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PREFACE

The field of manufacturing has recently seen an explosion of activity, spurred on by
the influence of inexpensive computing .devices and the hope that through application
of modern engineering science the operation of our factories can become more efficient
in labor, material and energy use, while at the same time being responsive to the
needs of the product consumers. The topics in this year's symposium are particularly
appropriate to this theme.

Any significant advance in technology is founded upon adequate support of basic
research. In Section 1 the various US government programs now sponsoring manufacturing
related research are covered. This support covers the range from basic process physics
research to general questions of artificial intelligence in the manufacturing
environment.

At the heart of any manufacturing operation are the unit processes. ?rdper control
of these processes is vital to achieving the autonomy that will eventually lead to
automated manufacturing systems. In Section 2 these issues are addressed in terms
of the general control prxoblem involved and in the solution of specific processing
problems. The cornerstoné of process improvement is improved measurement and
inspection methods. Section 3 presents examples of both on and off-line technigues
that use novel methods of data acquisitiorn and signal processing.

The growing role of industrial robots in advanced manufacturing systems is pointing
up many problem areas in need of research. 1In Section 4 several of these areas are
covered, including fundamental questions of manipulator design and control, and
modelling of robot work environment. This reflects a realization that a major
obstacle in the way of widespread use of robots is inadequate understanding of the
mechanics of the task environment as well as the device itself. -

The ability to integrate processes and robots into an efficient manufacturing system
is truly the challenge of the future. In Section 5 a wide range of such problems
are addressed including planning, scheduling, inventory, and decision systems. 1In
Section 6 specific examples of fully automated manufacturing and assembly systems
are presented, providing a measure of our current state of the art, and a window on
the near future.

.D.E. Hardt
Cambridge, Massachusetts
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SESSION 1 — GOVERNMENT ACTIVITIES

DEFENSE ADVANCED RESEARCH PROJECTS
AGENCY PROGRAM — INTELLIGENT
TASK AUTOMATION*

E. C. Levinthal and E. C. van Reuth

Defense Sciences Office, Defense Advanced Research Projects Agency,
1400 Wilson Boulevard, Arlington, Virginia 22209, USA

Abstract. The establishment of a science and technology base for many aspects of
defense manufacturing and for adapting intelligent systems for complex military
operational tasks is a cornerstone effort of advanced research with great national
significance.  This presentation provides an overview of the efforts of the Defense
Advanced Research Projects Agency (DARPA) and the Air Force Wright Aeronautical
Laboratories (AFWAL) to plan and fund technology development for a substantial leap

in Intelligent Task Automation (ITA).

In addressing the needs for high productivity

in manufacturing and robust applications to complex military tasks, the ITA program
develops and integrates the generic technologies impacting, gripping, sensing,
viewing, recognizing and understanding the environment, controlling manipulation,
and intelligently providing command of the task.

Keywords.

Artificial intelligence; assembling; cybernetics; manufacturing processes;

process control; robots; sensors; system analysis; vision.

INTROGDUCTION

Automation and automatic control of industri-
al processes has. been permeated by robotic
concepts, with the intent of providing
greater industrial productivity for a
"reindustrialization 1n America." Flamboyant
feature articles in the popular press and
some technical literatire raise the expec-
tation that future robots will be sophisti-
cated, dexterous, adaptable and intelligence
for a wide gamut of industrial, military

and community operations -- on Earth and in
space. Some caution is needed in estimating
the time scale for those events. It is nec-
essary to take into account the inertial
forces that resist change in production
methods, military operations and social
behavior.- These conservative forces limit
the considerable support that is necessary
to transfer what is possible in the labora-
tory into actual practice. DARPA's role s
to remove some of the constraints so that
these promises of the future are realized
sooner and more fully,.

Forecasts of unfolding robot technology
were brought under rational considerations

*This paper 1s also presented at the Fourth
Meeting of the Coordinating Group on Modern
Control Theory held at Oakland University,
Rochester, Michigan, Oct 26-28, 1982, by
Dr. E. C. van Reuth,

ICPIG-A

in a recent "Overview" of robotics prepared
by the National Bureau of Standards in
conjunction with the National Aeronautics
and Space Administration (Gevarter, 1982).
In this report, the industrial needs and
expectations are compared with directions
being taken in research and development.
Emerging in the foreseen evolution are
hands with improved dexterity, the advanced
control systens to support them, the vision
and touch sensors to support the programmed
control, and (later) a self-planning for
intelligently supporting more general
commands .

There are various tasks being considered

for application of the expected intelligent
capabilities in automation. In manufacturing
they range from providing speed and economy
in mass production assembly tasks to

totally automating inventory and tool
management in manufacturing. In military
operations they include handling such

complex tasks as reconnaissance and sweeping
mine fields.

Getting the technology trends to provide

the anticipated payoffs in automation of
intelligent tasks is not straightforward.

In terms of R&D economics, there are strenuous
issues as to whether the advanced concepts

and developments providing economical
soundness of approach for manufacturing
industries will sufficiently support a

robust realization of the possibilities.
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For instance, re-engineering the production
methods within existing plants presents con-
siderable economic competition for the
robotic alternatives of installing flexible
automation that copes with the unstructured
environment. -Manufacturing, for some time
to come, may in the Targe remain permissive
enough to support vision with strictured
T1ight or to take advantage of 2-D images at.
fixed range -~ in spite of the significant
effarts in laboratories to secure the
necessary technologies for understanding
3-D images with grey scale.

DARPA'S ROLE

As the central research organization for

the Department of Defense, DARPA has a
primary responsibility to support advanced
research bearing on manufacturing because

of the significant military value of the
industrial base to military force structure.
The present joint project linking DARPA

with the Air Force Wright Aeronautical
Laboratories (AFWAL) at Wright Patterson

Air Force Base is in large part due to the
challenge of meeting our nation's defense
readiness goals through integrated computer-
aided manufacturing (ICAM). Solving problems
in the productiori base and developing
tomorrow's new, more efficient manufacturing
processes for the military hardware that
will be required at the turn of the century
is a vital -support activity for DARPA.

In addition, the military services Took to
DARPA for the kind of technological advances
that will extend and enhance operational
capabilities.in the combat environment.
Presently, the military is looking into the
implications of robotic technology and
recognizes that today's techpology, except
for a few innovations in space, is dedicated
to the assembly line and will remain there
unless military needs are defined and
developments funded. *
For the near term; the military is expected
to adopt the industrial robotic technologies
for the same advantages found in manufactur-
ing -- relieving persdnnel from hazardous
tasks that demand time-critical effort.
Handling ammunition resupply for self-
propelled artillery or tanks has been
considered as a direct application of the
industrial robots. The continuous-path
capabilities currently available appear
suyited to transferring ammunition from
armored resupply vehicles to armored combat
vehicles in the battlefield environment
under possible threat of nuclear, biological,
or chemical (NBC) actions. Essentially,
these tasks call for the mobile mounting of’
an industrial robot for forward operations
with the combat support forces.

But the military is especially interested
in such broader applications of automation
technologies as providing intelligent
solutions to the Army's countermine problem.
Concepts for solving this problem will go
beyond the physical handling of material

and tools to include the Army's thinking
about automating the "land rover." Where
initially, remotely controlled mine clearing
may be obtained by outfitting armored
vehicles with a roller or mine “plow and
dispensing mine-clearing line charges, the

" eventual concepts will be intelligent about
“the overall countermihe objective of estab-

1ishing passage through a mined area.

Instead of blindly clearing an intended

area, many mines could be lgcated by de-
tecting the mine "footprint" with appropriate
sensors and then marking the mine for
avoidance. This intelligent approach would
be based om an integrated automation of the
roving vehicle, information handling, and
physical handling of markers and cover
material at a mine location.

In bointing out the enormous possible
breadth of applications, it is intended not

- to thoroughly define the scope for using

DARPA's resources, but rather to provide

" some insight to the range of choice being

addressed. The Defense Sciences Office
(DSO) has arrived at a focus in terms of
the following concept for Intelligent Task
Automation (ITA). While not excluding '
other interests, this focus is usefully
providing a point of departure for prior-

-itizing technological opportunities. The

DSO program is coordinated with the efforts
of the Information Processing Techniques
Office (IPTO) of DARPA. IPTO's programs in
artificial intelligence, information pro-
cessing and computer technologies have an
important impact on the ITA goals. The
emphasis of DSO is presently on device sub-
systems with ITA capabilities and, in the
future, on complete systems.

THE ITA CONCEPT

Among the technological advances in
automation promising operational payoffs

in either defense manufacturing or military
operations are some potential advances

that may not get bridged "naturally" hy
industrial support and incentives. As
pointed out above, such tradeoffs in the
industrial environment as using advanced
robotic sensing versus engineering the
robot's environment are not likely to
arrive at the same critical demand that

the military has for sensor driven control.
Without the means to structure its environment,
the military robot is confronted with
obstacles, clutter, or unknown conditions;
and its target will have highly variable
character. Exploitation of the kinds of
sensory controls outlined by D. Nitzan
(1981) will be a military necessity; and

jt can be anticipated that the economic
tradeoffs for industry will also eventually
prove out the advantages of gaining flexibil-
ity with extensive sensing.

Simply, DARPA is recognizing that some
technological opportunities are apparently
missing investments because of the compe-
tition of attention to near-term engineering
"problems." Technologies suitable for
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progressed to the ability to impart some
Timited motion by a heuristic combination
of position and force-controlled fingers.

End point control of the manipulator and
the individual fingers is the key to quick
and precise actuation with lightweight
structures. It is not yet available
because robust {stable) control of the
flexible structures has not been possible.
When torque at one end of a series of
1inks is based on feedback at the other
end, any flexibility in the series makes
the system inherently unstable. - The
techniques for stable control using end-
point sensing are difficult to perfect.
DARPA is now sponsoring research to directly
address the integration of end point
sensing with efficient stable control.

Specific attention is being turned to
developing minimum time algorithms for
slewing a- flexfble robotic arm through a
large angle and then touching an object
softly. That is, large impulsive "crashes"
are to be avoided at the contact. To
handle uncertainty in the target object's
location, the research will incorporate
end-point sensors such as optics, simple
range finders, strain-gauge-equipped
fingers and proximity sensors. New

design concepts for arms are expected

that will enable controlling higher terminal
speeds without large impact forces even
when there is uncertainty in the target's
location. For example, mass distributions
and flexibility will be varied in design
trade-off studies.

Since a number of control modes must be
involved, beginning with a large positional
slew and ending with force control, methods
are under investigation for smooth switching
between control regimes while the mechanism
is in motion. Initial objectives are to
obtain the minimum-time algorithm for the
"slew and touch" task. Further investigation
of new arm designs will then take advantage
of flexibility and distribution of arm
control to best accomplish specific tasks.

As control techniques are developed that
are tolerant of flexibility in a manipula-
tor's mechanical structure, manipulators
can be lightened and made faster. They
will be safer to use, less prone to damage
from collisions, require less power to
run, and cost less to fabricate.

Control of force sensing fingers is also
being explored under the current DARPA
sponsorship. The control theory for
coordinated motion of complex hands developed
by Salisbury and Craig (1982) at Stanford
University is being pursued. The theory
specifies position and force control for
the coordinated motions desired in such
tasks as insertion where the goal is to
minimize transverse forces while exerting
a force in the intended direction of the
insertion. Such tasks require force
control throughout the relative motion and

necessitate sensing force and contact for
feedback. Several architectures for
position and force control of the multiloop
mechanisms are being investigated. Pre-
Timinary results are appearing for the
joint's torque subsystem. The physical
dimensions of multi-fingered hands can be
optimized on the basis of kinematic per-
formance and the volume of grasp.

END SENSING

Force and contact sensing are also being
explored for perceptual information.
Components for force sensing are now being
perfected that provide force measurements
without friction and with Tittle mass
between sensor and load. At the command
or strategy level in automation for a
task, contact sensing provides the infor-
mation for inference and estimation of
geometric and dynamic properties of loads
and the environment. " Contact of individual
fingers provides an estimate of local
surface curvature and orientation, while
several point contacts on several fingers
provide gross orientation and curvature,
e.g. fingers wrapped around a cylinder.
Integrated data from fingers moving over a
surface should reveal surface shape and
dynamic properties of objects. As this
research progresses, it is expected that
strategies in hand control will evolve
from experiements. Manipulation rules for
re-orientation of grasped objects within
the hand is one of the goals.

Integrating vision, range sensing and
proximity sensing with the force and

contact sensing is also being addressed.
There are two levels of intended integration
in the hierarchy of command and control --
at the command level for intelligent
planning of the task actions, and at the
control level for tracking.

Vision and image analysis are major research
areas of the same magnitude as the intended
focus on ITA (see, for instance, the

survey by T. Binford, 1982). Results from
vision research at leading institutions

will be extensjvely drawn into the investi-
gations of the command and control processes
for ITA. Understanding how vision integrates

- with other sensors is the major objective,

rather than the vision science per se. In
particular, the research foundations for
the use of models in sensory processing
and interpretation are being explored in
relation to representations of sensor
estimates as geometric constraints.

RANGING AND 3-D SENSING

The practical benefits of ranging systems
are beginning to be recognized. The data
so gathered may be organized in depth
maps, range images or like forms of 3-D
"visfon." Three-dimensional sensing has
the same aim as other forms of computer



Defense Advanced Research Projects Agency Program 5

vision -~ the higher level representation
of the scene for purposes of comparison or
recognition.

When a manipulator is on the move in

dealing with a dynamic situation, it is
necessary that it work with shape in its
three dimensional space. The system :
should be capable of dealing with information
acquired piecemeal from different vantage
points. In fact, arrangements as have

been tried by G. Agin (1979), among others,
have shown the advantages of moving the
-sensors for the express purpose of obtaining
more detailed information about the environ-
ment, such as seeing around occluding
objects. .

In research receiving support by DSO and
IPTO jointly, a goal is set on classifying
objects and determining their position and
orientation with a ranging system. The
activity is constructing a sensing system
for generating light-stripe range data
from multiple points of view and exploring
concepts for gaining speed and accuracy in
its operation. The data analysis develop-
ments are devising advantageous data
structures for indexing the data and
controlling image scanning. Generalized
cylinders make up the low-level primitives
in range data.

Identification of objects is sought on
the basis of a preponderance of evidence
from a matching process,

PROXIMITY SENSING IN
ASSEMBLY

Of special interest is the role of proximity
sensing in relation to the vision perspective
at relatively Tong ranges and the perspective
of touch sensors at contact. Short-range
proximity and part-presence sensors can
possibly overcome finger shadowing of a
vision sensor and may enhance the abiTity

to cope with unstructured or cluttered

fields of view as occur with some assembly
tasks. Operations involving the important
assembly tasks of mating shafts into holes
and bearings onto shafts without jamming

can benefit from improvements in accuracy

and speed. Current-capabilities for such
automation of assembly particularly lack
ability to detect whether the assembly has
proceeded properly.

A current objective of DARPA supported
research is to demonstrate the capabilities
of an acoustic sensing method based on

phase monitoring as a means of detecting

and controlling the performance of robotic
assembly, Demonstration of shaft and
bearing mating is intended. The research
extends the technology of an automated
positioning system based on phase monitoring
of an array of acoustic sensors (microphones)
as developed earlier by J. Tavormina

(1978) and S. Buckley at MIT. A manipulator
was positioned by phase measurements from
the acoustic sensor array, locking onto

an objects position. A1l the necessary
elements of a robot for assembly were
demonstrated and later work at MIT showed
that the sensor system could provide
sufficient accuracy for commercial robots.

Now software is under development for
detailed processing of the sensor data and
for integrated control of a commercial

robot. The software development is including
the development of various algorithms to
interpret phase information and couple
control to the robot. The investigations

are addressing "matrix" algorithms for
interpreting phase information, and "proximity"
algorithms to detect range and direction

data in less structured environments. The
goal of the proposed work is to demonstrate
assembly of mating parts with response
sufficiently rapid for industrial application
(typically one second for shaft or bearing
assembly).

MICRO-MINIATURE MOTORS

Mechanical concepts for the dexterous hand
have made extensive progress. The jointly
conceived "Stanford-JPL hand" has appeared
prominently in the popular press, presumably
by virtue of appearing to borrow heavily
from nature by using tendon-like cables to
actuate its fingers. Motors are mounted
on the forearm to avoid encumbering the
fingers. The tendon-like design allows
three joints, on each of three fingers,
with an overall geometry similar to that
of a human hand. The nine degrees of
freedom provide a firm basis for dexterity.

The "tendons" are cables and the electro-.
mechanical devices are conventional motors,
nonetheiess. Electric motors have a )
number of inherent problems which limit
their effectiveness in application to
fine-motion manipulators. Such limitations
are addressed by another research effort
currently supported by DARPA aimed at
capitalizing on the lessons from biology
about the structure and scale of natural
muscle.

While electric motors are well suited for
applications such as fans, disc drives,
pumps, etc., their relatively low output
torques require use of transmission systems
for the high-torque and low-speed operation
in a servosystem or robotic -application.
Transmission systems introduce a number of
serious limitations on electric motors by
compromizing the dynamic performance.
Dynamic characteristics of the motor such
as armature inertia and damping are affected
by the square of the transmission ratio.
Transmissions also impact efficiency. For
example, high performance planetary trans-
mission, utilized extensively in today's
aircraft industry, drop efficiencies into
the range of only 50%.



A more desirable option for an electric
actuator in a manipulator. of the size of
the human hand would be a motor which
itself produces high torque at lower speed
and eliminates the need for transmission
systems altogether. However, even without
transmissions, the high mass density of
most magnetic materials and electric
conductors, makes the power-to-weight
ratio of electric motor systems extremely
poor. When compared to hydraulic, pneumatic,
and combustion based systems, electric
motors are inferior by a full two orders
of magnitude. .

The lessons from biology are that natural
muscles are fast, efficient, develop large
forces (60 pounds per square inch), can be
configured in a variety of sizes, and
operate with an extremely Tow output
impedance. - Musclie has: (1) a large
number of small force-generating elements
mechanically connected in parallel; and
(2) close proximity between force-generating
elements (charges), taking advantage of
inverse square laws to produce high local
field strengths which increase the force
generated per charge. Muscle thereby
avoids the use of gross fields and employs
instead a fine tapestry of field interactions
locally commutated for the production of
smooth output forces. :

It is expected that the feasibility of

field actuation systems with microgeometric
structure can take advantage of the under-
standing of muscle. Already, the understand-
ing of sensor based manipulation benefits
from developments in institutions engaged

in biomedical design. Artificial hand and
hook designs 'are providing insight about
grasping functions and structural configura-
tions. Also, sensory feedback systems
developed for prosthesis, including touch -
sensing and slip detection in multi-axis

control, provide methodologies for complex 1f?”

geometry manipulators.

E.C. Levinthal and E.C. van Reuth

single program to push the state-of-the-

arts and force the technology breakthroughs

so that a significant demonstration is
conducted in intelligent task automation.

The objective includes building individual
components of the ITA subsystem, integrating
the subsystem, and demonstrating applicability
to defense manufacturing and flexibility

for application to other military applications.

The Air Force context for the program is
described by W. Kessler (1982) in terms of
the Air Force's new initiatives in manufac-
turing sciences. The existing materials
research and development, manufacturing
technology programs, and ICAM activities -
are augmented by the initiatives. And,

the emerging science related to manufacturing
is substantially enhanced in order to
provide the manufacturing technology base
for the defense-related factory of the
future. The ITA activity is envisioned as
providing the cornerstone for payoffs in
intelligent tasks of factories-of-the-
future and military operations.

It is intended that the individual ITA ,
technology R&D and the joint DARPA-AF ITA
program be complementary. The ITA subsystem
demonstration (being specifically defined

in the first phase of the investigations) -
is intended to provide the focal point for
developing the requisite integration of
technologies. Prﬁgm?tic emp?azis is

placed on the technology to integrate
advanced concepts, thereby complementing

the attention to concept formulation in

the individual areas of related technology.
Advancing the technical means (gripping,
sensing, viewing, recognizing and understand-

. 1ng the environment, controlling manipulation,

and. intelligently providing command of the

~ task) within the same time frame as concept
“formslations means that the job of integration
“rema i frighly unknown with persistently

uncertain requirements. All-in-all, the
technological opportunity to integrate

" advanted technologles provides considerable

The goal of investigation into field .
actuation systems of the nature of a A
volumetric array of charges is to produce
contractile or repulsive forces in high
density systems matching biological muscle
in efficiency, speed, specific force,
packaging flexibility and low output
impedance. Manufacturing is also being
addressed, fncluding the possibilities of
adopting the precision techniques of the
microcircuit industry. This research is
anticipated to offer the possibility of
order-of-magnitude improvements over
today's electric, hydraulic and pneumatic
devices in efficiency, power-to-weight
ratio, and combined high-torque/low-speed
characteristics.

THE INTEGRATION TECHNOLOGY

In addition to supporting the technology
developments described above, DARPA has
also linked with AFWAL in a substantial

Teverage for the individual technical
means. . S .
¢
-

" SUMMARY
Specific opportunities for substantial
technical advance and breakthrough are
presented in a somewhat narrow field of
automation pertaining to the higher order
1inkage of computation to mechanical
function. The payoffs of pursuit of these
opportunities are expected to amplify the
ultimate operational applications of
intel11gent task automation at large.
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Abstract.

of the National Bureau of Standards (NBS).

The program focuses on two problems lying close to the core mission

First, how will the automated

factory ensure that its products are dimensionally compatible with national

standards.

Second, what new national standards must be developed by the

private sector to permit the increased productivity promised by automation

to be realized by the free market economy.

To explore these problems, an

extremely flexible manufacturing research facility, with hierarchical, highly

modular control architecture, is being installed.

This faeility is designed

to be capable of emulating a wide variety of manufacturing cells typical of

a small machine shop.

Keywords.

Automation, machine tools, manufacturing processes, manufacturing

research facility, quality:control, standards.

_ INTRODUCTION

" ., . . the functions of the Bureau
shall consist in the custody of the
standards used in scientific investi-
gations, engineering, manufacturing,
commerce and educational institutions
with the standards adopted or recog-
nized by the Govermment. . . . the
testing and calibration of standard
measuring apparatus; the solution of
problems which arise in connection
with standardsy; . . . "

Act of March 3, 1901,
31 Stat. 1449, Public
law 56-177, 56th Congress

With the adoption of automated manufacturing,
the National Bureau of Standards is, by its
statutory charter, challenged to provide
"testing and calibration of standard mea-—
suring apparatus" and deal with a number of
“problems" which arise in connection with
standards. The automation program is its . .
response to that set of problems which arise
in the mechanical manufacturing industry.

The problems are of two different natures,
the first dealing with quality control, and
the second with interface standards between
elements of the automated workstation, cell,
or larger unit. Hence, the first deals with
the manufacturer/customer marketplace, while
the second deals with the machine builder/
manufacturer relationship. The nature of both
these marketplaces is set by the highly disag-
gregated character of the mechanical manu-
facturing industry. While this industry in
the USA generates $150 billion of national

product, it consists of almost 120,000
individual firms, 87% of which employ less
than 50 persons. If the productivity
enhancement offered by automation is to be
realized, both these markets must operate in
a free and equitable manner.

QUALITY CONTROL

In the manual shop the basis for quality
control of dimensions, which is the principal
parameter of interest in the mechanical
industries, is provided by a system of mea-
surements which tie to national standards '
by artifacts such as gauge blocks, ring and
plug gauges, and more complex objects.

These gauges are of the nature of idealized
product and are tied to national standards
by a pyramid of calibration activities which
culminate in the calibration services of

NBS (1980). ' S

This system, developed over the past 80 years,
is 11l-suited to automated manufacturing
since it 1is skilled-labor intensive and slow.
The initial resppnse of the NBS Automation
Program in 1970 was to explore the possi~
bilities of automatic test equipment.
Research on the computer-controlled meas-
uring machines (CMM) demonstrated their
practicality, and by 1980 had developed the
necessary calibration routines (Hocken and
co-workers, 1977) needed for their wide-
spread adoption (Porter and Mandi, 1980).

The same work, however, showed that CMM are
only suitable for a limited family of parts~--
medium-sized, complex, and prismatic in form.

o~
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The same work suggested that the technology
existed to change the focus of quality control
systems from the nature of the product to the
behavior of the system. This point of view
applied tc the process of measurement had
formed .the basis of the Measurement Assurance
Program (Cameron and Hailes, 1974), developed
at NBS during the 1970'sg, and had its roots in
earlier ideas of Demming and Juran,

Simply put, the concept acknowledges that any
process, understood to the degree that permits
a valid model to be created, working on a
"feedstock” which is uniform, cannot change
from making "good" product to making "'bad"
product without first changing some process
parameter. Hence, if the state-of-the-process
is monitored and such change inhibited from

occurring, the product need never be inspected.

Such a strategy, which has been called

" "Deterministic Metrology," is a natural exten-
sion of the monitoring necessary to ensure
process integrity in an ummanned enviromment
(anonymous, 1980). We have already demon-
strated that correction for thermal drift,
tool wear and breakage (Yee and Blomquist,
1982), as well as compensation for the geo-
metric errors built into machine tools, are
feasible.

A sizable part of the MBS program is devoted

to extending this concept from the work station

to the machining cell. This task entails
consideration of fixturing and other auxil-
iary operations such as cleaning and deburring
which may affect the final part quality.

These operations will require robots with
enhanced sensory perception; thus, we have
active research on robot vision systems (Nagel
and co-workers, 1979).

INTERFACE STANDARDS

The problem here is succinctly stated by
Yoshikawa, Rathmill and Hatvany in their
study for the Committee on Computer-Aided
Manufacturing of the National Academy of
Sciences: ) "
"Unless great strides are made
towards modularity and interface
standardization in the near

future, the lével of expertise
required to design and assemble
large CAD/CAM systems could
severely limit their prolif-
eration."

The situation with respect to small CAD/CAM
systems is even more bleak. There currently
exists no way that one of the 100,000 small
enterprises can incrementally implement a
CAD/CAM system suitable for their needs.

_ What is needed is a set of interface standards
which makes the 1ndividual elements plug-to-
plug compatible and a control architecture
which is sufficiently modular and extensible
that the flexible manufacturing system (FMS)
can be expanded or reconfigured without
serious engineering effort.

The second major thrust of the NBS Automation
Program is to determine if near-term future
technology will make such a desirable situa-
tion pessible, and if the private sector can
be endouraged to develop standards which

. neither inhibit technical progress nor

disrupt the competitive marketplace.

Over the past decade, the NBS Robotics Group,
under Dr. James Albus, has developed a
contrel architecture (Fig. 1), demonstrated
on robots, which appears to have the neces-
sary characteristics (Albus and co-workers,
1981). The system is hierarchical in nature
and utilizes the concept of each level of
control being of the nature of a. "finite-
state machine.” Finite-state machines are
logical .modules whose output depends only

on its present inputs and its present
internal state. None of the logical modules
admit any interrupts. Each starts a read
cycle on a clock signal, computes, writes

its output, and awaits the next clock signal.
Thus, each module is a finite-state machine

‘with the IF/THEN properties of an arithmetic

function. All communication between modules
is by common memory.

This architecture, although not without its
disadvantages, has advantages we feel are
decigive. By its nature, all levels can be
implemented by distributed computers (Fig. 2)
operating in a language best suited to that
level since the only requirement for inter-
face -18 to be able to read and write a given
format., Moreover, the addition of a new
state variable requires only a definition of
where the newcomer is located in common
memory. Even this information is needed only
by the writing module and the one which needs
the data. No other module need know or care
when such a change is implemented. Thus,

new computers, functions, or elements can be
added with little affect on the original
system.

Moreover, such an architecture is of the
nature of an "expert system” in that as
unforeseen circumstances arise, new IF/THEN
statements can be added to deal with the
situation, and the system becomes "smarter"
and "smarter' as experience is gained.

Beyond these technical advantages 1s, we
believe, an extremely important advantage
that for lack of a better word I call
“political.” This advantage is the fact
that all interfaces between elements consist
simply of agreed-upon data formats. Each

- element néeds only to be provided with a

pre~ and post-processor to go from what can
remain & proprietary software system to
another such system without the necessity of
releasing data about the device's inner
workings.

That such a standard can win private sector
approval is demonstrated by our Initial
Graphics Exchange Specification ‘(IGES)
(Brauner and colleagues, 1981). 1In this
effort, under Air Force and National



