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1.0 Introduction

This report is part of a larger effort to assess the current status of CIM
technologies and to project their development over a ten year time horizon. It
concentrates on assessing commercial Computer-Aided Design/Computer-Aided
Manufacturing/Computer-Aided Engineering (CAD/CAM/CAE) software and hardware
of ferings. Source material for the assessment was garnered from trade
publications, government sponsored studies/reports, industry sponsored
studies/reports, and telephone/personal interviews with government personnel
and major software and hardware vendors.

A parallel report, entitled Evolution of CIM Technologies, was prepared on
technologies such as flexible manufacturing systems, group technology, and
MRPII. Additionally, a companion to the present report, CAD/CAM/CAE Current
and Future Environment, describes the current and projected Air Force and
contractor CAD/CAM/CAE environments. The results of these studies will be
utilized in developing realistic technology scenarios for development of the
product definition data future state.




2.0 Commercial CAD/CAM/CAE Market

The CAD/CAM/CAE market posted total revenues of $4.6 billion in 1987. Of this
$4.6 billion market, the mechanical segment accounted for 60% of the revenues,
the electrical segment 21.7%, the architectural engineering segment 16.7%, and
miscellaneous 1.6%. It is a market undergoing structural change as mergers and
acquisitions increase. Over the past four years, revenue growth rates of
23.7%, 16.8%, 10.3%, and 13.4% were recorded along with generally decreasing
hardware and software prices. In the following subsections, the major software
and hardware technologies currently impacting or projected to impact on the
mechanical and electrical/electronic segments will be discussed first from a
software and then from a hardware perspective. Note that the major focus of
this study is on software aspects.

2.1 Software

Software will be discussed under the following headings: mechanical design,
mechanical computer aided engineering, electronic/electrical computer aided
engineering, and manufacturing. Current technology will be presented first,
followed by a discussion of trends in future technology over a ten year time
horizon.

2.1.1 Mechanical Design

Current Technology

Mechanical design can be characterized as spanning a spectrum from automated
drafting to geometric modeling (20 and 3D wireframe, surface, and solids).
Automated drafting systems typically run on either mini or micro computers and
are used most often for 2D applications. Color and 3D to 2D conversion
capability are also available. Functionally drafting systems usually offer:

0 automatic dimensioning for drawing reference lines and dimensions
0 pattern filling, including cross-hatching
0 zoom and pan to enlarge pictures of a drawing for detail work
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availability of symbol libraries

ability to work with a number of different layers
hidden line removal

rotation of an object to view it in any perspective

o O O O O

presentation of an object in several different perspectives at once
A two to six-fold increase in productivity has been found with installation of
automated drafting systems, largely through the automation of the revision

process.

Geometric Modeling

The starting point for virtually every function in CAD/CAM is the geometric
model, representing part size and shape. Once the geometric model has been
created, it can be used to assist with other tasks, such as creating a finite-
element model for system analysis or generating NC code for making parts on
automated machine tools. Functionally, the CAD modeling system provides many
features to speed the design process, including: '

0 line construction based on user specified points and commands

similar automatic construction of curved lines, circles, corners, and
splines

automatic projection of views

o

detail duplication
line deletions
temporary line erasure

o O O o o

model enlargement or reduction

Wire Frame Models

Generally, the simplest type of models to create are wireframe models which
provide precise information about the location of surface discontinuities on
the part. They can be ambiguous in representing complex structures because
they contain no information about the surfaces, nor do they differentiate
between the inside and outside of objects.

3




Surface Models

Surface models define outside part geometries precisely and are created by
connecting various types of surface elements to user-specified lines. CAD
systems typically include the following surface types:

planes

tabulated cylinders
ruled surfaces
surfaces of revolution
sweep surfaces

fillet surfaces
sculptured surfaces

o O O o o o o

Where the definition of structure boundaries is critical, such as for NC
machining, surface models are extremely important.

Solid Models

By combining elementary cubes, spheres, and other solid primitives, solid
models are able to define the external and internal geometry of a part. Solid
models are commonly constructed in two ways: constructive solid geometry (CSG)
or boundary representation (R-REP). In CSG, the user positions elementary
shapes (e.g., blocks or cylinders) as required and generates a new shape by
utilizing Boolean logic (union, difference, intersection). In the boundary
representation technique, two-dimensional surfaces are rotated around an axis
to trace out volumes. Components with complex contours are more easily modeled
using B-REP techniques, while other parts are readily modeled using CSG. Most
CAD systems today combine the two techniques in a unified hybrid package.

Systems embodying these technologies typically are segmented and priced
according to the hardware that they run on. Typical costs quoted in a
presentation given early in 1988 (Ref. 12) were:

o mainframe and mini-based CADD system - $90,000 (average price per seat)

4




0 distributed workstation based CADD system - $30,000 (average price per
seat)
0 microcomputer based CADD system - $12,000 (average price per seat)

The State-of-the-Art survey prepared by the Geometric Modeling Applications
Interface Program (GMAP) assessed a number of modeling software systems for
their ability to address the data classes needed to support the design and
analysis, manufacturing and inspection, and product and logistics support of
complex structured components. The systems surveyed had specific voids in the
implementation of the following data classes:

) topology - laminate representations

0 features - section defined features, replicate features/feature patterns,
compound feature representations

0 tolerances - projected tolerance zones, tolerance function, statistical
process control tolerancing, airflow tolerances

) assembly - non-shape information

The study found that complete integrated product modelers were not yet
available. They also found that system users indicated difficulties with
modeling and application of free-form curves and surfaces, as well as an
inability to efficiently model objects with multiple transitional surfaces or
other complex geometries. Note that at least one relatively new mainframe
CAD/CAM system claims to have bridged most of the aforementioned deficiencies.

Future Technology

Interviews were conducted with major vendors in order to supplement information
collected during the literature search. Based on an integration of the
prevailing views embodied in these two sources, the major trends impacting the
future of mechanical design software appear to be:

0 continued significant decreases in hardware price vs. increasing hardware
performance.




o

o O O O ©o

a trend toward distributed work stations in combination with PC-based
systems.

acceptance of UNIX as an operating system.

significant improvement in user interfaces.

improved software performance through development of more efficient
modeling algorithms, e.g. Nonuniform Rational B Splines (NURBS).
integration of surface modeling and solid modeling.

improvement in solid modeling implementation (functionality and
performance).

migration from proprietary databases toward relational/object-oriented
databases and eventually to a common data model (PDES).

development of feature based design modeling.

integration of CAD and CAM.

evolution from part design to product design (e.g., design for
manufacturability; design for assembly).

integration of expert systems into the design process.

design of open systems architectures.

acceptance of parametric and variational modeling.

automatic conversion of wireframe and surface models into solid models.

a major thrust into the distributed data management arena.

Probably the most significant trend is that related to the incorporation and

integration of features into solid models. A feature is a higher-level, more-

intelligent description of a portion of a workpiece that allows for the

communication of data, both geometric and non-geometric, between different

design and manufacturing organizations. Some of the major reasons driving the

implementation of features are:

features offer a mechanism for a friendlier and more efficient user
interface upon which to build a model.

features allow for increased editability of the model, thanks to their
explicit storage.

features provide a mechanism whereby the intention of the designer may be
easily captured and stored.




) features, in conjunction with other information found in the CAD
model,will improve the level of communication between design and
manufacturing.

Implementation of features should assist in the automation of:

process planning
numerical-control programming
part inspection
manufacturability checks

o O O O o

assembly modeling

There are two instances of true feature based modelers noted in the trade
journals at the present time, developed by small start-up “niche" firms.
Experience with these systems has mostly been on a prototyping basis. Large
turnkey vendors are entering this arena cautiously. Therefore, it would seem
that this technology would be available on a general basis in the 5-10 year
time frame.

It is difficult to project the direction of software prices as software and
hardware are unbundled. One school of thought predicts a relatively stable or
increasing price with greater software functionality. The other school
predicts decreasing prices driven by the decreasing prices offered by the
hardware sector.

An article written by one of the new solid model vendors (Ref. 2) provides some
further insight into the issues of CAD system price, performance, and future
trends. Referring to the chart (Figure 1) depicting the progression of high
end, mid-range, and low end systems, the author makes the following points:

) A high end system's cost is about the same as the annual burdened rate of
a design engineer; a mid-range system is about one-third of this cost;
while a low-end system is about one-tenth the cost of a high end system.

0 The majority of production users are likely to be five years behind the
chart predictions.




Progression of CAD systems
1870 1978 1980 1985 1980 1896
High Flat bed Shared Shared 1 MIPS 10 MIPS Desktop
end plotter, 16-bit mini, 32-bit mini, workstation or dedicaied, supercomputer,
2D graphics wireframe surface share of CPU, assemblies of complex
routines geometry geometry limited solids N solids simulations
Mid Turnkey Turnkey Workstation ‘ 5+ MIPS Super
range seat, seat, seat, workstation, workstation,
2D geometry wireframe surface parts-oriented assemblies of
geometry geometry solids ~ solids
Low Drawing Drawing §-bit 16-bit Workstation, \ 5+ MIPS
end board etc. board and microcomputer, wireframe surface workstation.
microfilm 2D digitizer geometry geometry parta-oriented
system solids
MIPS = Millions of instructions per second

Figure 1.

Trends in CAD Systems, 1970-1995
Source:

"What Do Solid Models Need?", Machine Design, March 12, 1987
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) The progression of systems with specific functional qualities tends to
move from the high to low end over about 10 years. Users geverally take
about five years to understand and apply each new generatiun of modeling
tools.

Another interesting perspective on the future of CAD is provided in Reference
30. The Congressional Office of Technology Assessment (OTA) conducted an
analysis of a number of programmable automation technologies for a study
published in 1984. Key problem areas and projections of the timing of their
solution were compiled as a result of interviews with technology experts.
Figure 2 presents an extract of a table developed for the CAD area. It is
interesting to note the pace of development since 1984, Most of OTA's
projections seem to be realistic with two exceptions. OTA seems to have been
optimistic with regard to extensive design/manufacturing integration (Problem
Number 6) and too pessimistic with respect to Problem Number 2b.

2.1.2 Mechanical Computer Aided Engineering (MCAE)

Current Technology

Major CAD/CAM vendors have provided access to engineering capabilities by
providing interfaces or data converters to third-party software capable of
assisting with finite element analysis, kinematics, and mechanical simulation.
These analysis programs have typically required large amounts of computing
power (supercomputer, mainframe, minicomputer) depending on the size of the
problem. Today, certain size problems can be run on workstation and even PC
based machines. MCAE systems have an average cost per seat of approximately
$40,000.

A growing number of vendors of solid modelers are offering integral solvers so
that no translation is needed to a third party package. Automatic 3D mesh
generation is also being offered by a few vendors. However, most handle only
linear static analyses. Note that some developers of analysis software now
also offer solid modelers.




Current (1984) 1985-86 1987-80 1991-2000 | 2001 and beyond

Hardware: -
1. High-resolution, color display of designs,
with rapid generation of images® ........ a ° a

Both hardware and software:
2. Low-cost, powerful microcomputer-based
workstations for:®
a) efectronics design ................ a ° ]
b) mechanical design ................ . ° -
3. Independent CAD workstations linked
by network, with access to super-
computer for powerful analysis and
simulation ......... ... .. i N . [ ]
Software:
4. Three-dimensional solid modeling
systems, resulting in:S

a) more realistic images ............. ae ]
b) enhanced ability to connect with
manufacturing equipment . ......... a ° s

$. Comprehensive, powerful computer-aided
engineering systems? for mechanical

design . ... a ° -
6. Extensive design/manufacturing
integration® . ............. ... . . . a ° [ ]

Swhile color displays are currently available. they tend to sacrifice eithar resolution (the fineness and clarity of the picture) or the speed with which the images can
appear on the screen. New techniques for dispiays, such as the use of dedicated micropr chips (someti termed “silicon engines’’) to generate images.
promise to improve this situation.

OMicrocomputer-based workstations for CAD are now being marketed. but in the j gment of technicsl experts . d by CTA, they are sither not powerful enough

and/or not inexpensive enough to be useful in a wide variety of applications.

CCAD experts report that many systems for 3-0 solig modohng uro available now, but they are not being used because of their large appetite for computer power. and
because their capacity to link design data to manuf is inadeq . Part (b) of (ml entry refers to this ability to store and manipulate cesign dats
about the physicai characteristics of a part in such & \ny mlt it can be ted {0 turing equipment with only minimal intermediate steps.

9This entry refers 1o modules powerful encugh to allow extensive interactive testing, simulation and rohn.mom of designs in a wide range of applications. Such systems
are strongly product-dependent; while they may be near availadle for cenain products now (e.g.. integrated cirCuits. cernain portions of aircraft and motor vehicles).
they are much less advanced in other industnes and applications.

®This entry denotes the "window from design 10 production™ which would, 10r instance. allow designers 10 sxamine the production implications of design choiCes
These include the costs and Y production a3 well a3 the history of manufacturing similar items at the plant. Such comprehensive connections
would allow mych more substantial integration of CAD CAM, and computer-dDased management.

&= s0lytion 1n laboratones

®= tirst commercial apphcations

@= solution widely and sastly available (requiring minimal custom enginesring for each apphication).

SOURCE. OTA analymis and compiiation of data from technology experts.

Figure 2. OTA Projections for Solution of Key CAD Problems
Source: Computerized Manufacturing Automation, OTA, April 1984
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Future Technology

MCAE as a distinct technology emerged in 1987. 1In the future, it will become
a specific market area, distinct from CAD or CAM. In response to the belief
that 85% of the cost of a product is committed by the end of the conceptual
design phase, MCAE systems are geared toward providing the engineer with the
tools necessary to optimize the design prior to the drafting or
verification/prototyping stage. The tools embodied in MCAE systems will be
able to determine the following types of design data: mass and section
properties, interferences, clearances, stress levels, forces, temperature
distribution, path motion, and manufacturing cost. Expert system/Al
technigues will also play a major role as vendors attempt to provide the
generalist mechanical engineer with specialized knowledge.

There also appears to be a growing integration between solid modeling and
finite element modeling. Loads and restraints will be applied directly to the
geometric model. The entire system (geometry, materials, mass properties, and
finite element modeling, analysis, and post processing) will operate on a
common database and use a consistent user interface.

2.1.3 Electronic/Electrical Computer Aided Engineering (ECAE)

Current Technology

Electronic design/engineering is commonly addressed under the single heading
of electronic computer aided engineering. ECAE tools today address the entire
electronic product design cycle from initial concept to production. Figure 3
presents a simplified diagram of the design cycle with no attempt to show all
the decision points and loops.

ECAE is considerably more advanced than MCAE. Powerful digital circuit design
tools for electronic engineers first emerged commercially in the early 1980's.
Today, ECAE has grown to a market of over $500 million a year. It has even
adopted leading edge artificial intelligence techniques in connection with
silicon compilers as well as with the design of Application-Specific Integrated
Circuits (ASIC).

11
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Figure 3. Simplified Diagram of Electronic Circuit Design Process

Source: "“Software for Defense and Aerospace", Journal of Electronic Defense,

May '88
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Major elements of ECAE today include: printed circuit board design (schematic
capture, netlist extraction, automatic placement and routing); integrated
circuit design (semi-custom logic design, full-custom VLSI design, standard
cell design, gate array design) and analysis (logic simulation, fault
simulation, circuit simulation).

ECAE vendors have recently brought automation to the task of electronic system
packaging, integrating mechanical engineering with electronic design. Tool
sets for packaging analysis are projected to have the following capabilities:
3D geometric modeling, drafting, thermal analysis, electromagnetic analysis,
cabling design, and interface software for mechanical designers developing
subsystem and system enclosures, PC-board cages, and integrated circuit
packages.

Future Technology

ECAE technology is projected to evolve along the same lines it has followed
over the past seven years, further integrating the process of automating the
electronic design to production cycle.

Areas where gaps exist or automation is currently lacking will be addressed.
These areas include:

) application of AI technologies to board design in the areas of routing and
placement.

data handling architectures.

automatic documentation updates and package generation.

improved analog simulation.

O O o ©o

evaluation of cell designs.

Advances in electronic technology will also force ECAE vendors to react. Tool
sets will have to be developed to address problems unique to surface mount
technology, analog design, high-frequency design, hybrid devices, and others.
Hybrid devices, a middle ground between integrated circuits and printed circuit
boards, will force vendors to support a front-to-back solution. Another
generation of ECAE tool, called logic synthesis, is beginning to be marketed.
Logic synthesis is intended to help convert a high level design specification

13




into a low-level logic network. Within a few years, board level synthesis
tools that can map high-level descriptions into standard parts will probably
emerge.

2.1.4 Manufacturing
Under the topic heading of manufacturing, numeric control and process planning
will be discussed. Other topics included in this area (e.g., group technology,

MRPII, etc.)have been addressed in a separate report.

Current Technology

Numeric Control (NC)

Numeric control commonly refers to a microprocessor-based control system that
accepts a set of program instructions, processes output control information to
a machine, accepts feedback information from transducers placed on the machine,
and based on both instructions and feedback, assures that proper motion, speed
and operation occur. An NC system today may be characterized in terms of three
major elements: hardware, software, and information.

NC software can then be segmented into two major domains and characterized as
follows:

Control Software Application Software
0 operating systems o specialized function

0 system control o NC programming languages
o I/0 control o NC graphics systems

o servo control o CAM interface

o computation o CAD interface

0 communications

This discussion will concentrate on the application software side.

Today, NC programming is usually coupled with CAD systems. However, there are
a significant number of NC system vendors which interface with the major CAD
systems. There are four distinct techniques commonly used to generate NC
instructions.

14




manual NC instruction definition
computer-assisted NC part programming
computer graphics-based systems interfaced to CAD

o O O o

solid modeling systems

The first two techniques are the most widely used at present, but should be
displaced by graphics based systems over the next couple of years. Computer-
assisted NC part programming involves the use of NC languages, and the
processors and post processors that translate languages into instructions.

APT and COMPACT II are generally considered to be the most widely used NC
programming languages. Each statement in an NC program is translated and
analyzed by a program called a processor to produce generic tool path
information called a cutter location file (CL). The CL fiie is then commonly
passed to a post processor that converts the generic data into controller
specific NC blocks.

In graphics based systems, the part programmer retrieves a component geometry
from the CAD/CAM database and describes the relevant geometric elements and the
tool path pictorially on a screen using interaction devices. NC software then
makes all the calculations to define the tool path and display the same. After
verification of tool motion and position, an NC program is generated
automatically and the NC processor and post processor are invoked.

A growing number of solid modeling systems provide NC programming
capabilities, particularly for more complex machining operations. Because
manufacturing relies on the production and manipulation of solids, solid
modelers have provided the basis for the automation of NC code generation.
Solids can also provide NC verification by simulating an actual operation, in
which cutter tool path data is used to "cut" (simulate cutting) a solid model.
Interferences or gouges are clearly shown.

Future Technology

There are a number of trends which could have a significant impact on the

numeric control area. The BCL Standard (RS494-1983. "32 Bit Binary CL Exchange

(BCL) Input Format for Numerically Controlled Machines"), is an attempt to

provide a standardized machine-independent format that permits different
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machines of similar capability in the same class to operate from the same part
program. The proposed BCL exchange format requires that the following
guidelines be followed to achieve part program exchangeability (Ref. 19):

0 The machine tools should be of like configuration but not necessarily the
same model or built by the same manufacturer.

) The machine should have the requisite size, rigidity, accuracy, spindle
horsepower, speed, etc., to produce the parts to which the data is
intended to apply.

0 Fixtures required to hold the part in the proper manner should be
available for the alternative machine or for transfer with the part
assignment to the alternative machine.

0 The clamp arrangement and location of clamps should be the same for the
principal and alternative machines when making the part in question.

) Tooling for the alternative machine should be available and suitable for
production of the intended part.

) The N/C units must be capable of responding correctly to BCL data format
and commands as specified and as they apply to the particular machine
type.

0 If a portable input medium is used for input of BCL data, the medium
format must be considered.

0 If a data 1link 1is used for input of BCL data, the electrical
characteristics, 1line control protocol, and user language must be
considered.

Feature based modeling in combination with solid modeling and expert systems
are the other major technologies which should impact the further automation of
NC. Prototype systems currently exist which largely automate the generation of
NC code for select small families of parts. Some of the major elements
necessary for automated NC include:

) feature machining rule databases (for selection of the correct machining
and cutting operations)

) machine tool libraries

) cutting tool libraries

0o machine technology databases (for recommended cutting speeds and feed
rates)

16




Figure 4 presents the OTA assessment of the solution of key problems in the NC
machine tool area. Most of the projections presented in this figure seem
reasonable with the exception of item No. 7 (widely applicable 3-D verification
of NC programs using CAD-based simulations). Commercial applications of this
technology have begun to appear, which should decrease the time period required
for the technology to be transferred.

Computer Aided Process Planning (CAPP)

Current Technologqy

Process planning is defined as the process of establishing:

) the sequence of machines through which a part must be routed for
manufacturing.

0 the operations that should be performed on the part at each machine.

0 tool, jig, and fixture selection.

) documentation of time standards associated with each operation.

Ideally, the process plan is a single document which specifies the most cost
and/or time-efficient method for making a given part.

Automation of process planning has occurred because of a shortage of trained
process planners, and the need for consistent routings in order to promote
efficient production schedules. CAPP is touted to possess the following
benefits:

user experience level requirements are reduced
reductions in process planning time
standardization of manufacturing process
improved accuracy and less troubleshooting

o O O o o

increased manufacturing productivity

Concepts of group technology, discussed in the companion assessment on CIM are
usually an intearal part of a concerted process planning effort.
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Current (1984)

1985-86

1987-90

1991-2000

2001 and beyond

Hardware:

1. Systems which can automatically and
reliably remove a wide variety of metal
chips produced in cutting®..............

Both hardware and software:
2. Reliable, widsly applicable adaptive

control to optimize speed of metal

removal ...... .. . a
3. Tool wear sensors applicable to wide

range of cuttingtools . ................. a
4. Systems for measurement of parts of a

variety of shapes and sizes while the

parts are being machined .. .......... ...
Softwsre:
5. Controilers to accommodate ties to robots a
6. Model-based machining in which the

machine tool operates substantiailly

automatically based on data about

metal processes and the part to be

produced .............. ... ...
7. Widely applicable 3-D verification of NC

programs using CAD-based simulations ..

A

a

Systame Currently exist for automatic removal of metal Chips, Dut despite much interest and research, they are nether very reliable nor gensrically applicadle 1 e .

they can only be used for certain kinds of metals Or cutling processes).
&= 30lution in iadoratonies.
@<~ first commercial appiications.

8= soiytion widely and easily available (requiring minimal custom engineering far each application).

SOURCE: OTA analysis and compiiation of data from techaology expernts.

Figure 4. OTA Projections for Solution of Key NC Problem
Source: Computerized Manufacturing Automation, OTA, April 1984
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There are currently essentially two categories of CAPP - variant or generative,
with a third category being a combination or hybrid of the two. The vast
majority of systems currently in use are variant, which means they are based on
a library of standard plans for different part families that a process engineer
retrieves and edits, creating "variants" of basic plans. There is no attempt
to generate an optimum plan each time a variant is developed. When the library
contains only standard plans, new part input will be close to that of manual
process planning.

Generative process planning systems attempt to generate an ideal routing and
associated information for a part based on information about the part and
sophisticated rules about how such parts should be handled and the capabilities
of machines 1in the plant. Generative planning systems use decision tree
logic, decision table logic, or an expert system approach to arrive at an
optimum plan. Generative systems based on expert systems are still in the
prototype development stage.

Hybrid planning systems are generally variant at the part and production
planning levels and generative at the operations planning, tooling methods, and
detail levels. There is at least one firm pursuing this hybrid approach to
process planning technology.

Future Technology

Feature based modeling together with development of expert system technology
should have major impacts on CAPP in the coming years. Once design features
have been mapped into manufacturing or process-oriented features and then into
a geometry database, they can be adjusted during an analysis process in order
to make optimum r'se of resources.

Optimized CAPP will then be able to serve as one of the principal tools for
programming factories. They will interface and provide inputs to shop floor
control systems and MRPII systems.

2.2 Hardware

The debate over whether hardware or software is driving the pace of

19




development in CAD/CAM/CAE technology persists. Nevertheless, it is clear
that there is a synergy between the advances being made in both areas which
produces considerable momentum. This section will present a brief overview of
the hardware technologies embodied in engineering workstations and NC machine
tools.

2.2.1 Engineering Workstations

Current Technology

Engineering workstations are display terminals combined with significant
computing power, most often in the form of 32-bit microprocessors. A typical
workstation today is a machine with a 32-bit CPU, 4M to 8M main memory, 40M to
80M on-line hard disk storage, a 1024 by 800 resolution display, 10 megabyte
per second networking capability and a demand paged multitasking virtual memory
operating system (Ref. 6).

Several trends are clear in the workstation market:

o) definite segmentation - low end (1-2 MIPS competitive with personal
computers), high end (8-10 MIPS) and graphics supercomputers (16 + MIPS,
$80,000). Figure 5 presents an overview of market offerings.

) push toward standardization - standard operating systems (UNIX), open
architectures, standard communication facilities and interfaces (e.g., X

windows)

0 quantum leaps in performance/price ratios - MIP ratings have been
increasing by a factor of 2 every 2 to 3 years

) increasing use of RISC (reduced instruction set computer concepts) and
multiple parallel processors

0 64 bit architectures are appearing in the super class machines
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The newest niche players in the workstation market are those vendors offering
machines which couple the computational speed of a supercomputer with high
performance graphics, but are priced and packaged like technical workstations.

Future Technology

The trends enumerated in the current technology section are expected to
continue. In addition, there will be a growing use of specialized hardware
(e.g., dedicated accelerators, graphics processors, memory management units,
high-speed system buses). Projections have been made of 100-MIPS workstations
by 1992.

2.2.2 Numeric Control Machine Tools

Current Technology

Considered to be a mature technology, Numeric Control (NC) machines combine
electronic hardware with increasingly‘sophisticated software to span a number
of application areas, from machining of metal parts, to placement of integrated
circuits, to inspection of mechanical and electronic components. NC machines
are comprised of a microprocessor based control system, a servo system that
includes transducers to measure speed, motion, etc., activation devices for
accurate positioning and motion; and application specific mechanical and
electronic peripherals. Most NC systems today are computer based, termed
Computer Numerical Control (CNC).  However, there is no typical hardware
architecture for a CNC machine. With the development and growth of local area
networks within factories, numeric control has progressed into the distributed
realm - termed DNC (direct or distributed numeric control), with a CNC system
forming a node on the network.

There are currently two general classes of machine tools - machining centers
and turning centers. Machining centers generally operate with a stationary
workpiece and a rotating tool. Drilling, milling, and boring operations are
primarily performed on these machines. Turning centers typically have rotating
work and a stationary tool. They are primarily used to do internal and
external turning, drilling, and threading.
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Both classes of machines can be equipped with automatic tool-changing devices,
automatic work loading, operat. 7 condition sensors and measuring devices. NC
is also being applied to special cutting and finishing processes (e.g., gear
cutting, shearing, punching, etc.) and is beginning to appear in punch presses
and other types of presses used for sheet metal fabrication. Several new
cutting technologies are also beginning to impact on NC technology, including
electrical discharge machining and lasers.

Future Technology

The future of NC machine tools will be impacted by parallel development in
materials, tooling, fixturing, sensors, communications and artificial
intelligence. The major trends in the materials area include:

0 increased use of warm and cold formed steel parts with emphasis on near-
net-shape processes

) increased superplastic forming in aer.space manufacturing

0 continued progress in development of metal matrix composites

o) increased use of high-te-hnologv ceramics

Niche machines may evolve to accommodate the properties of different groups of
materials. Tooling is also being impacted by development in material science.
As combinations of materials and coatings produce more tooling options, the
variety and volume of tooling requirements can be expected to grow. With this
growth, tool changing and management remains a problem. Coolant and chip
management are also areas receiving increased attention as increases in
accuracy and productivity are demanded.

Fixtures hold and locate a part being worked during machining and assembly
operations. (haracteristics of a fixture depend on the process being
performed, the shape of the part, and the tolerances required. The need for a
large number of fixtures remains a problem even for flexible manufacturing
systems. Although there are a number of research efforts devoted to solving
the problem of flexible fixturing, none seems to offer the flexibility needed
in terms of variety of applications, the types and sizes of parts that can be
held, and expense.
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Sensor technology is also a very 1ictive area of research. Research areas
holding promise for manufacturing include: micromechanics, three-dimensional
vision for depth sensing, and development of intelligent sensors capable of
processing and interpreting data. Immediate attention is being devoted to
sensors which monitor the workpiece, tooling, and machine to prevent failure.

Future CAM architectures, through developments in communications and controller
technology, will integrate NC data with other manufacturing information. NC
will evolve from a stand-alone device to one component in an intelligent
manufactu. 1g cell. Note that a major government sponsared research program is
being launched to develop a next generation controller which will incorporate
major advances in artificial intelligence. During the interim, controls are
becoming less hardware sensitive and much more software sensitive.
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3.0 SUMMARY
Figure 6 presents a summary of the major findings of the technology assessment.
3.1 Software

Mechanical Design

Current mechanical design systems provide capabilities in automated drafting,
geometric modeling, wire frame modeling, surface modeling, and solid modeling.
The future of mechanical design systems will be significantly influenced by the
integration of features into solid models, along with the migration of vendors
from proprietary databases toward relational/object-oriented databases and
eventually to a common data model (PDES). Feature based modelers will be
available on a general basis in the 5-10 year time frame. These trends will
assist the integration of CAD and CAM, while development of expert systems
decreases the skill level and amount of manual effort necessary.

Mechanical Computer Aided Engineering (MCAE)

MCAE systems are geared toward providing the engineer with tools necessary to
optimize design prior to the drafting or verification/prototyping stage. Still
in its infancy as a distinct technology, MCAE systems are attempting to bring
specialized knowledge and capabilities to the generalized engineer by utilizing
expert system/AI techniques. Although commercial systems have been developed
to assist with finite element modeling and manufacturing cost estimation, the
pace of development in this area appears slow. OTA projects comprehensive,
powerful systems widely and easily available only after the year 2000.

Electronic/Electrical Computer Aided Engineering {ECAE)

ECAE tools are considerably more advanced than MCAE today. Tools exist to
address the entire electronic product design cycle from initial concept to
production. ECAE technology is projected to evolve along the same lines it has
followed, further integrating the design to production cycle. Advances in
electronic technology will force ECAE vendors to develop tool sets in the areas
of: surface mount technology, analog design, high-frequency design, hybrid
devices, and others.
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Numeric Control (NC)

NC programming is wusually coupled with mechanical design systems today.
Graphics based systems along with solid modeling systems are decreasing the
amount of manual effort required to generate numeric codes. The further
automation of NC code generation is dependent on development of feature based
modeling in combination with solid modeling and expert systems. OTA projects
model-based machining to be widely and easily available only after the year
2000.

Computer Aided Process Planning (CAPP)

Touted as a necessary bridge between CAD and CAM, computer aided process
planning can take essentially one of two forms - variant or generative. The
vast majority of systems currently in use are variant, which means they are
based on a library of standard plans for different part families that a process
engineer retrieves and edits, creating a "variant" of a basic plan. The
second form of planning systems, termed generative, will become more widely
available as feature based modeling systems appear. Generative systems attempt
to optimize the use of resources by generating efficient routings. These
systems are principal tools for programming factories.

3.2 Hardware

Engineering Workstations

A typical workstation today is a machine with a 32-bit CPU, 4M to 8M main
memory, 40M to 80M on-line hard disc, 1024 by 800 resolution display, 10
megabyte per second networking capability and a demand paged multitasking
virtual memory operating system. Trends in the workstation market point to:
increasing performance/price rations (MIP ratings increasing by a factor of 2
every 2 to 3 years); increasing standardization (operating systems (UNIX), open
architectures, communications and interfaces (X windows); increasing
segmentation (low end, high end, and graphics supercomputers). Projections
have been made of 100-MIPS workstations by 1992.

27



Numeric Control Machine Tools

Numeric Control (NC) machine tools span a number of application areas from
machining of metal parts, to placement of integrated circuits, to inspection of
mechanical and electronic components. Most NC systems today are computer
based. NC machine tools technology will be impacted by parallel development in
materials, tooling, fixturing, sensors, communications, and artificial

intelligence.
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