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Major recommendations are: "
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EERING CENTERS"™ i11at can recreate parts for which complete data are -
not available. -4
3. For parts whose manufacture involves luck or art, research is needed N
to create quantitative and reproducible manufacturing methods.
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BART 1. EXECUTIVE SUBNARY

BACKGROUND

]

The objective of Parts~On-Demand (POD) is to reduce the Navy's spare
parts supply, stocking, and procurement problems by fabricating parts
when needed, Iin small quantities, in a short time, and for reasonable
cost. The nesd stems from the difficulty of predicting the future demand
for that haif of the parts for which demand is iow. When timing and size
of demand are incorrectly predicted, supply and demand are out of balance.
Unnecessary costs are borne for uncalled-for parts, whereas procurement
delays of a year or more can occur if parts are out of stock when ordered.
Oclays arise from difficuity identifying the part accurately, assembling
the dats needed to reproduce it, and finding a suitable and willing
source.

;
:
i
;
5
?

The POD approach is based on the existenca or emergence of new tech-
nology in manufacturing and data processing. Applicable techniques are
found in computer-aided design (CAD), cumputer-aided engineering (CAE),
and computer~aided manufacturing (C4*), as well as prograrmable manufac-
turing, assembly, and test systems

This study surveyed the state of the art in advanced manufacturing in
order to deta-mine the extent of its suitability, and to recommend strate-
gies for bringing POD into being. The analysis covered the Navy's prob-
lem, the status of current and emerging technology, and the fit or gaps
between the technology and the Navy's problem. Plans of action are
offered for parts in the current inventory, future parts, parts with
incomplete manufacturing Iinformation, and parts whose manufacture is
sil!l an art.

STATE OF THE ART

IR~ N DR - 1 . IR P P PRI & N P O M. ') VRO

T O )

It was assumed for study purposes that functioning POD would be a sys~-
tem comprising order processing, scheduling and allocation procedures, as
well as facilities for raoid design, fabrication, assembly, and test. All
these arts were therefore included in the study, which focused on four
generic kinds of parts: metal, nonmetal, electronic, and optical. The

- .
YN

%

. Navy's current supply system was visited to obtain knowledge of the cuan- ‘
tity and types of parts involved. R

' c

The study found isolated examples of portions of applicable technolo- !

o gy in all the required functions, applied to all of the generic part 3
types. For example, one can buy a computer numerically-controlled lathe R

with a bullt-in CAD system. While one part is being cut, the machinist ‘
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can program the next part.

; ""l. h “i‘."

P,

A few partly integrated systems containing some of the required func-
tions also exist., These are listed in Tabla | on page 7. These systems
have heen designed to meet the needs of industry and would have to be mod-

il
"

Q: ifled to mest POD requiremants. Many types of fabrication are excluded,
o such as molding, forging, and bending. In addition, the systems ara con- .
Fo? figured for, and function efficiently with, a steady flow of patts or
,jﬁ assembiies of a 1imited class.
T a
.
hoey GAPS BETWEEN THE ART AND THE NAVY'S PROBLEM
P
"
*t; Let us specifically characterize the Navy's problem so that we can =
. compare it to the state of the art in manufacturing. The Navsl Aviation
;:{ Supply Office (ASO) and Naval Ship Parts Control Center (SPCC) between
s them manage about 775,000 stock-numberad parts, of which perhaps half are
iﬁé low-volume, low original cost, and currently hard to get. In any year,
i) perhaps 253 of these [tems! will be ordered. In addition, to the
| stock~numbered parts, there are perhaps ten times as many unnumbered
parts. In a year, we estimste that orders faor perhaps 300,000 are
i;; . receivadt. These Iitems fall Into two classes: consumables (the great
N majority) and repairables. The latter are likely to be assemblies, which
s, mean that they contain many parte made by many vendors. Repairables also
v regquire assembly and test as we!l as part fabrication. '
3 )
T The current art does not mesh completely with this situation. T.e key
; qaps, listed in Table 2 on page 8, lie in the areas of technical data
f$1 about the part, design standards and design for automation, and tabri-
?Q cation/assembly/test.
=)
- _
e RECOMMENDAT | ONS
&\q
N
é}% To bridge these gaps requires a four-prong attack which divides cur- .
g{# rent parts from future parts, and divides all parts into two groups
- depending on whether or not their manufacturing is inherently well enough
v understood to be aytomated.
T
3 "\
N - 1. For future parts that can be automated, we must define and imple-
:%;‘ ment a POD System of Procurement with the following components:
5;% g 1 These estimates count numbers of grders, not numbers.of parts ordered,
' fj since the former is data kept by the Navy.
by
;Q
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Table 1. Examples of State of the Art
Assembly Systems Capable of Economic and Rapid Low-Volume

in Integrated Programmable

" Production

ﬁ Typical

g -Production

3 Product Functions Performed Quantity Status

J Electronic Ofders. pa~t retrieval, |Batches of 50{Almost

! Circuit testing, guided manual ready for

¥ Boards assembly (automatic as- production

2 sembly in the research

% laboratory) .

P Prototypc' Design, simulation, jOne or a few |in use for
Integrated fabrication, test(?). a year or
Circuit two?
Fabrication

- Metal Shafts Design, process plan~ {Small batches|In use for

ning. N/C control of

machining.

a few years
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Gears 3" to 6" Dasign, process plan~ {Ten In use for
Diameter ning, hierarchical cen- 10 years
trol of fabrication
system.
Eyeglass Lenses Orders, grinding, test. !0ne In use for
many years
Sheet Metal Boxes Design, process plan, |One In use for
cutting, bending. llo years
v e e S e e e




Table 2. Gaps Between State of the Art in integrated Manufacturing
and the Navy's Supply Problem

ey
: 1
_ Best Conditlons for thn .
i : Art to Function Well Navy's Situation
Qé Topic (Speed, Cost, Performance) |in Many Cases
‘»E Technica) Date on|Resident In computer; coded|Dzta lacking, incorrect,
My Parts and for design, fabrication,|inccmplete, dispersed,
Assembl|as assembly, tast, or not in machine-
* readable form.
s
;}2 Design Standardized designs,parts, |[Many unique designs.
B Standardization |fasteners, data storage
w conventions.
R Design for Simplifieas parts & products|This art is new and
;55 Automation so that manufacturing sys-|not widely practiced.
X tem is faster and chesper. |The Navy's parts are
=y - not new.
Fabrication, Steady flow, 'n small or|A few of something
5 Assembly, Etc. large quantities, of 8 few|will be ordered and pro-
ejﬁ batches of similar partsioably never ordered
W requiring the same kinds|again.
X of processes.
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e "POD Parts', which are originally purchased complete with the
necessary data package, economically and efficiently. coded and
machine-readable.

o '"POD Factories", of different sizes, each of thich can make to
order a class of 0D parts, including process planning, adapt-
ing existing designs, fabrication, assembly, and tesi. The
smallest configurations could probably be put on a terxler or
carrier. .

e "POD Dacision Loglic! to identify potential POD part candidates as
esrly as possible, and to decide how “est to fil! a need when
it arices: stock, buy, adapt, POD (which factory to use).

e "Data-Driven Automation', fthe integration of the above into a
complete system.

2. For current parts that could be automated given the data, we must
- provide "Revarse Engineerirg Systems" capable of determining the
manufacturing requirements for parts with incomplete dats. Per-
haps only a sample, damaged part will be available2. Information
gaps will have to be filled using knowledge sbout how the part is
used, plus shape measurements and materials tests. Knowledge bas-
‘cs of design rules and typical uses will have to be developad for
common classaes of parts.

3. For current and future parts whose automation is not now possille
due to lack of a reproducible process, or  because production
invoives chance, rasearch priorities must be set.

Bridging thase gaps will require that industry and the Navy shange
some long-standing procedures in order to take advantage of the opportu-
nities that new technology offers for Parts-On-Demand.

Many specific needed technological advances have been ldentified.
For exampled:

1. Rapid creation of m~lds, tools, dies, and fixtures.

2 Eyeglasses c2n often be replaced if part of a broken lens Is avail-
able.

3 A more complete list appears in '"Part 7. Conclusions and Recommen-
dations' on page Li4.
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A theory of substitutablility so that an existing part could be
found and used with a 1ttle modification to fill a POD order for a
different part.

New types of FMS architecture and machine tool design suitabls to
the Navy's low volumes and wide part diversity.

Goal-oriented programming languages for automated fabrication,
assembly, and Inspection systems.

Expsrt systems to recreate missing data on parts so that they can
be made.
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PART 2. INTRODUCTION

Between March 1, 1983 and December 31, 1983, The Charies Stark Draper
Laborstory, Inc. (CSDL) conducted a study of Parts-On-Demand under con-
tract to ONR (Contract Number NOOO14-83-C-0313). This is the final report
on that study.

The objective uf Parts-On-Demand (POD) Is to reduce spare parts supply
and procurement problams by fabricating parts to order in small quantitiaes
in a short time. This capability would reduce stored parts inventories
and Le time required to provide a needed part. |t would also reduce the
number of parts stored for which & need never arises. Finally, it would
provide a source for parts that, for one of severa! rsasons, can no longer
be obtained. All of these benefits would save money, time, and human
effort, and would increase the readiness of forces in the field.

The Navy does not need POD for those parts that are In continual high
dexarnd. Consistent and predictable demand makes it relatively easy to
kecp a balanced supply on hand and to maintain suppliers. The problem
occurs with parts whose demand is low, or has suddenly risen unexpectedly,
or which were last made regularly many years ago, or whose demznd was
incorrnctly predicted.

In these and similar circumstances, the former sources of the parts
may be reluctant to start up production again for a small quantity.
Worse, they may have discarded thelir records and tocling or lost know-
ledgeable rersonnel, and thus cannot supply the part. |t may represent
out-dated technology they have discarded. Or they may have gone out of
business altogether.

Obtaining the parts, therefore, can entail long delays, either to
locate a new supplier or to reinstate an ¢ld one. Many steps are Involved
in this process, which often exceeds a year.

The Navy's parts are extremely diverse. Excluding liquids, we can
distinguish metal, nonmetal, electronic, and optical parts categories.
furthermore, many things called '‘parts" are in fact assemblies of several
or even hundreds of parts from one or more of these categories. When one
part breaks, the entire assembly is out of service. Under the current
procurement system, records may exist only at the assembly level, or it
may have been predetermined that the assembly, rather than the part, must
be replaced.

Making a part requires data. These data cover the item's size, shape,
mate-rials, cutting, forming, heat treating, finishing, Inspection, and
possibly assembly. . Data are usually in the form of drawings, lists, build
books, and umwritten anecdotal information. Typically, data to muke a
part are scittered over different vendors and Navy supply offices. Also,
dsta may be incompiete, irrelevant, unavallable, or missing due to the

n
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passage of tims, evolution of technology, or disappaarance of sourcas.

Implemanting POD must take two paths: one suitable for parts In the
current Iinventory, tha othsr for future parts which are declared ''POD
parts" at the time they are procured. For current parts, we must assume
that lack of dats about them will be the major difficulty. Thus, POD will
require considerable ski!l In reverse sngineering, which poses challeng-
Ing intellectual problems. inevitably, some parts will lack so much data
or be so complex that POD should not be asked to cope with them. (nstead,
they should be targeted for research. Standards for acceptability of a
current part for POD v 'l have to be devaloped.

For future parts, we must learn enough about design, fabrication, and
assembly that we can define the minimum data requirements that enabla POD.
Second, we should define "POD fasctories" suitable for handling a well
dafined class of part efficiently. This will allow correct allocation of
part orders to facilities and will keep & continual flow of work moving In
each facility. Third, we must define a procuremant process that can iden-
tify POD-potentials when systems are initiaslly procured. An Iimportant
step would be to Increase part standardization. This would reduce the
variety of simllar but non-jubstitutable items and would reduce the varie-
ty of parts thzt POD must process. Creating or expanding existing cross-
refersnced da.« filas of substitutable parts would be very useful,

We thus may identify the following slements of P0OD:
1. A "POD Fart” which which is born with the necessary data.
2. A "POD Factory" that can make and assemble POD parts.

3. A "POD Reverse Engineering Center' that can handle parts with miss-
ing data.

b, A "POD Decision Logic'" that allocates parts to the appropriate
facility, .identifies substitutions or near-substitution possibil-
Ities, and does long-term schedul ing and materials purchasing.

5. The "POD System" comprising all of the above with enough facilities
and sufficient production capacity to meet the Navy's neads.

While any one POD facility will probably have a 1imited range capabil-
ity, the entire POD system must be able to deal with individual parts as
well as assembl{es of parts. This means that some facilities must be able
to design parts, make and inspect them, assemble them, and test the final
sssembly. Since the range of required parts is so broad, and the required
processes and range of applications are so different, the facilities will
need to have different technologies at hand.

Presuming that the technical issues were solved and a POD system
oxisted, how would it interact with ships, NARFs, and the existing supply
system? The basic steps are shown in Figure 1 on page th., A fundamental
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stap is the "Allocation Decision" which determines how the order is to ba
filled. The required data include part order histories and allocatlion
decisions, as wall as minimal identification and technical data. |f the
order is assigned to the POD system, then more detalled data arc required

‘on materiuls, fabrication processes, and test or inspection requirements.

This diagram shows two things., First, data files are crucial for
proper oparation of the whole process. Missing or incorrect data can
casuse 3n unwise allocation or an incorrect part to be made. Time and mon-
ey will be lost, voiding the original goals of POD. Second, the diagram
shows that POD is a part of the en.ire supply system and cannot function
successfully by {tself. The decisions made regarding sllocation and fab-
rication methods exactly paraile! the kinds of decisicns made now by the
currant supply system. .

Several possibie implementations for POD can be imagined, differing
In the Jegree of centralizastion of the Allocation Decision and of the
actual POD production facilitias. In one implsmentation, the Allocation
Decision Is made by a centras! suthority. Fabrication of the part could be
accomplished at & centralized POD facility or at a local, decentralized
ohe on a ship or at a NARF or NSY. |in another implementation, the Allo-
cation Decision is made closer to the point of nead, say at a NARF or NSY,
or directly aboara ship. Fabrication would take plsce at the nearest
capsble facility. Each implementastion combination has its pluses and
minuses. Key onas are listed In Table 3 on page 15.

The above discussion points to the importance of data in making POD a
success. Successful POD will embody a new Ides, Data-Driven Automztion.
Successful POD will constitute a new method, Data-Driven Procurement.
This will mesh perfectly with the current rise in information technology:
office automation, CAD, CAM, CAE, numerical control, robotics, and inte-
grated manufacturing.

Because POD will be the partner of the current proct-ament system and
will share its problems, it is important to understand those problems and
how thay are coped with now. These issues include:

1. How are orders classified and allocated? What criteria are used?

2. What dsta and decisions are made, and what pressures determine how
they are made?

3. What is the structure of the current Inventory? How many 'POD
parts' might a POD system have to deal with in a typical year?

L. Wwhat Is the structure of orders? Are they orders for single parts
or entire subassemblies? Are they in singles, or are several parts
ordered at orce? What percent are for consumables, and would POD
be relevant for them?
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Advantages to Centralized or Decentralized Allo-
cation Decisions and Centralized or Decentralized POD Pro-
duction Facilities

Centralized

Decentralized

Allocation
Decisions

Better Iintegration with
current supply system,

Allocation Decision based
on "more complete data
about procurement options.

Less delay obtaining
Allocation Decision.

Batter appreciation
of degree of need
for part.

Less shock to exist-
Ing system when POD
is introduced.

Facllities

POD Production

Higher production volume
and more specializaed parts
~Tequirements make system
more efficient.

Better access to data.

Better access to expensive
or spaclialized equipment.

Less delay in ob-
taining part if
local facility can
make it at all.,

The answers to these questions will deeply affect the design of the

POD system, including data requirements, decision algorithms, facillity

location, processing methods, communication links, and so on.

The technology for mesting ths requirements of POD Is developing rap-
idly, although some key gaps have been identified.
that this technology has developed up to now in response to the needs of
civilian industry, which tends to shun automation of true low-volume pro-
duction and true production-to-order.
require adaptation of existing technology, as well as development of new

technology more suitable for low volumes.
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Technology is not uniformly advanced in al) aress. In all four part
categor ies defined above, we can find examples of automated design, fabri-
cation, assembly, and tast. But automstad cdesign and test are probably
most advanced in integrated clircuits, while automated assembly |s proba-
bly mors advanced in metal parts than In optical parts. Furthermora,
there appear to be no facilities in axistence where all production activ-
ities from order processing through finasl packaging are automated or even
integrated. Only disconnected Islands exist now.

POD can be made a reality. To do so will require that a step-by-step
realistic plan be developed. The system must be sized first for a small
number of the Navy's milllons of parts and, at first, for a limited varie-
ty. There should be strong emphasis on integration of iechnolugies into
factory systems that can provide all the needed operations from order pro-
cessing to final packing. Last, creating POD will require basic and
applied research in data representation and retrievil, part design,
reverse engineering, rapid creation of process plans ani{ process tooling
(dies and molds), and automation of process and assembly iteps. .




- POD is needed for three basic reasons. First, there may be a defect
in original estimates of the future demand for a part. Second, thers may :
be difficulty locating a source. Third, the part may be inhorently diffi- 3
cult to produce. The overall results are delays in obtaining parts, nigh
costs when they can be obtained, and large stocking costs for holding
parts that never get ordered. Simply put, the goal of POD is to bypass
these problems by making the parts as the neced srises. Tha directness of
this approach makes [t appealing, but implementing it is not a straight-
forward process. The difficulties will be discussed in later sections of
this report.

g
;

"The Navy supply system manages millions of [tems with stock numbers.
These are classified, as shown schematically in Figure 2 on page 18, Into
several "mark" levels depending on how much an item costs and how many are
orderod sach year. Those designated Mark O are ths ones most likely to be
candidates for POD. Demand for them is low. Their unit cost is also low,
making them tend to 'disappear!” from close scrutiny by the supply system
until a crisis need arises. HNKany Mark O items are called "insurance
Items', meaning that they are hald in stock in nominal quantity regardiess
of predicted need, bacause having none on hand would have a large negative
impsct on readiness.

Beyond the supply-demand mismatches that are tclerated with insurance
ltema are those mismatches due to incorrectly predicting the need for an
itam. It is not clesr how many prediction errors are inevitable. Further
stuty is needed. Prediction errors can be due to new technology in a
weapon system for which {ield performance data do not exist. Or funding
Timits can cause a system to remain operational longar than originally
plained. Original spare part procurements may not be followed up by major )
restocking when the original stock is depleted. Special conditions in an :
operational theater can cause temporary surges in the need for an | tem.

wa

When a part is found to be out of stock, or when, more often, it Is
discoversed that a part is needed that never was stocked, the delays in
procurement can be as long as a year or more. Many avenues are pursued, -
such as sesking the part in salvage or borrowing It from a temporarily
inoperative unit. As succeeding attempts fail, time passes while the
likelihood of finding the item decreases. Finally, the last resort is a
vendor nicknamed a "bicycle shop', who, for a price, will make one of any-
thing. y

=
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A successful POD system must have operating protocols that quickly
identify such situations and short-circuit them to the POD technical
facility without a year passing. That Is, POD will not succeed if it is
merely a technical substitute for the bicycle shop at the end of the
existing chain.
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Mark (1 Mark |V

Mark | Mark 111

Mark O - These repressnt about half of
parts managed by ASO and SPC:

(Approximately $50)|

Unit Cost, Dollars

Figure 2. Mark Levels of Navy Parts System
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Recourse to & bicycle shop is needed when the original vendor is una-
vailasble. This often occurs. Typically, supply problems occur after the
original system procurament, often long after. Given the fluidness of the
U.S5. wsconomy, it is not surpris’' 'y that vendors go out of business or
shift to new !ines of work. Proc..ement policies often encourage the sub-
contracting of work to many small companies whose survival is less than
certain.

Various incentives have been tried to keep vendors. These are mainly
procurament policies, payment plans, shared ownership of tooling, life of
type purchase plans, warrantees, and so on. None of these has succeedad
complataly, probably because of the difficulty of devising incentives
that simultanecusly benefit both the Navy and the vendors.

If parts are bought in advance and never needed, !'arge amounts of mon-
ey are apparently wasted. Valuable space is taken up, and it costs monay
for the paperwork, personnel, and preservation requirements to keep these
parts. Some of this cost must be swallowed as the cost of ''being in busi-
ness’’, but reducing it Is an Important goal.

Altogether, the dilemmc can be depicted in Table 4. The upper left
and lower right corners of the diagram indicate supply-demand consisten-
cy, while the other two indicate Inconsistency. All four conditions
exist.. Complicating the picture is the fact that an item may switch from
one corner to another during its supply life. Most frustrating is the
case whare a stocked part appsars unneeded and Is purged, whersupon orders
. arrive for it.

Table 4. The Supply Dilemma

The Item is Not

The (tem Is in Stock in Stock
There is or has Delays
been a need for Good High procurement costs

the item.

There has not ||Waste of purchase price.
been and is not ||Waste of spacs. Good
now a need for ||Waste of holding costs.
the item.
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POD represents application of technology. rather than new procuremant
policies, to solve these problems. With POD in effect, the unpredictabil-
Ity of demand would ceass to be a problem. The search for sources would
end because the POD system would become the source. Stocking parts need-
lessly could be reduced becsuse there would be confidence that |tems could
be made &s needod. Delays could be reduced because POD facilities could
be locsted close to usars, and would be designed to respond quickly to
orders. :

It must be kept in mind, howaver, that the POD system will be a pro-
curement system and not just a factory or coilection of factories. Thus,
it will need its own procurement policies, including how to identify a
"POD part" aic take it into the system, and how to decide which POD facll-
ity and technical method should make it. Schedule, military need, rela-
tive costs and time, and availability of technical data will be important
factors. The POD systes alsc must be large enough and have enough
throughput to meet the possible demand.

The current suppiy system must make similar decisions. To make POD a
success, it will bs necessary to understand how the currart system
responds to these challenges, what demand patterns ¢ facas, and wh.ut per-
formance achiesvements it presants which POD must match or can exceed. The
PQD problem is not wholly technical.
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This section and the next expand on the causes of the problems dis-~
cussed in "Part 3. The Need for POD" on page 17. In "Part 4. Technological
Issues That Muke the Current Supply Situation Difficult,' technological
issues are presented while the non-technological ones are discussed in
"“"Part 5. Non-Technological |ssues That Make the Current Supply Situation
Difficult’ on page 26.

TECHNOLOGICAL ADVANCES MAKE PARTS DIFFICULT TO REPRODUCE BY THE ORIG(" 'L
METHODS

A part may originally have been procured many years ago. It was made
by methods that were suitable for the technical specifications and quanti-
ty ordered, using materials, machines, and methods in current use at the
time. When the original order was filled, production .ceased. Personnel
turned to other tacks. Special tooling was set aside (or discarded: see

. ‘ below) . Generic equipment was used on other work. As time passed, this
squipment wore out and was replace’ by bettar equipment. Personnel may
have left the company or retired. Materials may have been replaced by new
with presumably better properties.

Now the Navy needs more of these parts. The existing data and spec-
ifications for the part, if they exist, are relevant to the old methods
and materials. A combination bicycle shop and museum might be needed if
the parts are to be made the original way. Otherwise, a vendor must be
found who can translate the original specification into methods he can
apply.-

Thic problem can occur in mechanical parts in the form of materials
substitutions. New metal alloys and plastics are developed, and old ones
go out of production. A materials expert is then needed to determine a
sultable substitute, based on such factors as strength, corrosion resist~
ance, dimensional tolierances or surface finishes, heat resistance, avail-
ability, or cost, to name a few.

L lEd T

The problem is acute in alectronics, where the |tem may have bean a
custom-made packaged circuit, built with machines, materials, and methods
that simply do not exist any more. i

Technical and non-technical issues combine here when there exists a

method of making large numbers of something but no method, at reasonable

. cost, of making one or two. This, too, is especially acute in integrated
electronic circuits, where preparing a design ard creating a successful

process can be costly and time-consuming. Much of Industry in mechanical
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and electronic parts is sat up to produce in large quantity. A goal of POD
is thus to creats cost-effective ways of making small quantities.

SOME | TEMS ARE INHERENTLY HARD TO MAKE

Items can be so hard to make that only one vendor can supply them.
What this really means is that there does not exist sufficient understand-
ing of the required processes to create the item repeatably and to the
required cuality evary time. Examples include transistors and
ultra-quiet ball bearings.

it soie cases, luctk plays a role. The vandor knows he can make 3 cer-
tain percantage of his output meet the specification, so he makes many and
ssarches through the output for those that are good enough. For this
mathod to be worth his while, he needs a market for the other parts, for
exampls, the civi! sector. Even in this case, -the Navy can be in diffi-
culty If it orders a small quantity since the vendor may refuse to go to

‘the trouble of conducting the search, or his yield of good items may be

toc low in absolute terms if the overall production guantity is too low.
{If 1000 are made, perhaps 10 wil! meet the Navy's specification, while if
only 100 are mads, psrhaps none will,)

THE ORIGINAL EQUIPMENT LASTED LONGER THAN ANTICIPATED

Lack of funds or design success can keep a system operational long
beyond its intended lifa. Many of the parts survive, but procuring those
that do rnot can be difficult. Navy design specifications are usually
strict so that extended life programs have a good base to build upon.

Examples of this oc:ur often in jet engines where the initial procure-
ment may have occurred 20 or 30 years ago. A decision to take the systenm
out of service may be delayed year by year, so that quantity purchases of
the parts are not made, whereas in hindsight they would have teen justi-
fiad.

THE TECHNICAL UATA HEEDED TO MAKE THE PART NO LONGER EX!STS

When the part was originally made, there were blueprints, process
plans, inspection requirements, acceptance tests, materjal descriptions,
and sources. Now the data are gone or the vendor is gone, and ail we have
is the part, perhaps damaged or broken. Indeed, some of the data may nev-
er have been committed to writing, or the actual »rocess found to be nec-

22




2N sssary did not agree with the written record, whizh was never updated.

. Finally, the data may not Include subsequent redesigns or improvements to

the item. This probiem is differsent from that of the process requiring

e b, luck. Here, we are dealing merely with loss or irrelevance of informa-

e tion. Table 5 on page 24 gives examples of the kind of information
involved. :




Table 5. What is ths Information Suite about a Part?

Information
Covers Factors Described Are: Examples
Concapt Design|{Functiona) Description: Resistor
$ Engineering |Concept and Specifications on perfor-|MNaterial
mance and composition: size, welight,|Ohms
balance, strength, magnetism, eic. Watts

Tolerance on
Ohms

Detai led Geometric Shape:
Design and Bain dimensions
Orafting Tolerances on dimensions
Mutual tolerances between features:
parallellism, concentricity, perpen-
dicularity
Reference Surfaces
Surface and Edge Finishes
Non~geometric |ssues
Alloy, heat treatment, surface
treatmant
Manufacturing |Processing steps, in correct sequen:e
or Process to preserve dimensions and tolerances

Enginsering &
Craftsmanship

Rough cuts, weids, finish cuts, heat

treat, grind

Two totally dif-

ferent parts
with identical
nominal dimen-
sions:
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0f all the technical difficultias identified, this one is the most
severs. |t occurs the most often and involves the most basic information:
what is, in fact, the Item described by the stock number? Central to the
success of POD, permitting It to take over as the vender, is the success-
ful solution of this problem.

Two basic strategies exist. One is to alter future procurement poll-
cies 30 that the nocessary dats are acguired by the Navy when the parts
are boughté. Graduatlly, this will create a new generation of candidate
"POD parts' that the POD system can provide replacements for. The other
is to find ways tc recresate thc necessary information from available
clues.

Both of these approaches appear necessary, and both will require
regssarch to implenent them, such as a theory to code and search for simi-
larities between parts, or expert systems that can fill gaps in existing
cdata about a part. Research needs are discussed in "Part 7. Conclusions
and Recommandations' on page L.

4 The data must be codad and condensed because it Is not practical to
purchase and store the ‘entire data package. Research is needed to
determine the minimun data necessary from which the entire manufac-
turing file (drawings, tapes, materials lists, process plans, assem-
bly and inspection steps) can be reconstricted.
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In addition to technical problems, such as advances in matzrials or
cbsolescence of manufacturing methods, there are many non-techni “al rea-
sons why supplying low demand parts is difficuit.

THE SOURCE MAY BE UNIQUE

Perhaps only one source has the know-how to make an item. This is
especially likely if, as with quiet bearings, there is an element of luck
In successful manufacture. This source has accumulated the skilled per-
sonnel or cultivated the alternate markets for eaxtra parts that do not
meet the Navy's specifications.

Second. perhzps only one or a few sources are willing to make the
item, due to Its difficult procass or low-volume requirements. The source
does not need such small orders and has plenty cf other business. He is
unwilling, In other words, to become a bicycle shop. Third, due to pat-
snts or other sole rights, only one source is permitted to make the [tem.
The Navy must deal with the source on his terms, having no alternative.
Whether POD would be legally able to make such a part would have to be stu-
died separately.

Each of these circumstances currently leaves the Navy with few alter=-
natives when faced with the delay or high prices for parts.

THE SOURCE NO LONGER EXISTS

Either the source has vanished altogether or no longer produces the
kinds of parts it used to. The U.S. economy is dynamic, and producers
shift their businesses toward dependable, sizeable and growing markets.
Since the Navy often needs replacements for parts last made years or dec-
ades ago, It is often found that the original source is gone.

While the source may be present in name, {t may have meanwhile been
bought by another firm that changed its Vine of business. Or it may be in
a similar business, but the trained personne! who used to make the {tem
have retired or left. Finally, it may have found other, morc attractive
markets and does not want the low quantity, specialized business of the
Navy == the. slectronics business would rather make products for the toy
industry, for example.




The Navy has little control over t':ese circumstances. The best remedy
Is to capture the data on the part from the original source because sur-
vival of the data is the basic requirement. This leaves unresolved the
quastion of parts whose creation invoives luck, where the 'data"' are not
enough. Such parts are targets for producibility research.

THE DEMAND F.R THE PART 1S QUALITATIVELY DIFFERENT NOW

In most cases, it is relatively sasy to get a vendor's attention when
large quantities are ordered, but not when orders are small. The vendor
cannot use efficient, high~volume manufacturing methods because their
fixed cost and startup costs are too large. Less efiicient, manual math-
ods end up being less costly for the quantity ordered. This paradox can
be bestter understood when all the costs of production are taken into
account. Only the original vendor has a chance to use the original higher
volume equipment and tooling. Thesa, however, may be busy r.ow with other
work. or may be in storage. Getting them out, set up, and verified also
takss time and monay.

As long as a "buy as needed” policy Is in effect, it translates into a
need to raduce thase overhsad costs so that efficient production can occur
on small quantity orders. This means reducing costs o¢f paperwork, pur-
chasing, contracting, and design, as wall as costs of fabrication. Com-
mercial industry has come to realize that thute '"white collar
productivity" issues are as important as traditional ‘'blue-collar" pro-
ductivity issuass.

IT‘CAN BE DIFFICULT TO IDENTIFY A PART CORRECTLY OR ISOLATE IT FRON AN
ASSEMBLY S

Many of the things called “parts" are really assembl les of many parts.
Assemblies are purchased whole and often nave stock numbers. The constit-
uent parts often do not have stock numbers and are not stocked separately.
The vendor of the assembly has g¢iven each part a part number that some-
times can be used to identify it, but not always.

Even whan s part can be correct'y identified by part number or stock
number, it may not have been made by the vendor who furnished the assem-
‘bly. This other vendor may not exist or may be reluctant to make a
replacement. A consaquence of multiple tiers of vendors is that technical
data about an sssembly is likely to be dispersed widely rather than being
concentrated in one place. The adequacy of the data Is thus not knhown
unti! the need for a part arises.

The result of all these protblems is that the data to make an item, the
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¥ only thing really nesded, i3 not always available. |f the Navy does not '-’
. have control of the data and control over the cost of producing the quan- <
tity it needs, then it is unable to establish favorable terms in price or N
A delivery times when parts are neaded. i
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The findings of this study are divided into twe categories: those
relating to problems facing the current procurement system, and those
relating to the abiliity of new technology to meet those problems.

o

PROCUREMENT
A
:% The current procurement system is discussed here to gain perspective
2 on problems the POD system will have to face and solve if it is to be suc-’
“g cessful. These center on what data and decisions are needed in order to

determine the best method for procuring a part. As indicated in Figure |
on page 14, the basic choices are: get the part from stock, buy it, find a
substitute that can be taken from stock or bought, or obtain the part via
POD. Naturally, wa would |ike the best decizion made for each part.

pdcr o 2o

¥What Data and Decisions Ara Neaded?

The most fundamental cata are those that correctly identify the item.
Misidentification occurs frequently, usually on items that have part num-
bers rather than stock numbers. The likelihood of correct identification
increases as personnel closer to the center of the procurement system
bscome invelved.,

Y %)
.

™

\ﬁu

. Once the item has been identified, the stock-buy-make decision must be

. made. Thie is no problem when the |tem has a stock number and is in stock.
The problem arises when the Item is In low demand, Is not kept in stock, or
does not have a stock number because sufficient demand was not antice-

B e gt

" ipated.

o The quantity to be obtained is an assential question here since effi- K
93 clency of production and cost per unit are generally lower when larger

X quantities are ordered. Figure 3 on page 30 shows the relation between .
o0 most appropriate type of machining mathed, production volume, and system 4
% flexibility for making large machined metal parts. (This will be true of

POD, too, though to a lesser degree. There will always be fixed costs
that do not depend on how many of an [tem are made.) Knowledge of previous
order history for the item is necessary. On this point, the currently
: kept data are cloudy, since they comprise the number of orders, rather
. than the numbear of {tems qrdered. The procurement system sometimes
receives contrived orders from knowledgeable perionnel who know that they
can manipulate the system with proper quantity and timing of their orders.
N To function efficiently, the POD system will have to be assured that the .
' quantity ordered is the quantity needed. : :
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It is slso important to know if a substitute item is available. Com-
pliing a cross-raference file would be a huge job, made more difficult by
the large number of vendors and lack of standsrdization on low quantity
parts. An important contribution potentially available from POD is the
use of data processing technology to search data bases for similar parts,
using Group Technology, Artificial Intelligence, or other techniques. If
an exact match cannot be found, a near match may be, with the result that a
minor design change will yield an acceptable substitute. The size of such
a data base and the research problems that must be solved are both large,
howaver.

To put these data problems In perspective, It Is worth considering
some spacifics. ASO manages 240,000 parts, of which about half are in the
Mark 0 category most likely to be POD candidates. While this is already a
large number, it may be that there are 10 times this many ltems in an alr-
planse that do not have stock numbers and do not get counted in the
2L0,000. One indication is that ASO receives about 100,000 inquiries per
year for non-stock number items. Most of these |tems cost less than $6000
sach, which means that they cost too little to receive regular reviews as
to whether thay should be given stock numbers.

Reviews for a stock decision will be made |f there are enough arders
in one quirter, but sppsrently only a tiny fraction of the part number
Items qualify this way for review and only a fraction of those reviewasd
receive stock numbers. (0f about 24,000 orders received in the first
quarter of CY1983, only 168 were of fered for review, and, of these, only 9
got Nsvy stock numbers.) Order histories must be analyzed and future
order patterns predicted. The techniques currently being used in theses
tasks could be improved.

Reviews for purging an item from stock occur if too few orders arrive,
unless the part is classified as ar insucance item. In a recent year, ASO
purged only 180 of its 240,000 parts.

If these sample statistics are representative, they suggest a largely

stagnant inventory. figure 4 on page 32 expresses the situation schemat-
ically,

3i
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The above findinys Indicate that data storage and handling, and deci-

AN ’ sion making will be Important functions for POD. First, there are a lot ;
& of potential POD parts. Second, POD zhould participate with the current -
) system by alding tha decisions on whether a part shou'd be a POD part or a |}
? stocked part. Tha POD system not only could search a \achnical data base,
§ but could also do the necessary statistical analyses of order histories to :
3 determine appropriate producticn quantities and delivery schedules. It 2
% also could datermine the most appropriate manufacturing methods and POD o
¥ facility for providing the part. These capabilities could also be used to E

aid the current procurement system make its decisions. Therefore, a data .
g base on fabrication mathods and costs, plus the availab lity of facilities )
r for schedul ing purposes, will also be necessary. R
X . -3
A While definitive data are not available at this tine, it is clear that :
A Mark O parts fall into three main categories: single purts, assemblies of -3

parts, and commodity [tems (called consumables) like lubricating oi! or B
24 packing compounds that are called "parts' but are made by totally differ~ -]
¥ ent methods from rigid parts. To supply single parts, POD nead only make B
L them, while to supply assemblies requires providing many parts and assem- N
I bling them. |f only one part from an assembly is needed, then the POD sys- :
& tem needs more component part data on stocked assemblies than is currentiy N

svailable. |f POD is also expected to nrovide consumsbles as well, this =
", reguires additional typas of production facilities. -
? The actual need for whole assemblies may not be known at this time 3
2, since, with current teciinology and procurement policles, many |tems must 3
¥ . be bought #s part of an zssembly. As single items, they are deemed una- e .
o vailable. This policy could be changed if the ability to make parts -
o improves. This will reduce the need for assembly.

3

N
§ TECHNOLOGY : .i

-

At least two ways exist by which to divide manufacturing technology
for discussion purposes. One is by function, starting with design und
ending with fina)! packaging (see Table 6 on page 34). The other is
according to type of part, which can be roughly broken out as metal, non-
metal, electronic, and optical (see Table 7 on page 34) . Naturally, there
are overlaps In these categories, but they help focus the discussion. We i
will organize thias subsection according to function, using materials to
give examples along the way. The objective of the discussion is to give
the state of the art in technologies applicable to creaticn of small quan~
tities of party at reasonable costs.
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Table 6. Steps In Manufacture

Design

Shape, materials, process mcthoq

Fabrication

Materials processing, shape creation

Ingpection

Shape and material property verification

Assembly

_Mating, joining, fasteners, lubrication, cleaning

Test

Appearance, function, reliability

Table 7. Types of Parts

6o —Q J —n

e ~g I Wxm
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Assomblies

Metal Non-Metal Electronic Ontical

Machined Injection Molded|Discrete parts{lLenses

Cast Layed~up Integrated Light scurces

injection molded|Fibers & circuits '

Forged textilas

Extruded l.iquids &

Powder greases

Pressed

Mechtanical Unitorms, Circuit Optical
parschutes assembiies trains

34
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Automation of design of all the listed types of parts |s well advanced \
in soma places. When sutomation is carried to high levels, there is good
potential for standardization, either enforced by an automated design
|ibrary or encouraged by availability of existing dasigns. Design 1

"

& tibruries are common in some integrated circuit and mechanical shaft o
;é design programs. 5
] e
*1 Essentially all integrated circult (IC) design is now computer-asided ;,

or semi~sutomated. The reason is that otherwise reliable compliex designs ¢
would simply be impossible. Thus, progress in IC CAD is driven by the
¥ nesd to design complex new circuits quickly with vary high densities while
] minimizing the the interference of one circuit to another. Design
libraries and prior designs sre often available. While the pressure¢ does
not come from the need for one part, the tools support that need tos. In
" addition, types of standard IC's, called Standard Cells, Gate-Arrays, or
the more restrictive Programmabie Logic Arrays, now exist. These arc¢ uni-
form In structure and are made the same, to be programmed later for their
fina) function., To better aid POD, more recourse to design libraries and
& existing designs would be needed, along with intelligent software to help
S search data bases for "similar" designs.

IRPAANRABAT .. . i
M I b A o b

Research i3 progressing on a CAD system that will create IC's of med- °
ern tachnology that reproduce the function of a previous electronic device
made from older technology. This technique is called emulation. |t :
diractly addresses the technological obsclezcence problem in elect-onic -8
assemblies (Boeing).

[F e R g

For mechanical design of machined parts or machined molds for nolded
x parts, there is similar but less widely used equipment. It is most often "y
capable of making a computer drawing, but less often able to link that

jz : drawing to a functional simulation, a frequent feature of IC desigr sys- ta
£y temg. Also lacking in most mechanical systems, though present in iL sys- +]
X tems, is the link to the fabrication process. Where these gaps have been L
- bridged, the type of part is limit.d, usually being circular shafts (Tech-
. nical University of Berlin, West Germany) . ’
,;? Many -stand-alone mechanical design aids exist, some proprietary, for i
[ designing particular items like four-bar |inkages, gears, cams, electric A
o motors, and so on. Gears and motors are good success stcrlies because a "
Fy wide family of items !n one shape class can be covered. (in the case of P
. gears, there I} an East German factory in Zerbst called ROTA 250 that can +
?i make small quantities to order under computer control.) -
g -
& . in textiles, there are proprietary design programs that create cutout g
3 patterns in a range of sizes, or that create weaving machine instructions o
K : to generate designs. -
, : i
Iy < In optics, there are programs that analyze (and possibly synthesize) - 4
3 optical trains and single lenses. N
1
N 35
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Major gaps exist In autcmated creation of process plans for designed
parts. Agsin, access to a plan librgry would be helpful, but the seaich
problem would be difficult. Process plans contain many steps like rough
cutting, finish cutting, heat treatment and intermediate measuremants.
The required tools and fixtures must also be identified and designed,
Many alternate process plans can be created for the same part, with the
major factors being available process equipment and the number of parts
needed in one batch.

This gap is a serious one becsuse a major source of delay and cost in
part design is process planning. it is usual!ly absorbed easily when many
parts are made from one plan, but not when one part |s nesded.

it is important tha' parts and as.emblies be designed at the outset o
that they can be easily fabricated and assembled by automateu systems.
This has been called 'design for manufacture" and 'design for assembly".
These disciplines are most advanced in Japan, where attention to shifting
market demands and '"'just in time'" production strategics require the abili-
ty to make srall quantities and batches economically in arbitrary mixes,
Design for assembly results in products that have fewer parts, fewer
screws, more parts in common over different models, and assembly from one
direction (no need to turn the Item around or upside down during ussem-
bly) . Products are often built up from carefully designed subazsemblies
that can be made in advance of actual need, or which are the common ele-
ments in & variety of product sty'es. A good example is panel m- ' irs made
for Toyota by Nippon Denso: from a suite of 40 models, batchte: ~f one to
40,000 can be made on cne day's notice.

"Design for POD manufacture and POD assembly' do not exist as ¢rgan-
ized disciplines. They would share some of tha faatures of existing meth~
ods, but would have to be modified to meet the fabrication methods and low
production quantities of the POD environment.

Eabrication

Automated techniques exist or are being developed for economicil low
quantity production of machined, textile, and nptical paris. Jut, ir most
cazes, the '"low volume' really means a steady flow of individual parts in
a restricted class, rather than one's and two's of widely differing
designs.

The best known examples are flexible manufacturing systems (FMS's)
capable of creating a variety of mechined parts within certain size and
shape limits. Typical! commercial systems, such as those at Caterpillar,
Hughes, or !ngsrsoll-Rand, have repertories of 50 to 200 different part
nunbers. They have been designed to be efficient producers when the
demand is for sustained batches comprising 10 or 20 part nurhers at any
one time. Their efficicncy falls in the POD type of environment, where
small numbers of many part numbers are neaded one after the other. This

.falloff is due to limitations on fixtures, tool inventories, and tool sto-
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rage capacities. Pressure to meet the P0D type of need could correct
these wazknesses.,

Simpler thun FMS's gre single numerically-controllied machinss with
built-in graphics CAD capabilities. An experienced machinist can be
dasigning the cutter instructions for the next part while the current one
Is belng made (West Germany) .

There has besn ressarch on computer-aided sheet metz! bending. Com-
plets commercial CAD/CAM shuet metal-cutting and forming systems exist
for making families of items )ike boxes and elecironic chassis (GenRad in
the U.S. and N.E.C. in Japan). The bends are limited to beiing straight
lines. No system for making arbitrary bent surfaces to order by CAM tech-
niques has been found during this study.

In the commercial optical market, eyeglass lsnses are ground to order
for sach customor, usually Iin a few days. As with other succe ~fuil FMS's,
thess are limited to a size and type range, but quantity nne is obviously
achicved at rsasonable cost. Plastic lenses for Polaroid's cameras are
successtully molded; here the problem for POD would be to rapidly create
the mold. o

Rapid mold crestion is also the roadhlock in applying plastic forming
and rapid sciidification (powder metallur:y) to POD. In both cases, com-
plex nat shapas can be created. !n the case of ~apid solidification, naw

alloys an¢ superior mechanical behsvior ars possible.

iIn 1C marufacture, there exists at least one progrietary automated
system capable of creating a prototype IC directly from the CAD system
without the use of optical masks. Quantity one production is pussible,
although the process takes longer than mass productior with masks (U.S.).

Flexible actomation is also being applied to non-metal fabrication
like composite layup and textile products assembly. Here, robots and oth-
er programmab'e equipment can handle a variety of patterns, shapes, or
layup sequences within a restricted range of products like militacy uni-
form sleeves or: flat aircraft parels (Grumman, among others) .

Ansembly

Mechanical, optical, electronic, composite and textile products are
all capable of being assembled automatically under mass production and, to
a limiced degres, under batch production. The batch environment is much
loss well developed and is the subject of considerable | esearch.

Nany applications »f automated batch assembly are not impiemented for’
aconomic reasons even though they are technically feasible. QOne reason is
that robots and other programmable assembly systems- components cost tyo
much, and their integration intc a system reguires too much engineering
snd not enouvgh standard modules. The resuli is that, apparently, it is
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less axpensive to assemble things manually.

There are two Important anvironments where this cost disadvantage
should not exist. One |s an ares of labor shortage, such as in Japan.
Another is a shortage of trained, capable people who can remember all the
assembly process .steps whean, 8% in a small batch environment, they do not
get much practice with any ons type of item. Both of theses environments
are characteristic of POD assambly.

In sny manual assembly process, there is a learning curve: the per-
centage of correct assemblies and the speed of assembly rise approximately
Iin proportion to the tota! numbasr of assemblles produced. Many examples
exist of military products that went out of production and whose pro-
duction lines had to be started up again somes years later., At this point,
much of the production ha¢ to be thrown away because the psople had for-
gotten how to do the a: samb'y operations properly. This is usually exag-
gerated st lower butch sizes, where one person is responsible for many, if
not all, «f the assembly steps.

Automated sssembly would thus contribute economically not by replac-
irg people, but by producing less scrap and rework costs. This will be an
added dividend for FOD since tims, as well as cost, can be saved If the
assembly of one needed [tem can be done correctly the first time. The
auvantage will be most kaenly felt in complex items like fire control or
navigatior, equipment. Both machanical and electronic assemblies are
excellent candidates. In both environments, reject and rework rates of
50% to 75% occur fraquently.

Autcmated batch assembly with programmable machines !s most well
developed in Japan. The products are usually small, mechanical items )lke
taps recorosrs. Although the batches may be small, the overall production
volume is lurge. Products have boen specifically designed to be assembled
by machines. In addition, the machines are equipped with a great deal of
special tools and fixtures for performing-the actual assembly operations.
These include presses, lubricating guns, screwdrivers, and grippers.
instead of a "unlversal hand'", these machines have universal tool sockats,
like computer-controlied machine tools. These allow rapid tonl changing.
(Sony, Hitachi)

To make this technology more suitable for POD will require reducing
the dependence on special tools and fixtures. As with FMS's, there seem
to be two main strategic choices: {1) to make the machine systems much
more general, or (2) to design things for automated manufacture and group
similar items on carefully designed automated systems. It remains to be
sean, ‘or example, whether assembly machines should have a universal hand
or whether products should be designed so that a limited sat of tools can
assemble them. The latter effectively increases the generality of the
tools. it should bs noted that while people have universal hands, they
are used very often to pick up and operate tools that do the actual assem-
oly operations.




Current programmable assembly systems are programmable only iIna lim-
ited sense. That is, thay carry parts along programmable paths to or from
tools that do the actus! work. (Alternatively, they carry the tools to
and from the parts.,) If tha generality of the system is to be Increased,
then, In addition tc effectively more ganeral tools, more general and
Involved programs will be needed. These will include not only simple
moves, but also test and Inspsction steps. |f all of these have to be pro-
grasmed by any of today's mathods, It will take too long and cost too
much, espacially for assembly of one or two items. Current programming
languages are procedure-oriented, rather than goal-oriented, and are
focused on motions. They lack the abllity to respond in real time tc con-
tinuous vactor faedback, althaugh they can respond to discrete Inputs that
act as punctuation for a program.

A larger gap is associated with knowledge of assembly processes them-
selves. Assembly consists of insertions, press fits, snap fits, threaded
fits, plus finishing operations like grinding and fastening operations
like staking. Not only do current robot programming languages lack any
ability to express thesa actions, but solid knowledge of their proper exe-
cution Is lacking except In the case of insertion. Limited knowledgse
exlsts In press fits, snap fits, threaded fits, grinding, and staking.
Since s major objective and justificat!sn for POD assembly is the ability
to do the job right the first time, this gap must be addressed.

To do so requires thess steps:
t. Th; process knowledge rnust be developed through research.

2. The act.dl reguirements for assembly of a particular item must be
determined and written down in terms that reflect concrete process
‘knowledge (avoiding vague words like "tight", '"smooch", 'warm",
and $0 on) .

3. These requirements must be put into a data base so that an assembly
machine can program itself, Just as we hope that design data can
ons day ba used to program fabrication systems like FHS's,

Test and inspaction steps must be included along with assembly steps.

Iass, Inspaction, Accaptance and Quilificution

Testing and accepting parts and assemblies are cruclal activities In
production of high quality items, especially military componants. |n many
cases, however, these operations dJdepend on human senses and judgement.
Proper training and careful definition of acceptance criteria are essen-
tial. It is not often appreciated how differently different people will
do the same judgement operation even though they describe It with identi-
cal words. I[f an operation can be understood well enough to be described
‘concretely to a reliable and repeatable machine, then the judgement factor
can be eliminated, and better production will result.

39
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Inspection and test can cover individus)l parts or entire assemblies.
Factors inspected range from size and shape to overall function. Surrace
and hidden defects must be found. Automsted programmabt:le techniques exist
for some of these operations. In some cases, raeprogramming is ralatively
easy, while in others it Is very time-consuming.

Overall shapes, especially If tolerances are not severe, can be meas-
ured readily by computer vision systems in many cases. These include flat
objects viewed In two-~dimensional silhouette and solid objects viewad by
three-dimensional ranging systems. Semi-automatic programming is commer-
cially available in the two-dimensiona! case (Machine Intelligence), and
it seams straightforwarei to program either type of system from CAD data.
Optical! systens and componsnts - are also susceptible to automatic
inspection, but this study did not encounter any automated batch methods.

Vision and slectric probe testing are both being used on microcircuits
and full-si:ze circult boards. These check for the prasence of leads and
components, sometimes being able to read labels (Westinghouse, Hitachi).
Current techniques tend to be slow, but their comblined speed and effec~
tiveness maks them attractive alternatives where quality |s eseontial.

Automatic Iinspesction of weided joints Is currently done by merely
mechanizing current manual methods. The customary magnifiux or ultrason-
i2 probe is machine~carried along the sesm to be Inspected.

" Novel uies of sound spectral analysis to :ispest assamblies include
testing for proper gear noise levels, bearing operation, or the presence
of foreign objects within sssemblies (General Electric). These tests tend
to be rather specialized, so their rapid programmability for one-time use

~on s smali batch is unclesr.

Automatic programmaklie inspection of solder joints on clircult boards
is the focus of much current research. Methods under study include
reflected 1ight, structured light (Hitachi), heat dissi.ation (Vanzettl
Systems, Inc.), and lase: analysis of joint shape.

Automatic functional testing of compiex assemblies (s limited to
carefully prepared test cells and preprogrammed apparatus (GenRad) . Good
examples are jet enginas and avionics equipment. |n both cases, enginsers
must prepare the test protocols and program thew into the test equipmant,
In the case of avionics, the classic problem of missing technical data
occurs. The test aquipmant is created after the avionics |tems are daliv-
ered, whan functional dats ars meiger or absent. Much reverss engineer-
ing, taking several month:, |s necessary before s useful test program can
be written. ,

To make automatic testing of parts and assenmblies feasible for POD
will require that (1) original part or product data Include test data and
criteria in machine-readable form, and (2) a programming language or lan-
guages be created for test equipment that will survive the technological
evolution of such equipment.
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Sxyatem Architacturs and System Control

Manufacturing systems are integrated arrangements of manufacturing

. equipment such as metal-cutting or assembly machines. The layout of these
“machines, their transport equipment, and their control equipment, consti-

tute the archlitecturs of the system. For mass production, the accepted
architscture is the line with work moving regularly and successively from
one station to the next.

The maln festure of batch and POD production is that this regularity
and rapeated sequance is inappropriate. Different [tems require differ-
ent operations and different sequences. This mesns that transport and
schaduling of Jjobs sre vital activities in operating batch systems effi-
clently.

The current approaches I~ system zichitectures range from general
systems with little regard for the preoduc’’s characteristics to spacial-
lzed systems with major coupling to the characteristics of the prouuct.
Some systems are built from collections of commercial stand-alone
machines |inked with a conveyor, while others sre unique proprietary con-
figurations of tools, motion devices, and conveyors.

Current FMS's are in the category of 1inked-together, stand-alone

. machines. Appropriate machines are carefully selected by computer analy-

sis to meet the production and schedule reguiremerts of & known set of
workpieces. The systems are thus genersl and efficient within that class
of workpisces, but may not accept a new plece without loss of efficiency.
Their applicability to POD at present, therefore, depends on careful
selection of worgplucns. :

in Japan, new types of machine tools are being designed that can work
ch & vider range of part types. This is accomplished by making the
machines modular and reconfiguring them as the need arises. Repairs can
als. be made by switching modules. No commercial use of these has
occurred, but tests are expected in the next year or so.

Modular assembly machines, capable of rapid reprogramming, are being
built in Japan. They are most applicable to products designad in advance
for automated assembiy. Reprogramming involves attaching new tools to a
frame (Sony). The bottieneck for POD would thus be rapid creation of the
tools, unless design for assembly included interfacing to a predefined and
limi ted set of tools. '

The correct architecture for POD cannot be determined at this time,
both for strategic and technical reasons. The strategic issue is how spe-
clalized POD fucilities should be, because existing architectures favor
specialization of product size, process methods, product materials, and
so on. Thus, near-term strategies require finding similar types of POD
parts and directing them toward an appropriate centralizaed facility. The
facility would benefit from a steady flow of similar parts and could pro~
duce efficiently at reasonsble cost. The order would have to travel and
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vi v wait !tl,turﬁ when it arrived, however, and the finished part would have
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The current procuremsnt system must deal with literally hundreds of
thousands of items that are potential POD parts. These range from simple
single pieces to complex assemblies. The data that describe these items
are oftan scant, scattered, or missing. Determining the correct identity,
order history, and true nesd for an ordered part can be difficult. A POD
system, liks the current procurement system, must make basic decislons on -l
buying. substituting, or making a needed item, and allocating & make deci- :
b ) sion to the most appropriate POD faclility. These findings indicate that 3

- _data storage, data handling, and decision making will be important POD
- functions. The data, howsver they may bs obtained, must cover daesign,
" materials, fabrication, assembly, and test cperations.

' ; ' to travel back, adding to the delay. :

.é#k o To make POD facilities more local and close to the point of need '

ko Vel requires srchitectures gesred to more diversity, even novelty, of the
- parts. Up to now, there has been little pressu‘e on industry to create "
3 such systems. Existing architectures and machines would have poor effi- .
q clency in the face of a diverse incoming parts stream. -
-
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Technology

POD requires efficlent production facilities that can make an |tem
never ordered befors that may never bs ordered again. This degree of pro-
‘grammability exceeds what current technology offers, but usually In
degree rather than in kind. By sacrificing efficiency or generality to
some extent, -the Navy can have limited near-term POD demonstrations In
arsas like metal-cutting, lens making, electronic assembly, precision
instrument assembiy, and electronic inspection. To extend the range of
diversity will require: ,
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3 1. Procuring parts with complete data packages.
z* 2. Cresting design rules for ''"dasign for POD automation'.
iy 3. Establishing substitutability data bases for part: to save design
“« or fabrication time.
§ L. Improving the speed of creating molds, tools. jigs and fixtures.
. XA
; 5. Creating automatic process planning systems,
. 6. Establishing integrated facilities comprising design, fabrication,
§ i ' sssembly and test with a common data base.
g ,
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7. Making systems whose machine types and architecture are better
sul ted to diverse parts streams,

8. Improving process knowledge in assembly, finishing, and inspection
80 more steps can be sutomated.

9. Creating programming languages for all phases of manufacturing
that can combine procass knowledge and workpiecn design require-
ments into programs for the machines,

The next section turns these findings into recommendations for demon-
strations, implementation strategies, and research programs.
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EART 7, CONGLUSIONS AND RECOMMENDATIONS

STATE OF THE ART VERSUS THE NAVY'S NEEDS

{mplementation of POD wiil require a four-prong attack based on divid-
ing parts into current and future parts, and div: i ng again according to
whether or not the parts' manufacturing processes are well enough under-
stood to be asutomated. This strategy is based on comparing the state of
the art in automated programmable manufacturing ("Part 6. Findings" on
page 29) to the Mavy's supply situation {'"Part 3. The Need for POD" on
page 17 through "Part 5. Non-Technological lssues That Make the Current
Supply Situstion Difficult" on page 26) .

current programmable manufacturing systems (design, fabrication,
assembly, test) function best when presented with machine-readable and
complats data packages that dascribe standardized designs. Tha standards
cover sizes, dimansions, tolerances, fasteners and materials, and other
things. These tend to limit the variety of i(tems presented to the sys-
v tems. More sophisticated companies have also designed their products for
sutomation. All the process steps are well understood and described quan-
titatively. Unnecesssry parts, part shape features, and fastenars have
" : been eliminated. Assembly takes place by stacking the parte. All of
thuse features help make fabrication and assembly faster anc chelper.
;uslng s:nplcr machines .

e CUrrcnt pragrlnmlbl. manufacturing systems function most efficiently

- when ‘presented with batches of only a few kinds of parts that do not dif~

. fer“from: Clch ‘other. very much. Overall production volume of these part
classes is then high snough that the system sees practically a continuous
: flcu of slmllar cr. graduully chnnglnq parts.

. Ccnpare th. suit;billty of this art to ths Navy's supply situation,

Lol 'and sovorll contrasta appear. The typical Navy part is not backed up by

S complete " machine-readsblé data, but by incomplete or Incorrect

| paper-based data. Parts were designed well before Design for Automation
I began to be used. Standardization, even on traditional equipment 1ike

o _ compressors and valvas, is. Inadequate. Finally, in the POD environment,

\,-w{ ) manufacturing systems might be presented with one unique part zfter anoth-
E er, rather than the relatively narrow range they are used to.

These are the gaps that must be addressed in order to make POD a reatl-

1ty.




INPLEMENT ING POD FOR FUTURE PARTS

Let us first consider the parts of tomorrow and ses how they might be
defined to mash with a coordinated POD system to provide them. We must
define a "POD part" when it Is initially procured so that when replace-
ments are needed, the POD system will ba ready. A POD part must be pro-
vided with its own machine-readable data base describing how it Is made
and usad. This cannot be a complete data package because experience has
shown that this wil! bas too bulky and costly to maintain. (Even irre-
placeable data brought back from the Moon is now unsupported.) Oata bulk
and cost can be reduced by:

e Standardizing designs and referring to the standard rather than
reproducing it.

e Stating that the design is merely a modlflcatlon of another de: !
and providing just the modifications.-

® Coding the data compactly.

e Standardizing process steps and again referring onl§ ts the stand-
ard,

e Employing a knowledge base so that some design or process features
can be Included "by implication'' based on othsr steps or interded
use for the part.

Second, following @ thorough survey of current and future types of
parts and processes, we must define ''POD factories'' for goneric classe: of
parts, within the main types -- metal, nonmatal, electronic, and optical.
Thase factoriss should be zized to meet estimated neads for part classes,
which hopefully will be easier than estimating needs for individual pai ts.
Near-term factories should be planned to operate on the 1imitad part range
and flow line basis of today's successful commercial plants. This means
locating them centrally and concentrating Navy-wide needs oi: them.

For longer-term (mplementations, the range cf applicability of facto-
ries must te broadened while their dependence on 3 steady flow must be
decreased. This will require aspecially great efforts in design standard-
ization and design for automation, plus advances in rapld orocess planning
and fabrication of jigs and fixtures., The resuiting simplifications and
overhead reductions will enable the added variety of parts to be abscrbed
efficiently. Lower break-even production volume will 211low POD factories
to be smaller and located closer to forces aflcat.

Third, a "POD decision logic" is nesded to help identify parts as POD
parts early in system procurement and to deal with incoming orders for
parts. A major role for this logic is to quickly recognize when the POD
system should be mobilized t0 meat the need for a part. Just as Is done in
the supply system today, the order history of the part must be reviewed.
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the best quantity to order must be determined, and the best factory, based
on suitability and avaiiabllity, must ba designated. Since using or modi-
fying a substitute is usually faster, these avenues must also be explored.
The system will grow over time In its ability to make thess decisions if
the data packsges ¢n individua! parts are designed to allow rapid compar-
Isons, ‘

These three componunts -- POD parts, POD factories, and PQD de:lsion
logic =~ are 411 heeded to implament the POD system. The result will be a
new kind of technology called Data-0riven Automation, In which everything
required from order processing tc final packaging can be described by
macilne-readable data.

IMPLEMENTING POD FOR CURRENT PARTS

The main characteristic of current parts is the lack of compiete data,
maaning that POD for such parts will reaguire creation of "Reverse Engi-
neering Centers'. The amcunt of reverse enginsering needed will vary from
one purt to the next. We can distinguish several levels of available
information, arranged from the least to the most complete:

1. A functional description os vague as "& two-inch diameter by
two-inch long bronze bearing'.

2. A sketch of the part with approximate dimensions, possibly includ-
Iiwg a functional description.

3. A damaged example part.

b. A statistically unrepresentative or representative sample of used
of unused parts.

5. Blueprints, which customarily include materials lists, and possi-
bly include reference to MiL standards.

6. Machine-readable instructions for numerically-controlled machines
and processes.

Naturally, as the information suite becomas more complets, current tech-
nology has more to offer. At the moment, there is nothing except human
intervention at levels ! through 4 and, with a few exceptions, nothing in
level 5. Progress in this area, therefore, requires research or, in some
cases at level 5, development. The issues and state of the art may be sum-
marized in Table 8 on page 47.

The intellectual issues in reverse engineering are formidable. As
indicated in Table 8 on page 47, they are the same as for the original
engineering that created the part, although less is now known about the
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Table 8. Technological Options When Missing
information (Part 1 of 2)
Ease of
Then the Main State of the |Making Part,
If We Have Things We Do What We Do Art In Irrespeci tve
Only: Not Have Are: About It Automation of Automation
Functional Concept & tech~ Make / buy]|Zero As aifficult
Descripton nical speacifi- |decision. as for origi-
cation. Conceptual nal part, but
design less informa-
Human tion availl-
experts able.
Sketch e Dimensions Detall dsgn|Some aids for|Same as above
¢ Tolerances engineering|mechanical
¢ Finishes arawing drawing
e Materials/
properties
¢ Raference
surfaces
Statistical-||Soms tolerances |''Shoot for|Some aids for|A 'simliar'
ly repre~||espacially ra- |the middle"|automatic part is fair-
sentative lating two or gauging and|ly easy to
sample of | imore features. statistical make
unused parts||Refarence sur- analysis
faces.
Statistical=||Tolerances Make sever-|Similar to|"Similar"
ly unrepre- al rather Sketch part frirly
sentative . than one. easy to make,
sample of Engineering but it may
unused parts Similar to fail right
including 1 Sketch away
part.

A e X

context of the part's use and the tradeoffs that went into determining ts

specifications.

the original

A part generated by reverse engineering could resemble

in every determinable way, given the state of incomplete
information, and yet fail right away when installed.

It seems reasonable, therefore, to establish the research priorities
If this is done carefully,

in the order 5, 4, 3, 2, 1 in the above list.
each lsvel can build on the accumulating results.

The aim, simply stated,
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Table 8. Technological Options When There is Missing
Information (Part 2 of 2)

T
15 tase of
: Then the Main State of the |#aking Part,
If We Have Things We Do What We Do Art in -rraspeacitve
Only: Not Have Are: About It Automation c? Automation
Damaged Psrt||Some dimensions |Sams as for|Same as Same as above
Tolarances Sketch Sketch
Raference
surfaces
Print Process plan [Manufactur~{Some automa-|l'one every
for cuts that ing process plan-|day.
yleld the tol- |Engineering|ning for|lhe easiest.
erances Group really
Technology |simple
parts.
N/C Tapes Process in/lor- Enginesring|{Use of the
mation other |and Nfg. tape itself
than cuts, e.g. jengineering|is automated,
heat treat, ma- but that s
terials all, '

is to codify and rationalize the basic steps in designing and manufactur-
_ing certain classes of items. At levels 3 through 5, this means codifying
potentially routine steps, whereas at levels 1 and 2, it mesns capturing
knowiedge, sspecially k:iowledge about topics that do not refer to the part
itself, but rather to its function and surroundings. [n other words, we
are trying to capture engineering. The results of this research would be
widely used and extremely valuable because little of it depends on the
fact that the goal is revarse engineering. As noted in the previous sec-
tion, commercial needs are the source of current progress in these prob-
lems in such as parts as 'IC's and shafts.

Along with theae research resulis will come, at each level, quantita-
tive understanding of what qualifies a part at that level. That is, we
will be able o classify a part accurately as "having an information suite
of level x". This will establish a useful standard and will allow the
corract level of reverse engineering resources to be applied to its recre-
ation.

Several consequences of this classification can be identifiad.

First, it may be a way of raducing the amount of data that needs to be pro-
cured with future "POD parts". That i3, iIf there is enough desigh stand~
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ardization «nd cross referenced data bases, one could describe a part
rather well at level 2 with adequate reference to standards and to similar
designs that are represented at level 5 or 6. Over times, we can expect the
sbililities of the Reverss Enginesring System to strengthen the POD System
for Future Parts.

Secornd, it allows a careful definition. of just what technology is
nesded to recreate a particular part.

Third, it brings into focus and creates better overall understanding
of what engineering is and what knowledge and Intellectual staps are real~
ly nessded to describe a part.

OTHER RESEARCH PROBLEMS

Codifying and standardizing enginesring, though extremely difficult,
will be sufficient only for parts where there exist quantified and repro-
ducible design and manufacturing methods. Where these are lacking, the
parts themselves must be the subject of research. Such parts' manufacture
currently requires luck or "art". Ultra-quiet bearings and soms types of
semiconductors and precision Instrumants are exampies.

SUMMARY OF IDENTIFIED RESEARCH NEEDS

The research neeads are categorized by general issues and specific
nesds. The general ([ssues are of equa)l concern whether the pzrts ara
_"parts" or assemblies and whether they be metal, non-metal, electronic,
opt.ical, or whatever. Special needs are cross-indexed here to the page
that defines both the problem and the research need.

1. Data processing:

a. Search methods for finding similar designs, materials, and
processes.

b. Compact data coding.
2. Dasign:

a. Representing design essentials in coded form to allow compar-
ison with other desjgns.

b. Design for automation, including alternate processes and part
morphologies suitable for different production quantities.
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C.

d.

e,

Capturing part function knowliedge and engineering knowlndg:.

Creating a thaory of substitutability for materials, proc-
sssas, and parts.

Sreation of rapid, automatic procass planning.

Fabrication:

C.

Rapid creaticn of tools, dies, molds, and fixturss.

Extension of programmable manufacturing Into more part varie-
ty.

Creation of programmable processes in moiding, forging, and
bending.

d. Programming languages that reflect process knowledge and part
design specifications.

Assembly:

8. |mprovement of fundlmcntal process understanding.

Creation of a theory of "assembly to meet a specification'.

Programming langusges that reflect process knowledge and
assembly speacifications. )

System Architecture:

Architectures with better flexibility and design techniques to
create them.

Iinspection and Test:

Programming languages and techniques that reflect product
function and systematic testing mathods.
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e CROSS- |HDEXED LIST OF IDENTIFIED NEEDS |N TECHNOLOGY TO SUPPORT PCD
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The list brisfly names specific technological items Identified in
this study that would support POD, and indicstes the page on which the
itoms s ﬂlscupud. -
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Page |tem

.

25 Theory =¥ minimum data that need be stored about a part from
which the completed data package can be created. 3

I

.
a- 178

. N 25 Expert systemi to recreate data packages from available clues
&Y or from optimslly ~onfigured minimum datasets. K
- By 8 .
- 27 Producibility research on difflicult parts |ike quiet bearings. , .
. !
- o4 n Group technology, Al, or Expert Systems to search data bases ior
<4 similor parte. :
% 33 Data base of fabricat!on mathods, costs and appropriate pro- K|
.. ductian volunes.
,Qi ’ . .
1) a5 Coding methods for storing the essentials of a design so that
' ?’ff : its cuhstitutability can be assassed.

. ‘*ﬁi . ° ‘n"
g:_ a5 Hothod: of designing new tachnology electronics to substitute : Y
5 - functionally for oid technology parts. : o
; 36 Automatic, rapid crestion of process plans.
ﬁlz 36 improved theory of des. for manufacture and des!qh for assem- :
R bly, especially for the Jow-volume POD environment. ;
25 ;
R ,
:'_:4: "~ 36 Extension of FMS tachnoiogy to POD production volumes. ' ¥

% 37 Rapid creation of dius and molds.

{; 1

“ 3? Rapid creatien of molds for advanced powder metal fabrication,

o 3] o]
};’_ LI
. 37 Systems fo. creating Integrated circuits in quantity one
. 1 directly from design data without masks. R
‘3‘ 3,
s;;; - 37 Eczonomical automatic batch assembly in low volumes.

R
u..' 38 Clean, accurate assembly systems for precision products. 3
hA _ : o

fsl » 38 More flexible tools and fixtures for assembly.

39 Goal-oriented programming languages for flexible fabrication,

sasembly, and test systems.




