation sensors woul d
provide nobility al ong predeterm ned routes
or the vehicle would be airborne; the
deci si on shoul d be nade as the technol ogy
progresses. Al so, the nobile system woul d
enpl oy onboard as well as renote sensors.

Functi onal Requirenents

The proposed initial, portable systemwould
require

A fully programmabl e, conputer-operated
controller (wth transmt/receive
capabilities) that would interface with the
renot e sensors and process the sensor data
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to enabl e autonmated recognition (object
detection, identification, and | ocation).
This effort would entail matching the
various VHF radio |inks fromexisting or
devel opnental renote sensors at a "smart"
console to permt integration and

i nterpretation of the data received.

A secure comunications |ink fromthe
controller to a tactical operations center
that would permt renote read-out of sensor
data upon conmand fromthe tacti cal
operations center. This communi cations |ink
woul d al so provide the tactical operations
center the capability of turning the
controller (or parts of it) on or off.

Lat er versions of the systemwoul d have the
attri butes descri bed above, wth the

addi tional features of nobility and onboard
sensors. In this case, the
sentry/surveillance robot woul d becone part
of a tel eoperated vehicular platform

either traversing a programmed, repetitive
route or proceeding in advance of nmanned
systens to provide early warning of an
eneny presence.

Benefits

The principal near-term advant ages are
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to provide a test bed for exploiting Al
technol ogy in a surveillance/sentry
application, using avail abl e sensors
adapted to

special algorithns that would mnim ze

fal se al arns and speed up the process of
detection, identification, and | ocati on.

to permt a savings in the manpower

requi red for nonitoring sensor alarns and
i nterpreting readings, while providing 24-
hour - a- day, all-weat her coverage.

to provide a capability for operating a
surveill ance/ sentry system under NBC
conditions or to warn of the presence of
NBC cont am nant s.

The far-term nobile system woul d be

| nval uabl e in providing surveillance/sentry
coverage in the vicinity of critical or
sensitive tenporary field facilities, such
as high-level headquarters or speci al
weapons storage areas.

| NTELLI GENT MAI NTENANCE, DI AGNCSI S, AND
REPAI R SYSTEM

Expert Systens applications in automatic
test equi pnent (ATE) can range fromthe
equi pnent design stage to work in the
field. Expert systens incorporating
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structural nodels of pieces of equipnent
can be used in equi pnent design to sinplify
subsequent troubl e shooting and

mai nt enance.

In the field, expert systens can guide the
soldier in expedient field repairs. At the
depot, expert systens can perform extensive
di agnosi s, guide repair, and help train new
mechani cs.

In the diagnostic node it would instruct
the operator not only in the sequence of
tests and how to run them but also in the
visual or aural features to | ook for and

t heir proper sequence.

| n the mai ntenance node the system woul d
descri be the sequence of tests or

exam nations that should be perforned and
what to expect at each step.

In the repair node the system woul d gui de

t he operator on the correct tools, the
preci se nethod of disassenbly, the required
repl acenent parts and assenblies by nane
and identification nunbers, and the proper
procedure for reassenbly. After repair the
mai nt enance node can be exercised to ensure
by appropriate tests that repair has, in
fact, been effected w thout disabling any
ot her necessary function.
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| n any of the above operations the system
woul d record the repairs, maintenance
procedures, or conditions experienced by

t hat pi ece of equi pnent. Users would thus
have access to essential readi ness

| nformation w thout needi ng bul ky, hard-to-
mai nt ai n mai nt enance records.

Current Projects and Experience

Sonme current Arny and defense projects
concerned with ATE are

VTRONI CS, a set of projects for onboard,
enbedded sensing of vehicul ar nal functions
Wth built-in test equi pnent (BITE);

VI MAD, Voi ce Interactive M ntenance A ding
Device, which is external to the vehicle;

Hawk m ssile conputer-aided instruction for
mai nt enance and repair.

El ectroni ¢ nmal functi ons have been the

subj ect of the nost research, and

el ectronics is now the nost reliabl e aspect
of the systens. Not nuch work has been done
to reduce nechani cal or software

mal functions. During wartine, however, such
systens wll need to be survivabl e under
fire as well as be reliable under normal
condi ti ons.
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For ground conbat vehicles around 1990, a
Bl TE di agnostic capability to tell the
status of the vehicle power train is

pl anned. | n one devel opnent power train
system the critical information is
normal |y portrayed either by cues via a
series of gauges or by a digital readout.
Mal f unctions can be di agnosed through these
cues and di splays. The individual is
pronpted to push buttons to go through a
sequence of displ ays.

An existing Arny project concerns a
hel i copter cockpit display diagnostic
system One purpose of the project was to
study audi bl e information versus vi sual

di spl ay. For exanple, the response to the
FUEL command is to state the anount of fuel
or flying tine left; the AMMO command tells
t he operator how much ammunition is left.
One reason for using speech output is that
noni toring visual displays distracts
attention fromflying.

A lot of work has been done in the Arny on
mai nt enance and repair training, but
conmput er-assi sted instruction (CAl) and
artificial intelligence could greatly
reduce training tine. For exanple, the M
tank requires 60,000 pages of techni cal

manual s to describe howto repair
br eakdowns.
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The Arny has planned for an Al nai nt enance
tutor that woul d becone a nai ntenance aid,
but it is not yet funded. Under the VI MAD
proj ect supported by DARPA, a helnet with a
smal| television receiver optically |inked
to a cathode ray tube (CRT) screen is being
| nvestigated as an aid to nai nt enance.
Conput er -generat ed video di sk information
s rel ayed.

An individual working inside the turret of
an M tank, for exanple, cannot at present
easily flip through the pages of the repair
manual . Wth VIMAD, using a transmtter,
recei ver, floppy disk, and voice
recognition capability, the individual can
converse wWith the systemto get infornmation
fromthe data base. The systemallows a 19-
word vocabul ary for each of three

i ndi vi dual s. The system has a

100-word capability to access nore

I nformation fromthe nmain system and
provi des a conbi nati on of audi o cues and
vi sual pronpts.

Any Arny di agnostic system should be easily
under st ood by any operator, regardl ess of
mai nt enance background ("user friendly").
Choosing fromalternatives presented in a
menu approach, for exanple, is not
necessarily easy for a semliterate person.
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W propose that the follow ng projects be
supported as soon as possi bl e:

| nteractive, m xed-nedi a nanual s for
training and repair. Manual s shoul d enpl oy
state-of-the-art video di sk and di spl ay
technol ogy. The M T Arcmac proj ect,

supported by the Ofice of Naval Research,
il lustrates this approach.

Devel opnent of expert systens to trouble-
shoot the 50 to 100 nost common fail ures of
| nportant pieces of equi pnent. The system
shoul d i ncorporate sinple diagnostic cues,
be capable of fixed format (stylized,
nonnatural) interaction, and enphasize
qui ck fixes to operational nachinery. The
project should be oriented toward
mechani cal devices to conpl enent the
substantial array of existing electronic
ATE. Projects in this category should be
ready for operational use by

1987.

Longer -t erm devel opnent of expert systens
for ATE of nore conpl ex nechani cal and

el ect romechani cal equi pnent. The systens in
this category are intended for use at
depots near battle lines. They are | ess
oriented to quick fixes and incorporate
preventive nmai ntenance with nore
intelligent trouble shooting. They do not
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aimfor the sophisticated expertise of a

hi ghly qualified technician or nechanic.
The enphasis is on (1) determ ni ng whet her
it Is feasible to fix this piece of

equi pnent, (2) determning howlong it wll
take to fix, (3) determning if limted
resources would be better used to fix other
pi eces of equipnent, and (4) |laying out a
sui tabl e process for fixing the equi pnent.

The troubl e-shooting systens recomended
above rely on human sensors, exactly |ike
MYCI N and Prospector. MYCIN is an expert
system for diagnosing and treati ng

| nfectious di seases that was devel oped at
Stanford University. Prospector, devel oped

at SRl International, is an expert system
to aid in exploration for mnerals.
Parallel, longer-termefforts should be

started to I ncorporate autonati c sensors
into the troubl e-shooting expert systens
recommended above.

EXPERT SYSTEMB FOR ARMY MEDI CAL
APPLI CATI ONS

Expert systens for various areas of
medi ci ne are being extensively studied at a
nunber of institutions in the United
States. These i ncl ude

rul e-based systens at Stanford (MYCIN) and
Rut gers (for gl auconma) |,
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Bayesi an statistical systens (for conputer-
assi sted di agnosis of abdom nal pain),

cognitive nodel systens (for internal
medi ci ne, nephrol ogy, and chol estasis) ,

knowl edge managenent systens for di agnosis
of neurol ogi cal problens at Maryl and.

Current Arny activities to apply robotics
and artificial intelligence in the nedical
area are described in the Arny Medi cal
Departnment's Al/Robotics plan, which was
prepared with the help of the Acadeny of
Heal th Sci ences, San Antonio. This plan was
presented to this conmttee by the U S
Arny Medi cal Research and Devel opnent
Command ( AMRDC) .

Current Arny Activities

Pur due University's Bi oengi neering
Laboratory has an Arny contract to study
t he concept of a "dog-tag chip" that wll
assi st identification of injured personnel.
The goal for this device is to assist in
the display of patient synptons for rapid
casualty identification and triage. AVRDC
noted that visual identification of
casualties in chem cal and bi ol ogi cal
warfare may be very difficult because of

t he heavy duty garb that wll be worn.
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Airborne or other renote interrogation of
the dog-tag chip, its use in self-aid and
buddy- ai d nodes, and use of logic trees on
the chip for chemcal warfare casualties
are being examned by the Arny. Qher areas
of Al and robotics listed in the U S AVRDC
plan are training, systens for increased
realism and a "smart ai denman" expert
system the latter being a "pure"
application of expert systens to assist in
early di agnosis.

Medi cal Envi ronnments, Functions, and

Payof fs Medical environnments |likely to be
encountered in the Arny are

routi ne nonbattle, general illnesses, and
di sease;

battle injuries, shock/traung,
epi dem cs;

chem cal ;

radi ati on;

bact eri ol ogi cal .

In a battle area, a nedical diagnosis
par anedi ¢ ai de nachi ne woul d
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speed up di agnosi s by paranedi c and provide
productivity increase, noninvasive sensing,
and triage;

suggest the best drugs to give for a
condition, subject to patient allergies,;

suggest priority, disposition, and radio
sensor signals on aradiolink to field

hospital, If necessary to consult
physi ci an.

At forward aid stations, in addition to
routine diagnostic help, the device m ght
infer patterns of illness on the basis of
reports fromlocal areas, track patient
condition over tine, and teach paranedics
the nature of conditions occurring in that
particular area that may differ fromtheir
prior experience.

Payof fs woul d i ncl ude i ncreasing sol di ers’
| i kel i hood of survival and the consequent
boost to norale through the know edge t hat
efforts

to save themwere being assisted by the

| at est technol ogy. Note that the autonated
battalion i nformati on nmanagenent system
descri bed below, will involve building a

| ar ge pl anni ng nodel, which could include
medi ci ne.
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Recommended Medi cal Expert Systens

In view of existing technology, a nore
aggressive dog-tag chip programthan that
al ready under way at Purdue University is
advocated. The Arny should contract with
sone conmmerci al conpany currently maki ng
wristwatch nonitors to develop a
denonstrati on nodel Arny body nonitor and
not worry if the devel opnment gets out into
the public domain. Wistwatch nonitors of
pul se rate, tenperatures, etc., are |isted
I n catal ogs such as the one from Ednund
Scientific.

Technol ogy for I owlevel digital

communi cation wth cryptography is also
avai l able. As a prerequisite to the snart
dog-tag, the Arny may w sh to nake use of
this technology in various Arny systens
nore mundane than the smart dog-tag chip.
Crypt ography can ensure that infornation on
a smart dog-tag is not susceptible to

| nt ercepti on.

Col l ection of data on noni nvasi ve new and
ol d sensors and rel ated net hods of
statistical analysis to determne their
efficiency in nonitoring casualty/injury
condi tions should be the subject of a

| onger term study. The study should create
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a data base that rel ates nedi cal diagnosis
and sensor capabilities.

The devel opnment of Al expert systens ai ned
at providing conputer consulting for
nonbattl e and battl e-area Arny nedi ci ne and
paranedi cal training are |long-termprojects
that could be undertaken in collaboration
with mlitary and university hospitals. For
exanpl e, the enmergency room or shock/traunma
unit of a civilian hospital could be used

I n beginning studies. Correlation of the
patient 's current condition wth past

nmedi cal history as recorded on a soldier's
dog-tag chip would be one result avail able
froman expert system Paranedic skills nmay
or may not require a slight increase,
dependi ng on how well the Al

ald 1s designed. It does seemthat the sane
nunber of paranedi cs should be able to
acconpl i sh nore.

FLEXI BLE MATERI AL- HANDLI NG MODULES

Most robot applications in industry today
are directly related to material handling.
These include | oadi ng and unl oadi ng

machi nes, palletizing, feeding parts for
ot her aut omati on equi pnment, and presenting
parts for inspection.
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Material handling in Arny operations has
many simlar applications, which, at the
very |l east, involve a great nunber of
repetitive operations and often require
wor ki ng under hazardous conditions. It is
proposed to nake use of state-of-the-art
robotics to develop a

mul tifunctional, material -handling robotic
nodul e that can be readily adapted for nmany
Arny functions serving both rear echel on
and front |ine supply needs.

An ammuni tion resupply robot could sel ect,
prepare, acquire, nove, |load, or unload
ammuni tion at forward weapon sites to
reduce exposure of personnel or in rear
storage areas to reduce personnel

requi renents and provi de 24-hour
capability.

For general use, a robot nounted on a
wheel ed base is recommended so that the
human operator can nmaneuver the robot into
position and then initiate a stored
conputer programthat it wll execute

Wi t hout conti nuous supervision. Wth
present technol ogy constraints on the
necessary vision system it would be
necessary to have a bar-code identifying
insignia affixed to every package or object
i n a known position. State-of-the-art
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pattern recognition devices can then be
nounted on the robot armto identify an
obj ect or package for sorting and
verification. Future technol ogi cal advance
woul d reduce the need for identifying

| nsi gni a.

The proposed robot to refuel vehicles is
actually an instance of a material -handling
nodul e. It would be nounted on wheel s and
equi pped with vision. The operator woul d
position the robot in the proxinate

| ocation, where it would then use a fuel

di spenser w t hout exposing the crew

Speci al gas tank caps would be required to
facilitate insertion and di spensing of fuel
by the robot.

Functi onal Requirenents

The nodul e would be a fully programabl e,
servo-driven robot with advanced controller
capable of interfacing wwth a vision
nodul e, other sensor nodul es, and

tel eoperator control. It would include a

t each- box programmer to provide the

si npl est programm ng capability by unit-

| evel nonspecialists. The tel eoperator
woul d provide the operator wwth the ability
to operate the robot on one-at-a-tine tasks
that do not require repetitive operations
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or are too difficult to programfor
aut omati ¢ operati on.

The robot nodul e base woul d be designed to
be readily nounted on a truck, a trailer,

or a weapons carrier, or enplaced on a
rigid pad or even firmy enbedded in the
ground. It would be desirable to engi neer
several different sizes with different | oad
capacities but operating wth identical
controllers.

H gh speed and precision woul d be desirable
but not nandatory. Trade-offs for
ruggedness, sinplicity, maintainability,
and cost shoul d be consi dered seriously.

Provi sion would be nade for readily

| nt erchangeabl e end effectors, or "hands."
Each application would have a specialized
end effector, which could be a gripper or
tool. The particul ar requirenents of the
task or mssion would specify which set of
ef fectors acconpany the robot.

Sone near-term advant ages are

In supply logistics the nodule could stack
such itens as packages or ammunition, from
ei ther trucks or supply depots, where
standard pall et operations are not
avai | abl e or feasible. Many personnel
engaged in all forns of noving supplies and
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muni ti ons woul d becone acquai nted w th and
adept at the use of this strength-
enhanci ng, | abor-saving tool. Reduction of
staff and elimnation of many repetitive
and fatiguing operations would result. Key
personnel woul d be tine-shared, since a
singl e operator could set up and supervise
several robot systens.

In front [ine and ot her hazardous
activities, the robot nodule, after
programm ng, coul d operate autononously or
under supervisory control froma safe

| ocati on. Anmmunition and fuel resupply for
tanks serviced by a robot nounted on a
protected vehicle is a typical exanple.
Handl i ng hazardous chem cal or nucl ear
objects or material could be perforned
renotely. Retrieving and delivering objects
under fire may be possible with appropriate
renot e-control | ed vehi cl es.

When personnel becone famliar and
experienced with these systens, they wll
probably generate and jury-rig a robot to
perform new operations creatively. This
systemis neant to be a general - purpose
hel per.

The | ong-range advant ages i ncl ude the
fol | ow ng:
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Wth the future addition of a w de range of
sensors, including vision, tactile, force,
and torque, the robot nodul e becones part
of an intelligent robot system enlarging
its field of application to parallel many
| nt ended uses of systens in industry. Wth
speci ali zed tool s, naintenance, repair,
reassenbly, testing, and ot her nor nal
functions to nai ntain sophisticated weapon
systens, all becone possible, especially
under hazardous conditi ons.

The proposed nodul e can be readily
duplicated at reasonabl e cost and serve at
many experinental sites for eval uation and
devel opnent into practical tools. It wll
undoubt edl y uncover needs requiring
advanced capabilities that can be added

wi t hout conpl et e redesign.

AUTOVATED BATTALI ON | NFORVATI ON MANAGEMENT
SYSTEM

Conbat operations in a nodern arny require
vast anounts of information of varying
conpl et eness, tineliness, and accuracy.

| ncl uded are operational and | ogistic
reports on the status of friendly and eneny
forces and their functional capabilities,
tactical anal yses, weather, terrain, and
intelligence input fromsensors and from
human sources. The information is often
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| nconsi stent and fragnentary but in
sufficient quantity to lead to information
overl oad, requiring sorting,

classification, and distribution before it
can be used. CGetting the information to the
appropriate people in a tinely fashion and
in a usable formis a najor problem

A battalion forward conmand post is usually
staffed by officers having responsibility
for operations, intelligence, and fire
support. These officers are seconded by
enlisted personnel with significantly | ess
school i ng and experience. her battalion
staff officers assist, but they do not
carry the main burden. The battalion
executive officer usually positions hinself
where he can best support the ongoing
operation. Together, these nen

si mul taneously fight the current battle and
pl an the next operation. Thus, efforts nust
be nmade to alleviate fatigue and stress.
There is a consequent need for autonated
deci si on ai ds.

Expert systens for conbat support coul d
assist greatly. It appears that information
sources consist currently of hand-witten,
repeatedly copied reports and that

i ntelligence operations integration is

degr aded because of information overl oad
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and because information is inconsistent.
Thus, while capable of intuitive judgnents
t hat nachi nes do poorly, officers find it
difficult to integrate unsorted and
unrelated information, are limted in their
ability to examne alternatives, and are

sl ow to recogni ze erroneous i nformation.
Deci si onmaking in tense situations is

spont aneous and potentially erroneous.

Capturing the know edge of an officer, even
in a highly domain-restricted situation
such as a forward command post, is
difficult. Even though they strain the
state of the art, expert systens for conbat
support have such potential payoff in

| ncreasi ng conbat effectiveness that they
shoul d receive high priority and be begun

| mredi ately. The foll owi ng sequence of
projects can be identified:

how to capture and depl oy know edge and
duties of the operations, intelligence,

| ogi stics, and fire-support officers into
operations, intelligence, |ogistics, and
fire-support expert systens to aid these
of ficers;

how t 0 autonate screeni ng nessages and
establishing priorities to reduce
| nformati on overl oad,
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how to integrate the operations of the
expert systens to support the command;

how to integrate general information with
detail ed i nformati on about the particul ar
situation at hand; for exanple, how

suppl enent al experts for nultisensor
reconnai ssance and intelligence,

t opogr aphi ¢ mappi ng, situation mapping, and
ot her functions such as night attack and
air assault can be used to adapt the
general battalion expert systemto the
particul ar battle situation.

S5 | MPLEMENTATI ON OF RECOVIVENDED
APPL| CATI ONS

For the applications recommended i n Chapter
4, the commttee nade gross estinates of
the tinme, cost, and technical
conplexity/risk associated with each. The
results of those deliberations are

sumari zed in this chapter.

The matrix on the foll ow ng pages was

devel oped to present the commttee ' s
proposed i npl enentation plan. For each
candi date, the matri x shows the estimated
time and nman-years of effort from
initiation of contractual effort until
denonstration of the concept by a bread- or
brass-board nodel, gross estinates of costs
for a single contractor, projected payoff,

Get any book for freeon:  www.Abika.com



APPLICATIONS OF ROBOTICSAND ARTIFICIAL INTELLIGENCE 145

relative technical conplexity, renmarks,
and, finally, recommended priority in which
proj ects should be undertaken. In |ight of
constrai ned funding and even nore strictly
limted technical capacity, we recomend

t hat one candi date in each of the three
areas--effectors, sensors, and cognition--
be undertaken now. The recomrended t op-
priority applications are the automatic

| oader of ammunition in tanks (effectors),
the sentry/surveillance robot (sensors),
and the intelligent naintenance, diagnosis,
and repair system (cognition).

While the coomttee agreed that it would be
preferable in all cases for at |east two
firms to undertake R&D sinultaneously, it
recogni zed that constrained fundi ng woul d
probably preclude such action. Cost
estimates in the matrix, therefore,
represent the commttee ' s estimate of the
costs of a single contractor based on the
nunber of man years of a fully supported
seni or engineer. Believing that the Arny
was in far better position to estimate its
adm ni strative, in-house, and testing
costs, the commttee |[imted its cost
estimates to those of the contractor.

After extensive discussion, the commttee
chose $200, 000 as a reasonabl e and
representative estinmate of the cost of a
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fully burdened industrial man-year for a
seni or engineer. The estimated costs for
contractor effort for different supported
man-year costs can be cal cul ated. The
estimates given are for denonstrators, not
for production nodel s.

VEASURES OF EFFECTI VENESS

The commttee had considerable difficulty
in attenpting to devel op useful neasures of
ef fecti veness because such neasures appear
to be neani ngful only as applied to a
specific application. Even then, the
benefits of applying robotics and
artificial intelligence are often difficult
to quantify at this early stage. How, for
exanpl e, does one neasure the value of a
human life or of increnents in the
probability of success in battle?

Therefore, instead of attenpting to devel op
guantitative neasures that strain
credibility, the commttee offers general
gui del i nes agai nst which to neasure the

wor t hi ness of proposed applications of
robotics and artificial intelligence. These

gui del i nes are grouped according to their
| nt ended effect.

Peopl e

Reduced danger or inproved environnent
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Reduced skill |evel or training
requi renents

| nproved survivability

M ssi on

| nproved productivity or reduced nmanpower
requi rements

MIlitary advant age
New opportunities

Enhanced capability to conduct 24-hour per
day operations

| nproved RANG (reliability, availability,
mai ntai nability, and supportability)

Vat er 1 al

Reduced cost

The final item reduced cost, is not the
only one that can be assigned a
guantitative value. A reduced need for
training, for exanple, should result in
reduced training costs. Simlarly,

| nprovenents in RAVS shoul d reduce life-
cycl e costs because of dimnished need for
repair parts, reduced nai ntenance costs
stemm ng fromgreater nmean tine between
failure, and reduced nmai nt enance man-hours
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per mai ntenance action. However, neani ngful
estimates with acceptable | evels of
confidence would require |arge vol unes of
experience data that sinply are not

avail able at this early stage in the

devel opnent of a new and revol utionary

t echnol ogy.

MIlitary advantage is probably the ultimte
measure of effectiveness. For example, if

it could be shown through nodeling or

gam ng that investnent in a system neant
the difference between W nning or |osing,

t hat system coul d be described as
infinitely cost effective.

The commttee sinply does not have access
to sufficient pertinent information to nake
ot her than a subjective judgnent of the
effectiveness of its proposed applications
at this tine. Further, because each
application is to be inpl enented
progressively, such neasures w |l change
over tinme. Finally, because the final
versions of the applications require
substanti al research and devel opnent, the
commttee, despite its collective
experience, can provide only the gross
esti mates of probable costs and payoffs
contained in the matri x.
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What, then, can the commttee say about
measuring the effectiveness of the proposed
applications? First, that inits collective
judgnent, the recommended applications
provi de sound benefits for the Arny and
second, that these benefits wll stemfrom
nore than one of the nine areas |isted
above.

A possi ble precedent to consider is the
manner in which DOD funded the Very H gh
Speed Integrated CGrcuits (VHSI C program
It was considered an area of great prom se
that warranted funding as a natter of

hi ghest priority; applications were sought
and found later on, after the research was
wel | under way. Simlarly, thereis little
guestion that we have barely begun to
scratch the surface in identifying high-
payof f applications of robotics and
artificial intelligence technol ogy.

6 OTHER CONSI DERATI ONS

In the course of its studies, the conmttee
i dentified a nunber of inportant

consi derations that can be expected to bear
heavily on the Arny's decisions on future
applications of robotics and Al technol ogy.
These consi derations, discussed in the

par agraphs that follow, apply nore
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generally than to the specific topics
covered in the previous chapters.

SHORTACGE OF EXPERTS

Probably the nost inportant single
consideration at this tine is that there
are far too few research experts in the
areas of robotics and artificial
intelligence. Mdst of those available to
the Arny for their applications are
clustered in a few universities where sone
70 professors with an average of 4 to 5
(apprentice) students apiece represent the
bul k of existing technical expertise. There
are appreciably fewer qualified
practitioners in mlitary service. As a
result, despite the fact that additional
funding in these areas is required, it nust
be allocated with great care to ensure that
reci pients have the capability to spend the
noney wi sely and effectively. For exanple,
SRl is unable to accept nore noney for sone
branches of Al because its technical
capacity is already fully commtted.

Simlarly, there is a critical shortage of
mlitary experts in the domains to be
captured by expert systens. In particul ar,
it is difficult tofind the mlitary
officers required to participate in the
desi gn and devel opnent of conpl ex expert
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systens, such as those required for
di vi sion and corps tactical operations
centers.

Both factors underline the need for an
Arny-university partnership in educating
qualified individuals in order to expand

t he research and devel opnent base as soon
as possible. They al so appear to indicate a
need for sone sort of centralized

coordi nation, to ensure that optinmumuse is
made of the limted human and fi scal
resources avail abl e.

The creation of operator-friendly systens

| s essential to the successful spread of
this technology. A truly operator-friendly
systemw || appeal to all |evels of people,
especi al |l y under adverse conditions. In
addition, these systens wll facilitate the
| nportant task of getting novices

acquai nted wth and accustoned to using
robots and robotic systens. Not only w ||
this lead to the critically needed

confi dence that cones from hands-on
experience, but it wll also denonstrate
the reality of what can be done now and
poi nt the way toward nore advanced
applications of the future.

The i nportance of operator-friendly
har dwar e has been recogni zed by the
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mlitary since World War 11, when the
studies of aircraft accidents identified a
nunber of pilot errors caused by the design
of the plane. Since then, mlitary R&D has
| ncl uded the anal ysis of human factors in

t he desi gn of new technol ogi es. Expected
benefits include fewer accidents, inproved
performance, reduced production costs,

| ower training costs, and inproved

| npl enent ati on.

Qoerator-friendly systens are of particul ar
| nportance to the mlitary because the
objective is to ensure proper use of the
systens under |ess than favorable
conditions. In nost cases the environnental
conditions in which the robot wll be
expected to operate are nore severe than
those currently experienced in industrial
applications. Furthernore, in times of
crisis the robot may need to be operated by
or work wth personnel that are not fully
trained. Careful design of the hardware and
software can reduce training, naintenance,
and repair costs. It can al so ensure that

t he expected benefits are nore likely to be
achi eved.

| n sone environnments, such as tanks, hunans
and robots wll be working in close
quarters. |If there is hostility or
difficulty wwth the robotic system or if
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t he maneuvers require too nmuch space or
novenent, the systemw ||l not work
effectively. In a crisis, there nmay not be
a second chance or an avail abl e backup for
a systemfailure, so the man-nmachi ne

conbi nati on nust work effectively and

qui ckly.

Essential to any operator-friendly system
are high levels of reliability,

avai lability, and maintainability, and
redundant fail-safe provisions. Wth the
many hostile environnments, it wll be of
basi c i nportance to assure adequate
redundancy i n conponents and systens. Wat
are the backups? Wiat happens when power
fails? Can nuscl e power operate the systen?

As mlitary equi pnent becones increasingly
conplex, i1ts operation and nai ntenance w |l |
conpete with industry for scarce nechani cal
and conputer skills. This shortage of
experts and trained skilled workers can be
anel i orated by robotic applications, such
as mai ntenance and repair aids.

The commttee is concerned that specific
efforts be nmade to guard agai nst
reinventing the wheel. Wth so many
prograns in the arnmed services, it appears
to outsiders that nany activities are
repeat ed because each particul ar area wants
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its own activity. The Arny shoul d have sone
means of knowi ng the prograns in the other
services that could have application to
Arny needs. The commttee has | earned t hat
the Joint Laboratory D rectors, operating
under the aegis of the Joint Logistics
Commander s, have begun to address this

| nportant need. Any steps that foster
communi cation in this area are to be

wel coned.

AVAILABLE TECHNOLOGY

There are already a nunber of successful
applications of robotics in use in

| ndustry. Such applications as spot
wel di ng, arc welding, palletizing, and
spray painting are not exotic and are
proven successes. The Arny can inprove its
operations i medi ately by taking advant age
of commercially proven systens for
producti on and mai ntenance in its depots.

GETTING STARTED

The Arny will experience the sane grow ng
probl ens that industry has experienced.
Qutside of a few areas |i ke robotic spot
wel di ng of aut onobiles and robotic

unl oadi ng of die casting nmachi nes, there
has been nmuch tal k about robotic
applications but only slow growh. There is
evi dence that inplenentation of robotics
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projects will now nove at a nuch faster
pace. The Arny should bear in m nd,
however, that getting a dynamc

t echnol ogi cal program goi ng al nost

i nvariably requires nore tinme and noney
than its devel opers originally plan.

These technol ogies will cause a savings in
manpower, though not necessarily for the
initial thrust. Experience and training
wi Il be needed in all areas--operators,

mai nt enance personnel, supervisors, and
managers. Once the new systens are
understood by all |evels, then the savings
wll be realized. In many cases this
savings wll take the form of nore out put
per unit. In addition, the savings wl|
conpound as the systens grow with

technol ogy additions as well as
famliarity.

An i nportant by-product follow ng the
initial learning period wll be the
notivation of individuals. Being naster of
a phase of new technol ogy gives one an
acconpl i shnment and ability that can be the
base for growth wthin the existing

enpl oynent area or for selling personal
ability and know edge outside the area--in
short, a | adder for growth and personal
devel opnent .
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The commttee has noted that the Arny has
identified the five technol ogy thrusts of
Very Intelligent Surveillance and Target
Acqui sition (VISTA),

Di stributed Command, Control,

Conmmuni cations and Intelligence, Sel f-
Cont ai ned Muni ti ons, Sol di er - Machi ne

| nt er f ace, Bi ot echnol ogy.

These are areas to which it intends to
devote its research and exploratory
devel opnent efforts.

Robotics and artificial intelligence
technol ogy is not designated as a separate
high-priority thrust. It is possible to

rel ate specific robotics/Al applications to
one or nore of the technology thrusts, as
the Arny Science Board Ad Hoc Group on
Artificial Intelligence and Robotics did in
its report. However, the danger renains
that robotics and Al efforts--particularly
where they do not fall clearly under the
mant| e of one of the chosen five--will be
considered lower priority, wth the
attendant inplications of reduced fundi ng
and support. Failure to identify robotics
and Al as a special thrust nmay al so
contribute to the lack of focus in
managenent and di ffusion of effort and
fundi ng noted el sewhere in this report.
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| MPLEMENTATI ON DI FFI CULTI ES

In addition to technical barriers that

m ght normal |y be expected, several

m sconcepti ons have continually cl ouded

| ndustry's technol ogy devel opnent and
ongoi ng research in artificial
intelligence. Unrealistic expectations
conbi ned with problens inherent in any new
t echnol ogy have created barriers to easy

| npl enent ati on. Based on recent industri al
experi ences, the Arny can expect these to
| ncl ude

Unrealistic expectations of the

technol ogy's capabilities. In an extrenely
narrow context, sone expert systens

out perform humans (e.g., MACSYMA), but
certainly no nachine exhibits the
comonsense facility of humans at this

ti me. Machi nes cannot out perform hunmans in
a general sense, and that nmay never be
possi ble. Further, the belief that such
systens wll bail out current or inpendi ng
di sasters in nore conventional system
devel opnents that are presently under way
I s al nost al ways erroneous.

The technology is not readily | earned. The
notion that "this is nothing nore than
smart software" continually denonstrates
the naiveté of first inpressions. Current
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experience in industry refutes this
contention. A seemngly sinple concept of
knowl edge acqui sition,

sinply having an expert state his rul es of
thunb, is currently an intricate art and so
conplex as to defy automatic techniques. It
s, and will remain for sone tine, a
research area.

Expectations often dranmatically exceed what
IS possible. This is particularly true of
the tines estimated for devel opnent.
Performance of the systens has often | agged
because of such problens as classification
restrictions or a | ack of avail able

experti se.

Desire for quick success. Very often the
political goals are not consonant with the
techni cal goals, thereby increasing the

ri sk associated with devel opi ng an expert
system by placing unrealistic tine
constraints on the staff.

Uni versity goal s versus the goal s of

| ndustry. Top research universities are
notivated to gain new know edge, devel op
researchers, publish papers and

di ssertations, and establish a vehicle for
t he perpetuation of these. The goals of a
responsive industrial unit are to build a
systemor provide a service that results in
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a usable, functioning systemin an
acceptable tinme to neet the needs of the
custoner for use by practitioners. Because
of this diversity of purpose, nmuch of the
sof tware and hardware devel oped i s not
easily transferable, and costly

t ransf ormati ons have been required.

Fear of not succeeding. This is as
detrinental to technol ogical progress as in
any other art or science. Industry and
governnent have often commtted funds to
unanbi tious projects that net inadequate
risks in order to prove not hing.

Calling it Al when it is not or is only
| oosely related. The expectation that

devel opnent in this area wll be readily
f unded encourages junpi ng on bandwagons.

Lack of credentials. Several people and
groups are claimng expertise in Al, though
they may not have the rich base upon which
research capability is nornmally devel oped.
Careful credential checking is inperative.

Technol ogy transfer. The preponderance of
practitioners are in the universities and
have only recently been noving to industry,
primarily to venture activities. Mst have
never delivered products in the industri al
context (e.g., docunented wth |ife-cycle
considerations). The transfer of know edge
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to industry at large is thus rarely done by
t hose wth know edge of both industry and

t he technol ogy, which nakes the

| ndustrialization process nore risky.

Premature determnation of results. The
risk exists of unwittingly predetermning
t he out cone of decisions that shoul d be
made

after further research and devel opnent. The
needed skills sinply are not in industry or
In the governnent in the quantities needed

to prevent this from happeni ng on occasi on.

Nont ransferabl e software tools. Virtually
all software know edge engi neering systens
and | anguages are scantily docunented and
often only supported to the extent possible
by the single researcher who originally
wote it. The universities are not in the
busi ness to assure proper support of
systens for the |ife-cycle needs of the
mlitary and industry, although sone of the
new Al conpani es are begi nning to support
their respective programm ng environnents.

Lack of standards. There are no
docunent ati on standards or restrictions on
usef ul programm ng | anguages or perfornmance
| ndi ces to assess system perfornmance.
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M smat ch bet ween needed conputer resources
and exi sting machinery. The synbolic

| anguages and the prograns witten are nore
demandi ng on conventional nachi nes than
appears on the surface or is being

adverti sed by sone pronoters.

Knowl edge acquisition is an art. The
successful expert systens devel oped to date
are all exanples of handcrafted know edge.
As a result, system perfornmance cannot be
speci fied and the concepts of test,
Integration, reliability, nmaintainability,
testability, and quality assurance in
general are very fuzzy notions at this
point in the evaluation of the art. A great
deal of work is required to quantify or
systematically elimnate such notions.

Formal prograns for education and training
do not exist. The academ c centers that
have devel oped the richest base of research
activities award the conputer science
degree to enconpass all sub-disciplines.
The | engthy apprenticeship required to
train know edge engi neers, who formthe

bri dge between the expert and devel opnent
of an expert system has not been

formali zed.

7 RECOMMENDATI ONS
START USI NG AVAI LABLE TECHNOLOGY NOW
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Robotics and artificial intelligence

t echnol ogy can be applied in many areas to
performuseful, valuable functions for the
Arny. As noted in Chapter 3, these

t echnol ogi es can enable the Arny to

| nprove conbat capabilities,

m ni m ze exposure of personnel to hazardous
envi ronnent s,

I ncrease mssion flexibility,
| ncrease systemreliability,
reduce unit/life cycle costs,
reduce nanpower requirenents,
sinplify training.

Despite the fact that robotics technol ogy

| s being extensively used by industry
(alnost $1 billion introduced worl dwi de in
1982, with increases expected to conpound
at an annual rate of at |east 30 percent
for the next 5 to 10 years), the Arny does
not have any significant robot hardware or
software in the field. The Arny's needs for
the increased efficiency and cost
effectiveness of this new technol ogy surely
exceed those of industry when one considers
the potential reduction in risk and
casualties on the battlefield.
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The shrinki ng manpower base resulting from
the decline in the 19-to 21-year-old male
popul ati on, and the substantial costs of

mai nt ai ni ng present Arny nanpower

(approxi mately 29 percent of the total Arny
budget in FY 1983), enphasize that a najor
effort should be nade to conserve nanpower
and reduce battlefield casualties by

repl aci ng humans wth robotic devi ces.

The potential benefits of robotics and
artificial intelligence are clearly great.
It 1s inportant that the Arny begin as soon
as possible so as not to fall further

behi nd. Research know edge and practi cal

| ndustrial experience are accunul ating. The
Arny can and shoul d begin to take advant age
of what is avail abl e today.

The best way for the Arny to take advant age
of the potential offered by robotics and Al
IS to undertake sone short-term
denonstrators that can be progressively
upgraded. The initial denonstrators shoul d
neet clear Arny needs, be denonstrabl e
wthin 2 to 3 years,

use the best state of the art technol ogy
avai | abl e,

have sufficient conputer capacity for
upgrades)forma base for famliarizing Arny
personnel --from operators to senior

Get any book for freeon:  www.Abika.com



APPLICATIONS OF ROBOTICSAND ARTIFICIAL INTELLIGENCE

| eadershi p--with these new and
revol uti onary technol ogi es.

As upgraded, the applications wll need to
be capabl e of operating in a hostile
envi ronnment .

The dual approach of short-term
applications with planned upgrades is, in
the coomttee ' s opinion, the key to the
Arny's successful adoption of this

prom sing new technology in ways that wl|

| nprove safety, efficiency, and
effectiveness. It is through experience
with relatively sinple applications that
Arny personnel will becone confortable wth
and appreciate the benefits of these new

t echnol ogi es. There are indeed current Arny
needs that can be net by avail able robotics
and Al technol ogy.

In the Arny, as in industry, there is a
danger of nuch talk and little concrete
action. W recommend that the Arny nove
qui ckly to concentrate in a fewidentified
areas and establish those as a base for
gr ow h.

SPECI FI C RECOVMENDED APPLI CATI ONS

The commttee recommends that, at a
m nimum the Arny should fund the three
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denonstrator prograns described in Chapter
4 at the | evels described in Chapter 5:

The Automatic Loader of Ammunition in
Tanks, using a robotic armto repl ace the
human | oader of ammunition in a tank. W
recommend that two contractors work

simul taneously for 2 to 2 1/2 years at a
total cost of $4 to $5 mllion per
contractor.

The Surveillance/ Sentry Robot, a portable,
possibly nobile platformto detect and

i dentify novenent of troops. Funded at $5
mllion for 2 to 3 years, the robot shoul d
be able to include two or nore sensor
nodal i ti es.

The Intelligent Mintenance, D agnosis, and
Repair System inits initial form($1
mllion over 2 years), wll be an
interactive trainer. Wthin 3 years, for an
additional $5 mllion, the system shoul d be
expanded to di agnose and suggest repairs
for comon break-downs, recommend whet her
or not to repair, and record the repair

hi story of a piece of equipnent.

| f additional funds are avail able, the

ot her projects described in Chapter 4, the
medi cal expert system the flexible

mat eri al - handl i ng nodul es, and the
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battalion informati on nanagenent system
are also well worth doing.

VI SI Bl LI TY AND COORDI NATI ON OF M LI TARY
Al / ROBOTI CS

Much additional creative work in this area
| S needed. The commttee recomends t hat
the Arny provide increased funding for
coherent research and exploratory

devel opnent efforts (lines 6.1 and 6.2 of

t he budget) and include artificial

I ntelligence and robotics as a speci al

t echnol ogy thrust.

The Arny shoul d aggressively take the | ead
I n pursuing early application of robotics
and Al technologies to solve conpelling
battl efield needs. To assist in

coordi nating efforts and preventing
duplication, it may wish to establish a

hi gh-1evel review board or advisory board
for the Al/Robotics program This body
woul d i nclude representatives fromthe

uni versities and industry, as well as from
the Arny, Navy, Ar Force, and DARPA. W
reconmmend that the Arny consider this idea
further.

APPENDI X
STATE OF THE ART AND PRED CTlI ONS FOR
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ARTI FI C AL | NTELLI GENCE AND ROBOTI CS
| NDUSTRI AL ROBOTS: FUNDAMENTAL CONCEPTS

The termrobot conjures up a vision of a
mechani cal man--that is, sone android as
viewed in Star WAars or other science
fiction novies. Industrial robots have no
resenbl ance to these Star Wars figures. In
reality, robots are largely constrai ned and
defi ned by what we have so far nmanaged to
do with them

In the | ast decade the industrial robot
(IR) has devel oped fromconcept to reality,
and robots are now used in factories

t hroughout the world. In lay terns, the

| ndustrial robot would be called a
nmechani cal arm This definition, however,

i ncl udes alnost all factory automation

devi ces that have a noving | ever. The Robot
Institute of Anerica (RIA) has adopted the
foll ow ng working definition:

A robot is a programmable nultifunction
devi ce designed to nove nmaterial, parts,
tools, or specialized devices through
vari abl e programmed notions for the
performance of a variety of tasks.

It 1s generally agreed that the three main
conponents of an industrial robot are the
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mechani cal mani pul ator, the actuation
mechani sm and the controller.

The nechani cal mani pulator of an IR is nade
up of a set of axes (either rotary or
slide) , typically three to six axes per

IR The first three axes determ ne the work
envel ope of the IR while the |ast

three deal wwth the wist of the IR and the
ability to orient the hand. Figure 1 shows
the four basic IR configurations. Al though
t hese are typical of robot configurations

I n use today, there are no hard and fast

rul es that inpose these constraints. Mny
robots are nore

The appendix is largely the work of Roger
Nagel, Director, Institute for Robotics,
Lehi gh University. Janmes Al bus of the
Nat i onal Bureau of Standards and commttee
nenbers J. M chael Brady, Stephen Dubowsky,

Mar garet Eastwood, David G ossnan, Laveen
Kanal , and Wendy Lehnert al so contri but ed.

restricted in their notions than the six-
axi s robot. Conversely, robots are

soneti nes nounted on extra axes such as an
x-y table or track to provide an additi onal
one or two axes.

It is inportant to note at this point that
the "hand" of the robot, which is typically
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a gripper or tool specifically designed for
one or nore applications, is not a part of
a general purpose IR Hands, or end
effectors, are special purpose devices
attached to the "wist" of an IR

The actuation nechanismof an IR is
typically either hydraulic, pneunmatic, or
electric. More inportant distinctions in
capability are based on the ability to
enpl oy servo nechani sns, whi ch use feedback
control to correct nechanical position, as
opposed to nonservo open-|l oop actuation
systens. Surprisingly, nonservo open-I| oop

| ndustrial robots performmany seem ngly
conplex tasks in today's factories.

The controller is the device that stores
the IR program and, by conmmunications wth
t he actuation nechanism controls the IR
notions. Controllers have undergone

ext ensi ve evol ution as robots have been

| ntroduced to the factory floor. The
changes have been in the nethod of
programm ng (human interface) and in the
conplexity of the prograns allowed. In the
| ast three years the trend to conputer
control (as opposed to plug board and
speci al - purpose devices) has resulted in
conmputer controls on virtually all

| ndustrial robots.
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The net hod of progranmm ng industrial robots
has, in the nost popul ar and prevailing
usage, not included the use of a | anguage.
Languages for robots have, however, | ong
been a research issue and are now appeari ng
in the commercial offerings for industrial
robots. W reviewfirst the two prevailing
progranm ng net hods.

Programm ng by the | ead-through nethod is
acconpl i shed by a person mani pul ating a
wel | - count er bal anced robot (or surrogate)
t hrough the desired path in space. The
programis recorded by the controller,

whi ch sanples the | ocation of each of the
robot's axes several tines per second. This
nmet hod of programm ng records a conti nuous
path through the work envel ope and i s nost
often used for spray painting operations.
One major difficulty is the awkwardness of
editing these prograns to nake any
necessary changes or corrections.

An addi tional --and perhaps the nost
serious--difficulty wwth the | ead-through
nethod is the inability to teach
condi ti onal commands, especially those that
conpute a sensory value. Cenerally, the
control structure is very rudinentary and
does not offer the programmer nuch
flexibility. Thus, m stakes or changes
usual ly require conpl etely reprogranmm ng
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the task, rather than making small changes
to an existing program

Progranmm ng by the teach-box nethod enpl oys
a special device that allows the
progranmer/operator to use buttons, toggle
swtches, or a joy stick to nove the robot
inits work envelope. Primtive teach boxes
allow for the control only in terns of the
basic axis notions of the robot, while nore
advanced teach boxes provide for the use of
Cartesi an and ot her coordi nate systens.

The program generated by a teach box is an
ordered set of points in the workspace of
the robot. Each recorded point specifies
the location of every axis of the robot,

t hus providing both position and
orientation. -

The controller allows the programrer to
specify the need to signal or wait for a
signal at each point. The signal, typically
a binary value, is used to sequence the
action of the IRwth another device inits
envi ronnment. ©Mst controllers al so now
al l ow the specification of
vel ocity/ accel erati on between points of the
program and i ndi cati on of whether the point
IS to be passed through or is a destination
for stopping the robot.
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Al t hough conputer |anguage facilities are
not provided with nost industrial robots,
there is nowthe limted use of a
subroutine library in which the routines
are witten by the vendor and sold as
options to the user. For exanple, we now
see palletizing, where the robot can follow
a set of indices to |oad or unload pallets.

Limted use of sinple sensors (binary

val ued) is provided by preprogranmed search
routines that allow the robot to stop a
nove based on a sensor trip.

Typi cal advanced industrial robots have a
conputer control wth a keyboard and screen
as well as the teach box, although nost do
not support programm ng | anguages. They do
permt subdivision of the robot program
(sequence of points) into branches. This
provides for limted creation of
subroutines and is used for error
conditions and to store prograns for nore

t han one t ask.

The ability to specify a rel ocatable branch
has provided the limted ability to use
sensors and to create primtive prograns.

Many i ndustrial robots now permt down-

| oadi ng of their prograns (and up-I| oadi ng)
over RS232 comunication links to other
conputers. This facility is essential to
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the creation of flexible manufacturing
system (FM5) cel |l s conposed of robots and
ot her progranmabl e devices. Mire difficult
t han comuni cati on of whole prograns is
communi cation of parts of a program or

| ocations in the workspace. Current IR
control |l er support of this is at best

rudi nentary. Yet the ability to communicate
such information to a robot during the
execution of its programis essential to
the creation of adaptive behavior in

i ndustrial robots.

Sonme pioneering work in the area was done
at McDonnel | Dougl as, supported by the Ar
Force I ntegrated Conputer-Ai ded
Manufacturing (1 CAM program In that
effort a Gncinnati Ml acron robot was nade
part of an adaptive cell. One of the nmjor
difficulties was the awkwar dness of

communi cati ng goal points to the robot. The
solution l[ies not in achieving a technical
br eakt hr ough, but rather in understandi ng
and standardi zing the interface

requi renents. These issues and others were
covered at a National Bureau of Standards
(NBS) workshop in January 1980 and again in
Sept enber 1982 [1].

Programm ng | anguages for industrial robots
have | ong been a research issue. During the
| ast two years, several robots with an off-
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| i ne programm ng | anguage have appeared in
the market. Two factors have greatly

| nfl uenced t he devel opnent of these

| anguages.

The first is the perceived need to hold a
Ph.D., or at |east be a trained conputer
scientist, to use a progranmm ng | anguage.
This is by no neans true, and the advent of
t he personal conputer, as well as the

| nvasi on of conputers into many unrel ated
fields, is encouragi ng. Nonethel ess, the
fear of conputers and of programm ng them
cont i nues.

Because robots operate on factory fl oors,
sone feel programm ng | anguages nust be
avoi ded. Again, this is not necessary, as
experience wth user-friendly systens has
shown.

The second factor is the desire to have

| ndustrial robots perform conpl ex tasks and
exhi bit adaptive behavior. Wien the notions
to be perforned by the robot nust follow
conpl ex geonetrical paths, as in welding or
assenbly, it is generally agreed that a

| anguage is necessary. Simlarly, a cursory
| ook at the person who perforns such tasks
reveals the high reliance on sensory

I nformation. Thus a | anguage i s needed both
for conplex notions and for sensory
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i nteraction. This dual need further
conpl i cates the | anguage requirenents
because the community does not yet have
enough experience in the use of conpl ex
(nore than binary) sensors.

These two factors influenced the early
robot | anguages to use a conbi nati on of

| anguage statenents and teach box for
devel opi ng robot prograns. That is, one
defines inportant points in the workspace
via the teach-box nethod and then instructs
the robot with | anguage statenents
controlling interpol ati on between points
and speed. This capability coupled wth
access to on-line storage and sinple sensor
(binary) control characterizes the VAL

| anguage. VAL, devel oped by Uni mation for
the Puna robot, was the first commercially
avai | abl e | anguage. Several simlar

| anguages are now avail abl e, but each has
deficiencies. They are not |anguages in the
cl assi cal conputer science sense, but they
do begin to bridge the gap. In particul ar
they do not have the the capability to do
arithnetic on location in the workpl ace,
and they do not support conputer
conmuni cat i on.

A second- generati on | anguage capability has
appeared in the offering of RAIL and AM. by
Aut omati x and | BM respectively. These
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resenbl e the standard structured conputer

| anguage. RAIL is PASCAL-based, and AM. is
a new structured | anguage. They contain
statenents for control of the nmanipul ator
and provide the ability to extend the

| anguage in a hierarchical fashion. See,
for exanple, the description of a research
version of AML in [2].

In a very real sense these | anguages
present the first opportunity to build
intelligent robots. That is, they (and
others wwth simlar form offer the
necessary building blocks in terns of
controll er | anguage. The potential for

| anguage specification has not yet been
realized in the present commerci al

of ferings, which suffer fromsone tenporary
| npl ement ati on-dependent [imtations.

Before going on to the topic of intelligent
robot systens, we discuss in the next
section the current research areas in
roboti cs.

RESEARCH | SSUES | N | NDUSTRI AL ROBOTS

As descri bed previously, robots found in

| ndustry have nechani cal nani pul at or s,
actuation nechani sns, and control systens.
Research interest raises such potenti al
topics as | oconotion, dexterous hands,
sensor systens, |anguages, data bases, and
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artificial intelligence. A though there are
clearly rel ationshi ps anongst these and
ot her

research topics, we will subdivide the
research issues into three categori es:
nmechani cal systens, sensor systens, and
control systens.

In the sections that foll ow we cover
mani pul ati on desi gn, actuation systens, end
effectors, and | oconoti on under the general
headi ng of nechani cal systens. W will then
revi ew sensor systens as applied to robots-
-vi sion, touch, ranging, etc. Finally, we
wi || discuss robot control systens fromthe
sinple to the conpl ex, covering | anguages,
communi cati on, data bases, and operating
systens. Al though the issue of intelligent
behavior will be discussed in this section,
we reserve for the final section the

di scussion of the future of truly
intelligent robot systens. For a review of
research issues with in-depth articles on

t hese subjects see Birk and Kelley [3].

Mechani cal Systens

The design of the IR has tended to evol ve
i n an ad hoc fashion. Thus, commercially
avai |l abl e industrial robots have a
repeatability that ranges up to 0.050 in.,
but little, i f any, information is
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avai | abl e about their performance under
| oad or about variations within the work
envel ope.

Mechani cal designers have begun to work on
| ndustrial robots. Major research

i nstitutes are now working on the

ki nemati cs of design, nodels of dynamc
behavi or, and alternative design
structures. Beyond the study of nodels and
design structure are efforts on direct
drive notors, pneumatic servo mechani sns,
and the use of tendon arns and hands. These
efforts are |leading to highly accurate new
robot arns. Much of this work in the United
States i s being done at university

| aboratories, including those at the
Massachusetts Institute of Technol ogy
(MT), Carnegie-Mllon University (CM)),
Stanford University, and the University of
Ut ah.

Furt hernore, iIncreased accuracy nay not

al ways be needed. Thus, conpliance in robot
joints, programmng to apply force (rather
than go to a position), and the dynam cs of
links and joints are al so now actively
under investigation at Draper Laboratories,
the University of Florida, the Jet
Propul si on Laboratory (JPL), MT, and

ot hers.
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The inplications of this research for
future industrial robots are that we wll
have access to nodels that predict behavior
under |l oad (therefore allow ng for
correction), and we wll see new and nore
st abl e desi gns using recursive dynamcs to
al | ow speed. The use of robots to apply
force and torque or to deal with tools that
do so wll be possible. Finally, greater
accuracy and conpliance where desired w |
be available [4-8].

The net hod of actuation, design of
actuation, and servo systens are of course
related to the design and performance
dynam cs di scussed above. However sone
significant work on new actuati on systens
at Carnegie-Mellon University, MT, and

el sewhere promses to provide direct drive
notors, servo-control pneunatic systens,
and ot her advantages in power systens.

The end effector of the robot has al so been
a subject of intensive research. Two

f undanent al obj ecti ves--devel opi ng qui ck-
change hands

and devel opi ng gener al - pur pose hands- - seek
to alleviate the constraints on dexterity
at the end of a robot arm

As described earlier, common practice is to
design a new end effector for each
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application. As robots are used in nore
conpl ex tasks (assenbly, for exanple), the
need to handle a variety of parts and tools
| S unavoi dabl e. For a good di scussi on of
current end-effector technol ogy, see
Toepperwein et al. [9].

The qui ck-change hand is one that the robot
can rapidly change itself, thus permtting
It to handle a variety of objects. A nmjor
| npedi nent to progress in this area is a

| ack of a standard nethod of attaching the
hand to the arm This nethod nust provide
not only the physical attachnment but al so
the nmeans of transmtting power and control
to the hand. If standards were defi ned,

qgui ck- change nechanisns and a famly of
hand gri ppers and robot tools would rapidly
becone avail abl e.

The devel opnment of a dexterous hand is
still a research issue. Many | aboratories
in this country and abroad are working on
t hree-fingered hands and ot her
configurations. In many cases the

| ndi vidual fingers are thensel ves jointed
mani pul ators. In the design of a dexterous
hand, devel opnent of sensors to provide a
sense of touch is a prerequisite. Thus,

wi th sensory perception, a dexterous hand
becones the problem of designing three
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robots (one for each of three fingers) that
requi re coordi nated control.

The control technology to use the sensory
data, provide coordi nated notion, and avoid
collision is beyond the state of the art.
VW will reviewthe sensor and control

| ssues in later sections. The design of
dext erous hands is being actively worked on
at Stanford, MT, Rhode |sland University,
the University of Florida, and other places
in the United States. Cearly, not all are
attacki ng the nost general problem (10,

11], but by innovation and cooperation wth
other related fields (such as prosthetics),
substantial progress will be nmade in the
near future.

The concept of robot |oconotion received
much early attention. CQurrent robots are
frequently nounted on |inear tracks and
sonetinmes have the ability to nove in a

pl ane, such as on an overhead gantry.
However, these extra degrees of freedomare
treated as one or two additional axes, and
none of the navigation or obstacle

avoi dance probl ens are addressed.

Early researchers built prototype wheel ed
and | egged (wal ki ng) robots. The work
originated at CGeneral Electric, Stanford,
and JPL has now expanded, and projects are
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under way at Tokyo Institute of Technol ogy,
Tokyo University. Researchers at Chio
State, Rensselaer Polytechnic Institute
(RPI), and CMJ are al so now wor ki ng on
wheel ed, | egged, and in one case single |eg
| oconoti on. Perhaps because of the need to
deal wth the navigational issues in
control and the stability problens of a
wal ki ng robot, progress in this area is
expected to be slow [12].

In a recent devel opnent, Odetics, a snall
Californi a-based firm announced a si x-

| egged robot at a press conference in March
1983. According to the press release, this
robot, called a "functionoid," can lift
several tines its own weight and is stable
when st andi ng on

only three of its legs. Its |legs can be
used as arns, and the device can wal k over
obstacl es. (detics scientists claimto have
sol ved the mat hematics of wal king, and the
functionoid does not use sensors. It is not
clear fromthe press rel ease to what extent
the Odetics work is a scientific

br eakt hr ough, but further investigation is
cl early warranted.

The advent of the wi re-guided vehicle (and
the painted stripe variety) offers an
i nteresting mddl e ground between the
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conpl etely constrai ned and unconstrai ned

| oconotion problens. Wre-gui ded vehicl es
or robot carts are now appearing in
factories across the world and are

especi ally popular in Europe. These carts,
first introduced for transportation of

pall ets, are now being configured to
mani pul ate and transport material and
tools. They are also found delivering nail
I n an increasing nunber of offices The
carts have onboard m croprocessors and can
communi cate with a central control conputer
at predeterm ned communi cation centers

| ocated along the factory or office fl oor.

The maj or navi gati onal problens are avoi ded
by the use of the wre network, which forns
a "freeway" on the factory floor. The
freeway is a priori free of pernanent
obstacles. The carts use a bunper sensor
(limt switch) to avoid collisions with

t enporary obstacles, and the central
conputer provides routing to avoid traffic
janms with other carts.

While carts currently performsinple
mani pul ation (conpared to that perforned by
| ndustrial robots), many vendors are

| nvestigating the possibility of robots
nounted on carts. Al though this appears at
first glance to present additional accuracy
probl ens (precise self-positioning of carts
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Is still not available), the use of cart
| ocation fixturing devices at stations may
be possi bl e.

Sensor Systens

The robot w thout sensors goes through a
path in its workspace wthout regard for
any feedback other than that of its joint
resol vers. This inposes severe limtations
on the tasks it can undertake and nakes the
cost of fixturing (precisely |ocating
things it is to nmanipulate) very high. Thus
there is great interest in the use of
sensors for robots. The phrase nost often
used i s "adaptive behavior," neaning that

t he robot using sensors ors will be able to
deal properly wth changes in its

envi ronment .

O the five human senses--vi sion, touch,
hearing, snell, and taste--vision and touch
have received the nost attention. Although
t he Def ense Advanced Research Projects
Agency (DARPA) has sponsored work in speech
under st andi ng, this work has not been
applied extensively to robotics. The senses
of snell and taste have been virtually

i gnored i n robot research.

Despite great interest in using sensors,
nost robotics research lies in the domain
of the sensor physics and data reduction to
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meani ngful information, |eaving the
intelligent use of sensory data to

the artificial intelligence (Al)

| nvestigators. W will therefore cover
sensors in this chapter and discuss the Al
i nplications |ater.

Vi si on Sensors

The use of vision sensors has sparked the
nost interest by far and is the nost active
research area. Several robot vision
systens, in fact, are on the market today.
Tasks for such systens are listed below in
order of increasing conplexity:

their

i dentification (or verification) of objects
stable states they are in,

| ocati on of objects and their orientation,
sinple inspection tasks (is part conpl ete?
vi sual servoing (gui dance), navigation and
scene anal ysis, conpl ex inspection.

or of which of cracked?) |,

The commercial systens currently avail able
can handl e subsets of the first three
tasks. They function by digitizing an i mage
froma video canera and then threshol di ng
the digitized i mage. Based on techni ques
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i nvented at SRI and variations thereof, the
systens neasure a set of features on known
objects during a training session. Wen
shown an unknown object, they then neasure
the sanme feature set and cal culate feature
di stance to identify the object.

hjects with nore than one stable state are
trained and | abel ed separately. |[|ndividual
feature values or pairs of values are used
for orientation and i nspection deci sions.

Wi |l e these systens have been successful,
there are many limtations because of the
use of binary inmages and feature sets--for
exanple, the inability to deal wth
over | apped objects. Nevertheless, in the
constrai ned environnent of a factory, these
systens are valuable tools. For a
description of the SR vision system see

A eason and Again [13]; for a variant see
Lavi n and Li eberman [ 14].

Not all commercial vision Systens use the
SRl approach, but nost are [imted to

bi nary i nages because the data in a binary
| mage can be reduced to run I ength code.
This reduction is inportant because of the
need for the robot to use visual data in
real time (fractions of a second). Al though
one can postulate situations in which nore
tinme is available, the useful ness of vision
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i ncreases as its speed of availability
| NnCr eases.

G ay-scal e i nage operations are being

devel oped that wll overcone the speed
probl ens associ ated w th nonbi nary vi sion.
Many vision algorithns | end thenselves to
paral | el conputation because the sane
calculation is nmade in nany different areas
of the inmage. Such parallel conputations
have been introduced on chips by MT,
Hughes, Westi nghouse, and ot hers.

Vi sual servoing is the process of guiding
the robot by the use of visual data. The
Nat i onal Bureau of Standards (NBS) has
devel oped a speci al vision and control
systemfor this purpose. |If robots are ever

to be truly intelligent, they nust be
capabl e of visual guidance. Gearly the
speed requirenents are very significant.

Vi sion systens that | ocate objects in

t hr ee- di nensi onal space can do so in
several ways. Either structured |ight and
triangul ation or stereo vision can be used
to sinmulate the hunman system Structured

| i ght systens use a shaped (structured)

| ight source and a canera at a fixed angle
[ 15] . Sone researchers have al so used | aser
range-findi ng devices to nake an i nage
whose picture elenents (pixels) are
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di stances al ong a known direction. All

t hese net hods--stereo vision, structured

| ight, |aser range-finding, and others--are
used in | aboratories for robot guidance.

Sonme t hree-di nensional systens are now
comercially avail able. Robot Vision Inc.
(fornmerly Solid Photography), for exanple,
has a conmmercial product for robot gui dance
on the market. Limted versions of these
approaches and ot hers are bei ng devel oped
for use in robot arc wel ding and ot her
applications [16].

Speci al - pur pose vi sion systens have been
devel oped to sol ve particul ar probl ens.
Many of the special - purpose systens are
designed to sinplify the problemand gain
speed by attacking a restricted donmai n of
applicability. For exanple, CGeneral Mtors
has used a version of structured [ight for
accunul ating an image wwth a |line scan
canera in its Consight system Rhode I|sland
Uni versity has concentrated on the bin

pi cking problem SR, Automatix, and others
are working on vision for arc wel ding.

Q hers such as MT, University of Maryl and,
Bel | Laboratories, JPL, RPI, and Stanford
are concentrating on the speci al

requi renents of robot vision systens. They
are devel oping algorithns and chips to
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achi eve faster and cheaper vision
conputation. There is evidence that they
are succeedi ng. Speci al - pur pose hardwar e
using very large-scale integration (VLSl)
techniques is nowin the | aboratories. One
can, we believe, expect vision chips that
wi Il release robot vision fromthe binary
and speci al - purpose world in the near
future.

Research in vision, independent of robots,
s a well-established field. That
literature is too vast to cover here beyond
a few general remarks and issues. The
reader is referred to the literature on

| mage processing, iInmage understandi ng,
pattern recognition, and i nage anal ysis.

Vision research is not limted to binary

| mages but al so deals with gray-
scal e, color, and other multispectral

| mages. In fact, the word "inage" is used
to avoid the l[imtation to visual spectra.
| f we

avoi d the conpression, transm ssion, and
ot her representation issues, then we can
classify vision research as foll ows:

Low | evel vision involves extracting
feature neasurenents frominmages. It is
called I owl evel because the operations are
not know edge based. Typical operations are
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edge detection, threshold sel ection, and

t he neasurenent of various shapes and ot her
features. These are the operations now
bei ng reduced to hardware.

H gh-level vision is concerned with
conbi ni ng know edge about objects (shape,
size, relationships), expectations about
the image (what mght be init), and the
pur pose of the processing (identifying

obj ects, detecting changes) to aid in
Interpreting the image. This high-1evel
information interacts with and hel ps gui de
processi ng. For exanple, it can suggest
where to | ook for an object and what
features to | ook for.

Wiile research in vision is maturing, nuch
remains to be investigated. Current topics
| ncl ude the speed of algorithns, parall el
processi ng, coarse/fine techniques,

| nconpl ete data, and a variety of other
extensions to the field. In addition, work
I s al so now addressing such Al questions as

representi ng knowl edge about objects,
particul arly shape and spati al
rel ati onshi ps;

devel opi ng net hods for reasoni ng about
spatial relationshi ps anong obj ects;
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understandi ng the interaction between | ow
| evel information and hi gh-Ievel know edge
and expect ati ons;

I nterpreting stereo i nages, e.g., for range
and noti on;

understandi ng the interaction between an
| mage and ot her information about the
scene, e.g., witten descriptions.

Vision research is related to results in
VLSI and Ar. While there is much activity,
it is difficult to predict specific results
t hat can be expected.

Tactil e Sensi ng

Despite great interest in the use of
tactile sensing, the state of the art is
relatively primtive. Systens on industrial
robots today are limted to detecting
contact of the robot and an object by
varying versions of the [imt-swtch
concept, or they neasure sone conbi nation
of force and torque vectors that the hand
or fingers exert on an object.

Whil e varying versions of the [imt-switch
concept have been used, the nost advanced
force/torque sensors for robots have been
devel oped at Draper Laboratories. The
renote center of conpliance (RCC) devel oped
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at Draper Laboratories, which allows
passi ve conpliance in the robots' behavior
duri ng assenbly, has been conmmercialized by
Astek and Lord Kinematics. Draper has in
the last few years instrunented the RCC to
provi de active feedback to the robot. The

| nstrunented renote center conpliance
(IRCC) represents the state of the art in
wist sensors. It allows robot prograns to
foll ow contours, perform

I nsertions, and incorporate rudi nentary
touch programmng into the control system
[17] .

| BM and ot hers have begun to put force
sensors in the fingers of a robot. Wth
X,Y,z strain gauges in each of the fingers,
the robot with servoed fingers can now
perform sinpl e touch-sensitive tasks.

H tachi has devel oped a hand usi ng net al
contact detectors and pressure-sensitive
conductive rubber that can feel for objects
and

recogni ze form Thus, primtive technol ogy
can be applied for useful tasks. However,
nost of the sophisticated and conpl ex
tactile sensors are in |aboratory

devel opnent .

The subj ect of touch-sensor technol ogy,
I ncluding a review of research, rel evance
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for robots, work in the | aboratory, and
predictions of future results, is covered
in a survey article by Leon Harnon [ 18] of
Case Western Reserve University Miuch of
that excellent article is summari zed bel ow,
and we refer the reader to it for a
detail ed review.

The general needs for sensing in
mani pul at or control are proximty)
touch/slip, and force/torque. The follow ng
remarks are taken froma di scussi on on
"smart sensors" by Bejcsy [19]:

speci fic mani pul ation-rel ated key events
are not contained in visual data at all, or
can only be obtained fromvisual data
sources indirectly and i nconpletely and at
hi gh cost. These key events are the contact
or near-contact events including the
dynam cs of interaction between the
nmechani cal hand and obj ects.

The non-visual information is related to
controlling the physical interaction,
contact or near-contact of the mechani cal
hand with the environnent. This information
provi des a conbi nati on of geonetric and
dynam c reference data for the control of
term nal positioning/orientation and
dynam ¢ acconmmodat i on/ conpl i ance of the
mechani cal hand.
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Al t hough existing industrial robots nanage
to sense position, proximty, contact,
force, and slip with rather primtive
techni ques, all of these variables plus
shape recognition have recei ved extensive
attention in research and devel opnent

| aboratories. In sonme of these areas a new
generation of sophistication is beginning
to energe.

Tactil e-sensing requirenents are not well
known, either theoretically or enpirically.
Most prior wist, hand, and finger sensors
have been sinple position and force-

f eedback i ndicators. Finger sensors have
barely energed fromthe | evel of
mcroswtch limt switches and push-rod
axi al travel neasurenent. Moreover, the

rel evant technol ogi es are thensel ves
relatively new. For exanple, force and

t orque sensing dates back only to 1972,
touch/slip are dated to 1966, and proximty
sensing is only about 9 years old. W do
know t hat force and pressure sensing are
vital elenents in touch, though to date, as
we have seen, industrial robots enploy only
sinpl e force feedback. Neverthel ess, unless
consi derabl e gri pper overpressure can be
tolerated, slip sensing is essential to
proper performance in nmany mani pul ation
tasks. Information about contact areas,
pressure distributions, and their changes
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over tinme are needed in order to achi eve
t he nost conplete and useful tactile
sensi ng.

| n contacting, grasping, and nani pul ati ng
obj ects, adjustnents to gripping forces are
required in order to avoid slip and to
avoi d possi bly dangerous forces to both the
hand and t he workpi ece. Besi des the need
for slip-sensing transducers, there is the
requi rement that the robot be able to
determ ne at each instant the necessary

m ni mum new force adjustnents to prevent
slip.

Transducers As of about 1971 the only

devi ces avail able for tactile sensing were
m crosw t hches, pneumatic jets, and

(bi nary) pressure-sensitive pads. These
devi ces served principally as Iimt

swi tches and provi ded few nmeans or none for
det ecti ng shape, texture, or conpliance.
Still, such crude devices are used
currently.

In the early 1970s the search was al ready
under way for shape detection and for
"artificial skin" that could yield tactile
i nformation of conplexity conparable to the
human sense of touch. An obvi ous

met hodol ogy for obtaining a continuous
neasurenent of force is potentioneter
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response to a linear (e.g., spring-Iloaded
rod) displacenent. Early sensors in nmany
| aboratori es used such sensors, and they
are still in use today.

Current research lies in the follow ng
ar eas:

conductive materials and arrays produced
wi t h conductive rubbers and pol yners;

sem conductor sensors, such as piezo-
el ectrics;

el ectromagnetic, hydraulic, optical, and
capacitive sensors.

Qut st andi ng Probl ens and New Qpportunities
The two nmain areas nost in need of

devel opnent are (1) inproved tactile
sensors and (2) inproved integration of

t ouch feedback signals wth the effector
control systemin response to the task-
command structure. Sensory feedback

probl ens underlie both areas. Mire

ef fective conprehensi ve sensors (device
R&D) and the sophisticated interpretation
of the sense signals by control structures
(system R&D) are needed.

Sensitive, dexterous hands are the greatest
chal | enge for manipul ators, just as
sensitive, adaptable feet are the greatest
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chal | enge for | egged | oconotion vehicl es.
Each application area has its own detailed
speci al problens to solve; for exanple, the
desi gn approach for nuddy-water object
recovery and for delicate handling of
unspeci fied objects in an unstructured
environnent differ vastly.

Emer gent Technol ogy One of the newest

devel opnents i n touch-sensing technology is
that of reticular (Cartesian) arrays using
solid-state transduction and attached

m croconputer el enents that conpute three-
di nensi onal shapes. The approach is
typified by the research of Marc Rai bert,
now at CMJ, done while he was at JPL (20].
Rai bert's device is conpact and has hi gh
resol ution; hence, the fingertip is a self-
contai ned "snart finger." See also the work
of HIlis at MT in this area [21]. This is
a quantum junp ahead of prior nethods, for
exanpl e, where small arrays of touch
sensors use passive substrates and
material s such as conductive el ast oners.
Resol ution in such devices has been quite

| ow, and hysteresis a problem

Sound Sensors

Many researchers are interested in the use
of voice recognition sensors for conmand
and control of robot systens. However, we
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| eave out voice systens and review here the
use of sound as a sensing nechani sm

In this context, sound systens are used as
a nethod for neasuring distance. The

Pol aroi d soni ¢ sensor has been used at NBS
and el sewhere as a safety sensor. Sensors
nount ed on the robot detect intrusions into
ei ther the workspace or, nore particularly,
the path of the robot.

Researchers at Pennsylvania State

Uni versity have devel oped a spark gap
systemthat uses nultiple mcrophones to
determ ne the position of the nanipul ator
for calibration purposes.

Several researchers at Carnegie-Mllon

Uni versity and other |ocations are working
on ultrasonic sensors to be used in the arc
wel di ng process.

Control Systens

The underlying research issue in control
systens for robots is to broaden the scope
of the robot. As the sophistication of the
mani pul ator and its actuati on nechani sm

| ncreases, new denmands are nade on the
control system The advent of dexterous or
smart hands, |oconotion, sensors, and new
conplex tasks all extend the controller
capability.
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The desires for user-friendly systens, for
| ess user training, and for adaptive
behavi or further push the robot controller
into the world of artificial intelligence.
Bef ore di scussing intelligent robot
systens, we describe sone of the issues of
conput er-control |l ed robots.

H erarchical Control/D stributed Conputing

Al nost all controller research is directed
at hierarchies in robot control systens. At
the National Bureau of Standards,

pi oneeri ng research has devel oped two

hi erarchi es--one for control infornmation
and one for sensory data. Integrated at
each level, the two hierarchies use the

t ask deconposition approach. That is,
commands at each | evel are broken down into
subcommands at the lower |evel until they
represent joint control at the | owest
level. In a simlar fashion, raw vision
data are at the lowest |evel, wth higher

| evel s representing inmage primtives, then
features, and finally objects [22].

The | evel s-of -control issue rapidly |eads
to an interest in distributed conputing in
order to bal ance the conputing needs and
neet the requirenents for real-tine
performance. The use of smart hand or
conpl ex sensor systens, such as vision,
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al so mandates distributed conputing--again,
in order not to overload the control
conputer and degrade the real-tine nature
of the robot's behavior.

Di stributed conputing for robot control
systens has taken two paths so far.

Aut omati x, NBS, and others use nultiple
CPUs fromthe

sanme vendor (Intel or Mdtorola) and perform
processor comunication in the architecture
of the base system

QO hers have used nonhonobgeneous conput er
systens. They have had to pay a price in
the need to define and build protocols and
work within awkward constrai nts. Exanpl es
of this are found in the devel opnent of MCL
by McDonnell Douglas and in a variety of
other firns that have |inked vision systens
with robots. For a case study of one
attenpt see Nagel et al. [23].

Maj or i npedinents to progress in these
areas are the lack of standards for the

| nterfaces needed, the need for advances in
di stributed conputing, and the need for a
better definition of the information that
must flow. Related research that is not
covered here is the work on | ocal area

net wor ks.
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Dat a Bases

There is a great interest in robot access
to the data bases of CAD CAM systens. As
robot programm ng noves fromthe domai n of
the teach box to that of a | anguage,

several new denmands for data arise. For
exanpl e, the programmer needs access to the
geonetry and physical properties of the
parts to be nmani pulated. In addition, he
needs simlar data with respect to the
machi ne tools, fixtures, and the robot
itself. One possible source for this is the
data al ready captured in CAD CAM dat a
bases. One can assune that conplete
geonetrical and functional information for
the robot itself, the things the robot nust
mani pul ate, and the things inits
environnent are contained in these data
bases.

As robot programm ng evol ves, an interest
has devel oped i n conput er-ai ded robot
progranmm ng (CARP) done at interactive
graphics termnals. In such a nodality the
robot notions in manipulating parts would
be done in a fashion simlar to that used
for graphic nunerical control progranmm ng.
Such experinents are under way, and early
denonstrati ons have been shown by Aut omati X
and GCA Corporati on.

Get any book for freeon:  www.Abika.com



APPLICATIONS OF ROBOTICSAND ARTIFICIAL INTELLIGENCE 202

Furthernore, it is now reasonable to assune
the desire to have robots report to shop
floor control systens, take orders from
cell controllers, and update process

pl anni ng i nventory control systens and the
variety of factory control, managenent, and
pl anni ng systens now i n place or under

devel opnent. Thus, robot controllers mnust
access ot her data bases and communi cat e

Wi th other factory systens.

Research on the link to CAD CAM systens and
the other issues above is under way at NBS
and ot her research facilities, but najor
efforts are needed to achieve results.

Robot Programm ng Environnent

As nentioned earlier, second-generation

| anguages are now avail able. Wiile the
community as a whol e does not yet have
sufficient experience with themto choose
standards, nore are clearly needed.

Programm ng advanced robot systens wth
current | anguages is remniscent of
progranm ng nmai n-frame conputers in
assenbly | anguage before the advent of
operating systens. It is particularly a
problemin the use of even the sinplest
sensor (binary) nechanisns. What are needed
are robot operating systens, which would do
for robot users what operating systens do
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for conputer users in such areas as
| nput/out put and graphi cs.

To clarify, we define an explicit |anguage
as one in which the commands correspond

wi th the underlying machine (in this case a
robot/ conputer pair). W further define an
inmplicit |anguage as one in which the
commands correspond with the task; that is,
for an assenbly task an i nsert comrand
woul d be inplied. Use of an inplicit

| anguage is conplicated by the fact that
robots performfamlies of tasks. A robot
operating systemwoul d be a nmajor step
toward inplicit | anguages.

It is far easier to suggest the work above
than to wite a definition of requirenents.
Thus, fundanmental research is needed in
this area. The Autopass system devel oped at
| BMis probably the nost rel evant
acconpl i shnment to date.

The concepts of graphic robot progranm ng
and sinmulation are exciting research

| ssues. The desire for conputer-assisted
robot programm ng (CARP) stens fromthe
data base argunents of before and the
belief that graphics is a good nechani sm
for describing notion. These expectations
are wi dely held, and Conputervi sion,

Aut omati x, and ot her organi zations are
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conducti ng sone research. However, no naj or
efforts appear in the current literature.

G aphic sinmulation, on the other hand, is
now a nmajor topic. Work in this area is
notivated by the advent of offline
programm ng | anguages and the need for

fail -saf e debuggi ng | anguages, but ot her
benefits arise in robot cell |ayout,

trai ning nechani sns, and the ability to |et
the robot stay in production while new
prograns are devel oped.

Wrk on robot simnulation is hanpered by the
| ack of standards for the | anguage but is
I n process at IBMfor AM., at MDonnel |l
Douglas for MCL, and at nmany universities
for VAL and is expected to be a commerci al
product shortly. It is worth noting that

si mul ati on of sensor-based robots requires
simul ati on of sensor physics. Wth the
exception of sone work at IBM we are
unaware of any efforts in sophisticated

si mul ati on.

The use of multiple arns in coordinated (as
opposed to sequenced) notion raises the

| ssue of multitasking, collision avoi dance,
and a variety of programm ng net hodol ogy
gquestions. Ceneral Electric, Aivetti,
West i nghouse, IBM and others are pursuing
mul tiarm assenbly. However these issues
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require nore attention, even in research
that is well under way.

It should be clear by now that robot
control has becone a conpl ex issue.
Controllers dealing wth mani pul at or
notion, feedback, conplex sensors, data
bases, hierarchical control, operating
systens, and nultitasking nust turn to the
Al area for further developnment. In the
followi ng section we review briefly the Al
field, and in the final section we discuss
both robotics and Al issues and the need
for expansion of the unified research

| ssues.

ARTI FI CI AL | NTELLI GENCE

The termartificial intelligence is defined
in two ways: the first defines the field,
and the second descri bes sone of its

functi ons.

1. "Artificial intelligence research is the
part of conputer science that is concerned
wi th the synbol - mani pul ati on processes t hat
produce intelligent action. By '"intelligent
action ' is neant an act of decision that

| s goal -oriented, arrived at by an
under st andabl e chai n of synbolic analysis
and reasoni ng steps, and is one in which
know edge of the world inforns and gui des

t he reasoni ng" [ 24].
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2. Artificial intelligence is a set of
advanced conputer software applicable to
cl asses of nondeterm ni stic problens such
as natural |anguage understandi ng, inmage
under st andi ng, expert systens, know edge
acqui sition and representation, heuristic
search, deductive reasoni ng, and pl anni ng.

| f one were to give a nane suggestive of
the processes involved in all of the above,
knowl edge engi neeri ng woul d be the nost
appropriate; that is, one carries out

knowl edge engi neering to exhibit

i ntelligent behavior by the conputer. For
general information on artificial
intelligence see references 25-34.

Backgr ound

The nunber of researchers in artificial
intelligence is rapidly expanding with the
| ncreasi ng nunber of applications and
potential applications of the technol ogy.
This growth is occurring not only in the
United States, but worldw de, particularly
I n Europe and Japan.

Basic research is going on prinmarily at

uni versities and sone research institutes.
Oiginally, the primary research sites were
MT, OMJ, Stanford, SRI, and the University
of Edi nburgh. Now, nost naj or
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uni versities include artificial
intelligence in the conputer science
curricul um

Much of the material Iin this section
sumari zes the naterial in Brown et al.
[ 24] .

An i ncreasi ng nunber of other organi zations
el ther have or are establishing research

| aboratories for artificial intelligence.
Some of them are conducting basic research;
others are primarily interested in
applications. These organi zati ons i ncl ude
Xerox, Hew ett-Packard, Schl unberger-
Fairchild, Hughes, Rand, Perceptronics,
Uni | ever, Philips, Toshi ba, and Hamanat su.

Al so energi ng are conpanies that are
devel oping artificial intelligence
products. U S. conpani es incl ude

Teknow edge, Cognitive Systens,
Intelligenetics, Artificial Intelligence
Corp., Symantec, and Kestrel Institute.

Fundanental issues in artifical
i ntelligence that nmust be resol ved include

representing the know edge needed to act
intelligently,

acqui ri ng knowl edge and explaining it
effectively,
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reasoni ng: draw ng concl usi ons, naki ng
| nferences, naki ng deci sions ,

eval uati ng and choosi ng anong al ternati ves.

Nat ural Language Interpretation

Research on interpreting natural | anguage
I s concerned wth devel opi ng conput er
systens that can interact with a person in
English (or another nonartifici al

| anguage). One primary goal is to enable
conputers to use hunman | anguages rat her

t han require humans to use conputer

| anguages.

Research is concerned with both witten and
spoken | anguage. Al though many of the

probl ens are i ndependent of the

communi cation nedium the nediumitself can
present problens. W wll first consider
witten | anguage, then the added probl ens
of speech.

There are many reasons for devel opi ng
conputer systens that can interpret

nat ur al -1 anguage i nputs. They can be
grouped into two basic categories: inproved
human/ machi ne i nterface and autonmatic
interpretation of witten text.

| nprovi ng the human/ machine interface wll
make it sinple for humans to
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gi ve comands to the conputer or robot,
guery data bases,

conduct a dialogue wth an intelligent
conput er system

The ability to interpret text automatically
wi Il enable the conputer to

produce summari es of texts,

provi de better indexing nmethods for |arge
bodi es of text,

translate texts automatically or
sem aut omati cal l y,

integrate text information wth other
i nf or mati on.

Nat ur al - | anguage under st andi ng systens t hat
I nterpret individual (independent)
sentences about a restricted subject (e.g.,
data in a data base) are becom ng
avai | abl e. These systens are usually
constrai ned to operate on sone subset of
English grammar, using a limted vocabul ary
to cover a restricted subject area. Mst of
t hese systens have difficulty interpreting
sentences within the |arger context of an

i nteractive dial ogue, but a few of the
avai | abl e systens confront the probl em of
cont extual understanding wth prom sing
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capability. There are al so sone systens
that can function despite grammatically

| ncorrect sentences and run-on
constructions. But even when granmmati cal
constraints are lifted, all commerci al
systens assune a specific know edge donain
and are designed to operate only within

t hat donai n.

Commer ci al systens providing natural -

| anguage access to data bases are becom ng
avai l able. G ven the appropriate data in

t he area base they can answer questions
such as

Which utility helicopters are m ssion-
ready?

Whi ch are operational ?

Are any transport helicopters m ssion-
ready?

However, these systens have l[imtations:

They nmust be tailored to the data base and
subj ect area.

They only accept queries about facts in the
dat a base, not about the contents of the
data base--e.g., "Wat questions can you
answer about helicopters?"
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Few Conput ati ons can be perforned on the
dat a.

| n eval uating any given system it iIs
crucial to consider its ability to handle
gueries in context. |If no contextual
processing is to be perforned, sentences
will often be interpreted to nean sonet hi ng
ot her than what a naive user intends. For
exanpl e, suppose there is a natural -

| anguage query system designed to field
questions about air force equi pnent

mai nt enance, and a user asks "Wat is the
status of squadron A?" If the query is
followed by "What utility helicopters are
ready?" the utterance wll be interpreted
as neani ng "Wich anong all the helicopters
are ready?" rather than "Wich of the
squadron A helicopters are ready?" The
systemw || readily answer the question; it
just will not be the question the user

t hought he was aski ng.

Dat a base access systens with nore advanced
capabilities are still in the research
stages. These capabilities include

easy adaptation to a new data base or new
subj ect area,

replies to questions about the contents of
the data base (e.g., what do you know about
tank | ocations?),
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answers to questions requiring conputations
(e.g., the tinme for a ship to get
sonepl ace).

It 1s nevertheless inpressive to see what
can be acconplished within the current
state of the art for specific information
processi ng tasks. For exanple, a natural -

| anguage front end to a data base on oil
wel | s has been connected to a graphics
systemto generate custom zed maps to aid
in oil field exploration. The foll ow ng
sanple of input illustrates what the system
can do.

Show ne a map of all tight wells drilled by
Texaco before May 1, 1970, that show oill
deeper than 2,000 ft, are thensel ves deeper
t han

5,000 ft, are now operated by Shell, are

wi | dcat wells where the operator reported a
drilling problem and have nechani cal | ogs,
drill stemtests, and a commercial oil

anal ysis, that were drilled wthin the area
defined by latitude 30 deg 20 mn 30 sec to
31:20: 30 and 80-81. Scale 2,000 ft.

This systemcorrects spelling errors,
queries the user if the map specifications
are inconplete, and allows the user to
refer to previous requests in order to
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generate nmaps that are simlar to previous
maps.

This sort of capability cannot be
duplicated for nmany data bases or

| nformati on processing tasks, but it does
show what current technol ogy can acconpli sh
when appropriate problens are tackl ed.

Research | ssues

In addition to extending capabilities of

nat ur al -1 anguage access to data bases, nuch
of the current research in natural | anguage
Is directed toward determ ning the ways in
whi ch the context of an utterance
contributes to its neani ng and toward

devel opi ng net hods for using contextual

i nformation when interpreting utterances.
For exanple, consider the followi ng pairs
of utterances:

Sam The | ock nut should be tight.
Joe: |'ve done it.

and

Sam Has the air filter been renoved?
Joe: |'ve done it.

Al t hough Joe's words are the sane in both
cases, and both state that sone action has
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been conpl eted, they each refer to
different actions--in one case, tightening
the lock nut; in the other, renoving the
air filter. The neani ngs can only be
determ ned by know ng what has been said
and what is happening.

Sone of the basic research issues being
addressed are

| nterpreti ng extended di al ogues and texts
(e.g., narratives, witten reports) in
whi ch the neani ng depends on the context;

interpreting indirect or subtle utterances,
such as recogni zi ng

that "Can you reach the salt?" is a request
for the salt; devel opi ng ways of expressing
t he nore subtl e neani ngs of

sent ences and texts.
Spoken Language

Commerci al devices are avail able for
recognizing a limted nunber of spoken
words, generally fewer than 100. These
systens are remarkably reliable and very
useful for certain applications.

The principal limtations of these systens
are that
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t hey nust be trained for each speaker,

they only recogni ze words spoken in
| sol ati on,

they recognize only a limted nunber of
wor ds.

Efforts to link isolated word recognition
wi th the natural -l anguage under st andi ng
systens are now under way. The result would
be a systemthat, for a limted subject
area and a user with sone training, would
respond to spoken English inputs.

Under st andi ng connected speech (i.e.,
speech w thout pauses) wth a reasonably

| arge vocabulary wll require further basic
research in acoustics and |inguistics as
wel | as the natural -l anguage i ssues

di scussed above.

Generating I nformation

Conputers can be used to present

I nformation in various nodes, including
witten | anguage, spoken | anguage,

graphi cs, and pictures. One of the

princi pal concerns in artificial
intelligence is to devel op nethods for
tailoring the presentation of information
to individuals. The presentation should
take into account the needs, | anguage
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abilities, and know edge of the subject
area of the person or persons.

| n many cases, generation neans deci di ng
both what to present and how to present it.
For exanpl e, consider a repair adviser that
| eads a person through a repair task. For
each step, the adviser nmust decide which
information to give to the person. A very
nai ve person may need consi derabl e detail;
a nore sophisticated person woul d be bored
by it. There may, for exanple, be several
ways of referring to a tool. If the person
knows the tool's nane then the nane coul d
be used; if not, it mght be referred to as
"the small red thing next to the

t ool chest." The decision may extend to

ot her nodes of output. For exanple, if a
graphic display is available, a picture of
the tool could be drawn rather than a

ver bal description given.

Current St atus

At present, nost of the generation work in
artificial intelligence is concerned with
generating | anguage. Quite a few systens
have been devel oped to produce grammati cal
English (or other natural | anguage)
sentences. However, although a w de range
of constructions can be produced, in nost
cases the choice of which construction
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(e.g., active or passive voice) is nmade
arbitrarily. A few systens can produce
stilted paragraphs about a restricted
subj ect area.

A few researchers have addressed the

probl ens of generating graphical inmages to
express information i nstead of |anguage.
However, many research issues renmain in
this area.

Research | ssues

Sone of the basic research issues
associated wth generating information
| ncl ude

deci di ng which grammatical construction to
use in a given situation ;

deci di ng which words to use to convey a
certain idea;

produci ng coherent bodies of text,
par agr aphs, or nore;

tailoring information to fit an
i ndi vi dual ' s needs.

Assiml ating Infornmation

Bei ng in any kind of changi ng environmnment
and interacting with the environnment neans
getting new information. That infornmation
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must be incorporated into what is already
known, tested against it, used to nodify
It, etc. Since one aspect of intelligence
s the ability to cope with a new or
changi ng situation, any intelligent system
must be able to assimlate new information
about its environnent.

Because it is inpossible to have conplete
and consi stent i nfornmation about
everything, the ability to assimlate new
information also requires the ability to
detect and deal with inconsistent and

| nconpl ete information. ion.

Expert Systens

The material presented here is designed to
provide a sinple overview of expert systens
technol ogy, its current status, and
research issues. The inportance of this
single topic, however, suggests that it
nerits a nore in-depth review, an excell ent
one recently published by the NBS is
recomended [ 25] .

Expert systens are conputer prograns that
capture human experti se about a specialized
subj ect area. Sone applications of expert
systens are nedi cal diagnosis (I NTERN ST,
MYCI N, PUFF), mneral exploration

( PROSPECTOR), and di agnosi s of equi pnent
failure (DART).
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The basi c techni que behi nd expert Systens
IS to encode an expert 's know edge as
rules stating the |ikelihood of a

hypot hesi s based on avail abl e evi dence. The
expert systemuses these rules and the
avai |l -abl e evidence to form hypot heses. |f
evi dence is | acking, the expert systemw |
ask for it.

An exanple rule m ght be

| F THE JEEP W LL NOT START
and

THE HORN W LL NOT WORK

and

THE LI GHTS ARE VERY DI M

t hen

THE BATTERY | S DEAD

W TH 90 PERCENT PROBABI LI TY.

| f an expert systemhas this rule and is
told, "the jeep wll not start," the system
wi || ask about the horn and |ights and
decide the likelihood that the battery is
dead.

Current St atus
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Expert systens are being tested in the
areas of nedicine, nolecular genetics, and
m neral exploration, to nane a few Wthin
certain limtations these systens appear to
performas well as human experts. There is
al ready at | east one commercial product
based on expert-systemtechnol ogy.

Each expert systemis tailored to the
subject area. It requires extensive

I nterview ng of an expert, entering the
expert's information into the conputer,
verifying it, and sonetines witing new
conputer prograns. Extensive research wll
be required to i nprove the process of
getting the human expert ' s know edge into
the conputer and to design systens that do
not require programm ng changes for each
new subj ect area.

In general, the following are prerequisites
for the success of a know edge-based expert
system

There nust be at | east one human expert
acknowl edged to performthe task well.

The primary source of the expert S
exceptional performance nust be speci al
know edge, judgnent, and experience.

The expert nmust be able to explain the
speci al know edge and experience and the
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nmet hods used to apply themto particul ar
probl ens.

The task must have a wel |l - bounded domai n of
applications [25].

Research | ssues

Basi c research issues in expert systens
| ncl ude

t he use of, causal nodels, i.e., nodels of
how sonet hing works to hel p determ ne why
It has fail ed;

techni ques for reasoning wth i nconplete,
uncertain, and possibly conflicting
| nf or mati on;

techni ques for getting the proper
i nformation into rules;

gener al - pur pose expert systens that can
handl e a range of simlar problens, e.g.,
work with nmany different kinds of
mechani cal equi pnent.

Pl anni ng

Pl anning is concerned with devel opi ng
conput er Systens that can conbi ne sequences
of actions for specific problens. Sanples
of planni ng probl ens include
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pl acing sensors in a hostile area,
repairing a jeep,

| aunchi ng pl anes off a carrier,
conducti ng conbat operations,

navi gati ng,

gat hering i nformation.

Sone pl anning research is directed towards
devel opi ng nethods for fully automatic

pl anni ng; other research is on interactive
pl anning, in which the decision nmaking is
shared by a conbination of the person and
the conputer. The actions that are planned
can be carried out by people, robots, or
bot h.

An artificial intelligence planning system
starts with

know edge about the initial situation,
e.g., partially known terrain in hostile
territory;

facts about the world, e.g., that noving
changes | ocati on;

possi ble actions, e.g., walk, fly, 1ook
around, hi de;
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avai |l abl e objects, e.g., a platformon
wheel s, arns, sensors;

a goal, e.g., installing sensors to detect
hostil e novenents and activity.

The systemw || produce (either by itself
or wth guidance froma person) a plan
contai ning these actions and objects that
wi || achieve the goal in this situation.

Current St atus

The pl anni ng aspects of Al are still in the
research stages. The research is both

t heoretical in devel oping better nethods
for expressing knowl edge about the world
and reasoni ng about it and nore
experinmental in building systens to
denonstrate sone of the techni ques that
have been devel oped. Most of the

experi nental systens have been

tested on small problens. Recent work at
SRI on interactive planning i s one attenpt
to address |arger problens by sharing the
deci si onnaki ng between t he human and

machi ne.

Research | ssues

Research issues related to planning include
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reasoni ng about alternative actions that
can be used to acconplish a goal or goals,

reasoni ng about action in different
si tuati ons,

representing spatial relationships and
novenent s through space and reasoni ng about
t hem

eval uating alternative plans under varying
ci rcunst ances, planning and reasoning wth
uncertain, inconplete, and inconsistent

| nformati on,

reasoni ng about actions with strict tine
requi renents; for exanple, sone actions nay
have to be perfornmed sequentially or in
parallel or at specific tines (e.qg., night
tinme),

repl anning quickly and efficiently when the
si tuation changes.

Monitoring Actions and Situations

Anot her aspect of reasoning is detecting

t hat sonet hing significant has occurred
(e.g., that an action has been perforned or
that a situation has changed). The key here
Is significant. Many things take place and
are reported to a conputer system not all
of themare significant all the tine. In
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fact, the sane events nmay be inportant to
sone people and not to others. The problem
for an intelligent systemis to decide when
sonething is inportant.

W w il consider three types of nonitoring:
nonitoring the execution of planned
actions, nonitoring situations for change,
and recogni zi ng pl ans.

Execution Monitoring

Associ ated wth planning i s execution
nonitoring, that is, follow ng the
execution of a plan and replanning (if
possi bl e) when problens arise or possibly
gathering nore informati on when needed. A
nmonitoring systemw | |look for specific
situations to be sure that they have been
achi eved; for exanple, it would determ ne
| f a piece of equipnent has arrived at a
| ocation to which it was to have been
noved.

W characterize the basic problem as

foll ows: given sonme new i nformati on about

t he execution of an action or the current
situation, determne how that iInfornmation
relates to the plan and expected situation,
and then decide if that information signals
a problem if so, identify options
avai l able for fixing it. The basic steps

ar e:
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(1) find the problem (if there is one), (2)
deci de what is affected,

(3) determne alternative ways to fix the
problem and (4) select the best
alternative. Methods for fixing a problem
| ncl ude choosi ng anot her action to achieve
t he sane goal, trying to achi eve sone

| ar ger goal another way, or deciding to
skip the step entirely.

Research in this area is still in the basic
stages. At present, nost approaches assune
a person supplies unsolicited new

| nformation about the situation. However,
for many problens the system nust be able
to acquire directly the informati on needed
to be sure a plan is proceedi ng as
expected, instead of relying on vol unteered
i nformation. Planning to acquire
information is a nore difficult problem

because it requires that the conputer
system have i nfornmati on about what
situations are crucial to a plan' s success
and be able to detect that those situations
hol d. Pl anning too many nonitoring tasks
coul d be burdensone; planning too few m ght
result in the failure to detect an
unsuccessful execution of the plan.

Situation Monitoring
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Situation nonitoring entails nonitoring
reported information in order to detect
changes, for exanple, to detect novenents
of headquarters or changes in supply
routes.

Sone research has been devoted to this
area, and techni ques have been devel oped
for detecting certain types of changes.
Procedures can be set to be triggered
whenever a certain type of information is
inserted into a data base. However, there

are still problens associated wth
specifying the conditions that shoul d
trigger them In general, it is quite

difficult to specify what constitutes a
change. For exanple, a change in supply
route may not be signal ed by a change of
one truck's route, but in sone cases three
trucks could signal s change. A system
shoul d not alert a person every tine a
truck detours, but it should not wait until
the entire supply |Iine has changed.

Speci fying when the change is significant
and devel opi ng nethods for detecting it are
still research issues.

Pl an Recogni tion

Plan recognition is the process of
recogni zi ng anot her's plan from know edge
of the situation and observations of
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actions. The ability to recogni ze another's
plan is particularly inportant in adversary
situations where actions are planned based
on assunptions about the other side's

I ntentions. Plan recognition is al so

| nportant in natural |anguage generati on
because a question or statenent is often
part of sone l|larger task. For exanple, if a
person is told to use a ratchet wench for
sone task, the question "Wiat ' s a ratchet
wrench?" may be asking "How can | identify
a ratchet wench?" Respondi ng appropriately
to the question entails recogni zing that
having the wench is part of the person ' s
plan to do the task.

Research in plan recognition is in early
stages and requires further basic research,
particularly on the problemof inferring
goal s and intentions.

Applications-Oiented Research

The general areas of natural -1 anguage
processi ng, speech recognition, expert
systens, planning, and nonitoring suggest
the sorts of problens that are studied in
artificial intelligence, but they nmay not,
by thensel ves, suggest the variety of

| nformati on processing applications that
wi Il be possible wwth Al technol ogy. Sone
research projects are now consolidating
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advances in nore than one area of Al in
order to create sophisticated Systens that
better address the information processing
needs of industry and the mlitary.

For exanpl e, an expert systemt hat
under st ands pri nci pl es of programm ng and
sof tware design can be used as a
progranm ng tutor for students at the

I ntroductory level. This illustrates how an
expert systemcan be incorporated in a
conput er-aided instruction (CAl) systemto
provide a nore sophisticated | evel of

i nteractive instruction than is currently
avai | abl e.

Prograns for CAl can al so be enhanced by
nat ur al -1 anguage processing for instruction
i n domains that require the ability to
answer and ask questions. For exanpl e,
Socratic teaching nethods could be built
into a political science tutor when

nat ur al -1 anguage processi ng progresses to a
robust stage of sophistication and
reliability. Even with the current

technol ogy, a reading tutor for students
with poor literacy skills could be designed
for individualized instruction and
evaluation-. In fact, the | ong-negl ected
area of machine translation could be
profitably revisited at this tine with an
eye toward automated | anguage tutors.
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Today' s | anguage anal ysis technol ogy coul d
be put to work eval uati ng student
transl ati ons of single sentences in
restricted knowl domai ns, and our generation
systens coul d suggest appropriate
alternatives to incorrect translations as
needed. This task orientation is slightly
different fromthat of an autonated
translator, yet it would be a val uable
application that our current state of the
art could tackle effectively.

Systens that incorporate know edge of plans
and nonitoring can be applied to the office
environnment to provide intelligent clerical
assi stants. Such an aut omat ed assi st ant
coul d keep track of ongoi ng projects,

rem nding the user where he is wth respect
to a particular job and what steps remain
to be taken. Sone schedul i ng advi ce m ght
be given if limted resources (tine,
secretarial help, necessary supplies) have
to be used efficiently. Atruly intelligent
assi stant with natural -l anguage processing
abilities could screen electronic nmail and
gener ate suggested responses to the nore
routine itens of business at hand ("yes, |
can nake that neeting"; "l'msorry | won't
be able to nake that deadline" ; "no, |
don't have access to the technol ogy").

Aut omat ed assistants with know edge of
specific procedures could be useful both to
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novi ces who are learning the ropes and to
nore experienced users who sinply need to
use their tinme as effectively as possible.

Wi | e nost expert systens today assiml ate
new know edge in highly restricted ways,

t he i nportance of |earning systens shoul d
not be overl ooked. In the |long run, general
principles of learning wll becone critical
I n desi gning sophisticated information
processi ng systens that access |arge
quantities of data and work within nmultiple
knowl edge domai ns. As Al noves away from
problens within restricted know edge
domains, it wll becone increasingly

| nportant for nore powerful systens to

| ntegrate and organi ze new i nformati on
automatically--i.e., to learn by

t hensel ves. W will have to nove away from
sinplistic pattern-matching strategies to
the nore abstract notions of anal ogy and
precedents. Research on learning is still
inits infancy, but we can expect it to
becone an application-oriented research

| ssue very quickly--within 5 to 10 years,
If the field progresses at a healthy pace.
Wt hout sufficient research support in this
area, our efforts may stagnate in the face
of apparent i npasses.

Wth a field that noves as rapidly as Al,
it is inportant to realize that a long-term
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perspective nust be assuned for even the
nost pragmatic research effort. Even a 2-
year project designed to use existing

t echnol ogy may adapt new techni ques t hat
becone possible during the life of the
project. The state of the art is a very
|ively noving target, and advances can
render research publications obsolete in

t he space of a few nonths. New Ph.D.s nust
keep close tabs on their areas of interest
to maintain the expertise they worked so
hard to establish in graduate school. W
nmust therefore enphasi ze how dangerous a
short viewof Al is and howcritical it is
for the field to naintain a sensitive
perspective on long-termprogress in all of
our research efforts.

STATE OF THE ART AND PREDI CTI ONS

| n the previous sections we have revi ewed
the state of the art in robotics and
artificial intelligence. Aearly, both
robotics and artificial intelligence are
relatively new fields with diverse and
conpl ex research questions. Furthernore,
the intersection field--robotics/
artificial intelligence or the intelligent
robot--is an enbryonic research area. This
area i s made nore conpl ex by the obvious
dependence on heretofore unrel ated fields,
| ncl udi ng nechani cal design, control,
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vi sion sensing, force and touch sensing,
and knowl edge engi neering. Thus, predicting
the state of the art 5 and 10 years from
now is difficult. Mreover, because
predictions for the near future are |ikely
to be nore accurate than those for the nore
di stant future, our 10-year predictions
shoul d be treated wth particul ar
precauti on.

One approach to the problem of prediction
IS to decoupl e the fundanental research
areas and predict possible devel opnents in
each technol ogy area. Such a task is easy
only in conparison to the fornmer question;
nevertheless, in the follow ng sections we
undertake a field-by-field assessnent and
predi ctions of 5- and 10-year devel opnents.

In the sections that follow, we devel op

t abl es describing the current state of the
art and predictions for the next 5- and 10-
year periods. Each section contains a short
narrative and sone general

comrents with respect to research funding
and researchers working in the probl em
area. The table at the end of the chapter
sunmari zes the findings.

Mechani cal Design of the Manipul ator and
Act uati on Mechani sm
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The industrial robot is a single nmechanical
armwith rigid, heavy nenbers and |inkages.
Actuation of the slide or rotary joints is
based on transm ssion gears, which results
| n backl ash. Joi nt bearings of conventi onal
desi gn have high friction and stiction,

whi ch cause poor robot performance. Thus,
with the rare exception of sone

sem conductor applications that are nore
accurate, robot repeatability is in the
range of 0.1 to 0.005 i nches. Robots today
operate fromfixed locations with l[ittle or
no mobility (except track nountings or
sinple wire-gui ded vehicl es) and have a
limted work envel ope. The operati ng
environnent is constrained to the factory
floor, and the typical robot is not self-
contai ned but requires an extensive support
systemw th big power supplies.

The factors |isted above are reflected in
the first colum of the table under entry
nunbers 1 to 11. As shown in the table, on
a point by point basis we expect
significant iInprovenents wthin 5 years
(colum 2) and even nore within 10 years
(colum 3).

Tabl e entries 12 and 13 address the

ki nemati cs and dynam cs of robots as they
are today (columm 1) and predict how they
wi || evolve. These issues, while based
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fundanental ly on the nechanical structure
of the robot and how it behaves in notion
and under load, are clearly intertw ned
with the issues of mani pul ator control and
conput ati on speed. For exanple, we do not
t oday have enough conputer power in the
robot control systemto take advantage of
ki nemati ¢ nodel data.

Thus, while we nake sone predictions under
t hese headings, they are closely related to
the control issues to be addressed |ater.

The research on nechani cal design and
actuati on nmechani sns has been supported by
NSF, ONR, and others but is not the nmain
focus of a mgjor funding programat this
time. University |laboratories such as those
at MT, CWMJ, Stanford, and the University
of Florida at Gainesville are investigating
t he mani pul ator and its kinematics.
Loconotion research is continuing at Chio
State, CMJ, and RPI. The Jet Propul sion
Laboratory,' Stanford Research Institute,
and Draper Laboratories are also active in
sone of these areas [3-7].

End- Ef f ect or Desi gn

Current industrial robots use many hands,
each specifically designed for a different
application. As described in the Research
section, this has led to research in two
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di rections--one to produce the dexterous
hand and the second to produce the quick-
change hand. The | ack of progress in these
areas nmakes nost applications expensive
because of the need to design a speci al
hand, and it prohibits others because of a
| ack of dexterity or the ability to change
hands rapidly.

Many are al so worki ng on hand-based sensor
systens; these issues are covered in depth
under the topic of sensor systens. Entries
14 and 15 in the tabl e describe current

t echnol ogy hands as sinple (open or closed)
hands that are rarely servoed--though the

| BM RSI is a notable exception, which
others are follow ng.

End effectors today are al so soneti nes
tools that are operated by an on/off
signal. Today's hands do enploy limted
sensors and permt rudinentary force
programm ng. As described in the table, we
expect progress in the devel opnent of

qui ck- change hands to precede the w de use
of i1 nstrunented dexterous hands.

Research in end effectors is taking place
at the University of Uah (based on prior
work in prosthetics), the University of
Rhode Island, and at nost of the |ocations
cited for nechani cal design research.
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Ref erences 9-11 are suggested for further
det ai | s.

Fundi ng of these hand efforts is typically
a part of sone larger project and is not a
maj or project of any fundi ng agency.

Vi si on Sensors

As described earlier, vision has been a

hi gh-interest area for robotics in both the
vi sual servoing (gui dance) and inspection
or nmeasurenent nodality.

Commerci al vision systens use binary i nages
and sinple features and are restricted to
hi gh contrast inages. As shown in table
entry 16, we expect that VLS| technol ogy,
now i n research labs at MT, Hughes,
Vst i nghouse, and others, wll be
commercialized. In 5 years this wll
provide real -tine edge i mages, a richer
shape-capturing feature set, and wll ease
the restriction on high-contrast binary

| mages, allow ng gray-scale and texture-
based objects to be handl ed. These
predictions are conservative. In 10 years
we further expect rapid-recognition systens
that can handle a limted class of objects
in arbitary orientation. Thus, the visual
servoing problemw |l be routinely

achi evabl e.
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The use of so-called three-di nensi onal

Vi sion, using stereo, structured |ight
systens, and other vision-based nethods to
acquire "depth" information, is rudinentary
today, as shown in table entry 17. The
stereo mapper systemat DVA is an
exception. This system which works well on
textured terrain such as forests, is

| neffective on urban | andscapes. A big step
forward is expected in the next 5 years.
Currently in research | abs are systens that
extract depth using

stereo, enploying either vision or |aser
light (MT, Stanford);

shape from shadi ng, special light (G MT,
SRI') ;

gross shape fromnotion (CMJ, MT,
Stanford, University of Mnnesota) ;

shape fromstructured |ight systens (CE
GVl NBS).

Commerci al systens wll nmarket three-

di nensi onal vision systens that wll
generate a depth map in relatively benign
situations. They will be slow, too slow for
mlitary rapid response situations in the
next 5 years. The algorithns for all these
nmet hods for conputing
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depth are inherently parallel. They can be
conmput ed using highly parallel conputers
specifically designed. A hardware stereo
(vision or |aser) and shape from noti on
systemis possible in 5 years. One
practical problemis |ithographic density.
Putting a | ot of processing on chips of 1
m cron density restricts spatial resolution
of an inmage. However, 0.1 mcron densities
seemfeasible in 5 years.

Merely generating a depth map is not the
sane as seeing. It is also necessary to
extract objects and to recognize themfrom
arbitrary orientation. The depth map is
likely to be noisy and rel atively coarse.

It will be possible, for exanple, to
identify a shape as a person, but not to
recogni ze which person. It wll recognize a
tank, but only determne type if it is
significantly different from anot her.

Tasks that wll becone feasible with depth
data i ncl ude

t hr ee- di nensi onal 1 nspection of object
surfaces for dents, cracks, etc. that do
not affect outli ne;

better edge maps and shape, leading to
recognition of objects by outline shape,
e.g., an autonobile.
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In 10 years, one can confidently predict
reliabl e hardware stereo systens,

systens capabl e of determ ning the novenent
of an object and maneuvering to avoid it,

rapid recognition of limted classes of
objects froman arbitrary vi ewpoint.

Vision research is a very active field in
the United States (see reference 34). For a
survey of vision research, see reference
35. For a review of iInage understanding,
see reference 14. Mbost three-di nensional
vision research in the United States is
funded by the DARPA | nage Under st andi ng

(11U program See, for exanple, the IU
wor kshop proceedi ngs from DARPA.

Commerci al vision systens are narketed by
GE, COctek, Autonati X,

Cognex, Machine Intelligence Corporation,
ORS, and ot hers. CGovernnent

and foundation support of mmjor prograns isS
provided by the Ofice of

Naval Research (ONR), DARPA, Systens
Devel opnent Foundati ons (SDF), and

NSF-.
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Many corporations in Japan, including

H tachi, Sony, and Fujitsu, are doing work
in this area; there are also several |arge
university efforts (see references 13, 36,
39).

Nonvi sual sensors (radar, SAR FLIR etc.)
have nostly been devel oped by defense
contractors for DARPA, AFCSR, and ONR  The
foll ow ng systens are anong those avail abl e
from Lockheed, TRW Honeywel |, and ot hers:

synthetic aperture radar (SAR),
forward | ooking infrared (FLIR),
mllimnmeter radar,

Xray.

For exanple, the cruise mssile uses one-
di nensi onal correlations on radar inmages.
This is rather crude. Capabilities are
nostly classified.

Advant ages of nonvi sual sensing are that
they sinplify certain problens. For
exanple, it is easy to find hot spots in
infrared. Oten they correspond to
canouf | aged t argets.

Limtations are that the physics of
nonvi sual i nagery are poorly understood,
and algorithns are limted in scope. Two
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mai n applications are for seeing | arge
static objects and for automatically
navi gating certain kinds of terrain.

Research is intense, funding |levels are

hi gh, and progress wll be good. This is
entirely an industry effort with DCD
sponsorshi p. However, vision does appear to
be the best way forward because it is
passi ve and operators know what vi sual

| mages nean. This is a serious issue, since
trai ned observers are needed to check

resul ts of processing nonvisual i nages.

Contact/ Tactil e Sensors

As described earlier, contact/tactile
sensors are an inportant area of robotics
devel opnent. Al t hough progress has so far
been slow, this is an inportant area for
det er m ni ng

surface shape, including surface
| nspecti on;

slip conputation--how sure the grasp is;

proximty--how close the hand is to the
obj ect ;

force/torque, to control and neasure its
appl i cati on.
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Robots today are programed for position
only; in rare instances, they can do sone
rudi nentary force programm ng using a
comrerci al version of the Draper Laboratory
| RCC. For the state of the art, see
references 18-21 and 37

Current systens suffer from both

rudi nentary control capability (i.e.,

t ouch/ no-touch and sone vector val ued
sensors) and limted sensors, wth high
hysteresis and poor wear and tear. As shown
in table entry 18, the next 5 years w ||
see better control techni ques (possibly
hybrid, as Raibert and Craig [37] suggest)
and the devel opnent of array sensors wth
nore applications. But the real progress of
broad commercialization, a true sense of
feel, and the devel opnent and under st andi ng
of the control/programm ng issues wll take
us into the 10-year tine frane.

Research in tactile sensing is being done
at Chio State University,

MT, JPL, CMJ, Stanford University, the
Uni versity of Del aware, Ceneral

El ectric in Schenectady, and in France.
Force sensing i s being done at

M T, Draper, Astek, IBM and other
comercial firns.
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Research support is not on a | arge scal e:
too few people, not enough noney.
Nevertheless, this is a critical area for
assenbly and ot her conpl ex tasks. A
concentrated research program by a naj or
fundi ng agency or agenci es woul d speed

pr ogr ess.

As can be seen fromthe review of research
areas, there are many avenues for conbini ng
Al and robotics. The future will see a

nat ural conbi nati on and extensi on of each
area into the donmain of the other, but to
date there are no true joint devel opnents.
MT, Stanford, and CMJ are beginning to

| ead the way in joint efforts, and many
others are sure to join in.

The general area of reasoning and Al can be
partitioned i n many ways, and every
taxonony wll result in fuzzy edges and
work that resists a confortabl e pigeonhole.
A | arge portion of Al research can
nevert hel ess be characterized in terns of
advi sory Systens that strive to assi st
users in sone information processing task.
This research can be categorized as work on
expert systens, natural -l anguage data base
access, conputer-aided instruction (CAL),
intelligent tutors, and autonated

assi stants.
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A great deal of basic research is conducted
wi t hout recourse to specific task
orientations, and progress at this |evel
penetrates a variety of areas in a nyriad
of guises. Basic research i s conducted on
know edge representation, |earning,

pl anni ng, general problemsolving, and
menory organi zation. It is difficult to
descri be the mlestones and research

pl ateaus in these areas w thout sone
technical introduction to the issues, which
s well beyond the scope of this paper.
Probl ens and issues in these areas tend to
be tightly interrelated, so we wll

hi ghl i ght sone of the nore obvious
acconplishnments in a grossly inadequate
overvi ew of basic research topics. For
further detail, see reference 38.

Expert systens are specialized systens that
work effectively in providing conpetent
anal yses within a narrow area of expertise
(e.g., oil exploration, diagnosis of

| nfectious di seases, VLSl design, mlitary
I ntelligence, target selection for
artillery). A few commercial systens are
bei ng custom zed for specific areas.
Typically, current expert systens are
restricted in a nunber of ways. First, the
expertise is restricted in a very narrow
corpus of know edge. Exanpl es i ncl ude

pul ronary function disorders, criteria for
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assessi ng copper deposits, and configuring
certain types of conputers. Second,

i nteractions with the outside world and the
consequent types of information that can be
fed into such expert systens are capabl e of
only a very snmall nunber of responses--for
exanple, 1 of 92 drug therapies. Finally,

t hey adopt a single perspective on a

probl em Consider, by way of contrast, that
t roubl e-shooting an autonobile failure to
turn over the starter notor (electrical)
suggests a flat battery. The battery is
charged by the turning of the fan (part of
the hydraulic cooling system. This turns
out to be deficient because of a broken fan
belt (nmechanical).

Table entry 19 sunmari zes the current state
of expert systens and reflects the
expectation of their integration wth other
systens wwthin 5 years and significant

| nprovenent within 10 years. Significant
work centers are at Stanford, Carnegie-
Mel | on, Teknow edge, Schl unberger, and a
variety of other |ocations.

Nat ur al -1 anguage data base access i s now
limted to queries that

address the contents of a specific data
base. Sone require restricted subsets of
Engl i sh grammar; others can unravel
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ungrammatical input, run-on sentences, and
spelling errors. Sone applications handle a
limted amount of context-sensitive
processing, in which queries are
interpreted wwthin the larger context of an
| nteractive dialogue. W are just now
seeing the first comercial systens in this
area. As table entry 20 shows, we expect
sophi sticated di al ogue capabilities for

| nteractive sessions and better recognition
capability for requests the data base
cannot handle. Mire domains will have been
tackl ed, and sonme work may rel ate natural -

| anguage access capabilities to data base
desi gn issues. W should see sone efforts
to connect expert-systemcapabilities wth
nat ur al - | anguage data base access to
provi de advi sory systens that engage in

nat ur al -1 anguage di al ogues in the next 5
years.

In 10 years the |ine between natural -
| anguage dat a base access and expert

systens wll be hard to draw. Systens w ||
answer questions and gi ve advice wth equal
ease but still within well-specified

domains and |imted task orientations. Key
research efforts are at Yale, Cognitive
Systens, Teknow edge, Machine Intelligence
Cor poration, and other | ocations.
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Basi ¢ research on autonated assistants is
now bei ng conducted for a variety of tasks.
As shown in table entry 21, this work,

whi ch takes place at MC, SR, the

Uni versity of Massachusetts, |BM and DEC,
can be integrated wth the other Al

technol ogies. The field is not yet funded
to any extent, but commercial interest is
grow ng and should attract fundi ng.

Wth respect to know edge representation
and nenory organi zation, there are

t echni ques that operate adequately or
conpetently for specific tasks over
restricted domains. Mst of the work in

| ear ni ng, planni ng, and probl em sol vi ng has
been donai n-i ndependent, w th prototype
prograns operating in specific donains
(e.g., learning by anal ogy). The domai n-
dependent work in these areas tends to
start from a domai n-i ndependent base,
augnenting this foundation with semantics
and nenory structures. As shown in table
entry 22, progress i s dependent on better
under st andi ng of know edge; its
representation is hard to predict.

Control Structure/ Programm ng Met hodol ogy

Per haps the nost difficult area of all to
cover is the future of control structures
and programm ng net hodol ogy. I n sone sense,
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all the devel opnents described inpi nge on
this area; new nmechani cal designs,

| oconoti on, dexterous hands, vision,
contact/tactile sensors, and the various Al
met hodol ogi es all affect the architecture
of robot control and wll affect the

conpl exity of progranmm ng net hodol ogy.

In order to treat the subject in an orderly
way, we deal first with a | ogi cal
progression of control structure. Then,
possi bly with overlap, we deal with the

ot her topics.

The nost advanced current work in control
structures uses multiple mcroprocessors on
a common bus structure. Typically, such
robot controllers partition the control
probleminto | evels as foll ows:

1. Servo control to provide cl osed-Ioop
f eedback control .

2. Coordinate transformation to joint
coordi nates, and coordi nated joint notion.

3. Path planning for sinple interpol ated
(straight line) notion through specified
poi nts.

4. Sinple | anguage constructs to provide
subroutines, |ock-step interaction, and
bi nary sensor-based program branches.
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5. Structured | anguages, limted data base
control) conpl ex sensor communi cation, and
hi erar chi cal | anguage definitions.

Levels 1 to 3 are common in nost servo
robots; level 4 is represented by the
first-generation | anguages such as VAL on
Uni mati on robots, while Ievel 5 represents
second- generation | anguages as found in the
| BM AML Language, the Automati x RAIL, and
at the National Bureau of Standards.

Beyond the first five levels of control are
a diversity of directions being pursued to
different extents by various groups. Thus,
we can expect a nunber of devel opnents in
the next S years but clearly wll not see
themintegrated in that tinme. As shown in
table entry 23, we see the follow ng

ext ensi ons:

G aphic systens will be used to |ay out,
program and sinul ate robot operations.
Such systens are starting to enter the
mar ket today from McAut o, Conputervision,
QCA, and ot hers.

H erarchical task-oriented interface

| anguages wi || be devel oped on the current
structural |anguages (AM., RAIL, etc.) to
al | ow process planners to program
appl i cati ons.
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Robot operating systens and controllers
will be nore powerful. They will renove the
burden of | owlevel control over sensors,

| /O and comunication; that is, they wll
do nore of what conputer operating systens
do for their users today.

| nterfaces to ot her nonhonbgeneous
conputers via devel opnents in | ocal area
networ ks and distributed conputing wl|

br oaden coordi nati on beyond the | ock-step
synchroni zati on avail abl e t oday.

The use of multiple arns, dexterous hands,

| oconoti on nechani sns, and ot her nechani cal
advances will foster the definition of a
sixth level of control. This wll energe
fromresearch | abs and be avail able in sone
rudi nentary form

The i ncorporation of Al technology in the
use of expert systens is in the |aboratory
pl ans of sone now. This, coupled with the
use of natural -1 anguage front ends and
knowl edge engi neering, will begin the
definition of a seventh |evel of control.

The | i nkage of robot control/progranm ng
systens wwth CAD, CAM and ot her factory
data bases w Il be nade.

Beyond t hese advances in new areas Wil be
significant inprovenents in the first five
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| evel s as conputers get nore powerful and
cheaper.

For exanple, the use of kinematic and
dynam ¢ nodel s di scussed in table entries
12 and 13 wll affect the first five

| evel s, as will the devel opnent and

| nstrunentati on of new sensors for

resol ving robot position.

The research in these areas is grow ng
rapidly. Robotics institutes at najor
universities--CMJ, MT, Stanford, Florida,
Lehi gh, Mchigan, RPlI, and others--are now
accel erating their prograns under funding
from DOD agenci es, DARPA, and NSF. As the
prograns grow, the need for research
dollars escal ates, but so do the results.
Robotics research is expected to expand
significantly in the next decade.
Commercial firnms, both vendors and users,
are linking thenselves with universities.
The list of firns involved includes | BM
West i nghouse, DEC, GE, and nany ot hers.

The 10-year tinme franme is very difficult to
predict. This is because of the variety of
technol ogi es that nust interact and the
dependence on the output of a nyriad of
research opportunities being pursued.
However, we feel the following to be
conservati ve esti nates.
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Robotics wll branch out beyond industri al
arms to include a wi de scope of automatic
equi pnent. The directions wll depend on
fundi ng enphasi s and ot her such factors.

Sensor - based, advanced nechani cal ,
partially | oconotive (in restricted

domai ns), sonewhat intelligent robots wll
have been devel oped.

Many integration issues and further
t echnol ogi cal advances wll still remain
open research questi ons.

Concl usi on

| n conclusion, one is forced to observe
that the follow ng table describes a
technol ogy that is very active--a

technol ogy that, while diversifying into
many research areas, nust be integrated for
true success.

For those whose interest is in transferring
t he technol ogy outside the manufacturing
arena, Imedi ate focus on targeted projects
appears to be required. Al though robotics
and Al wll be integrated, and the focus on
manufacturing wll broaden by an

evol utionary process, the process wll be
pai nfully slow, even when pushed by well -
funded initiatives.
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Summary State of the Art for Robots and
Artificial Intelligence

Now In S Years I n 10 Years

Mechani cal Design and Activation of the
Mani pul at or

1. Single arns wth fixed bases

2. Heavy; designed to be rigid

3. Humanl i ke nechani cal arrangenents;
| i nkage systens

4. Discrete degrees of freedom

( DOF)

5. Sinple joints, revolute or sliding;
G ncinnati M I acron has one version of the
3-roll wist now

6. Actuators are electrical, hydraulic, and
pneumati c; heavy, |ow power, often require
transm ssion gears that result in backl ash
probl ens

2 or 3rigidly nounted arns designed to
wor k t oget her

Designed to be rigid but |ightweight, using
conposite materials
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No change

No change

Fl exi bl e joints possible; better discrete
joints (e.g., 3-roll wist)

Sone i nprovenent: lighter weight, rare-
earth nmotors, direct drive

Mul tiple arns with coordi nated notion

Desi gned to be very |ightwei ght and
fl exible

Nonl i nkage design (e.g., snakes,
butterflies)

Cont i nuous degrees of freedom w t hout
discrete joints; flexible elenents

Fl exi bl e joints as above

New act uator concept: distributed actuator
(nmuscl e type)

7. Joint bearing, conventional high
friction and stiction; poor notion
per f or mance
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8. No absol ute accuracy; repeatability 0.1
in. to 0.005 in. except in highly
speci al i zed sem conduct or applications

9. Fixed |ocation--sone on tracks or wre-
gui ded vehi cl es; wal ki ng, wheel ed, and

hoppi ng robot nechani sns are now i n
research | abs

10. Limted work envel opes

11. Qperate in controlled environnent
(factories) or with support systens (e.g.,
underwat er applications); not self-

contai ned, unbilical cords, big power unit

New di screte bearing designs (air
bearings); sone flexible joints possible

Sone absol ute accuracy is required (for
offline pro-granm ng); good repeatability
of 0.005 in. to

0.001 in.

Mobility based on wheel ed-track vehicles in
controlled environnent (flat factory
floor); rudinentary walking in specific
envi ronnent s

More flexible, but constrained envel opes as
defined by factors above
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Packagi ng for uncontrolled environnents;
not sel f-contai ned

No discrete joints, possibly no bearings:
flexible elenents, for nobility

Controlled to mcron | evel as required,;
al so closely coupled to force and position
sensors to give broad functional range

Mobility in semcontrolled environnent,
better vehicular control, sone wal ki ng
ability

Geatly inproved work domai ns by new
desi gns, |inkages, nobility, as defined
above

Possi bly sel f-contained; w der range of

environnents tolerated (e.g., nuclear
har dened)

Now In 5 Years In 10 Years

12. The kinematics are a significant
conput ational burden that [imts practical
performance--real |imtation is on real
tinme control and action

13. Dynam cs are not considered in robot
desi gn and performance. They are basically
sl ow devi ces operating in "quasistatic"
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nodes. Control systens are on joints only
and position only and are relatively
primtive. Typically, velocity-dependent
and inertial terns ignored. Arns nmade to
run slowy to conpensate

New dedi cated chips will be available to
greatly reduce conputational burdens--sone
slow notion real tine possible

Robots will be designed for higher-speed
performance wth sone absol ute accuracy.
There will be conbined force and position
control with respect to the workspace
rather than joints. Robotic trajectories
wi Il be planned for optinmal dynamc
performance, including the effects of
actuator and robot dynam cs, and
|imtations. Adaptive control nethods wl|
be available, so the robot wll be

I nsensitive and tol erant (dynamcally) to
its environnent and its task

Conput ation not an issue; real tine
ki nemati c possi ble at high speed

Robots will be high speed and |i ghtwei ght,
wi th tuned dynam c behavior. Systens w ||
control and exploit their flexibility to
achi eve hi gh perfornmance. |ssues of
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dynam cs and performance in nost cases wl|
nove to a higher level. Questions of
control of individual elenments will be
transparent, such as the notion of control
surfaces in supersonic aircraft is not
consi dered by the pil ot

End Ef fectors

14 . Currently grippers and special tools.
They are, typically

bi nary (open or closed, on or off) and have
few or rudi nentary sensors; very sinple
nmechani cal actions, nostly one DOF such as
paral l el jaw pneumatically; and rudi nentary
force control

15. Qui ck-change hands are avail -abl e today
on a limted special basis due to a | ack of
standards for their interconnection to a
variety of robots

End effectors with proportional nobility--a
hand that can be centered and servoed to
fit a wde variety of objects; position and
force sensors and [imted tactil e sensing;
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several discrete DOF;, major enphasis still
on grasping or sucking, with limted
assenbly or qui ck-change hand availability.
Research labs will have devel oped

mul tifingered hands and denonstrated their
use to grasp a variety of three dinensional
shapes

Devel opnent of a standard robotarmto-end-
effector interface. Commercial availability
of a famly of hands for tasks such as
assenbly, using adaptations of current
tools and gri ppers

Conti nuous notion, intelligent control and
sensing at the wist, fingers, and
fingertips. Beginning to be controlled by
vi sion and ot her noncontact sensing to
perform assenbly

Speci al | y desi gned sensor-based robot hands

with tools for a famly of tasks. Al able
to fit the standard interface

Now In S Years I n 10 Years
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Vi si on Sensors

16. CQurrent commercial systens are
restricted to binary i nage and sinple
features; gray-scale and color are
avai l able today only in very restrictive
form

17. 3-D vision systens, structured |ight,
and stereo approaches to acquiring depth

| mage are rudinentary and only beginning to

energe from| aboratories into comerci al
syst ens

VLSI inplenentation nowin labs wll be
comercialized. This wll facilitate edge
| mages from gray-scale data, and richer
feature sets wll be devel oped

Laboratory systens of several varieties
will be commercially avail able. They w ||
produce depth maps in controll ed
situations, but they will be slow, wll
produce noi sy inages, and have limted
resolution. They will permt 3-D surface
| nspection and will discrimnate objects
with | arge shape differences

Systens that permt rapid recognition and
provide orientation of limted classes of
objects fromarbitrary points of view
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Rel i abl e hardware for depth i nages and

systens for tracking and recogni zi ng novi ng
obj ect s

Contact and Tactil e Sensing

18. Few robots have force or tactile
sensors. The IBM RSl is an exception.
Limted use of comrercialized RCC and | RCC

versi ons of Draper Research products
provide limted control capacity at present

Force-sensing wists and techni ques for
programm ng and controlling force will be
avai |l able. They are likely to work only in
beni gn situations, but should be able to
tighten nuts, insert shafts, pack objects--
si npl e assenbly operations. WII not yet be
good enough to exam ne objects by feeling

t hem

Vel | -est abl i shed techni ques for creating
and using these sensors will be devel oped.
Det erm ni ng shape of objects, detecting
slippage in grip, inspecting for cracks,
and programmng in the force donmain will be
possi bl e. Touch sensors w il be inplenented
| n hardware, probably using VLS

technol ogy. This will permt all of the
above and offer a w der range of force

noni toring and conpliant operations

Now In 5 Years I n 10 Years
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Artificial Intelligence

19. Expert systens that work effectively in
provi di ng conpetent analysis wthin a
narrow area of expertise,

e.g. oil exploration, nedical diagnosis,
VLS|l design, are being custom zed and
comercialized. They are limted by a
narrow body of sinple interactions, and

t hey take a single perspective on the
problem There are no generalized ways to
buil d the expert systens

20. Natural -1 anguage data base access

met hodology is limted to single-shot query
systens for specific data bases. Sone
require restricted subsets of English
grammar, but others are nore general about

| nput. Commercial systens are just starting
t o appear

Aut omat ed desi gn assi stance for buil ding
and updating expert systens. Formalization
of know edge gathering and integration of
graphi c displays for use in sone
applications. Integration wth robot
control systens and sensors to provide
controll ed expertise for Iimted donai ns,
e.g., arc wel ding
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New sophi sticated dialog capabilities for

| nteractive sessions wll appear. Sone
devel opnments will permt the start of

nat ur al -1 anguage data bases. The connecti on
of expert systens to natural |anguage wl|
begi n

| nt egrated systens that draw on nmultiple
domai ns of expertise to fornul ate problem
solutions. Possibly total automation in
generating new expert systens for certain
domains . Sel f-diagnosing and limted
repair of electronic equipnent limted
repair of el ectronic equipnent

The hard |ine between natural -1 anguage
gquery and expert systens wi |l di sappear.
Systens wll be integrated, but the donain
of knowl edge will still be restrictive

21. Autonmated assistants research i s now
going on in a variety of tasks, such as
word processing, text editing, and office
aut omati on ion

22. Know edge representation in restricted
domains i s now workable (see entries 19-
21). But | earning, problemsolving, and

pl anni ng systens need broader donains .

Systens that assist and famliarize users
with the capabilities of the system being
used
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| ncreased understandi ng of tradeoffs
bet ween domai n-i ndependent and donai n-
dependent techni ques

| ntegrated systens that draw on multiple
domai ns and provide the user wwth with
greater task flexibility

Possibly a notation systemthat allows
formul ati on of nodels that are sensitive to
domai n constraints w thout having specific
commtnents to particul ar donai ns

Control Structure/Programm ng Met hodol ogy

23. The control hierarchy of robots
sonetines inplenented on nmultiple
m croprocessors has at nost 5 | evel s now.

1. Servo control of joints

2. Coordinate transformati on and
coordi nated joint notion.

3. Interpolated path planning for snooth
noti on pat hs.

| ndi vi dual el enents of progress (not all in
any one offering) wll be devel oped.

G aphi cal |ayout of robotic cells and
programmng w Il be commercialized
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H erarchical task-oriented interface
| anguages desi gned for process planners
wi || be devel oped .

Level s six and seven as defined in the
previous colum wll permt donain-
dependent , sensor-based intelligent
robots. Many integration issues and
advances to technology will still be open
qguestions. Robotics wll broaden in scope
beyond nmanufacturing to |Iimted-donain
automati c devices in new areas.

Now In 5 Years I n 10 Years

4. Sinple subroutines, use of sensors, and
| ock-step coordination

5. Rudinentary operating system structural
| anguage, conpl ex sensor interface,
hi erarchi cal constructs

Robot operating systens wll do nore for
t he user who uses sensors to permt task
orientation

| nterfaces to ot her nonhonbgeneous
conputers wi |l broaden coordi nati on beyond
| ock-step avail abl e now

Mul tiple arm dexterous hand, | oconotive
control, and other new nechani cal advances
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will define a sixth |level of control and be
avai l abl e

The i ncorporation of Al technology in the
formof expert systens, natural-I|anguage
front ends) and know edge representation
wi |l define a seventh | evel of control.

Dat a bases from CAD, CAM and ot her

sources W ll be incorporated to the
| anguage and control structure
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AFCSR Air Force Ofice of Scientific Research
Al artificial intelligence
AML manuf acturing | anguage devel oped at |BM

AVMRDC U. S. Arny Medical Research and Devel opnent Command

ASB Arnmy Sci ence Board
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ASP Aut omat ed Amuni tion Supply Point

ATE autonmatic test equi pment

BI TE built-in test equi pnent

C3l command, control, conmunication, and intelligence
CAD/ CAM conput er - ai ded desi gn and manufacturing

CAl conput er-ai ded instruction

CARP conput er-ai ded robot progranm ng

CMU Carnegi e-Mel l on University

CPU central processing unit

CRT cat hode ray tube

DARPA Def ense Advanced Research Projects Agency

DART expert system for the diagnosis of equipnment failure
DEC Di gital Equi pnent Corporation

DVA Def ense Mappi ng Agency

ES expert system

FLI R forward-| ooking infrared

FMS fl exi bl e manufacturing system

CE Ceneral Electric Conpany

GM General Modtors Corporation

Hawk- M ssile CAl trainer at Fort Bliss Air Defense Schoo
| CAM | nt egr at ed Conput er - Ai ded Manufacturing programof the U S. Air Force

IR industrial robot

| RCC i nstrunmented renmpte center of conpliance devel oped at Draper
Laboratori es

JPL Jet Propul sion Laboratory

MACSYMA synbol i ¢ nmat hemati cs expert system
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MC

MT

MYCI N
NBC

NBS

NSF

ONR

Pr ospect or
PUFF

P31

RAI L
RAMS
R&D
REMBASS
RI' A

RPI

SAR

SRI

VAL

VHF
VHSI C
VI MAD
VLSI
VTRONI CS

conmput er | anguage devel oped at MDonnel |l Dougl as
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Machi ne I ntelligence Corporation Massachusetts Institute of Technol ogy
production system for diagnosis and treatnment

of infectious diseases nuclear, biological) and chenical National Bureau of
St andards National Science Foundation O fice of Naval Research

expert systemto aid in exploration for mnerals

pul monary function diagnosis expert system preplanned product inprovenent
Pascal - based second generation |anguage by IBMreliability, availability,
mai nt ai nabi | ity)

and supportability research and devel opnent
renotely nonitored battlefield sensor system Robot Institute of Anerica

Renssel aer Pol ytechnic Institute synthetic aperture radar Stanford Research
Institute

| anguage devel oped by Unimation for Puma robot very high frequency
Very Hi gh Speed Integrated Circuits Voice Interactive Miintenance Assistance
Devel opnent system (supported by DARPA) very |large-scale integration

set of projects for onboard, enbedded sensing of vehicular malfunctions with
built-in test equipnent (BITE)
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