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FOREWORD

This is an internal report produced by the

managers and staff of the Center for Manu-
facturing Engineering for planning purposes

only. It represents our current best thinking

about emerging technologies in manufactur-

ing engineering, the impact these

technologies will have on our programs, and

the directions our programs will go if suffi-

cient resources are available. The emerging

technologies discussed are those that we be-

lieve will require increased support and

leadership from CME in coming years. Not
all aspects of each plan presented have been

approved, but some work is already under-

way in each area. Each emerging technology

is linked directly to those listed in a

forthecoming Department of Commerce re-

port, referenced later in this document. For

convenience, the emerging technologies dis-

cussed in this report are summarized below.

Advanced Manufacturing Technology

The core of the CME effort in advanced

manufacturing is the Automated Manufac-

turing Research Facility (AMRF). The
AMRF has played a significant role in the

identification and development of emerging

technologies in manufacturing, and indeed

has been a catalyst in the legislative process

that resulted in the Technology Competi-

tiveness Act. The AMRF is a unique
engineering laboratory. The facility pro-

vides a basic array of manufacturing
equipment and systems— a “test bed” — that

researchers from NIST, industrial firms, uni-

versities, and other government agencies can

use to experiment with new standards and to

study new methods of measurement and

quality control for automated factories.

NIST, as the nation’s primary laboratory for

measurement science and engineering, has

two principal goals for its automated manu-
facturing program: to supply American

industry with a radically new way of making

precisely machined parts— with dimensions

that can be referenced to national measure-

ment standards maintained by NIST— and to

encourage the modernization of American

manufacturing by providing the technical in-

formation necessary to develop
standardized “interfaces” between various

types of equipment. NIST also is using this

facility as a test bed for research on the next

generation of “knowledge-based” manufac-

turing systems — automation systems that

incorporate artificial intelligence capabili-

ties.

Small-Scale Advanced Manufacturing

Smalljob shops — operations with fewer than

50 employees — make up about 85 percent of

U.S. metal fabrication facilities and account

for about 75 percent of all U.S. metal fabri-

cation. They are running substantially

behind their overseas competitors in the use

of modern technology. In Japan, for exam-

ple, approximately 30 percent of all machine

tools are computer-controlled; in the United

States, fewer than 11 percent. Sweden and

West Germany also have more computer-

controlled equipment than the United

States.

What modern technologies are commer-
cially available, affordable, and useful to the

small job shop? How are they best intro-

duced? What return on investment might be

expected? To help answer these questions,

NIST is using its own job shop to conduct an
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experiment in the practical implementation

of computer-integrated manufacturing.

PDES and Product Data-Driven
Engineering

The weak link in the chain from customers’

needs to marketable products would seem to

be toward the production end; but in fact it

is right at the beginning, in our design prac-

tice. U.S. design is often inefficient,

detached from the production process, un-

documented in terms of the rationale for

design decisions, and production-facility de-

pendent.

However, there exists a method that has

been demonstrated to improve the design

process. Documented use of the method has

produced a reduction of50% in the number
of engineering design changes, a reduction

of 40-60% in the total product development

time, a reduction of 30-40% in the manufac-

turing costs, and a reduction of 75% in the

scrap and rework of manufactured products.

The method is called “product data-driven

engineering” or “concurrent engineering.”

It is a systematic approach to the integrated,

concurrent design of products and their re-

lated processes and materials, including

manufacture and support.

A critical component of the development of

a PDES environment is the ability to define

and test specific PDES applications and im-

plementations. The National PDES Test

Bed, already under construction at NIST,

will be expanded to address the bigger issue

of applications of intelligent machines and

processes. The test bed will become a model

for future test beds that will be established

throughout the world. The test bed will also

serve as a model for software and hardware

configurations and personnel resources

needed to test and implement PDES.

Intelligent Machines

The objective of the proposed NIST pro-

gram will be to develop performance
criteria, measurement methods, and stan-

dards for intelligent machines that will speed

the development and use of this technology

and facilitate transactions between buyers

and vendors in the marketplace.

An intelligent machine or process can be

thought of as a plant which operates on ma-

terials and parts. This plant may be a robot,

an automatic factory, a materials processing

plant, or bioengineering facility. Products

produced may be discrete mechanical or

electronic parts, or materials in solid, liquid,

or gaseous form. An intelligent machine

may also be a vehicle that accomplishes some

task of transportation, exploration, or weap-

ons delivery. Intelligent vehicle systems use

object and terrain databases to generate pro-

cess plans and control programs.

The proposed NIST program will develop

the theory and technology base necessary to

establish standards for, and measure the per-

formance of, future generations of

intelligent machines and processes.

Nanotechnology

Industry experts, worldwide, agree that pres-

ent miniaturization processes and devices

will run up against fundamental limits by the

early 1990’s; limits that will require new spe-

cies of devices and new manufacturing

processes. The road to the ultimate minia-

turization will, therefore, be a combination

of materials processes, devices and systems

which are evolutions of current approaches

and revolutionary processes based on molec-

ular designing and engineering,

revolutionary quantum well and box devices,

and radical new computer architectures such



as neural networks and cellular automata.

To keep up with the rapid worldwide evolu-

tionary pace and to provide support for

revolutionary developments, U.S. industry

will have to become much more sophisti-

cated in all aspects ofnanotechnology and all

its associated enabling technologies that are

being developed to cope with the special

problems resulting from the extreme reduc-

tions in device size.

The proposed program will enable NIST,

working collaboratively with U.S. industry

and other governmental and university labo-

ratories, to develop a generic
science-and-technology base for

nanotechnology. Because of the extreme di-

mensional precision and accuracies

demanded by nanotechnology, NIST will de-

velop and make available to domestic

industries appropriate instrumentation for

generating and measuring nanometer dis-

placements, highly accurate nanometer
length artifacts, and important data on mate-
rials and processes. With this strong base in

manufacturing and measurement and a long

standing expertise in intelligent machines,

NIST will also contribute to the develop-

ment of new devices and circuit

architectures.
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INTRODUCTION

When the Technology Competitiveness Act,

a subsection of the Omnibus Trade and

Competitiveness Act, was signed into law on

August 23, 1988, it changed the name ofThe

National Bureau of Standards and added to

our mission several new and expanded func-

tions which build on the technical expertise

of NBS. The new name is the National Insti-

tute of Standards and Technology (NIST)

and the new functions provide an increased

emphasis on supporting industry to improve

competitiveness by enhancing the rapid

commercialization of technology. The es-

sence of the new mission is given in the

following functional statement excerpted

from the act

“...to assist industry in the develop-

ment of technology and procedures

needed to improve quality, to mod-
ernize manufacturing processes, to

ensure product reliability,

manufacturability, functionality, and

cost-effectiveness, and to facilitate the

more rapid commercialization, espe-

cially by small- and medium-sized

companies throughout the United

States, of products based on new sci-

entific discoveries in fields such as

automation....”

Focusing on the needs of U.S. industry is

nothing new to NIST: from its establishment

in 1901, it has remained the only federal

agency vwth a specific mission to support

U.S. industry. We have concentrated during

that time on providing the measurements,

calibrations, and quality assurance tech-

niques that are an important part of

commerce and technological progress. In

fact, these functions are reaffirmed in the

act:

“...to develop, maintain, and retain

custody of the national standards of

measurement, and provide the means

and methods for making measure-

ments consistent with those

standards...”

“...to assist industry in the develop-

ment of measurements, measurement

methods, and basic measurement
technology...”

“to assure the compatibility of United

States national measurement stan-

dards with those of other nations....”

Thus the Omnibus Trade Bill requires that

NIST expand its efforts to transfer technol-

ogy that can improve productivity of

American industry, while maintaining its

reputation as the one of the nation’s finest

measurement and general purpose scientific

and engineering laboratories. This new em-

phasis on supporting industry to improve

productivity and competitiveness and the ex-

plicit assignment that it be accomplished in

broad areas of technology is a significant

event. It is clearly a result of the growing

national debate which has focused on the

decline of U.S. industry’s competitiveness

and resultant loss of market share in the

global marketplace.

This rapid loss of competitiveness of Amer-
ican industry in international markets is an

extremely serious problem with wide-rang-

ing consequences for the United States’

material well-being, political influence, and

security. The national debate on this subject

has identified many possible culprits, rang-

ing from budget deficits to short-term,

bottom-line thinking on the part of U.S.
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management. Nevertheless, among them
certainly are the slow rate at which new tech-

nology is incorporated in commercial
products and processes, and the lack of at-

tention paid to manufacturing. There is a

clear need to compete in world markets with

high-value-added products, incorporating

the latest innovations, manufactured in short

runs with flexible manufacturing methods.

Research, management, and manufacturing

methods that support change and innovation

are key ingredients needed to enhance our

nation’s competitive position.

As a nation, we have been slow to capitalize

on new technology developed from
America’s own intellectual capability. Many
ideas originating in the American scientific

and technical community are being commer-
cially exploited in other parts of the world.

In the past, small and mid-sized companies

have led U.S. industry in innovation. Our
government must now find ways to help such

companies meet the demands of global com-
petition, when the speed with which firms

are able to translate innovations into quality

commercial products and processes is of ut-

most importance.

This report describes some efforts underway

at NIST to aid U.S. manufacturers in their

own efforts to compete in the global market-

place. At the center of these efforts are the

programs of the Center for Manufacturing

Engineering. Thus, the report focuses on

these programs and projects.

In order to put these programs in focus, we
provide in the next section a brief discussion

of the mission and objectives of the Center.

After that section. Section 3 provides infor-

mation on advanced manufacturing as an

emerging technology, including details on

the Automated Manufacturing Research Fa-

cility, its goals and objectives, and some of its

outputs. Section 4 is a discussion of the new
emerging technology of PC-based, small-

scale advanced manufacturing specifically

suited to the small- and medium-sized man-
ufacturing firms in the U.S. Section 5

describes the emerging technology of prod-

uct data-driven engineering, its relationship

to concurrent engineering, and our efforts to

support the development of the emerging

international standard known as Product

Data Exchange Specification. Section 6 de-

scribes our program in intelligent machines

and its effects across both the defense and

the private sectors, and Section 7 is a discus-

sion of the exciting new technology of the

very, very small: nanotechnology.
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THE CENTER FOR MANUFACTURING ENGINEERING

The Center for Manufacturing Engineerin

(CME) is one of five Centers making up the

National Engineering Laboratory of NIST.

Center staff maintain competence in, and

develop, technical data, findings, and stan-

dards in manufacturing engineering,

precision engineering, mechanical metrol-

ogy, mechanical engineering, automation

and control technology, industrial engineer-

ing, and robotics to support the discrete parts

manufacturing industries. The Center de-

velops measurement methods particularly

suited to the automated manufacturing envi-

ronment as well as traditional mechanical

measurement services. The Center also de-

velops the technical basis for interface

standards between the various components

of fully automated discrete part manufactur-

ing systems. The Center consists of a staff of

approximately 300, with an annual budget of

approximately $25 million, both ofwhich are

devoted to the program goal, “to contribute

to the technology base which supports inno-

vation and productivity enhancement in the

discrete parts manufacturing industries on
which the Nation’s economic health de-

pends.”

The Center is managed by the Director, the

Deputy Director, the Administrative Offi-

cer, the Program Manager of the Automated
Manufacturing Research Facility, and the

Chiefs of the five Divisions: the Precision

Engineering Division, the Automated Pro-

duction Technology Division, the Factory

Autom^ation Systems Division, the Fabrica-

tion Technology Division, and the Robot
Systems Division. Each of these Division’s

programs, including samples of the outputs

of these programs, are discussed in more
detail below. Following those discussions.

we provide descriptions of the major facili-

ties in the Center.

The Precision Engineering Division

This five-group division develops and con-

veys metrological principles and practices to

support precision-engineered systems vital

to U.S. manufacturing industries. Its general

work encompasses the physics and engineer-

ing of systems which generate, measure and

control to high resolution the length-dimen-

sional quantities of position, distance,

displacement and extension. Specific work

focusses on: electron-, optical- and mechan-

ical-probe microscopies; coordinate

measuring machines; and metrology-inten-

sive production systems for automated

manufacturing, precision metal-working and

integrated-circuit fabrication. Of special

concern are industries dealing with the fab-

rication of nanometer-scale structures such

as micro-machined mechanical components

and lithographically produced electronic de-

vices — an emerging technology certain to be

of major commercial significance, fierce in-

ternational competition, and requiring

broad advances in metrology for its support.

Sample outputs include:

• Development of microprocessor-

based sensor systems for machine

tools

• Calibration and Measurement Assur-

ance Programs for gage blocks and

other dimensional standards includ-

ing standards for the microcircuit

program

3



• Calibration and Map Programs for

Mass Standards

• Error correction algorithms for mea-

suring machines and machine tools

• Demonstration of robot-tended in-

spection machines

• Demonstration of optical measure-

ment of surface finish

• Standards for integrated circuits

• Ultra-high precision measuring ma-
chines

• Standard Reference materials for

photomask calibration

The Robot Systems Division

The Robot Systems Division is composed of

five Groups: the Intelligent Control Group,

the Sensory Intelligence Group, the Systems

Integration Group, the Unmanned Systems

Group, and the Performance Measures
Group. The goal of the Robot Systems Di-

vision is to develop the technology base

necessary to characterize and measure the

performance of, and establish standards for,

future generations of intelligent machines

systems. To do so will require the extension

and fusion of the concepts of artificial intel-

ligence and the techniques of modern
control to make control systems intelligent

and make artificial intelligence systems op-

erate in real-time.

The control system architecture developed

for the Automated Manufacturing Research

Facility (AMRF) at the National Institute of

Standards and Technology had its founda-

tions in robotics research. The concepts of

hierarchical control, task decomposition,

world modeling, sensory processing, state

evaluation, and real-time sensory-interac-

tive, goal-directed behavior are all a part of

this control architecture. These concepts

are derived from the neurosciences, com-

puter science, and control system
engineering. The result of the AMRF proj-

ect is a generic modular intelligent control

system with well defined interfaces. This

control architecture provides a first genera-

tion bridge between the high level planning

and reasoning concepts of artificial intelli-

gence and the low level sensing and control

methods of servo mechanisms.

Industrial robots and computer controlled

machine tools for manufacturing are only the

first of many potential applications of robot-

ics. Future applications will be in less

structured, more unpredictable, and often

more hostile environments. The application

ofrobotics and artificial intelligence to other

sectors of industry, commerce, space, and

defense has the potential to vastly increase

productivity, improve quality, and reduce

the cost of many different kinds of goods and

services.

The Robot Systems Division expects that the

robotics technology currently available or

being developed (mostly with NASA and

Department of Defense funding) will be ap-

plied to produce a wide variety of intelligent

machine systems. The Division proposes to

position itself to meet the measurement and

standards needs of this emerging industry by

being actively involved in a variety of devel-

opments so that it understands the

underlying technology and discerns the mea-

surement and standards requirements.

The Robot Systems Division is currently

working on applications of the AMRF con-

trol system architecture to space telerobots

for satellite servicing, to coal mine automa-

tion, shipbuilding, construction, large scale

(high payload, long reach) robots, multiple

cooperating semi-autonomous land vehicles

(teleoperated and supervised autonomy).
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and nuclear submarine operational automa-

tion systems.

Sample outputs include:

• Reference model architectures, per-

formance measures, interface

guidelines, and standards for intelli-

gent, real-time control systems

• Advanced concepts in robot vision,

sensory processing, world modeling,

and intelligent real-time control sys-

tems.

The Robot Systems Division has developed

a Department of Commerce long-range ini-

tiative for fiscal years 1990-1994 to:

• Conduct basic research in the funda-

mental science of intelligent machine

systems and perform experiments in

machine vision, sensory fusion,

knowledge representation, decision

theory, intelligent controls, mechani-

cal systems, adaptive and learning

systems, design databases, and soft-

ware engineering.

• Develop a formal theory of intelligent

machines and a set of methods for

measuring levels of intelligence.

These include both theoretical (math-

ematical, logical) and empirical

(performance) measures.

• Build a facility for conducting experi-

ments and evaluating the

performance of intelligent machine
systems for manufacturing and con-

struction applications. This facility

will include computer systems for sen-

sors and measuring devices, mobile

robots, control systems, and software

development and testing environ-

ments. The facility will be used to

develop and test open systems archi-

tectures, define performance

measures, and evaluate proposed

standards.

This initiative was approved by the NIST
Executive Board and recommended to DOC
for funding at the $5M per year level. It was

approved by DOC for $2.5M in FY91.

The Factory Automation Systems
Division

To remain competitive in world markets, the

United States must continually improve its

manufacturing strength. Current manufac-

turing methods must be refined and new
technologies must be created to develop new
products, reduce production costs, shorten

commercialization lead times, and raise

overall product quality. In recent years, in-

formation technology and information

systems have become increasingly important

in the manufacturing enterprise. The pri-

mary goal of the Factory Automation
Systems Division is to provide a focus for

national research and standards efforts relat-

ing to information systems for

manufacturing.

This Division is composed of five Groups:

the Production Management Systems
Group, the Integrated Systems Group, the

Machine Intelligence Group, the PDES Test

Bed Group, and the Manufacturing Systems

Standards Group. The Factory Automation

Systems Division carries out its mission

through the application of an engineering

paradigm that results in a leading role in

national and international standards com-
mittees relating to information technology

and manufacturing systems for scientists and

engineers in the Division. The paradigm in-

volves the implementation of a research

“testbed” that demonstrates new informa-

tion technologies and engineering systems

for the manufacturing enterprise. The expe-

rience of testing new technologies is used by
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Division staff to develop and promote man-
ufacturing interface standards and product

data exchange standards in automating man-
ufacturing systems.

The Division staff perform research in the

information technology requirements for

such manufacturing processes as product de-

sign, process planning, equipment control

(e.g. machine tools, measurement ma-
chines), and logistics support (e.g.

maintenance & repair). This research leads

to an understanding of integrated database

requirements to support product life-cycles,

requirements that can be reflected in both

standards for product data exchange and in-

formation technology frameworks needed to

manage the data.

The Division staff perform research in such

information technologies as information

modeling, data dictionaries, distributed

database systems, product knowledge repre-

sentations, and communication networks.

The Division staff perform research in such

engineering technologies as design theory,

geometric modeling, process and factory en-

gineering modeling, product-feature driven

manufacturing processes, and factory con-

trol.

In addition, the Division staff perform re-

search into the testing methodologies
required for measuring the ability of engi-

neering systems to perform in conformance

with the product and process interface stan-

dards that are being implemented.

Sample outputs include:

• Interface guidelines and standards for

large distributed real-time control

systems

• Development of design tools for auto-

mated manufacturing systems

• Development of factory communica-

tions network

• Development of advanced intelligent

factory control systems

• Development of a CAD-directed in-

spection system

• Development of a distributed data

system for an automated factory

• Development of an automated pro-

cess planning system for

manufacturing

• Architecture specifications for dis-

tributed, heterogeneous, factory

database management systems

• Architecture for the representation of

geometric models of machined parts

for use by manufacturing engineering

systems

The Automated Production
Technology Division

The Automated Production Technology Di-

vision is also composed of five Groups: the

Ultrasonic Standards Group, the Acoustic

Measurements Group, the Sensor Systems

Group, the Sensor Integrations Group, and

the Force Group. The Division develops

and maintains competence in the integration

ofmachine tools and robots up to and includ-

ing the manufacturing cell level. The
Division develops and maintains computer-

assisted techniques for the generation of

computer codes necessary for the integra-

tion of machine tools and robots. The
Division also develops the interfaces and

networks necessary to combine robots and

machine tools into workstations and work-

stations into manufacturing cells. In

addition, the Division performs the research

and integration tests necessary for in-process

monitoring and gaging. The Staff maintains
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competence in engineering measurements

and sensors for static and dynamic force-re-

lated quantities and other parameters

required by the discrete parts industry. They

also conduct fundamental research on the

nature of the measurement process and sen-

sory interaction, as well as the development,

characterization, and calibration of trans-

ducers used in discrete parts manufacturing.

Sample outputs include:

• Sensors for automated manufacturing

of batched parts

• Sensors for in-process measurements

• Application of research for auto-

mated manufacturing cells

• Proposed interface standards for sen-

sors for machine tools

• Physical standards for ultrasonic flaw

detection

• Calibration of force to 1 million lbs.

deadweight

• Calibrations of vibration and acoustic

sensors

The Fabrication Technology Division

This Division has three Groups: the Support

Activities Group, the Special Shops Group,

and the Main Shops Group. The Fabrication

Technology Division designs, fabricates, re-

pairs, and modifies precision apparatus,

instrumentation, components thereof, and

specimens necessary to the experimental re-

search and development work of NIST.
Services include: engineering design, scien-

tific instrument fabrication, numerically

controlled machining, welding, sheet metal

fabrication, micro fabrication, grinding, op-

tical fabrication, glassblowing, precision

digital measuring, tool crib, and metals

storeroom. The Division also develops and

maintains competence in CAD/CAM, auto-

mated process planning, and shop
management systems.

Sample outputs include:

• Fabrication ofpump inducer for cryo-

genic fluids

• Fabrication of diamond anvil high

pressure-high temperature cells

• Fabrication of adjustable radius

curved crystal mount

• Fabrication of high accuracy manom-
eters

• Fabrication of dilatometer

• Fabrication ofbeam line for 10 meter

X-ray camera

The Automated Manufacturing
Research Facility

This facility is a research laboratory for study

of the measurement and standards problems

of the “factory of the future.” It consists of

5,000 sq. ft. of high bay shop area, occupied

by three machining workstations, a cleaning

and deburring workstation, an inspection

workstation, and an automated material

handling system. An extensive network of

computers makes up the real-time control,

distributed data administration, and manu-
facturing engineering elements of the

facility. Research is currently supported on

sensors, real-time control, deterministic me-
trology, production management and
scheduling, data administration, communi-
cations, and preparation of manufacturing

data.

7



The Metrology Electron Microscope
System

This facility, used to calibrate micro-length

reference artifacts, consists of a commercial,

research quality scanning electron micro-

scope which has been modified to include a

scanning specimen stage whose displace-

ment is measured by an interferometer with

a stabilized helium-neon laser light source.

A measurement consists of scanning the ob-

ject across the fixed electron beam, which

acts as a fine “cross-hair,” while logging one

or more of the various electron output sig-

nals versus the stage displacement on a

minicomputer-based data acquisition sys-

tem.

The Standard Force Generators

This facility consists of six deadweight ma-
chines that can provide vertical forces

ranging from 44 newtons (10 pound force) to

4.4 million newtons (1 million pound force).

The applied forces, known to better than 20

parts per million, enable accurate calibra-

tion of load cells and other force sensors, as

well as related research.

The Acoustical Anechoic Chamber

This facility provides a free-field environ-

ment for research and calibrations on
measurement of the directivity of sound

sources and the directional response of mi-

crophones and sensor arrays. The 450-m^

free volume of the chamber is lined with

fibrous glass wedges that absorb 99 percent

or more of the normally incident sound en-

ergy over a frequency range from 40 Hz to

over 60,000 Hz.

The Shop of the ’90s

This facility is setup to study the problems

encountered by private sector job shops

when upgrading and automating. Included

in this study are personal computer based

cost-estimating, process planning, tool room
management, CAD/CAM, and inspection.

* * *

With this discussion of the mission, struc-

ture, and objectives of the Center for

Manufacturing Engineering as a foundation,

we can now proceed with a discussion of the

emerging technologies in manufacturing en-

gineering in the context of the this mission.

The programs and projects described in the

following sections exist and are in place and

operating, albeit at a much reduced level of

effort from that which we feel is necessary to

fulfill our mission to support the U.S. dis-

crete parts manufacturing industry. CME
has been seeking additional federal budget

appropriations for these programs for some

time, and will continue to do so. Neverthe-

less, each section describes an emerging

technology in manufacturing engineering

that we see as requiring increased support

and leadership from CME in the coming

years. Each ties in directly to the relevant

portions of the list of emerging technologies

given in a forthecomeing Department of

Commerce Report on the subject.^ For con-

venience, these portions are reproduced

here as Tables 1-2.

^ Emerging Technologies: a survey of technologies and economic opportunities,

forthcoming Department of Commerce Report.
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TABLE 1

FLEXIBLE COMPUTER-INTEGRATED MANUFACTURING

Major Technology Elements:

CAD, CAE, CALS, CAM, CIM, FMS, PDES, Control Architectures, Adaptive Process

Control.

What It Is:

A new approach to manufacturing and construction requiring not only technology but man-

agement and engineering adjustments. Use of computers, robots, and intelligent machines in

the total manufacturing and construction enterprise. Integration of both the materials han-

dling and processing systems as well as the planning, logistics, and business systems.

Underlying Science:

Control theory; operations research; electrical, mechanical, manufacturing, and industrial

engineering; business and management science.

Engineering Barriers:

Need for data structures to describe product and process. Concurrent engineering to integrate

design and manufacture. More reliable machines, automated process planning, “smarter”

robots, more accurate and inexpensive sensors.

What Is New or Better:

Reduce cost and time to manufacture, improve quality; permit competition by scope and

variety of product line; reduce inventory, manufacture to order rather than to plan.

Impact on What Products or Processes;

Manufacturing discrete and batch parts; economical small lot manufacture; continuous and

adaptive processes; chemicals, pharmaceuticals, steel, paper, textiles; residential and commer-
cial construction, public works.

Likely Markets and Industries:

High-tech manufacturing, automotive, construction, home appliance, computers, office ma-
chines, machine tools, aerospace.

DOD Critical Technologies Overlap:

5. Machine Intelligence/Robotics

Annual Sales by Year 2000:

U.S.: $10-20B

World: $20-40B
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TABLE 2

ARTIFICIAL INTELLIGENCE

Major Technology Elements:

Intelligent Machines, Intelligent Processing of Materials and Chemicals, Expert Systems.

What It Is:

Electronic and electromechanical systems incorporating knowledge-based control systems.

Underlying Science:

Data structures, data management systems, software engineering, servo engineering, biologi-

cal and cognitive sciences and engineering, numerical analysis, statistical physics.

Engineering Barriers:

Size of databases, computational speed, lack of formal tools for knowledge representation.

What Is New or Better:

Improved performance over current systems which are at most capable of a limited number
of responses to events fully anticipated in advance. Improved graphical representation of

results.

Impact on What Products or Processes:

Manufacturing of machine tools, robots, construction equipment. Materials and chemical

processing; computer-aided design; signal and image processing. Analysis of medical tests or

symptoms.

Likely Markets and Industries:

Manufacturing, mining, security, health care, construction, materials processing, communica-

tion and financial services.

DOD Critical Technologies Overlap:

5. Machine Intelligence/Robotics

9. Sensitive Radars

11. Automatic Target Recognition

13. Data Fusion

Annual Sales by Year 2000:

U.S.: $5B

World: $12B



ADVANCED MANUFACTURING TECHNOLOGY

Objective

The core of the CME effort in advanced

manufacturing is the the Automated Manu-
facturing Research Facility (AMRF). The
AMRF has played a significant role in the

identification and development of emerging

technologies in manufacturing, and indeed

has been a catalyst in the legislative process

that resulted in the Technology Competi-

tiveness Act. The AMRF is a unique

engineering laboratory. The facility pro-

vides a basic array of manufacturing
equipment and systems— a “test bed”— that

researchers from NIST, industrial firms, uni-

versities, and other government agencies can

use to experiment with new standards and to

study new methods of measurement and

quality control for automated factories.

TheAMRF includes several types ofmodem
automated machine tools, such as numeri-

cally controlled milling machines and lathes,

automated materials-handling equipment

(to move parts, tools, and raw materials from

one “workstation” to another), and a variety

of industrial robots to tend the machine
tools. The entire facility operates under

computer control using an advanced control

approach pioneered at NIST. The AMRF
incorporates some of the most advanced,

most flexible automated manufacturing

techniques in the world.

NIST, as the nation’s primary laboratory for

measurement science and engineering, has

two principal goals for its automated manu-
facturing program: to supply American
industry with a radically new way of making
precisely machined parts— with dimensions

that can be referenced to national measure-

ment standards maintained by NIST— and to

encourage the modernization of American

manufacturing by providing the technical in-

formation necessary to develop
standardized “interfaces” between various

types of equipment. NIST also is using this

facility as a test bed for research on the next

generation of “knowledge-based” manufac-

turing systems— automation systems that

incorporate artificial intelligence capabili-

ties.

Background

Historically, manufacture and measurement

have always been two separate processes. A
machinist would cut a part on a milling ma-

chine and stop periodically to check
dimensions with calipers and gages. As man-
ufacturing techniques became more and

more efficient, the measurement part of the

operation consumed an ever-greater per-

centage of the total work required to

produce a part. The development of auto-

mated “coordinate-measuring machines”

(CMMs) in the 1970s helped somewhat, but

measurement still used up about 50 percent

of the total time required to produce a pre-

cision part.

It would be many times more efficient if the

machining process could be made to pro-

duce accurate parts without being
interrupted by the measuring process. Not

only would it take less time, but fewer parts

would have to be scrapped for being out-of-

tolerance. (Some surveys have shown that in

the U.S. one-third of the work force in man-
ufacturing industries is engaged in re-work;

that is, correcting out-of-tolerance parts

made by the other two-thirds.) NIST re-

search suggests that the problem can be
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solved by use of today’s computer-controlled

machine tools, because the position of the

cutting edge of the tool is known and con-

trolled at all times, at least in theory, by the

computer. The computer can be pro-

grammed to compensate for known errors in

the machine’s movement, using sensors that

feed back information on the machine’s con-

dition.

This concept of feedback and process con-

trol is well-known in some industries, such as

oil refining and chemical production. In dis-

crete parts manufacturing, however, it will

require the development of a whole new
generation of sensors and control systems.

NIST researchers have already applied some
of these ideas to commercial machine tools

and improved their performance in terms of

accuracy and control five to ten fold. Some
of this research already is finding its way into

the marketplace in new industrial machine

controllers.

The automated “factory of the future” offers

American industry an important weapon in

the highly competitive world marketplace,

but even for the largest firms the lack of

agreed-upon standards for “interfacing”

complex equipment is a difficult — and

costly —problem. For close to 90 percent of

the discrete parts industry— about 100,000

firms— the program is worse. These are

much smaller companies (fewer than 50 em-

ployees) without great financial resources.

Discrete parts producers, those who make
products in small batches, are responsible

for about 75 percent of the total U.S. trade

in manufactured goods.

These smaller companies need to be able to

buy automated machinery in stages, one or

two machines at a time, and slowly build up
to an integrated system. They need the flex-

ibility to buy from different manufacturers at

different times with the assurance that the

machines they buy will work together prop-

erly without a lot of expensive,

custom-designed interfaces. They need the

same flexibility that one can now find when
buying the parts of a home stereo system

from several different manufacturers, know-

ing that they will all plug together. These

firms also need a system flexible enough to

switch from the production of one part to

another quickly and without expensive re-

programming.

These are mostly problems of standardiza-

tion-standard procedures, standard

protocols, standard interfaces. The chal-

lenge is to develop standards which support

current technology and yet still encourage

equipment manufacturers to develop new
and innovative products. These are prob-

lems that NIST is studying in the AMRF.

Three industrial standards have already

been developed based on NIST automation

research. For example, a standard method

for exchanging graphics data between other-

wise incompatible computer-aided design

(CAD) systems, developed by a govern-

ment-industry coalition led by NIST, was

adopted by the American National Stan-

dards Institute (ANSI), a private voluntary

standards organization. The standard now is

supported by all U.S. CAD vendors which

have at least a 1% market share.

NIST has recently established the National

PDFS Test Bed at the AMRF to support

industry and government projects in devel-

oping and testing the Product Definition

Exchange Specification (PDFS), the next

generation of data interchange standards for

automated manufacturing. Recent demands

for solid modeling, configuration control,

fully computer-interpretable data, and inter-

active access by cooperating users have led

to the need for PDFS, one of the most am-

bitious standards ever attempted.
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Implementing the new standard currently

under development by voluntary standards

organizations, industry, and government will

require serious technical effort. Implemen-

tations must be tested as they are built to

uncover problems and inconsistencies in the

various definitions.

Experienced researchers working in a test

bed environment such as the AMRF can

identify potential problems and suggest clar-

ifications and interpretations of the

standard. Work in the AMRF on manufac-

turing data preparation has already

developed a product part model which is

consistent with the expectedPDES standard.

AMRF researchers are testing to determine

the effectiveness of this part model as the

information needed by the manufacturing

applications in the facility. As PDES is de-

veloped, this effort will be expanded.

AMRF research also led to standards for the

characterization of computerized coordi-

nate measurement machines, and for a

method of surface texture measurement.

Seven other potential standards are now
being considered by various industrial stan-

dards groups.

The AMRF is unique for many reasons, in-

cluding:

• It’s located at the National Institute of

Standards and Technology. As an

open federal laboratory with no com-
mercial interests, NIST can make this

facility accessible to private firms in-

terested in automation
research — -firms that individually

could not afford such a complex re-

search facility. NIST had a long

history of working with private firms

and organizations to develop stan-

dards and measurement and test

methods that benefit the entire indus-

try. That will continue under NIST.

• participation in the AMRF by indus-

try, universities, and other

government agencies. The AMRF
has become a focal point for interac-

tions among all American researchers

in automated manufacturing.

• a wide variety of commercially avail-

able machine tools and robots. This

is a direct result of the NIST decision

to study the most practical, incremen-

tal route to automation for the small-

to medium-sized firm; it is an ap-

proach that has never been used

before.

• The flexibility of the system. One of

the goals of the AMRF is to create a

facility that is, in the jargon of the

researchers, “data driven”— the ac-

tions of the various machines and

robots should be determined primar-

ily, or solely, by a computerized

description of the part to be manufac-

tured. This stands in contrast to

modern “flexible manufacturing”

cells which are truly flexible only for a

limited “family” of parts for which the

machine tools are programmed.

• Sensory interaction. The AMRF
makes use of an unusually versatile

robot control system in which sensory

information from, for example, the

NIST robot vision system is fed back

to the controller to provide a basis for

its decisions. This is important be-

cause it enables the system to react to

its environment, eliminating the need

for a lot of rigid programming.

• The scope of the facility. Research at

the AMRF covers everything from

the preparation of data on a new part

to final automated inspection.

13



The AMRF is not a prototype of the “factory

of the future.” It is extremely unlikely that

any actual factory would resemble the

AMRF, at least physically. The AMRF is a

laboratory for studying factory automation.

Further, the AMRF is not a demonstration

project. Although it does demonstrate sev-

eral new and potentially important
techniques for machine control and the inte-

gration of diverse systems, the AMRF is not

a museum piece but rather a working re-

search facility.

In addition to NIST funding, the Navy’s

Manufacturing Technology Program is a

major source of support. Private firms and

universities also contribute to AMRF re-

search through the donation or loan of

equipment or by providing personnel

through the NIST Research Associate Pro-

gram.

Generic Technology Development in

the AMRF

The AMRF hierarchical control system is

one of the most important generic technol-

ogy innovations at this facility. It is flexible

and can be adapted easily to new machines

and new technology, works in the split-sec-

ond, “real-time” world of factory processes,

and is “modular,” allowing today’s manual or

partially automated factories to evolve into

factories of the future incrementally, adding

one or two modules at a time. Several ele-

ments of theAMRF control system are being

considered as possible factory automation

standards by national and international stan-

dards organizations.

Key features of the AMRF control system

include:

Hierarchical control —

The activities in a manufacturing facil-

ity, like most complex organizations,

fall neatly into a hierarchical frame-

work. NIST pioneered the use of

hierarchical control in the design of a

sophisticated robot control system a

decade ago.

This work led to the development of a

five-layer, hierarchical control model

for an entire factory. The layers are

Facility, Shop, Cell, Workstation, and

Equipment control systems. Com-
mands go into the hierarchy at the

highest level, where a complex set of

instructions is initiated. At each lower

level, the instructions are broken

down into successively simpler

instructions. The bottom three levels

which represent the shop floor control

systems (cell, workstation and equip-

ment control), have been
implemented in the AMRF.

The AMRF represents what is proba-

bly a unique level of complexity in

multi-level control systems. The
modular, hierarchical software devel-

oped by NIST for this facility also is

unique and serves as a model for fu-

ture commercial systems.

The Cell—

The Cell Control System is the highest

level of the AMRF hierarchy. It re-

ceives orders for parts from an

operator terminal, determines the

necessary resources, and then coordi-

nates, and monitors the activities of

the workstations required to manu-

facture the parts. It manages six

workstations —three machining cen-

ters, a cleaning and deburring center.
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an inspection center, and a material

handling system.

In conventional automation, a cell is a

fixed set of machines -—machine tools

and robots— organized into a single

manufacturing unit. Usually the cell

is an actual physical grouping of ma-
chines, dedicated to producing a

particular “family” of parts that have

similar machining needs.

The AMRF control system research-

ers are using a more flexible concept

of a “cell.” Rather than a fixed group-

ing of machines on the factory floor,

the cell exists only as a collection of

data files and instructions in a com-
puter. The cell can change its

configuration, even the machines that

are in it, in response to changing man-
ufacturing tasks.

The computer emulation system—

Automated manufacturing facilities

will not be static entities. New ma-
chines and corresponding control

systems will be added ft'om time to

time. For this reason, it is essential to

have a tool for testing the effects of

these new systems before they are ac-

tually linked into the existing factory

system. This testing must confirm not

only that the new system has no inter-

nal errors, but also that its addition

will cause no unexpected problems in

synchronization.

These integration tests initially should

involve none of the existing hardware

or software in the facility, to avoid

potentially catastrophic failures. The
AMRF Hierarchical Control System

Emulator (HCSE) has been a valu-

able tool for this work.

The HCSE is a real-time simulator

designed to run control systems of the

type used in the AMRF. The HCSE
provides the programmer with a con-

venient framework for creating

modeling programs to take the place

of any element in the AMRF, from

controlling computers down to indi-

vidual machines or robot carts.

To the rest of the control system, the

computer emulation “looks the same”

as whatever it replaces. So when re-

search needs dictate, any piece of

equipment or group of machines or

subsystem can be taken out of action

and replaced by the appropriate emu-
lation. Potentially risky changes to

the control system can be tested with-

out endangering expensive
equipment. Versions of the HCSE
are already being used commercially

to study new automated manufactur-

ing facilities.

Another important generic technology de-

veloped in the advanced manufacturing

program is information management . In a

very real sense, the cornerstone of the “fac-

tory of the future” will be information. The
hardware of the AMRF— robots, machine

tools and sensors— is very visible, but the

ability to generate, store, retrieve and trans-

fer information accurately and on time will

be just as important as any hardware.

Such a facility requires a number of impor-

tant advances in computer “software,”

including the development of standard tech-

niques to “interface” different types of

computer systems and software and the de-

velopment of standard methods for handling

data in an automated factory.

The interface problem in the AMRF is com-
plex. At least nine different computer
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systems are in common use, ranging from

large minicomputer systems to advanced

microcomputers. At least eight different

computer languages are used throughout the

AMRF control system.

Special features of this unseen part of the

AMRF include:

The use of distributed databases —

The AMRF approach to handling

data is similar to the handling of ma-
chines— the user should be free to

select computers and database soft-

ware and still be able to build an

“integrated” system.

Ideally, a factory control or planning

computer should be able to request

the information it needs without

knowing which of several possible

databases holds the information, or

what format is used to store the data.

The problem is complicated by the

fact that the transfer of information in

a factory must be done rapidly, with-

out error, and coordinated with a host

of other processes.

Creating a database system that meets

the needs of the many different facets

of an integrated manufacturing facil-

ity is an extremely complex
procedure. AMRF researchers use

sophisticated computer-aided soft-

ware engineering tools to develop a

logical model of the necessary data,

check that all needed data is included

in the model, determine the interrela-

tionships of the data, and produce a

prototype database.

AMRF researchers have developed a

distributed database management
system called the Integrated Manu-

facturing Database Administration

System (IMDAS). IMDAS handles

the administrative tasks of generating

and storing new data, accepting re-

quests for old data, locating and
updating that data, and transferring

the result. Control or planning pro-

grams in the facility need not know
anything about how or where the in-

formation is stored, only how to make
the request to IMDAS. IMDAS uses

a “data dictionary” (to locate the re-

quired information), and a standard

“language” to manipulate data and to

make requests for data.

The AMRF data communications system—

The old idea of the automated factory

as group of machines controlled by

one huge central computer lacks flex-

ibility. In the “factory of the future,”

computer processes such as control

programs will run on many different

computers, all sizes and models, pos-

sibly located in different buildings.

Such a “distributed” system requires a

method of transferring information

which is fast, accurate, reliable, and

independent of the actual physical lo-

cation of the machines. Tlie transfer

of information must also be done
without interrupting the receiving ma-

chine, which may be doing something

important at the time.

The AMRF uses the concept of com-

puter “mailboxes,” areas of shared

memory on various computers to

which all of the machines have access

through the network communications

system, subject to strict protocols.

Communicating control processes

can leave “messages” for each other

and stop to read their own “mail” at
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opportune times without interrupting

each other.

Currently,AMRF network communi-

cation uses broadband token bus with

a proprietary protocol, broadband

and baseband Ethernet with the DoD
TCP/IP protocol, and point-to-point

RS232-based communications with a

locally-developed protocol Work is

underway to upgrade the AMRF net-

work to one primarily based on the

principles of the Manufacturing Auto-

mation Protocol (MAP) and the

Technical and Office Protocol (TOP).

One of the main reasons for building

the AMRF is to have a testbed for

smdying the application of protocols

such as MAP and TOP in the com-

puter integrated manufacturing
environment, and to use the results of

that study in the standards develop-

ment process.

Building an automated manufacturing facil-

ity like the AMRF involves much more than

linking shop equipment together into a func-

tioning system. An equally important

generic technolo©' development effort in-

volves data preparation, or transforming the

customer’s requirements for a particular

part into the production control data needed

to manufacture that part.

These tasks include designing the part, de-

termining what materials and tools are

necessary to produce the part, developing

the process plans that detail how the part is

to be made, and generating the programs

that instruct the robots and machine tools

that actually make and inspect the part.

Equally important is the need to verify these

plans— to make sure that they don’t instruct

the machines to do something dangerous or

impossible.

A common thread through all of these tasks

is the need for standardized methods of han-

dling the data.

Computer-Aided Design—CAD — systems

are where the process begins. Ideally, once

a part is designed on a CAD system, all of the

information needed to develop the plans for

making the part and verifying that it was

made correctly should be in a standard, com-

puter-readable format so that it can be used

by the rest of the factory’s control systems.

At present, however, CAD systems remain

isolated “islands of automation” in industry.

There is no standard method for passing the

complete design information to the manu-

facturing systems that ultimately must use it.

At the AMRF, research is underway to de-

termine exactly what sorts of data are

required by a factory’s manufacturing and

inspection systems, and how these data can

be generated automatically by the various

data preparation systems in use in the facil-

ity.

TheAMRFCAD facility includes four Com-
putervision CADDS4X design workstations

and a CADDS server (donated by Com-
putervision, Inc.), all running on Sun
Microsystems Sun-3 computers. The
CADDS4X software includes solid model-

ing, NC coding, and engineering analysis

tools in addition to the more traditional

drafting software found on typical CAD sys-

tems.

Incoming part descriptions are converted to

AMRF Part Model Mes using commercial

CAD systems and special software designed

at the AMRF. The AMRF Part Model File

includes 3-D geometric and topological in-

formation, tolerances, and other data on the

part in a uniform format that can be used by

otherAMRF systems. An important project
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for the near future is the integration of these

steps, and the conversion ofthe entire system

to the new Product Definition Exchange

Specification (PDES) data format.

Working from the Part Model File (later,

from PDES files) and other information in

the database system, operators then prepare

“process plans” for the part. Process plans

detail the actual steps— in their proper se-

quence — required to produce a part. Each
level of the factory executes a process plan.

In the AMRF, these computerized plans for

a part include the cell’s “routing sHp,” which

is used to schedule the movement of materi-

als and the assignment of workstations; the

workstation “operation sheets,” which detail

the necessary tools, materials, fixtures, and

sequence of events, and the machine tool’s

“instruction set,” which guides the tool

through the motions required to shape the

part.

AMRF researchers are working to develop

and test a single set of standard data formats

for process plans at every level of the factory

control hierarchy, and an editing system to

generate, archive and update these plans.

Part of this effort involves the study of “ex-

pert systems” or other artificial intelligence

techniques to generating the necessary pro-

cess plans for each level of the facility. The
Vertical Workstation already uses automatic

process planning at two different control lev-

els.

The “expert” process planning system is

being developed on a Symbolics LISP Ma-
chine (using the LISP programming
language) and on Sun Microcomputer Sys-

tems. It has been ported (functionally

transferred) to a TI Explorer by industrial

research associates from Texas Instruments.

A related problem is the design of intelligent

inspection systems that can look up the de-

sign specifications for a part and decide what

measurements are necessary to determine

whether or not the finished part is within

tolerances. The Inspection Workstation

uses this procedure for inspecting parts

made in the AMRF.

The Quality in Automation Project in

the AMRF

Innovations in manufacturing technology

are currently driven by demands to shorten

product cycle time and to maintain a consis-

tent, high level of product quality. These

demands are generated by the high accuracy

requirements of the defense and computer

industry and by competitive market forces

on industry to produce high quality products

with a short lead-time. The main U.S. indus-

trial competitor, Japan, exports products to

the U.S. by selling quality. TTie United

States must produce a quality product at a

reasonable cost to reverse the trade imbal-

ance.

One approach for the U.S. to meeting these

demands is to implement a quality system

that can monitor, measure, and then control,

significant parameters in the manufacturing

process. \^at is required is a quality archi-

tecture, strategies, and plans that will

provide for a logical progression from the

current product inspection and test methods,

to a quality assurance system based on in-

process verification methods. Not only will

this process improve quality it will also re-

duce the number of defective parts that must

be reworked or scrapped. It also has the

potential for reducing or even eliminating

final inspection, a process which does not

add any value.
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Applied to the metal removal type of manu-
facturing processes, the quality architecture

incorporates three control loops. The first,

and most responsive loop, is centered

around the machine tool controller itself.

This control loop is used to compensate for

the systematic errors associated with the ma-
chine tool used in the process. These errors

include, but are not limited to, the geomet-

ric errors of the machine tool caused by the

inaccuracies in the machine tool compo-
nents and in their assembly, and the

distortions in the machine tool structure

caused by thermal gradients. These system-

atic errors are determined by machine tool

metrology, and characterized with respect to

variables which can be monitored during

machining. The resulting relationships from

this characterization are stored in a quality

control computer, or, for the next generation

machine tool controller, in the machine tool

controller itself. The relationships are used

for predicting the resultant error and modi-

fying the tool path in real time. The machine

tool must be equipped with sufficient, and

strategically placed, sensors to determine

these errors as well as the errors associated

with the cutting tool geometry. However,

this technique cannot be used to compensate

for parts specific errors such as deflection of

the workpiece or the machine tool. To a

large degree these errors can be minimized

by the second control loop, which depends

upon process-intermittent inspection of the

part.

The second control loop uses the machine
tool as a measuring device to determine the

geometry of the part being made on the same
machine. A number of methods can be used

either by themselves or together. For exam-
ple, mechanical probing or ultra-sonic

dimensional measurements can be used to

determine the dimensions of the part before

final machining. During the final machining,

the part program is altered or “skewed”

based on the inspection information. In

order to reduce the amount of non-produc-

tive inspection time, the entire process must

be performed in as short time as possible.

The third, and the final control loop involves

a post-process inspection of the part. The
part is measured on a coordinate measuring

machine and the deviation from a perfect

part is determined as well as the cause of the

deviation. This information is then used to

alter the parameters used in the first and the

second control loops. Then the control

loops are tuned based on the post-process

inspection information. As the control loops

are tuned, the accuracy and the quality of the

part improves, and post-process inspection

can become a tool for process verification

rather than part inspection, and used less

frequently if at all.

While the application described is for ma-

chine tools, the architecture and techniques

can be applied to any discreet small lot size

operation.

The Composites Workstation at the
AMRF

The increasing use of composite materials in

Navy platforms has led researchers in the

AMRF to extend their work to those mate-

rials. Working with industry and university

researchers and with one of the newly

founded NIST Manufacturing Technology

Centers (MTC), AMRF researchers are de-

veloping an advanced manufacturing
workstation to fabricate composite parts.

Initial research at this Composites Worksta-

tion will focus on automated composite fiber

placement using robotic systems.

The architectural, control, and information

handling principles developed in the AMRF
and tested in metal-working applications on
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the shop floor will now be tested for a

broader range of processes.

Research at the Composites Workstation

will begin as a joint program involving the

Center for Manufacturing Engineering’s

Robot Systems and Automated Production

Technology Divisions, the Institute for Ma-
terials Science and Engineering’s Polymers

Division, the North East MTC operated by

Rensselaer Polytechnic Institute, Auto-

mated Dynamics Corporation, and SRI
International.

Two technologies previously developed at

the AMRF will serve as major resources for

this work. CAD (computer aided design) -

based off-line programming, originally de-

veloped at the AMRF’s Cleaning and
Deburring Workstation, will be used to gen-

erate robot trajectories automatically, and

the NIST Real-time Control System (RCS),

a foundation of the AMRF, will be used for

sensor-based control.

Conventional filament winding technology

requires that parts be symmetric about an

axis of revolution. At this new workstation,

a special end-effector mounted on the robot

will place composite fibers fed from a spool

on a mandrel. The mandrel will represent

the shape of the final part and may be sta-

tionary or have one or two servoed axes. The
placement of the fibers will be determined

from part geometry and the part’s structural

design. Use of this fiber placement technol-

ogy will allow the fabrication of complex

parts.

At the AMRF’s Cleaning and Deburring

Workstation, the CAD-based off-line pro-

gramming approach used part CAD data and

a knowledge of the workstation layout to

generate robot trajectories for deburring

and part handling automatically. A similar

approach based on composite part geometry

and the required fiber placement orienta-

tions will be used at the Composites
Workstation to generate the robot and man-

drel motions automatically. Researchers

believe that having a mandrel with one or

two axes of motions which can be coordi-

nated with the movement of the robot will

permit not only the fabrication ofmore com-
plex parts but also the simplification of

end-of-arm tooling. To provide this coordi-

nated movement, the RCS will be used to

control both the robot and the mandrel.

Machine vision and fiber tension measure-

ment sensors will be used to monitor and

adjust fiber placement. An important fea-

ture of the RCS is that real-time

modification of robot and mandrel motions

can be made based on sensor data.

Fabrication of parts made from both the-

rmoset materials, which require autoclave

curing to bond, and thermoplastic materials,

which can be “welded” in place as fibers are

positioned, will be studied. General areas of

research related to this work will be control

of torch parameters during thermoplastic

welding, process monitoring of autoclave

curing of thermoset materials, inspection

techniques for verification of proper fiber

placement, and NDE techniques for evalua-

tion of part consolidation. Other work will

be done on determination and repair ofdam-

age in composite structures.

Transferring AMRF Technology

The Research Associate Program men-

tioned above is only one of the ways that

NIST research results are transferred out of

the AMRF. Another approach to transfer-

ring this technology is through the

establishment of the Manufacturing Tech-

nology Centers Program at NIST. The
objective of this program is to accelerate the
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transfer of advanced manufacturing technol-

ogy to small and medium-sized U.S.

businesses to assist these firms in improving

their manufacturing and process capabilities

and market competitiveness — an important

ingredient to successful international eco-

nomic competition. Each center will apply

advanced manufacturing techniques to the

needs of manufacturers located within its

region. The advanced technologies trans-

ferred will emphasize those developed at the

AMRF. Each center is expected to commu-
nicate its experience to all interested parties.

A center should become a mechanism for

accomplishing significant results more effec-

tively and in a more timely manner than

would be possible without NIST financial

support. NIST support is intended to com-

plement, not substitute for, center operating

funds derived from state and local govern-

ment agencies and from other sources.

The transfer of advanced manufacturing

technology is the primary task of this pro-

gram, rather than the performance of

research. Activities of each center are ex-

pected to include: 1) informing and
educating the industrial firms in its region

about advanced manufacturing techniques;

2) demonstrating the applicability of ad-

vanced technology to these firms; 3) actively

assisting firms in evaluating their require-

ments; 4) assisting with the implementation

of desired applications; 5) supporting work-

force training and retraining; and 6)

communicating technology transfer experi-

ences to a wide national audience.

One exciting aspect of this new program is

that it represents the first time the federal

government explicitly recognized the need

to establish an intermediary between the

federal laboratories that perform research

and development in new technological areas

and the small- and medium-sized manufac-

turing firms that hope to benefit from the

availability of this technology.

It has long been a maxim that technology

transfer is a body contact sport. At NIST, our

successes in transferring technology have

generally been a result of cooperative re-

search agreements in which staff of some
firm spend up to a year working side-by-side

with our staff solving some problem of mu-
tual interest. Some of these agreements also

entail a donation ofsome piece ofequipment

to the AMRF. In these cases, the research

program will typically involve incorporating

the equipment into the AMRF. At the end

of these cooperative research programs, the

visiting staff return to their organizations,

taking with them the knowledge of advanced

manufacturing techniques developed in the

AMRF.

This technology transfer process follows the

“body contact” paradigm closely, and has

worked well for NIST over the years. Unfor-

tunately it only works well for large firms,

with a large enough staff that they can afford

to send one or two staffmembers to NIST for

an extended period of time. Obviously, this

is not the case for most of the small and

medium-sized manufacturing firms in this

country. This is the motivation for the estab-

lishment of regional centers to serve the

needs of the manufacturing firms in their

region by working closely with them to iden-

tify technological improvements that can

help these firms improve productivity and

therefore maintain or gain market share.

These centers must serve as more than just

brokers, however. It is also their responsibil-

ity to help increase the flow of technology

out of federal laboratories by identifying

technologies that can benefit industry, and

where necessary, extracting that technology,

refining it, packaging it, fine tuning it, and

otherwise making it available and usable to
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the general public. This step is important

because it is not the mission of the federal

laboratories, including NIST, to engage in

product development. This manufacturing

Technology Centers Program at NIST is

unique. It builds on the resources of NIST
and other laboratories while establishing a

mechanism to combine the push ofnew tech-

nology development with the pull of

manufacturing competition for market

share.

Three organizations have been selected to

become the first NIST Regional Manufac-

turing Technology Centers: The Great

Lakes Manufacturing Technology Center at

the Cleveland Advanced Manufacturing

Program in Cleveland, Ohio; The Northeast

Manufacturing Technology Center at

Rensselaer Polytechnic Institute in Troy,

New York; and The Southeast Manufactur-

ing Technology Center based at the

University of South Carolina in Columbia,

South Carolina. NIST has now established

cooperative working arrangements with

each of these organizations.
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SMALL-SCALE ADVANCED MANUFACTURING

Background

As discussed above, the goals of the Auto-

mated Manufacturing Program of the

Center for Manufacturing Engineering have

been two-fold; to develop the Quality Con-

trol technology for the fully automated

environment, and to encourage the writing

ofinterface standards that would make auto-

mation technology accessible to small

discrete part batch shops by allowing for in-

cremental application of this technology. To
further these goals we constructed the Auto-

mated Manufacturing Research Facility.

The AMRF was plaimed to be a full scale

model of a machine shop of the year 2000

and was to be completely unmanned. Dur-

ing the course of construction we learned

many things, including the following.

• The technology commercially avail-

able in 1987 would not support fully

unmanned operation. The AMRF
contains, of necessity, many subsys-

tems that were developed at NIST
because they are not yet commercially

available.

• The current generation of machine

tool controllers make integration at

the workstation or cell level very dif-

ficult. Even second generation

controllers that provide some inter-

face capability are unsatisfactory.

• Without further development, the

current generation of robots are nei-

ther dexterous nor reliable enough to

support on-machine fixturing and
chip management. Also, robot con-

trollers currently lack programming

capabilities.

• The small machine shop operators,

who make up 87% of the 130,000

firms in the small-batch discrete part

industry, are only interested in com-

mercially available equipment that is

sold turn-key, is supported by local

interests, and has been demonstrated

to be cost effective under conditions

very similar to theirs.

• The most effective way for the Center

for Manufacturing Engineering to

make advanced manufacturing tech-

nology accessible to small industrial

users is by cooperative efforts with the

vendors of the means of production.

Much of this information is not surprising

since we are some years ahead of the time

whenAMRF technology was expected to be

common.

Operating the NIST machine shop, the Fab-

rication Technology Division, during the

time that the AMRF was under construction

also was a “learning experience.” Inspired

by a compulsory A76 (outsourcing) evalua-

tion, we discovered by cost studies that the

most immediate source of cost savings was in

improving the “business” aspects of shop op-

eration: scheduling, material resource

management, time-keeping and billing. We
discovered that these activities are also re-

sponsible for a large portion of the delay

between receipt of order and delivery in our

system.

The circumstances in the outside world have

also changed during the time of the construc-

tion of the AMRF. With the introduction of

the 8086, 80286 and most recently the 80386

and 68000 computer chips. Desktop Com-
puters now have capabilities only available
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on mini-computers at the time the project

was started. These capabilities are now be-

ginning to be exploited for quite respectable

CAD systems running on Desktops. More-

over, at least one major computer supplier

working in cooperation with machine tool

builders and manufacturers of machine tool

controllers has introduced interface boards

establishing, at least a degree of communica-

tion between PCs and machine tool

controllers, which would appear to reduce

the interface problems at the Workstation

and Cell levels.

Moreover, when the Center for Manufactur-

ing Engineering started the construction of

the AMRF, NIST was almost alone in ad-

dressing the discrete batch part sector of the

economy. Now, of course, the machine tool

industry, which is both a part of and the

infrastructure that supports that industry has

become a Presidential concern and the sub-

ject of National Security Decision Directive

Number 226. This Directive identifies a se-

ries of initiatives to facilitate modernization

of this critical national industry. NIST is,

through the Department of Commerce Do-
mestic Action Plan, committed to

contributing to this effort. Competitiveness

has become a National Priority and several

Bills are now before Congress proposing na-

tional efforts in automation.

The AMRF-based research, despite having

significant impact on larger high-tech orga-

nizations (South Carolina Research
Authority and the Navy Man-Tech pro-

grams), and being a vital contribution to the

factory of the future, will have relatively little

impact on small enterprises unless a con-

certed effort is made to transfer AMRF
technology to them. One example is that

portion of AMRF technology which is now
commercially available in a turn-key pack-

age that includes not only the vertical

integration of the hierarchical control sys-

tem, from design to machine code, but also

the horizontal integration from receipt of

order to dispatch of billing.

With the aid of industrial partners, without

which the program is not viable, the Center

proposes to make a serious effort to make
available such a package.

The Questions

Smalljob shops— operations with fewer than

50 employees — make up about 85 percent of

U.S. metal fabrication facilities and account

for about 75 percent of all U.S. metal fabri-

cation. They are running substantially

behind their overseas competitors in the use

of modem technology. In Japan, for exam-

ple, approximately 30 percent of all machine

tools are computer-controlled; in the United

States, fewer than 11 percent. Sweden and

West Germany also have more computer-

controlled equipment than the United

States.

What modern technologies are commer-
cially available, affordable, and useful to the

small job shop? How are they best intro-

duced? What return on investment might be

expected? To help answer these questions,

NIST is using its own job shop to conduct an

experiment in the practical implementation

of computer-integrated manufacturing.

The Experiment

The NIST Fabrication Technology Division

(FTD) is a good example of a small job shop.

The division designs and manufactures spe-

cialized instruments and other equipment

for the NIST laboratories. The workload is

comparable to that of many small job shops

in high-technology industries. FTD employs

just over 50 people in its main shop and

several on-site contract shops, using a wide
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variety of numerical-control (NC) and man-

ual machine tools ofvarying vintages. Other

duties include tool and material inventory

and management, cost estimating, and bill-

ing.

Beginning in July 1988, FTD began a project

to modernize and improve its own opera-

tions, creating the “Shop of the ’90s.” In

order to make the project relevant to small,

private-sector job shops, advanced experi-

mental hardware and software from the

NIST laboratories would not be used, only

affordable, commercially available “off-the-

shelf’ systems and software. Purchases and

changes were justified by a reasonable return

on investment.

The project involves three stages:

• Conducting a thorough review and

evaluation of existing machine tools

and resources to provide a basis for

decisions to repair or replace existing

tools, and to allow more accurate es-

timates of return on investment.

• Installing a personal computer net-

work to support computer-aided cost

estimation (CAGE), computer-aided

process planning (CAPP), computer-

ized tool room management, and

computerized job and job cost track-

ing. In addition, design and
manufacturing (CAD and CAM) sys-

tems based on personal computers

were added to speed design and pro-

gramming of parts.

• Training shop personnel in the use of

the new systems and equipment. The
training program is structured so that

the most experienced personnel —
with the shortest learning curves— are

trained first. Ultimately all shop per-

sonnel will be trained to use all the

machines and computer systems in

the shop.

Role of the Center for Manufacturing
Engineering

• Provide “neutral” ground for plan-

ning and coordination efforts of

industrial partners.

• Provide input, based upon AMRF ex-

perience and contacts with small

enterprises and their associations, to

definition of AMRF system require-

ments.

• Provide access to and help interpreta-

tion of the AMRF experience base

and any software modules that may
prove useful.

• Provide test site, within the Fabrica-

tion Technology Division where
systems and sub-systems can be tested

making use of available craft and pro-

fessional personnel.

• Make use of all existing NIST Tech-

nology Transfer programs to

encourage the adoption of the tech-

nology by target groups.

Role of Industrial Partners

Based on the needed technical skills, the

plan envisions at least three industrial part-

ners. More than one of these partners may
in fact be a single organization, or several

organizations may desire to cooperate with

each other or independently pursue a single

role. The skills needed are:

• Detailed knowledge of Desktops and

their operating systems

• Detailed knowledge ofMachine Tool

Controllers

25



• Detailed knowledge of Desktop soft-

ware especially CAD and shop
management systems.

The role of these partners will be to :

• Work with NIST in developing system

requirements that meet a useful frac-

tion of the needs of a small shop and

at the same time are within the capa-

bilities of available Desktops and at

least some Controllers.

• Assemble from existing components a

prototype system that can be installed

in the Fabrication Technology Divi-

sion of NIST for testing.

• Assuming the tests are successful, be

prepared to have system commercial-

ized for wide adoption.

The Results

FTD has worked with nine nationally recog-

nized vendors of hardware and software to

create the “Shop of the ’90s.” By the end of

September 1989, FTD will have in operation

a computer-integrated manufacturing sys-

tem geared to the small job shop. The
system will include computerized cost esti-

mating, process planning, tool room
management, design, and manufacturing.

The project has already demonstrated a

three-fold reduction in NC programming

time and, because of improved productivity,

a 6-month payback time for new equipment

(based on FTD costs, workload, and calcula-

tions).

NIST does not recommend particular prod-

ucts or suggest that the products used in the

“Shop of the ’90s” are the best for any other

machine shop, but the principles and proce-

dures developed in the program can be

useful to many small shops. FTD staff have

begun an active program to inform private

firms of the results of the “Shop of the ’90s”

experiment. Talks and seminars are sched-

uled routinely both at NIST and around the

country. Tours are given on a regular basis.

By the fall of 1989, FTD will have in opera-

tion a “Shop of the ’90s” training center,

which replicates the FTD equipment and

software on a small scale. The training cen-

ter will be made available to private-sector

industry and shops for use in cooperative

research programs, to test the compatibility

of different software packages, and similar

tasks.
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PDES AND PRODUCT DATA-DRIVEN ENGINEERING

The Competitive Issue

The U.S. is losing its world market share in

manufactured goods. A perception exists

that American industry cannot produce a

quality product at a competitive cost and

within a competitive time frame. The U.S.

still leads in new product concepts arising

from applied research— at least through the

first prototype. After this, when the com-
mercialization process truly gets underway,

we seem to falter.

The weak link in the chain from customers’

needs to marketable products would seem to

be toward the production end; but in fact it

is right at the beginning, in our design prac-

tice. U.S. design is often inefficient,

detached from the production process, un-

documented in terms of the rationale for

design decisions, and production-facility de-

pendent.

However, there exists a method that has

been demonstrated to improve the design

process. Documented use of the method has

produced a reduction of50% in the number
of engineering design changes, a reduction

of 40-60% in the total product development

time, a reduction of 30-40% in the manufac-

turing costs, and a reduction of 75% in the

scrap and rework of manufactured prod-

ucts.^ The method is called “product
data-driven engineering” or “concurrent en-

gineering.” It is a systematic approach to the

integrated, concurrent design of products

and their related processes and materials,

including manufacture and support.

It is possible to accelerate the use of product

data-driven engineering by U.S. industry by

capitalizing on the American edge in infor-

mation technology. Fortunately, the critical

ingredient to the use of concurrent engineer-

ing is the integration of product and process

data. This integration, which is a concern of

information technology, gives the designer,

along with everyone else in the commercial-

ization chain, data about the entire life-cycle

of a product and how their decisions affect

all other phases of the product life-cycle.

Manufacturing will be revolutionized by the

establishment of a world recognized stan-

dard for the integration and the exchange of

product and process data. Such a standards

effort is already underway and is called the

“Product Data Exchange Specification”

(PDES). The effort is extremely ambitious.

The ultimate goal is the creation of a stan-

dard that will represent all the information

about all types of products (mechanical,

electrical, etc.). PDES addresses the ques-

tions: What does the product look like? (e.g.

geometric features); How is it constructed?

(e.g. materials and assembly); For what func-

tion is it intended? (e.g. structural

properties); How do we know it works? (e.g.

tolerancing); and, How is the product devel-

opment managed? (e.g. bill of materials).

An important aspect of the standard that is

^ Winner, R.I., Pennell, J.P., Bertrand, H.E., and Slusarczuk, M.M.G., “The Role of

Concurrent Engineering in Weapons System Acquisition,” Institute for Defense

Analysis Report R-388, December 1988, p. vi.
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not yet being addressed is how this data can

be represented so that knowledgeable deci-

sions can be made through all phases of the

commercialization and the life-cycle man-
agement of a product.

Product data-driven engineering, and other

aspects of the technological environment

represented by PDES, will be the revolution-

izing factor in the ongoing evolution of

manufacturing that began with the introduc-

tion of computerized design and intelligent

machines, combined with intelligent pro-

cessing. Product data-driven engineering

will link together design and all other por-

tions of a product’s life-cycle. Product

data-driven engineering will provide the

means of storing and communicating intelli-

gence on products and on all processes that

occur during product life-cycles. Product

data-driven engineering is the key to produc-

ing top qualityproducts at competitive prices

within a competitive time frame.

The Technology

At present, most product and process devel-

opment is done at different contractors’

facilities, making it is difficult to share the

knowledge of how best to produce a partic-

ular product. Typically, over the life of a

product, many different companies are in-

volved and must interact. In addition,

information systems do not yet exist there

have the capability to automatically capture

the knowledge that is being generated as the

product life-cycle processes are actually oc-

curring.

The solution to the problems related to

designing, commercializing and managing a

product over its life-cycle is the ability to

capture the knowledge gained during these

processes and to exchange that knowledge

among different computer systems. The

knowledge can then be used by the designer

and by everyone else involved in managing

the product’s life-cycle. For example,

knowledge about how a product would be

processed or what new materials would be

required to meet the functional specification

is made available to the designer to ensure

the best quality product is designed. In ad-

dition, knowledge about the functionality

and design of the product is made available

to the down-stream life-cycle managers as

the design is being developed so that the

most appropriate and cost-effective materi-

als and processes can be used.

It is the development of a shared database

environment to capture the knowledge re-

quired to manage a product throughout its

life-cycle that will enable U.S. industry to

take advantage of a concurrent engineering

environment. The intelligent machine and

processing system cannot exist without a

shared product database for managing the

product and process data.

There are many technical issues that must be

resolved for such a database system to be

implemented. An interface must be built

between the present computer-aided-design

representation of a product and other com-

puter-aided systems, such as

computer-aided engineering (i.e. analysis)

and process planning. The production costs

and capabilities must be integrated into the

database. The intelligent systems must have

access to the geometry data in much the

same manner that users query business sys-

tems. Finally, there must be a mechanism

for allowing new knowledge to be added to

the database as the intelligent materials pro-

cessing operations are being performed.

The technical challenge is the development

of the information technology and the asso-

ciated standards that will define the

environment for the representation of prod-
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uct knowledge and will allow the implemen-

tation of a shared database environment for

concurrent engineering.

The Role of the Center for

Manufacturing Engineering

The product knowledge representation, its

associated information-technology imple-

mentation, and the needed PDES
standardization effort require the presence

of a technically competent “neutral agency”

that can work effectively with a wide range

of organizations. NIST is that agency, and

within NIST CME is in a unique position to

contribute new laboratory discoveries be-

cause of its Automated Manufacturing

Research Facility, a flexible manufacturing

laboratory that already contains a level of

intelligence and a shared database system.

This environment can be readily expanded

to explore the research issues associated

with product knowledge representation and

a “knowledge database.”

In addition, CME already serves in a key role

as the secretariat for the IGES/PDES orga-

nization that is the lead in developing a

PDES standard. Also, there already exists

withinCME, a National PDES Test Bed that

is being used to test PDES implementations.

This test bed can also be utilized in the de-

velopment and testing of PDES in an
intelligent machines and processes environ-

ment.

The CME Engineering Research
Paradigm

In recognition of the key role of information

management in the development of engi-

neering systems, CME developed the

“Engineering Research Paradigm” as a

model for the appropriate CME role. The
Engineering Research Paradigm consists of

four components: (a) system specification,

(b) information management technology, (c)

engineering technology, and (d) engineering

application. The paradigm is applied where

there is an industrial need for which it is

appropriate for NIST to have a role. The
major task is for CME to lead the industrial

community in the development of a new set

of standards that will result in the production

of world-class products. The standards in-

clude an information model that represents

the product data requirements, and a func-

tional model that represents the architecture

needed to implement new technologies re-

lated to the desired application.

In addition to standards, CME outputs in-

clude technology concepts that are

transferred to industry through publications

and personal interactions. Products may be

produced in CME engineering application

laboratories, but these products are proto-

types that serve to create credibility in the

research through proof-of-concept demon-
strations. The laboratories become models

for specifying the research environment

needed to study the concepts and architec-

ture developed in information management
and engineering technology activities.

The combination of the need for advances in

product data-driven technologies and the

need to represent engineering data in a stan-

dard format (PDES) is a perfect industrial

problem that can be addressed using the

CME Engineering Research Paradigm.

The four components of the CME engineer-

ing research paradigm as it applies to PDES
and Product Data-Driven Engineering are as

follows:

For the product data-driven engineering ap-

plication, system specification is the

development of the PDES standard as an

International Standards Organization data
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exchange standard (that will be known as

“STEP”) and the implementation of applica-

tion protocols that specify the engineering

environment in which PDES will be used.

Information management technology is the

conversion of PDES into an information

management system that can support the en-

gineering requirements. The technology

falls into the areas of information modeling,

data dictionaries, and database management
systems. Important tasks that must be ac-

complished involve (a) developing an
overall “framework” that integrates the

three information technologies, (b) imple-

menting the appropriate information
systems that are based on the framework,

and (c) assuring the successful use of the

framework by its acceptance as an interna-

tional standard.

Engineering technology is the development

of technologies that represent the processes

within product data-driven engineering.

The life-cycle engineering system represents

an integrated set of individual functions; de-

sign, planning and programming,
production, deployment, operation, support

and maintenance, and recycling and recov-

ery. The information required to create and

evolve the product and the manufacturing

processes is represented by PDES. The
challenge is to develop the application pro-

tocol interfaces between the PDES
knowledge base and the life-cycle processes.

The laboratory in which the architecture and

concepts developed in the information man-
agement technology and the engineering

technology components are implemented is

the expression of the application technology.

Laboratory facilities within which product

life-cycle processes can be carried out are

used to test the technology concepts.

The CME Program

A critical component of the development of

a PDES environment is the ability to define

and test specific PDES applications and im-

plementations. The National PDES Test

Bed, already under construction at NIST,

will be expanded to address the bigger issue

of applications of intelligent machines and

processes. The test bed will become a model

for future test beds that will be established

throughout the world. The test bed will also

serve as a model for software and hardware

configurations and personnel resources

needed to test and implement PDES.

The CME program will center around the

construction of a complete facility for re-

search and development of technologies

relating to product knowledge representa-

tion. The facility will rely on the AMRF as

the manufacturing component. A new de-

sign laboratory will be added and interfaced

to the AMRF. The experience gained from

the actual experimentation with product

knowledge will serve as the basis forCME to

provide results to the PDES standards com-

munity.

In addition, CME proposes to perform re-

search in appropriate knowledge
representation methodologies that can be

incorporated into the PDES standard. CME
will work with the standards community to

include the results of this research into fu-

ture versions of the standard. CME will

develop methods for the verification, valida-

tion, and conformance testing of the

resulting standard.

Based on the formal knowledge representa-

tion developed for the standard, CME will

perform research to build the necessary in-

formation technologies for managing
product knowledge. This includes the devel-

opment of a new framework for a
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knowledge-database environment that can

handle effectively the knowledge as it is cre-

ated, captured, and used during product

life-cycle processes. This knowledge
database framework will have the capability

of capturing also the constraints and behav-

ior of the various processes and parameters

involving the product and of embedding this

information in data structures. Research

will be needed for such areas as distributed

database systems, knowledge databases,

data dictionaries, and information modeling

methodologies. This research effort will

lead to numerous new standards in informa-

tion technology that relates to the

requirements for a knowledge database.

In parallel with the development of a knowl-

edge database, CME will perform research

into the development of design as a formal

science and methodology. This will include

the definition and development of a frame-

work of tools and models to be used during

the product life-cycle. Such tools and mod-

els include: (a) process models, (b) materi-

als models, (c) cost models, (d) system

models, (e) design of experiment and other

statistical design methods, and (f) models for

the design process itself.

The Economic Impacts

This expanded program will provide the

product and process knowledge, system

framework, and standards to enable U.S. in-

dustry to design and manufacture products

at competitive market costs with minimum
delay between concept and marketing. It

will lead directly to the design of the “knowl-

edge database” needed for the use of

intelligent machines and processes across a

broad spectrum of industries. It will improve

productivity, reduce costs, and re-establish

the clearly dominant position of the U.S. in

the manufacturing world.
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INTELLIGENT MACHINES

Objective

The objective of the proposed NIST pro-

gram will be to develop performance
criteria, measurement methods, and stan-

dards for intelligent machines that will speed

the development and use of this technology

and facilitate transactions between buyers

and vendors in the marketplace.

Background

Intelligent machines and processes are sys-

tems that consist of:

• Sensing devices that measure the en-

vironment.

• Perception mechanisms that extract

from sensed data information about

objects, events, states, and spatial and

temporal relationships in the world.

• Knowledge representation of the

world, including knowledge of mate-

rials, processes, and parts.

• Planning mechanisms that select

goals and decompose them into low

level actions.

• Actuators that operate on materials

and parts, producing a product.

These are all embedded in a system architec-

ture that coordinates their respective

actions.

An intelligent machine or process can be

thought of as a plant which operates on ma-
terials and parts. This plant may be a robot,

an automatic factory, a materials processing

plant, or bioengineering facility. Products

produced may be discrete mechanical or

electronic parts, or materials in solid, liquid,

or gaseous form. An intelligent machine

may also be a vehicle that accomplishes some
task of transportation, exploration, or weap-

ons delivery. Intelligent vehicle systems use

object and terrain databases to generate pro-

cess plans and control programs.

The development and growing use of intelli-

gent machines and processes is affecting

industry, commerce, defense, and the quality

of life for all people.

Current industrial robots and computer con-

trolled machine tools for manufacturing are

only the first generation of a whole family of

intelligent machines. Future intelligent ma-

chines will possess off-line programming,

sensory capabilities, and adaptive behavior

that will allow applications in uncertain and

hostile environments such as construction,

mining, undersea resource exploitation,

shipbuilding, space, and the battlefield.

These applications will require extension of

current control theory to cope with planning,

the extension of artificial intelligence to deal

with real time constraints, and the integra-

tion of these technologies into real-time,

sensory- interactive control systems capable

of performing complex tasks in an uncertain

and possibly hostile environment.

Each of the elemental components of sen-

sory processing, world modeling, and task

decomposition is relatively well understood.

What is lacking is a formal theory and an

open system architecture with standard in-

terfaces so that all of these elements can be

integrated together into intelligent machine

systems. Open system architectures, inter-

face standards, and performance measures.
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all based on a solid theoretical framework,

would significantly speed the development

of intelligent machine systems technology

for commerce, industry, and defense.

The proposed NIST program will develop

the theory and technology base necessary to

establish standards for, and measure the per-

formance of, future generations of

intelligent machines and processes.

Potential Impact

Intelligent machines represent a fundamen-

tally new technology, potentially as

important to civilization as the invention of

the steam engine or the discovery of electric-

ity. Intelligent machines and processes will

have a profound impact on the cost and qual-

ity of most manufactured products,

materials, commercial buildings, homes,

utilities, and transportation facilities. They
wiU be economically important in mining,

undersea drilling, space exploration, and the

service industries. They will be militarily

significant on the battlefield.

Current automation technology already has

had an economically significant effect on the

manufacture of automobiles, appliances,

electronics, computers, drugs, machine
tools, and aircraft. This represents only the

beginning of a new industrial revolution.

In the future, factories, construction sites,

mines, underwater drilling platforms, space

stations, and battlefield weapons will all

make extensive use of intelligent machine

systems. Computers will control machine

tools, material transport systems, assembly

machines, finishing machines, inspection

systems, packaging and shipping systems.

On future construction sites, mines, and dril-

ling rigs, machinery will be driven from
databases that completely describe the ter-

rain and the structures to be built or serviced.

Role In Promoting U.S.

Competitiveness

The nation that leads in the development of

intelligent machine technology will very

likely lead the next industrial revolution.

Without more aggressively exploiting intel-

ligent systems technology, the U.S. will be at

a competitive disadvantage in international

markets.

International competition is strong. The

U.S. balance of trade in manufacturing has

declined dramatically over the past decade,

to the point where it has become a major

problem of national concern. This decline is

in no small part due to the more aggressive

exploitation of intelligent machine technol-

ogy in Europe and Japan.

The U.S. construction industry’s interna-

tional market position is also rapidly

eroding. Between 1982 and 1986, overseas

contract awards to U.S. firms declined 50

percent. U.S. firms won only $22.8 billion in

business during 1986, a 21.4 percent decline

from $29 billion in 1985. A recent study by

the Congressional Office of Technology As-

sessment (OTA) attributes the decline in

international competitiveness of the U.S.

construction industry to four factors, one of

which is “development of innovative con-

struction techniques by competing
European and Japanese companies.” OTA
warns that a weakened international U.S.

construction industry will lead to increased

foreign competition in the U.S. as well as in

the world market.

Both Europe and Japan are aggressively pur-

suing applications of intelligent machines

technology. The European Strategic Pro-
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gram for Research and Development in In-

formation Technology, ESPRIT, is a 10 year

effort begun in 1984. During the first 5 years

a $1.5 billion research effort was conducted

concentrating on the technologies of micro-

electronics, information processing, and

computer integrated manufacturing and of-

fice systems. During the next 5 years the

ESPRIT program is planned to double in

size, with a budget of about $750 million per

year.

The Program for European Traffic with

Highest Efficiency and Unprecedented
Safety (PROMETHEUS), is a research proj-

ect to develop technology for intelligent

automobiles and highway systems. A seven

year budget of over $700 million is directed

at applications of intelligent machine tech-

nology to the driving environment with the

goal of reducing accidents attributed to

driver error and increasing the efficiency of

road traffic.

The Japanese have similar programs ofcom-
parable size to both ESPRIT and
PROMETHEUS. In addition, the Japanese

currently lead the rest of the world in the

application of robotics to manufacturing.

The government of Japan is currently fund-

ing robotics research at about $130 million

per year. The Japanese are also aggressively

transferring robotic technology to undersea

and construction applications. A recent

DoC study on Mechatronics (the Japanese

term for Intelligent Machine Systems) found

that the U.S. is trailing Japan in every rele-

vant technology, except for advanced
software.

The proposed NIST intelligent machines ini-

tiative will provide technical support to help

U.S. industry retain its lead in advanced soft-

ware, and recapture the overall competitive

advantage in manufacturing and construc-

tion that the Japanese and Europeans have

recently acquired and are now rapidly ex-

panding.

NIST Role

NIST will perform basic research, develop a

formal theory, define an open system archi-

tecture, develop performance measures, test

proposed standards, andwork with voluntary

standards committees to get national and

international standards adopted for intelli-

gent machine systems.

Program Description

The proposed program will build on existing

NIST work in advanced robotics and intelli-

gent machines for manufacturing, structural

engineering, construction, mining, autono-

mous undersea and land vehicles, SDI battle

management, and space telerobots.

The program will:

• Conduct basic research in the funda-

mental science of intelligent machine

systems and perform experiments in

machine vision, sensory fusion,

knowledge representation, decision

theory, intelligent controls, mechani-

cal systems, adaptive and learning

systems, design databases, and soft-

ware engineering.

• Develop a formal theory of intelligent

machines and a set of methods for

measuring levels of intelligence.

These include both theoretical (math-

ematical, logical) and empirical

(performance) measures.

• Build a facility for conducting experi-

ments and evaluating the

performance of intelligent machine

systems for manufacturing and con-

struction applications. TJiis facility
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will include computer systems for sen-

sors and measuring devices, mobile

robots, control systems, and software

development and testing environ-

ments. The facility will be used to

develop and test open systems archi-

tectures, define performance
measures, and evaluate proposed
standards. NIST will work with vol-

untary standards committees to get

national and international standards

adopted for intelligent machine sys-

tems.

Planned Accomplishments

A Formal Theory —

Perform basic research in sensory pro-

cessing, knowledge representation,

and intelligent controls. This re-

search will develop the new
knowledge needed to define a formal

theory of intelligent machines and

processes.

Standard Reference Model Architecture —

From the formal theory, develop a

standard reference model open sys-

tems architecture for intelligent

machines and processes. This will

provide a guideline for the specifica-

tion, design, construction, and
procurement of intelligent machines

and processes. It will also enable re-

searchers to focus on well-defined

scientific problems within their area

of expertise (such as image flow, tac-

tile sensing, real-time planning,

control theory, learning systems, etc.)

with an understanding of how their

work integrates into the larger context

of an intelligent system.

Measures of Performance —

Use the formal theory of intelligent

machines and processes to develop

quantitative measures ofperformance

including a set of methods for measur-

ing levels of intelligence.

Commercial Implementation —

Work with industry to build a com-

mercial version of an intelligent

control system based on the standard

reference model. This would include

both hardware and software. A com-

mercially available intelligent control

system could be used by industry, gov-

ernment, and university research and

development labs for a wide variety of

intelligent systems applications.

Interface Standards —

Develop a draft set of interface stan-

dards for intelligent machines and

processes. This will facilitate the in-

cremental implementation and
upgrading of intelligent machines and

processes. Interface standards will

promote competition and rapid com-

mercial development because they

will make it possible for various ven-

dors to provide different components

for intelligent machines and pro-

cesses.

Laboratory Facility —

Establish capability at NIST to evalu-

ate the performance of intelligent

machines and processes for manufac-

turing, materials processing, and

biotechnology applications. This will

allow experiments to be performed to

test and verify the formal theory of

intelligent machines and processes
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and the open system architecture

based on it. It will also facilitate the

application of intelligent systems

technology to the economically im-

portant areas of manufacturing, mate

rials processing, and bioengineering.
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NANOTECHNOLOGY

The Competitive Issue

In its support of precision-engineered sys-

tems vital to U.S. industries, an area of

special concern to CME is that of manufac-

turing involving the fabrication of

nanometer-scale structures (i.e., those with

features measured in billionths of an inch),

such as in the machining of nano-scale me-
chanical components and the

lithographic-production of nano-scale elec-

tronic devices. Identified in the new DoC
Emerging Technologies report as an area of

scientific opportunity, nanotechnology in-

cludes a new type of manufacturing of major

commercial significance and fierce interna-

tional competition; it is also a type of

manufacturing that requires broad advances

in metrology by NIST to support effectively.

To remain competitive in the global market

for micromachines, advanced robotics, in-

formation technology, exotic materials, and

future computers, U.S. industry must de-

velop forefront technology and new
manufacturing processes for producing de-

vices of increasingly smaller sizes, ultimately

at atomic and molecular sizes —

a

nanotechnology. Such miniaturization is

motivated by the recent demonstrations of

sub-microscopic mechanical devices and

needs in microelectronics to increase the

number of devices on a single chip, thereby

lowering the manufacturing cost per device

and greatly increasing chip and overall sys-

tem performance. Sub-microscopic
mechanical devices have the potential to cre-

ate a revolution for mechanics similar to that

experienced by electronics during the 50’s

and 60’s. In electronics, billions of devices

and trillions of storage elements on chips no
larger than a dime are forecast with great

potential for application to intelligent data

bases and desktop sized massively parallel

processor computers.

Industry experts, worldwide, agree that pres-

ent miniaturization processes and devices

will run up against fundamental limits by the

early 1990’s; limits that will require new spe-

cies of devices and new manufacturing

processes. The road to the ultimate minia-

turization will, therefore, be a combination

of materials processes, devices and systems

which are evolutions of current approaches

and revolutionary processes based on molec-

ular designing and engineering,

revolutionary quantum well and box devices,

and radical new computer architectures such

as neural networks and cellular automata.

To keep up with the rapid worldwide evolu-

tionary pace and to provide support for

revolutionary developments, U.S. industry

will have to become much more sophisti-

cated in all aspects ofnanotechnology and all

its associated enabling technologies that are

being developed to cope with the special

problems resulting from the extreme reduc-

tions in device size.

The Technology

Almost thirty years ago the physicist Richard

Feynman explored the problems and won-

derful possibilities of being able to

manipulate and control things on a scale suf-

ficiently small to involve operations with

individual atoms and molecules. His basic

question was; whatwould happen ifwe could

arrange atoms one by one the way we want

them? He argued that with such a capability,

and within the laws of physics, all the books

written in human history, some 50 million
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volumes, could be encoded and stored in a

volume less than that of a speck of dust,

mechanical systems as complex as an auto-

mobile could be reduced in size by over 4000

times, exotic new materials with checker-

board arrays of atoms and layered structures

could be synthesized upon order, and molec-

ular computers with biological-like

capabilities for image processing and mem-
ory storage could be built. The dream lay

relatively dormant for many years, but as our

tools have developed, particularly over the

last ten years, interest has grown to such a

level that there is currently a worldwide

boom in activity in nanotechnology to pursue

many of the goals discussed by Feynman.

Nanotechnology is the machines, devices,

materials, and processes as tools used to

make devices whose functional properties

depend on structural features which are 0.1

to lOO’s of nanometers in size. To quote a

recent Washington Post article on
microengineering, this is the domain of,

“....nanometers, or billionths of a meter,

where bacteria loom as large as tug boats and

a human hair becomes a mountain range.” It

is a technology primarily concerned with ma-
nipulating and controlling things at atomic

and molecular dimensions; where the pro-

duction of new materials and devices is

bounded only by our imagination and the

basic laws of molecular interactions and ge-

ometry; where electronic, mechanical, and

optical devices, at anticipated limits of min-

iaturization, will be made of complex
engineered molecules rather than bits of sol-

ids; and where electrons can be trapped in

quantum wells and quantum boxes. A major

challenge of nanotechnology is to learn

whether the only limits are the sizes of atoms

and molecules, or whether the limits are

higher.

Nanotechnology tools and processes may be

subdivided into two classes, (1) top-down:

those achieving miniaturization by starting

from macroscopic objects, i.e. conventional

lithographic processes used by the microe-

lectronics industry and (2) bottom-up: those

which, at least conceptually, build upward

from single atoms and molecules to larger

scale nanostructures.

The Competitors and Stakes

Nanotechnology has been identified as a

major emerging technology in Europe,

Japan, and the USSR. Japan has launched a

national thrust in nanotechnology called the

ERATO Program. The ERATO Program

currently consists of nine projects ranging

from the Yoshida Nano-Mechanisms Proj-

ect to the Molecular Dynamics Assembly

Project. Total funding for the ERATO Pro-

gram is estimated to be between $10 M and

$20 M per year; beginning in 1981 and ex-

tending at least through 1991. In addition,

Japan has organized a major industry-uni-

versity consortium under the auspices of the

Research and Development Association for

Future Electronic Devices, and this Associ-

ation is being funded by the Japanese

Ministry of International Trade and Industry

at a budget of $65 M over an eight year

period beginning in 1986. The National Ini-

tiative on Nanotechnology (NION) has been

started in the U.K. as part of the larger LINK
program to encourage cooperative efforts

between government, industry, and universi-

ties. Funding for the U.K. NION program is

about $15 M over four years from the gov-

ernment to be matched by industrial funds.

A major effort in molecular electronics is

also underway at the Nanoelectronics Re-

search Centre at the University of Glasgow.

In W. Germany, programs in various aspects

of nanotechnology have been initiated at the

Max Planck Institutes and at the Fraunhofer

Institutes. In the USSR, the Soviet Academy
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of Sciences has also started a major research

effort in molecular computing.

By the year 2000, the electronics and related

industries will almost certainly be com-
pletely redefined in terms of structure,

participants, and in the way that products are

designed, manufactured, and marketed.

The journal. Electronics, forecast that by

1996, without major efforts by the US to

reverse current trends, Texas Instruments,

Inc. will be the only U.S. merchant IC maker
in the world’s top ten IC manufacturers.

There is a possibility that IBM will become
a merchant IC maker in the next decade.

Nanotechnology is one of the key enabling

technologies to maintain and strengthen the

US position in the extremely important

product areas of micromachines, advanced

robotics, exotic materials, and information

technology.

The importance of a nation’s industries abil-

ity to achieve the next generation of

miniaturization is vividly illustrated by the

slaughter of U.S. memory chip manufactur-

ers in 1986. This occurred as a result of the

announcement by Japanese chip manufac-

turers that they had developed the

technology for miniaturization that enabled

them to manufacture 128 thousand bit chips

and subsequently to sell them at the same
prices that U.S. manufacturers could sell 64

thousand bit chips. Within months, every

U.S. Manufacturer of memory chips lost

their market and thousands of Americans
lost their jobs. Even the IBM Corporation

was forced to buy the Japanese memory
chips and install them in their personal com-
puters.

The Role of NIST In the Technology

The proposed program will enable NIST,
working collaboratively with U.S. industry

and other governmental and university labo-

ratories, to develop a generic

science-and-technology base for

nanotechnology. Because of the extreme di-

mensional precision and accuracies

demanded by nanotechnology, NIST will de-

velop and make available to domestic

industries appropriate instrumentation for

generating and measuring nanometer dis-

placements, highly accurate nanometer
length artifacts, and important data on mate-

rials and processes. With this strong base in

manufacturing and measurement and a long

standing expertise in intelligent machines,

NIST will also contribute to the develop-

ment of new devices and circuit

architectures.

Science Base and R & D

Under this program, NIST will conduct in-

terdisciplinary research and development on

the manufacturing processes necessary for

the preparation of nanometer-scale devices;

the microscopies needed to “see” at the

atomic and molecular scales; the instru-

ments and mechanisms needed to generate,

measure, and control the position of probes

on this nanometer scale; and the tools and

processes to provide the capability to pick-

up, move, and deposit atoms and molecules.

The range of disciplines and supporting tech-

nologies includes metrology, precision

engineering, electrical engineering, surface

science, physics, chemistry, materials sci-

ence, and biophysics/chemistry.

Generic Technology and Production

The proposed NIST program will develop

the technology base necessary to develop

available and new enabling technologies, to

develop important standards and dimen-

sional artifacts, and to facilitate their

development and adoption by domestic in-
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dustry as a basis for improving U.S. compet-

itiveness in the world market based on
nanotechnology. NIST will also develop —
in collaboration with industry and university

counterparts — non-product-specific tech-

nologies that are necessary for enabling U.S.

industry to rapidly develop forefront capa-

bilities in nanotechnology.

For nanotechnology, major enabling tech-

nologies for forming nanostructures include:

Langmuir-Blodgett and other molecular

monolayer thin film techniques; electron,

ion, and photon — optical and X-ray —
beams and Uthographies; molecular beam
epitaxy, scanning tunneling microscopy, and

direct synthesis of molecular and other

nanostructures. Generating, controlling,

and measuring the position of probes on the

nanometer scale will require the continued

development of ultra-high resolution optical

interferometry, new tribological systems

that permit wear rates to be in the range of

fractions of a nanometer per kilometer of

travel, and refined forms of current systems

for generating nanometer displacements.

All of these technologies are currently being

explored by NIST with the Molecular Mea-
suring Machine (M^) and Molecular
Manipulation projects. TTie M^ project goal

is to develop a planar coordinate measuring

machine capable of positioning and measur-

ing to atomic scale accuracies over an area of

25 square centimeters. The Molecular Ma-
nipulation project is directed at exploration

ofmethods and processes to controllably add

and remove material on the atomic scale to

highly perfect surfaces in order to form use-

ful devices on the nanometer scale.
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