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Implementing a CAD/CAM system in a small shipyard requires commitment from management
and labor, careful selection of each component of the system, an implementation plan, and a
somewhat new approach to design and construction. This paper describes the successful
integration of a CAD/CAM system into the operations of a previously unautomated shipyard,
yielding productien man-hour reductions of 40 to 800 percent. The history of the implementation
is traced, along with the successes and failures. Each piece of the resulting CAD/CAM system
(software and hardware) is described. The effect of the system on issues other than design and
construction, such as estimating, scheduling and planning, management and accounting, are also
discussed. The experience gained and presented will aid the reader in making intelligent CAD/
CAM implementation decisions while, it is hoped, avoiding some of the pitfalls encountered by the

authors.

Introduction

PERHAPS one of the most used and overused buzz words
in boat and shipbuilding today is “CAD/CAM.” Com-
puter-aided design and computer-aided manufacturing, or
CAD/CAM, is possibly one of the least understood tools
in the industry as well. It is often talked about, dreamed
about, and much maligned for creating new problems
when it was intended to remedy existing ones.

The promises of CAD / CAM have yet to be fulfilled in
many, if not most, boat and small shipbuilding facilities.
The reasons for this are many, but perhaps the foremost
is the lack of understanding of what those promises really
are, and how they can be applied in a given yard.

Why has it taken a design and manufacturing tool whose
development started more than 30 years ago 5o long to
make its way into small shipbuilding on a large scale [1 1%p
Few industries are in a better position to make CAD/
CAM pay off. There are real reasons, among which are a
lack of understanding of how to implement a system, the
mistaken belief that CAD/CAM cannot be made to pay
for itself, and often inertia { that is, * We re making money
doing it manually, why should we change now?”).

The first reason must be addressed with research into
available CAD { CAM tools. This can be a frustrating, but
potentially profitable undertaking. The second simply is
invalid. If undertaken correctly, an appropriate CAD/
CAM installation can (and often will) pay for itseif on a
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single project. There is no rationale for the third. Because
an operation is successful, there is no reason not to make
it more successful. )

What can CAD/CAM do? The major effects are sum-
marized in six categories, explored in this paper by de-
scribing the technology’s application in both a
boatbuilding and small shipyard environment. If appro-
priately implemented CAD / CAM:
furthers design optimization,
lowers production costs,
reduces design /build cycle time,
improves control of production,
reduces error and improves quality, and
. reduces required expertise on shop floor.

A decade has passed since the beginning of the general
availability of the microprocessor. The impact of this evolv-
ing and accelerating technology on shipbuilding has been
to allow numerical methods of all kinds to be applied to
ever smaller scale activities cost-effectively.

This paper describes in detail the successful integration
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' of the commercial realities of the small shipyard in the

1970’s and 80’s with numerical methods applied to the
design, drafting and structural fabrication processes in
small shipyards using microcomputers. The construction
environments described range from an owner-managed
boatyard, through a marketing driven start-up manufac-
turing company to a unionized, well-established small ship-
vard. Production histories of each are examined and
normalized parameters developed to assist in applying the
lessons learned. Some baseline data from one of the an-
thors’ early pre-automalion boatbuilding experience is out-
lined followed by an in-depth examination of the two
CAD / CAM installations. Every effort is made to present
the data in such a fashion so as to make them applicable
across the broadest sector of the marine production ca-
pability in North America, that is, the small shipyard.

4-1



The tools

Computer-aided design

Computer-aided design includes software to design a
hull, deck and superstructure, und perform various anal-
yses on those models (such as hydrostatics and speed/
power prediction). Design in this context means deter-
mination of envelope geometry using ag input all known
requirements with respect to speed, slability, scakeeping,
[unctionality, economy of manufacture and operation, elc.
Figure 1 shows the saltware used in this installation, FAST
YACHT/FAST SHIP from Design Systems & Services, Inc.

For CAD / CAM to be most productive, the design proc-
ess must start with an adequate description of the object
being constructed. This description is usually rudimentary
in the early stages of design, and through a gradual process
of refinement and reevaluation, evolves into a complete
detailed geometrical model. A geometry tool Lhat can pro-
vide the designer with the descriptive model he needs at
each step of the process and. critically, one that will allow
the designer to move smoothly from stage to stage along
the design spiral is essential [3].

The early phases of design are necessarily repeated
many times as the design spiral progresses. With an ef-
fective geomelry tool, the designer finds himself willing
to explore many more possibilities than before, because
the geometry of the object is easily redefined. Since the
sarne tool is used throughout the design process, initial
approximalions are transformed smoothly into the refined
finul model. This will help eliminate “Surprises” in the
later stages of design arising from coarse models having
been used in early analysis. It has been said that

.. .the general use of computers, are having a sig-
nificant effect on the type and scope of calculation
carried out, particularly in the early design stages.
Whereas, previously, approximate relationships
might have been used, full calenlations can now be
carried out, e.g. for hydrosiatic and stability data. At
the same time, more design variations can be con-
sidered up to a later stage in the design process. In
the luter stages, a more complete study is made pos-
sible by the use of computers as more advanced and
complex theories can be applied, e.g. in strength
calculations. [2]

A good geometry tool must be versatile, capable of pro-
viding data pertinent to the current stage of the design,
and at the same time provide continuity as the design
process progresses. [t must be easily driven by the designer
to allow him to effectively model his ideas with a minimum
of effort, as well as provide accurate data in a form that
enhances effective analysis. Iinally, it must provide u geo-
metric description adequate for the construction of the
vessel.

The FAST YACHT/FAST SHIF geometry tool—The
FAST YACHT/FAST SHIP program currently used at
Georgetown Shipyard, Inc. and previously used at Crock-
ott MeConnell Inc. is a design tool that combines geometry
definition and basic hydrostatic analysis. The geometry {or
hull) is defined as a B-spline surfuce that is controlled by
a number of vertices. The surface is manipulated by mov-
ing and controlling these vertices, and the surface is con-
tinually recalculated and redrawn {usually in one to five
seconds) as each vertex is moved. The designer starts with
a two-dimensional flat sheet, and molds a hull out of that
sheet, into three-dimensions. While the geometry is being
defined, the designer may ask to see the hydrostatic prop-
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Fig. 1 FAST YACHT /FAST SHIP design screen photo

erties of the object. These properties include dimensional,
area, and veolumetric properties, such as length, displace-
ment, and wetted surface.

The hull (or surface) can be displayed in any orientation,
and can be represented by B-spline parametric curves,
planar cuts (stations, waterlines, buttocks, diagonals, ete.),
or as a solid, shaded object. Once the geometry has been
defined, a lines drawing and offset file may be created.
The offset file may further be wsed to create files com-
patible with various CAD / CAM and analysis programs.

As stated previously, the hull is designed by manipulat-
ing a three-dimensional net of B-spline vertices. This net
surrounds the hull, and along with certain boundary con-
ditions, completely defines the surface everywhere on the
hull. As a vertex on the net is moved, the affected portion
of the hull is recalculated and redisplayed.

The net is displayed as a mesh of vertices, connected
by straight lines. It may be viewed by itself, in any com-
bination of heel, pitch, yaw, and magnification (see Fig.
2a). A parallel projection can be used, or a true perspective
can be generatad of any combination of the net, para-
metric surface, planar cuts, or solid shading [see Figs. 1
and 2(b)].

Since most design is evolutionary, new hull designs typ-
ically begin with a previous design as a starting point. The
previous design can be scaled globally in any of the three
major axes, and then local editing can begin, if necessary.
Because of this capability to use previous designs, huge
time savings can be reaped with computer-aided hull de-
sign.
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Fig. 2(a) FAST YACHT / FAST SHIP F45 B-spline control net
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To assist the operator in reproducing an existing design,
or matching the character of an existing design, the pro-
gram can display a digilized offsel file during the ediling
process. This digitized offset file can contain stations,
waterlines, buttocks, and three-dimensional curves that
are input by the operator from an existing lines drawing.

Developable hulls—QOne particularly important appli-
cution of FAST YACHT/FAST SHIP is the design and
expansion of developable hulls. Sinee a dewelopable sur-
face has curvalure in only one direclion, it can be produced
willt sheel mulerials such as plywuod, sleel, or alwninum
without clastie deformation of the shell material at a great
savings over forming the same materials.

Creating a developable hull with FAST YACIIT /{ FAST
SHIP is truly a design process. The operator first designs
the hull without particular regard to developability. As a
second step, the hull (or just the desired portion) is made
developable by an incremental process of making adjoin-
ing net patches planar. This yields a hull surface with at
least practical developability, if not absolute developabil-
ity. When this process is finished, the hull can be further
modified while retaining the developability, and the de-
signer may deparl from developability in those areas of
the hull where it is necessary Lo achieve the desired shape.
When a hull is developable, the parametric curves rep-
resent the generators, giving the operater who is experi-
enced with developable surfaces further insight into his
design. This design process ean be more productive than
other methods sometimes used, which allow the operator
to define a keel, chine, and sheer, and then try to find
developable surfaces that will “fit” those curves.

On-line analysis—While the operator is designing the
surface, he may request the program to display the upright
hydrostatics. The flotation plane for these hvdrostatics is
delined by Z = 0 in the coordinate system. The operator
may change the Hotation plane by moving the hull up or
down in the coordinate system, or by trimming or heeling
the hull. Additionally, the designer may input a desired
displacement, longitudinal center of gravity (LCG), trans-
verse center of gravity (TCG), and added or moved
weights, and the program will put the hull into equilib-
rium. The hull will be shown graphically in its new ori-
entation, and the new displacement and resulting trim
and heel will be displayed. Portions of a hull—or, il the
hull is made up of multiple surfaces, entire surfaces—may
be flooded with u specified permeability, and the program
will put the hull into equilibrium (if one exists}, and will
display the results graphically and in a tabular fashion.

A sectional area curve may be caleulated and displayed

Fig. 2(b) FAST YACHT/FAST SHIP F45 sections

superimposed on the hull while in the editing process. As
the hull is modified, the sectional area curve is automat-
ically updaled and redisplayved. Also, a table may be dis-
played showing, for each station, the X-coordinate, the
girth, and the area.

If the hull type is appropriate, the designer may request
an estimate of either planing or semiplaning hull effective
horsepower {ehp), based on industry-standard calculation
methods. These calculations are based on the integrated
properties of the hull and a few inputs from the designer,
allowing the designer lo oplimize his design for chp as he
is designing the shape.

Specific point measurements may be made of points on
the net, the surface, or digitized peinls simply by poinling
to them while in the Measure function. The coordinates
can be displayed in any of the four coordinate systems
available; absolute cartesian, relative carlesian, absolute
polar, and relative polar.

Off-line analysis—In addition to on-line analysis, the
hull gecometry may be used as input te a number of dif
ferent analysis programs, including complete hydrostatics
{(curves of form, Bonjean curves, damaged stability, flood-
able lengths, ete.), planing and semi-planing hull ehp es-
timation, computational  fluid  dynamics  resistance
calculations, and finite element structural analysis.

Computer-aided drafting

Detail design and part definition—Once the surface
geometry of the hull, deck or superstructure has been
completed, that gecometry is passed on to a computer-aided
drafting system to be used for detail design and part del-
inition. This geometry transfer can take many forms, rang-
ing from importing the B-spline surface definition itself to
passing a multitude of sectional cuts through the surface,
either in 2-D or 3-D. It should be noted that at this point,
regardless of productivity increases later on, the CAD
package has a huge advantage over manual methods be-
cause of this data transfer. Imagine working on the draw-
ing table and having at your fingertips overlays ol any
frame, waterline, or buttock to exactly define the hull
surface in the area that you are working. This is exactly
what the CAD operator has: precise hull geometry, full
scale anywhere he needs it.

In many ways, CAD (D is for drafting) is simply an
automation of the drafting board. A good software package
will mimic the way a draftsman works, with construction
lines, varying line types, different unit and coordinate sys-
tems, and different scales available. The drafting task is
made easier with the capability to quickly erase, move,
copy, and scale individual lines and arcs or entire parts
and assemblies. Automatic dimensioning and parametrics
reduce the possibility of error. Part and symbol libraries,
which can be stored on disk, eliminate tedious copying of
repetitive items, and allow the draltsman to include detail
on drawings that before might just have been schematic
in nature. (There is a danger, however, of using this ca-
pability to overdetail what should be a simple, pictorial
drawing. This can eat up valuable computer and user time,
and confuse the original intention of the drawing.)

There are two major types of output from the CAD
system. The first is the plotted hard copy, the standard
drawing that can be used on the shop floor or in the design
office. Figure 3 shows a drawing generated in Hewlett-
Packard’s ME-10 drafting software. The second, and more
important in terms of automation of manufacturing, is a
data file that is the input to the CAM software. The part
definition developed by lhe draftsman in the CAD pack-
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Fig. 3 ME-10 drawing screen photo

age is the same definition that is used bv the numerical
control (NC) machine.

Computer-aided manufacturing software

The role of CAM software is to take the part delinition
from the CAD software and ereate instructions for the NC
hardware to actually produce the part. This process can
range from relatively straightforward in the case of NC
plate burning to remarkably complex with 5-axis milling.
Nesting for plate burning may be done in the CAD or the
CAM software. The drawing file from the CAD program
is stripped ol the nongeometry items (text, dimensions,
etc.) and a sequence of machine moves (strokes) is crealed
by ordering the geomelry around the perimeter of the
part (chaining). Lead-in/lead-out paths and connections
between parts are determined to create the burn sequence
through the plate. Figure 4 shows a drawing created in
Data Automation, Inc’s DGS-2000 software. This global
sheet geometry is then processed into machine control
language (NC Code), including torch control instructions
and parameters such as cutting speed and kerf offset.

Computer-aided manufacturing hardware

CAM hardware can take many forms, as previously
noted. Among the most basie, and the one on which this

Fig. 4 DGS-2000 drawing screen photo

papcr will concentrate, is the 2-D burning table for cutting
fat plate. The cutting can be done by oxy-fuel, plasma-
arc, water-jet and for maost of this discussion, 2-I) router
for culling wood. Cutling rates for this plasma-are instal-
lation vary from 203 em (80 in.) per minute for I-cm (%
in.) steel to 457 em (180 in.) per minute for 0.5-cm (%,
in ) aluminum, with a maximum addressahle area of 305

by 610 em (120 by 240 in.).

CAD/CAM implementation

In a unit-oriented industry, advancements in technology
and improvements in capabilily can usually be imple-
mented only at diserete intervals. This requires analysis
and planning. Performance musl be analyzed using all
available data. Accurate records of man-hours by task arc
required if appropriate implementation decisions are to
be made. This is important when many small shipvards
may be surviving on estimates and rules of thumb. The
experience of management is important in guiding this
process but nothing will replace hard data. The possible
applications of the next round of technological advance
can then be established and their impact, henee likelihood
tor cost etfecliveness, estimated. The planned schedule for
implementation has and continues to be an area of concern
and potential error. The microcompuler software industry
has an earned reputation for broken promises, bugs und
“vaporware.” A need exists for realism when estimating
the likelihood of successtful implementation in a specific
timeframe, With production schedules, start-up and com-
pletion dates and late delivery penalties as part of the
equation, reliable running applicalions that can he brought
on line with a minimum of customization and fine tuning
are simply a requirement. For this reason a conscious
choice should be made to install the simplest solution that
will achieve Lthe objective. No attempt should be made to
find or make the “once and for all” installation. Because
the organizations and implementations discussed here
were small and flexible, this was possible, reasonably easy
to do and, most important, allowed the “bootstrap™ prin-
ciple to be applied.

McConnell Marine Limited

The entry of the microprocessor into the small shipyard
began with the introduction of programmable calculalors.
If used only to convert inches to millimeters, no one could
doubt their cost effectiveness. By leveraging human skills,
the microprocessor has brought practical numeric solu-
tions to previcusly unwicldy problems. One of the earliest
expandable such devices was the Hewlett-Packurd 41C.
The 41C pul nummber-crunching, mass slorage and 4 high-
level command language in the hands of the individual.
Application specific software was available as early as 1978
in [ields such as land surveving with coordinate determi-
nation requirements related to shipbuilding. These early
machines could print, had nonvolatile memory, branching
and looping constructs in a ROM (Read Only Memory)
based language and limited alphabetic capabilities.

In 1979, having first used a contract fairing service, and
armed with a promising history of mun-hours saved in
production, MeConnell Marine began using a suite of sta-
tistics programs available in ROM for the 41C, along with
some 2-D geemetry solving code written in-house in the
41’s internal language, to fair and construet, extremely
cost-effectively, numerous smaller steel and aluminum
vessels, both pleasure and commercial (see Fig. 5). Al-
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Fig. 5 GAD/CAM block diagram: McConnell Marine Ltd.

though several early personal microcomputers were avail-
able at this time, (Commodare PET, Tandy TRS 80), soft-
ware was rudimentary. The functions required for
coordinatc determination were available fully debugged
in 9-digit accuracy with a [ew keystrokes on the 41C. Even
at this early stage the option of jobbing out the fairing/
lofting portion of the construction sequence as opposed
to tackling the matter in house was a question to be con-
sidered. Bringing this capability into the organization
rather than setting up a situation ol dependency on a
subcontractor was the determining factor in this capital
investment decision. The sequence of applying a recently
learned lesson through searching for proven software to
automate a specific task was an early example of what was
to become an on-going task.

After a painful initial period of learning and develop-
ment, the fairing and construction offset calculations were
consistently completed in less time than had previously
been spent painting the loft floor, with practically no ma-
terial cost. The area previously occupied by the loft was
regained leaving increased manulacturing space. This es-
tablished very early that a planned implementation of
existing technology of appropriate scale could be “cost-
effective” and indeed resulted in benefits on several
Fronts.

As stated, aceurate recordkeeping of man-hours by task

is essential for making appropriate implementation deci-
sions. These data for McConnell Marine are quantified in
Fig. 6 for the steel and aluminum vessels built during this
period. Production man-hours are represented graphically
by task averaged for 12 vessels, hull numbers 18 through
28, 33 and 35. They establish some “benchmark ratios”
of the distribution of man-hours across tasks summarized
as follows:

s Patterns: All traditional lofting, fairing, shell expan-
sion, lifting of shapes from the loft floor, template making
and jig construction.

o Framing: Fabrication and installation of all Frames,
Girders, Stiffeners, and Centerline Structure.

» Shell: Hull and superstructure plating, deck and tank-
tops, major and minor bulkheads.

» Welding: All welding, tacking, pipewelding, assembly
ol jigging and blocking. Welding was tracked historically
by task but has been summed here [or ease of reference.

For instance, in a procedure such as the subassembly of
a bulkhead as a panel and its subsequent erection—the
definition of the perimeter geometry of the panel, the
marking or programming for the cutting out of the plate,
the layout of stilfener location and scribing of reference
lines would be charged to Patterns; the cutting, trimming,
edge preparation and incorporation into the main assem-
bly would go against Shell; while the cutting, trimming
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and installation of all frames and stiffening would be
charged to Framing; All tacking and welding for jigging,
alignment, assembly and installation would be charged to
Welding.

Tracking of man-heours by task allowed quantification of
specific gains and earlier identification of bottlenecks than
a breakdown into trades (that is, fitter, welder, pipefitter,
ete).

Some leading paraineters for these vessels are provided
in Table 1, Only those parameters directly concerned with
melalworking are included. Normalized production pa-
rameters are shown for the purposes of comparison with
readily available industry data.

Crockett McConnell Inc.

The application of labor-saving technology was contin-
ued through its development in a small (35-50 employee)
product-oriented, batch-build Canadian fabricating firm,
who chase in 1983 to vigorously pursue a program of de-
veloping and implementing microcomputer-based small
shipbuilding tools, utilizing emerging microcompuler
technology to its utmost. The evolution of this system will
be followed in some detail by deseribing its application
and development in a series of design and product de-
velopment projects. The effects of the application of
smarter programs and faster machines will be quantified
as part of that sequence.

Over a period of six years, every cffort was made to
update system hardware and software to the then current
leading edge, taking euch new advance as it became com-
mercially available and applying it both in design and in
manulacturing.

The often-repeated argument aguainsl investing now in
microcomputer technology, briefly stated here as “It will
be half that price next year,” was answered with, “There
are ways to save money with it today. Buy it now, and use
the money saved to buy the improved machine next year.”
We couldn’t rationalize waiting until next year to save
moner.

The early svstems were slow, offered poor resolution,
documentation and support {more true of software than
hardware ). They were often less than bug-free, and ven-
dors came and went with alarming regularity. By focusing
on what could be immediately applied at and by the shop

floor, and carefully documenting where man-hours went,
time, and often money, were saved. The importance of
documentation was emphasized often when we discovered
savings where it was not expected, Hardware and software
rapidly gol better. Incredible increases in power / cost ra-
tios conlinued to multiply the effectivencss of these ma-
chines and hence their return on original investment.

During this early period, programmers, mathematicians,
engineers, designers and others embarked on software de-
velopment programs to capitalize on cmerging micro-
processor power. As ship design and to a much lesser
degree shipbuilding applications progressed, savings re-
alized from earlicr implementations were reapplied, le-
veraging original capital many times over. Investment
took place in office automation as well, with less success
in achieving cosl effectiveness. It was found that software
sold at that time to automate manufacturing management,
particularly production and materials management prod-
nets, could not be cost justified in this seale of one-off and
shorl-run manulacturing.

The key fuclor in all acquisition decisions was, “Ts this
the most offeetive way this capilal can be invested to
provide cost saving to the company?” Investments in
CAD [ CAM totalled 37 percent of capital invested [or pro-
ductivity and capability enhancemenl. Insofar as they
were measurahle, GAT) und CAM were responsible for 80
percent of cost saving and over 90 percent of productivily
improvement. In fact CAM undeniably subsidized other
capital acquisitions. The gains realized from the replace-
ment of manual methods with numerical methods linked
to automated burning in place of manual culting provided
the majority of productivity improvement and cost saving.

In retrospect, the development of a simple, precise und
reliable system for retaining hull geometry throughout
construction was a critical first step. Smaller yards using
manual lofting methods or a contract lofting service retain
faired offsets in tabulated form. Access to precise glohal
geometry is lost when the scrive boards are picked up or
painted over in the preparation for the next project. An
immediate and valuable gain is realized when this ge-
ometry is committed to a digital gevmetric database. This
gain is greatest if that databuase forms the initial geometry
definition for the project.

There was a continuous examination of possible new

Table 1 McConnell Marine Ltd. leading ratios
Estimated
Actual Manual

Year Hull No. Material Man-hours Man-hours Savings Mh/Ton
1980 18 steel 1265 1365 % 234
1980 19 steel 793 891 11% 258
1980 20 steel 1760 1879 K% 271
1981 21 aluminum 392 456 14% 360
1981 29 aluminum 386 423 9% 308
1981 23 aluminum 336 423 9% 308
1981 24 aluminum 326 423 9% an%
1981 25 aluminum 1120 1218 8% 430
1981 26 aluminum 1064 1197 11% 308
1982 27 steel 825 904 9% 367
1982 28 steel Tod 209 T% 274
1922 33 aluminum 468 512 Y% 373
19832 35 aluminum 355 423 16% 283
Total steel: 53938 5348 & 6091 270
Total aluminum: 4557 5075 $16 438 340

Tolal: $22 530

Savings as a % of lolal sales: 6.7%
Capital CAD investment as a % of total sales: 0.35%
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fields of upplication. With first order gains realized through
the installation of a “geometry engine” to achieve addi-
tional suvings, the diminishing returns available would re-
quire more powerful computing machinery. However, as
power-tn-cost ratics increased by an order of mugnitude
overy two years, further “step-likc” advancements were
made. Sluckening of this must eventually set in, although
there is little evidence that this is imminenl.

In lute 1083, there wus o need on Canada’s Atlantic Coast
for u vuriely of marine safoty pruducts by offshore indus
tries exploring oll Nova Scotia and Newfoundland. Crock-
ott McConnell Inc. (OMQ), a commercial small-eraft
manufacturing {irm committed to market-driven and
product-oriented sales, was formed to address these and
other markets. Emphasis was pluced on escaping the pas-
sive svndrome afflicting many small shipyards. Rather than
advertise capabilities and bid with competing firms for
availuble work, niches were sought out where specialty
requirements afforded opportunities.

The nature of the work was bulch-building of specialized
small eralt. Immediate initiation of production was re-
quired if this existing markel was to be addressed. The
Coast Guard certification required to enter this market
and the prospect of selling to major offshiore supply com-
panies prompted CMC to seek a licensing ugreement with
an established sufety equipment manufaclurer, Watercraft
Ine. of the UK. Production of the respected Stills RIZ22
began immediately, resulting in 12 units being produced
in the initiul nine months of production. These high-spec-
ification, welded aluminum, diesel waterjet-powered
“RIB's” were produced using proven manual batch-build
techniques, including the utilization of routing templates
for production of sheet and plate parts, purpose-built as-
sembly jigs, welding positioners, and dedicated produc-
tion-line like facilities.

During this first period of batch production an oppor-
tunity was seen for improved throughput and flexihility
using CAD / CAM. Figure 7 shows the learning curve for
the RI22 series.

At the prompting of a venture capital partner, a decision
was made to investigate the likely benefits of introducing
computer-aided manufacturing technology. The devel-
opment of a CAD / CAM system effectively addressing the
requirements of a small manufacturer (shipbuilder) n-
volved in applying product development techniques to

address niche warkets was scen as a potentially rewarding
application of research. Investigation was initiated on sev-
eral fronts simultaneously.

Contacl was established with the Nova Scotia CADJ
CAM Center, opened in 1982 at the Technical University
of Nova Scolia. Offering access to u state-of-the-art main-
frame integrated CAD / CAM system at the time (Control
Duta CD2000), consullants from the CAD center dem-
onstrated that mainframe systems had the [unctionality to
address the design development requirements of the off-
shore and marine industries as we perceived them at that
time. An interactive graphics terminal and a modem were
installed in the Bridgewater, Nova Scotia plant of CMC
on an experimental basis.

A series of visits was made to trade shows and other
CAD/ GAM centers in Ontario and New Brunswick. The
capabilities and cost of every scale of system were inves-
tigated.

Shipyards were visited and shipyard managers ques-
tioned ahout their experiences with mainframe systems.
Experience and opinions varied. This was a period ol con-
traction for many yards in Fastern Canada and maintain-
ing the syslem was seen as costly but unavoidable. Trades
the system had replaced were no longer available. Monthly
or yearly licensing fees were hundreds of Lhousands if not
millions of dollars. Training was expensive and personnel
disappeared: immediately there was o downturn.

Vendors were questioned regarding Lhe applicability of
their offerings, hardware and software, to our reguire-
ments. Those personnel who knew the basics of their prod-
uct had no idea how to apply it to shipbuilding, whether
it was appropriate or even possible. On the issue of CAM
most suggested a consultant. They expected to be trusted
and asked that we lock ourselves inlo their system, im-
plying all problems would be solved.

What we knew were exaggerations of the benefits of
cowputer-aided drafting were commonplace. With some
growing experience from our tfime-shared remote termi-
nal, and frustration with the extended learning curve, we
were justifiably conecerned that the productivity of the
marine draftsman, practiced as he is in the real-time vi-
sualization of complex 3-D geometry, would degrade wait-
ing for his terminal to redraw, and thal simple tasks could
blossom into projects in themselves.

Comnsiderable time was expended investigating the ap-
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propriate culling lechnology, and its application to the
various materials involved, Among issues considered were:
working tolerances, repeatability, muss storage capabili-
ties, vendor hardware and software supporl, reliability,
industry slandards, environmental concerns, and other
topics disenvered as we went.

Analysis of man-hours expended at varivus lasks in batch
production wus carried oul to determine whether the im-
plementation of such a technology could or would pay for
itself. We were confident of the validity of our own data—
nat always so of that provided by system vendors. We
became convinced that witheout a direct link to production
resulling in savings in production man-hours, a system
would not be cost-justifiable.

Consultants associated with the CAD / CAM centers, al-
though enthusiastic about the possible micro-bused op-
portunilies, were inexperienced in small systems CAD
themselves. Sure of the soft benefils such as improved
quality, manufacturing flexibility and shop lavout, they
conld help little with direct cost justification or in planuing
a micro-based implementation.

Almost nothing in the way of precedent, hackground
duta, literature and even hardware or software was avail-
able for demonstration. Individuals with practical expe-
rience were virtually nonexistent.

The first hands-on investigation began in early 1984. It
was decided to use the terminal linked to the CDC main-
frame in Halifax to develop a new aluminum extrusion for
a small craft design then under development. The stages
in production had been identified. The extrusion was to
speed assembly at a particular stage identilied as a bottle-
neck. The development of the extrusion proved to be the
bottleneck. The response ussociated with a 1200-baud se-
rinl line was a sericus problem. The extended functionality
of the software wus available only after a lengthy training
and learning period (also at 1200-baud). These and other
problems, such as the luck of access to hard copv and the
cost of time-sharing, were all factors in the decision to
continue to investigale CAD systems but to concentrate
on the development and writing of a specilication that
would deseribe an ideal small shipyard micro-hased CAD
CAM system.

The factors in place to make a likely environment for a
successful CAD j CAM installation were determined to be:

1. Batch Building—Short to moderate runs, {5-15 ves-
sels), a high labor content, often with a requirement for
certification to a national or international stundurd. Tra-
ditional methods suffer from high start-up, tooling storage
and maintcnance costs, long production development
cvele times and repeatability problems. CAD [ CAM ollers
the prospecl of addressing all these factors.

2. Requirement for Precision and Quality Assurance—
Fmphasis on high-speed small craft oflen identifies alu-
minum as the material of choice. Strict requirements on
assembly tolerances and welding frequently necessitate
rework on manually produced parts. Product and proce-
dure certification often requires dimension control of in-
dividual assemblics as well as finished product. A need
exists for predictability.

3. TFrequent Minor Variations from Standard Designs—
Within a batch, even a single customer can specify minor
variations, more easily achieved with a computer-hased
manufacturing svster.

4. Lack of Trained Labor Pool—As a start-up company,
CMC needed access to a skilled labor pool to grow. The
mulliplying effect of automation is attractive. Training is
required. Why not look for tools to optimize that effort?
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Parts produccd by an automated systemn require less skilled
help in assembly. Better fitup improves welder produc-
tivity. Available skilled help can then be employed over-
seeing production and not be tied to time-consuming,
errcr-prone tasks such as lofting, shell expansion, projec-
tion, develepment, and pattern and template making.

5. Simple NC Machine Requirements—The possibility
of automating a significant portion of production man-
hours with one NC machine exists. Study shows that 12
to 20 percent of production man-hours go into part ge-
ometry definition, part layout, culling and marking. Some
pavback can be expected in assembly from improved ac-
curacy and rcpcatability.

The majority of interactive graphics systems in 1984
were minicormnputer based, Personal graphies workstations
were years in the future. Their predecessors were only
just becoming available. One such machine early iu ils
developmenl was the Ilewlett-Packard 9816, later to de-
velop into the 200 series and eventually the 300 series of
technical workstations ( the HP 9000 series). By late 1084,
some CAD applicutions were emerging for this environ-
ment, utilizing the extended Hewlett-Packurd Rocky
Mountain BASIC (RMB) and Hewlett-Packard Pascal, both
well supported by Ilewlett-Packard.

One such application was Design Systems and Services’
FAST YACHT /FAST SHIP. The cost, support, expanda-
bility, reliability and communication capahilities of this
hardware platform and the emergence of softwarc such
as FAST YACHT / FAST SHIP looked very promising. The
soltware developers were themselves naval architects and
vacht designers. The interface was conceived and buill
around interactive surface modeling. Developed by de-
signers for designers, the learning process wuas smoother
and less painful than anything we had seen previously.
There appeared to be real polential for cost-effectiveness
in hull design and lofting. We would still have to achieve
the link to production.

The investigation into culting processes had indicated
plasma arc cutting of aluminum as the lechnology of
choice. Its suitability for high-speed cutting of mild and
stainless steel as well makes it flexible enough for the great
majority of shipyard cutting tasks. Other possibilities were
rejected as too slow or too expensive. A narrow choice of
vendors indicated the wisdom of choosing an industry stan-
dard machine, compatible with the installed base in the
marine industry. In this case a Linde CM250 with UCNCY
control, maximurn onboard memory, and a DNC (Direct
Numerical Control) port was chosen. Downloading and
uploading of NC files through this communications port
eliminated any requirement for paper tape and utilized
mass storage in the CAM computer as on-line storage for
the cutting machine. One hedge that was required when
the machine was purchased was the provision for tracing
and cutting from paper patterns. This proven optical sys-
tem, still in daily use in many shipvards, was specilied as
a backup if the numerical systern we were developing
proved to be impractical. It has never been needed. Be-
cause code produced by the optical tracer is identical to
NC code produced by the machine control, this capability
can be used to capture an existing physical pattern inven-
tory for computer nesting and NC cutting.

Farly (pre-CAD) production of NC code consisted of a
process similar to computer programuming where machine
language constructs were Lyped into a text editor and then
suhmitted to the machine control as a program, with the
attendant de-bugging requirements of any other type of
programming.
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Eurly micro-based 2-D CAD systems woreé generally uu-
tomated NC programming systeimns capable of generating
NC code [rom symbolic input ( post-processing) with CAD-
like graphics creation and cditing functions added later.
One such svstern was Data Aulomation’s DGS 2000. De-
veloped in the Hewlett-Packard RMB environment, this
integrated 21) drafting / NC puckage was chosen to furm
the Link from the HP200 to the shop floor by meuns of
RS232 serial cormmunications. A postprocessor eapable of
gencrating NC code for the Linde UCNCT control was
developed and added to the software.

Installation of computer, software and NC burning ma-
chine hegan in September 1984, In mid-November we
were ready Lo bring the burning machine en-line. Initial
experience drafting with the CAD system did prove what
we had anticipated. Generation of detail shop drawings
often took two to three times as long as manual drafting.
Operator inexperience, dJow screen redraw and disk ae-
cess, pour graphics editing functionality, and poor screen
resolution were all contributing factors. It was fmportant
that the characteristics of projects with paybacks be iden-
tified. Whenever geometry was Lo be reused (stock com-
ponents and standard deluils), or if absclute precision
(metal part geometry) was a eriterion, the payback was
generally assured.

A library of standard couslruction components and tool-
ing parts was huilt up, available to be plotted at any scale
as required. Simple components with geometry indepen-
dent of globul ship geomefiry (doublers, brackets, elc.)
were drawn, nested, post—processud and down-loaded in
the initial stages of implementation.

21 initial production—The first full use of the system
was in antomaling a design in current production. In an-
Licipation of utilizing NU cutting, an existing design had
been modified to utilize the anticipated increased cutting
speed, Lt was assumed that the NC machine could be used
to make parts with more complex geometry than could
he effectively produced manually. They would, when ac-
curately produced by NC code, make assembly quicker
and finished product more finished in appearance. With
some delays in installing and de-bugging the svstermn we
had reached Iull No. 12 when the first NC cut parts
reached production. This made early vessels very costly
in man-hours. The learning curve of that series, presented
in Fig. 7, shows how details that are inappropriate for
existing technology can impact negatively on production.
Throughput rates are significantly lower in early produc-
tion but rise onee NG cutting begins. Smooth operation of
the culting process took time to bring on stream. We
underestimated the additional demands ou malerial han-
dling. This took several months to straighten out. This first
project was input manually by measuring the pattern for
cach part, reproducing the geometry in the computer and
drawing its contour. Surface modeling is unlikely to pro-
duce a set of lines identical to those resulting from manual
lofting. Rather than risk producing parts that would not
fil on existing tooling, the full size ™ datubuse " was utilized.

In capturing an existing desigu, many steps in the de-
sign { build process were tested. Conversion by the CAM
program of graphic data. in the form of nested plates, into
ASCII code used as program data by the burning machine
mtomated the NC programming task. Storage of code on
disk and downloading using serial communications in place
of paper tape simplified data storuge and shortened NC
program development time. Repeatable high-speed cut-
ting of precision parts validated previous estimates of the
mugnitude of production man-hours saving.
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Qurface modeling allowing interactive sculpting of hull
lines, on-line hydrostatics, and commands for constraining
hulls to general sets of developable surfaces; accurale and
fair lines plans with tabulated offsel output were similarly
useful tools in the design process,

An immediate requirement was a digital data link [rom
surface madeling to drafting and hence to NC code, thus
closing the loop belween design and production. ‘This
would require cooperation belween software vendors to
establish a common data and media format, as well as a
comprehension on the part of soflware developers of the
needs of end users concerning the functionulily ol data
input and output procedures.

A batch system was specified whereby, at the time of
lines plotting, a set of files could be optionally created on
disk that would conlain 3-1D coordinates of puinls repre-
senting the geometry of the dlices through the surfacc
shown us section, buttock, and waterline curves on the
lines plan. Each file contained a set ol points, planar in
the case of section slices, 3-D curves in the case of surface
cdges, for each curve specificd. The number of points
culculated, and hence the resolution of the surface, was
made to be user-definable at run time. These files were
written in a format known to a function installed in the
dralting program. By calling the lile into the drafting pro-
gram using this function, an outline of the hull, being the
exact geometry of the planar slice through the surtace at
that location, was displayed on the sercen as 4 series of 3-
D points mapped onlu a user-defined plane. The geometry
creation and editing tools provided by the drafting pack-
age could then be used to define and draw whalever detail
structure—frames, girders, tanktops, brackets etc.—ex-
isted al the chosen scction, using the hull outline as a
template and boundry.

Because the mathematics of B-spline surfuces generate
section slices that are by their nature fair, the set of points
saved representing each section slice lies on a fair curve.
The problem of cutting out parts with truly fair curved
edges is thus reduced to developing a method of con-
necting the points and eventually generating an NC code
that retains this fair curve.

The simplest method would have been to specify an
arbitrarily large number of points to be generated along
the surface interscetions. Straight lines could then be
drawn and subsequently cut between each point and, with
points sufficiently close together, no significant error
would occur. This would have created very large [iles,
especially where rates of curvalure are great. NC files,
consisting of a line of ASCIT code for each of these points,
would have been unmanageably large. Constraints such
as the size of DRAM (Dynamic Random Access Memory)
available on the cutting machine would have severely lim-
ited the number and size of nested sheet files that could
have been downloaded at any one time.

A method of representing the fair line of these points
using a series of successive arcs was an important devel-
opment. An algorithm was developed and built into the
drafting software that cycled through the list ol points
representing the section, selecting an arc Lhat would pass
within a user-definable tolerance of the first and as many
subsequent points as possible. When the largest sel ol
points was found that all [ell within the lolerance, the arc
would he drawn to the last puint in the set and the pro-
cedure bepun again at that point. We found that even a
very small tolerance (2 to 4 thousandths of an inch) re-
sulted in reductions in the order of between 5:1 and 20:1
in the volume of data required to definc the curve within
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the cutting tolerances of the burning machine. The pro-
cedure automatically inserted a sharp corner where cur-
vature was instantancous {at a chine corner, for instance .
The raw point files were retained (off-line) for archival
purposcs, and working files resulting from this data re-
duelion were used for the generation of NC code and
working drawings. Cheeks for extremcly long radius arcs
and very short chord lengths were developed Lo keep the
NC code within the addressing limits of the ecutiing ma-
chine controller.

This has proven to be a very elfective method of en-
suring the creation of fair edges to curving plate parts
when the input data are the product of intersections with
B-spline surfaces. This can be allributed to the fair nature
of the surfuce and hence to the data set itself. No fairing
of data points is done in or by the drafting software, thus
assuring the production of plate parts that will build a
vessel exactly as crealed by the designer in the surface
modeler.

Results have been poorer when Lhe same process of data
reduction using arcs has been used to reduce data sets
generated by non-B-spline surface methods. Lines fairing
using interpolation of intermediate 21 and 3D splines
from a master sct of curves results in sections that appear
lo oscillate from one side of the actual fair line to the
other. Because there is generally no increase in the quan-
tity of data poinls generated in areus of high rates of cur-
valure (this increase is a natural result of the use of B-
spline surfaces), fairness is not consistent. In projects in-
volving “job shop™ work with lincs faired by other soft-
waure, we have had to resort to manual placing of individual
arcs through selected data points, plotting of the resultunl
enrves large scale, and validating fairness visually. Several
iteralions of the process may be required, a process both
time-consuming and error prone. Cross fairing ( buttocks
against sections for instance) is generally impractical, re-
sulling in imperfeet fitup and necessary rework of parts
during assembly.

Although suffering from late implementation of a tech-
nology assumed to be n place during the design phase,
the initial V21 producticn run did prove high-speed, ac-
curate and consistent parts cutting to be achievable. An
offoctive interface between hull modeling and detail de-
sign and drafting was conceived, specified and put in place.
Immediately, the design effort focused on utilizing the
verlically integrated system in a full design cycle.

R5.5 design and production—Interest among safely
professionals was [ocused on a downsized rescue boat that
would fit on the crowded decks of many Coast Guard
Search and Rescue (SAR) cutters. Having obtained con-
firmed orders through Canadian Shipyards for two 3.5-m
houls to be fitted aboard CCG SAR vessels in midlile refit,
we initiated a program to put the system to work.

With the RI22 as a baseline, in cooperation with Water-
craft, we developed and brought the R5.5 to muarket. A
hatch of nine vessels was built fur government, offshore,
hydrographic and scismic exploration clients, The entire
design [ build eyele tovk 14 months. The learning curve
was steep with most gains coming in the initial three ves-
sels, as shown in Fig. 7. This effect has proven Lo be typical.
Total hours averaged less than 60 percent of the RI22,
bettering vur most optimistic estimates.

A mix of computer and manual draltng mecthods was
ased. Generally struetural, that is, metalworking, drawings
utilized CAD, while machinery, plectrical and anxiliary
systems drawings were produced by hand. Load on the
single CAD/ CAM workstation from produection reguire-
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ments meant that only drawings requiring the system for
NC output could be allotted time. We found the computer
slow at generating and manipulating text. System drawings
in small vessels, if significantly of an fllustrative nature,
were more quickly produced by a talented designer/il-
lustrator. Faster, more [unctional systems have since
changed this equation markedly.

Access to precise hull dimension data and any orthagonal
section ut any scale did make the systerns and outfitting
design tasks easicr. Components were drawn in multiple
views as training exercises, making them available as tem-
plates in the manual drafting slage. The benefits accruing
from the ability to plot these at any scale for use in manual
drafting are an example of a significant and unanticipated
gain,

This first full-cvcle design project produced a more de
tailed set of drawings rather than a net savings in time.
The natural tendency to overuse a new capability requires
disciplined handling with the introduction of CAD. The
system becomes clogged with data if every detail is re-
produced at its every cccurrence. The tendency to iterale
toward perfection impacts adversely on cost-effectiveness.

As a modern high-performance small craft, the B3.3 wus
a thoroughly unremarkable shape. A moderately deep-vee
{17 deg), developed surface hard chine model, it was ideal
as a first full-cycle project. A moderate production run
absorbed the cost of inlroducing new design tools, includ-
ing a one-time increase in front-end cosls due to operator
inexperience.

SL31 design and development—In early 1985, asa result
of success using CAD / CAM as well as a corporate decision
to broaden its product base, CMC, in a venture with Can-
ada’s Department of Fisheries and Qceans (DI'O), under-
took to develop a new generulion of high-speed
hydrographic survey vessels.

DFO specified a semidisplacement 31-ft (9.5 m) launch
with a service speed of 17 knots, 16-hr endurance and the
ability to sound effectively at thul speed in sea state 1. An
interesting design project in itself, the CAD and CAM
related aspects of the program are the foeus of our atten-
tion.

Starting from a tested set of semidisplacement lines, our
interest was to oplimize the producibilily of the requircd
round bilge hull shape. Utilizing an intrinsic mathematical
characteristic of FAST YACHT / FAST SHIP's B-spline ten-
sor surface, wherein the generators of a developable sur-
face lie on the net lines generating the surface, a “close
to developable™ shape was worked up. This was a set of
lines requiring an absolute minirmum of plate working to
achieve the required fitup. The lines were represented
using a net whose control lines ran parallel with the an-
ticipated roll lines in the plate. A combination of an ex-
perienced plater’s and the designer’s skills wus required.

A developed shape was departed from or used to ad-
vantage where appropriate, considering design require-
ments. Otherwise the shape was kept as fair and “round”
as possible to maximize flow atlachment with resulting
cleun sounding characteristics. Shell plate working was
effectively minimized (except for shrinking required
around the edges of the hilge strakes) and a highlv prod-
ucible design resulted. With the precise contral over
metalwork production afforded by the CAD system, the
finished vessel came out exactly at design weighl and per-
formed to specifications wilh respect to speed, sounding
characteristics, endurance, and operaling accelerations.

One persistent concern with CAD implementation sur-
faced during this project. Fxperienced design and pro:
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duction personnel are valuable assets of any manufacturing
firm. The effective application of their talents is critical
to the lechnical and financial health of the organization.
Their removal from production for training strains the
resaurces of the organization, placing responsibility for
their tasks on others. The investment of time and moncy
has a rate of return dependent on their talents, interests,
and ahilities. It is fuportant to budget for this as purl of
overall costing [or implementation. Selection of personnel
for lraining is likewise a serious consideration. It is a hard
reality that younger, newly graduated engineers and tech-
nical personnel will have the most up-to-date theorctical
background while the weathered " old hand ™ will have the
experience. Optimizing the productivity of aulomaled
tools requires a mix of these skills. Intuitively it makes
more sense Lo teach a talented designer ubout computers
than to take a computer scientist und teach him or her
about design and product development. Not all old hands
react well. Some feel threatened, which may have a rale
in blocking their comfort with the technology. Imple-
menting GAD / GAM places design and NC programming
at the front end of the manufacturing proeess. The control
this gives management over the process is u major benelit.
A situation is created where alternatives to streaming proj-
ects through the CAD / CAM system are eliminated as re-
sources are committed to antomation. If this is unplanned,
a situation can arise where time inevitably lost to the learn-
ing process cannot be spared. This is referred to as “There
is no way to get there from here.” Personnel cannot then
be sparcd from critical production tasks Lo be trained in
new methods, so time savings gencrated by the results of
training can never be achieved. This is an unfortunate and
real problem, potentially more than offset by the benefits
of leveraging the talents of these valuable people. Some
excess capacily must exist or time lost Lo lraining will be
an unbearable burden.

Rates of learning varied. Some talented persons made
very little progress in achieving acceptable productivity
rates using the computer. With significant resources com-
mitted and successful production of graphic and NC data
an absolute requircment, it was necessary at more than
one point to cul shart an individual’s use of the machine
and promate use of it by persons demonstrating adequate
production rates. These were painful but neecessury deci-
sions. The success of the project and the organization de-
manded it.

Formal training, out of the shipyard environment, for
both managers and operators by an outside CAD expert
is required if henefits are to approach their potential. This
is partially because no shipyard syslem manager can have
the breadth of experience that exposure to other disci-
plines gives a generalist. We have much to learn about
micro-based CAD/CAM in its current state of develop-
ment from users in other fields. Most development is going
on in individual sites through application-specific experi-
mentation (not significantly different [rom large-scale im-
plementations). Others will have been exposed to
situations thal have not yet occurred in the shipyard. Hav-
ing faced different but related sets of problems, their so-
lutions may have relevance in your application.

There is no single solution to the challenge of appro-
priate human resources development. The situation is per-
haps little ditferent in GAD/ CAM than it is in other
teohnical fields. The problems ure compounded when the
capital costs of implementing the technalogy are justified
assuming successful produetivity in Lhe near term, when
in fact the process of “getting up to speed” requires a
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period of adjustment and displacement of necessarily pro-
ductive design and production statt.

F35 design and production—RBy mid-1883, the first cycle
of productivity development was essentially complete. A
system existed in which we had gained con fidence through
two complete design cycles. The products developed were
cost-cffeclively produced and generally accepted in the
raarine community, A small but versatile group of oper-
ators offered a good meusure of redundancy. We had min-
imized our exposurc from being at the leading edge of
the implementation of the technology. We were ready to
take another step.

The local fishing industry is a dominant regional eco-
nomic force. Now wvessel construction follows the cvelic
nature of the harvesting industry. Fiberglass construction
has dominated the inshore [leet, recently fashioning glass-
reinforced plastic (CRP ) models on successful wooden ves-
sels.

CMC planned, through open meetings with inshore fish-
ermen, to poll opinion and, based on input, to create a
new design, respecting traditional appearance and sea-
kindliness and offering the muintenance advantages of
welded aluminum.

This undertaking could be competitive with wood and
fiberglass construction if production man-hours were ab-
solutely minimized, We were in a new position Lo achieve
this. Considering the resislance to an unproven mualerial
in a conservative industry, the decision was made early to
design a vessel with as close a resemblance as possible to
the existing fleet.

Department of Fishery policy for the inshore fleet uses
overall length as the sole parameter for licensing. With a
heulthy resource fueling newbuilding and Nerth Atlantic
weather a major factor affecting consistent harvesting dur-
ing fall and winter seasons, vessels have naturally gotten
beamier and deeper. To produce in metal such a beamny
round bilge vessel cost-effectively would be a challenge.

The favored lincs resisted attempts to reduce them to
anvthing near a developable surtace. Open discussion had
indicated there would be resistance Lo a multi-chine shape.
The lines of a modern Cape Island style of hull were mod-
cled and scantlings developed to match the high loads
expected during service from the impact of offshore loh-
sterpots on the topsides (see Fig. 8). A contract was signed
with an owner from the Digby region on the North Shore
of Nova Scolia, an area subject to the Bay of Fundy tides.
Skeg, bottom plate and framing were strengthened in an-
ticipation of the vessel regularly taking the bottom, often

Fig. 8 Crockett McConnell Inc. F35 fishing vesse!



i udverse onshore conditions during the area’s otf-season
herring weir fishery.

The result of this ad hoe development was a disappoint-
ing project, demonstrating a principle fundamental to suc-
cessful CAD/ CAM implementation: Start with what yon
know and move slowly, changing only whal you can rea-
sonably expect will work, utilizing the unit nature of vessel
construction to add the lessons of earlier experiences to
successive cycles.

With this design, far too much was tried in one cyele.
As a problem project it is perhaps of greater inlerest than
many of the successful ones. It was key in underlining one
lesson: CADD must be seen not as a problem-solving tech-
nology. but as a produetivily improvement technology.
That is, CAD can perform well il intelligently and appro-
priately applied in a planned fashion in a ficld familiar to
the implementors, If conceived of and introduced us a
solution lu a problem, it will almost certainly campound
that problem.

Our success in the survey launch project had not pre-
pared us for Lhis little fishing vessel. Lack of computer
tools far accurately determining the position of longitu-
dinal stringers on the surface resulted in a delay in the
detail design slage and considerable rework during asscm-
bly. Unresolved compound curves in the lines, aggravated
hy very heavy scantlings, resulted in overruns in plate-
working. Unusually large welding distortion, truced Lo un-
resolved strosses resulting from this plateworking, led to
alignment difficulties with propulsion and steering sys-
tems. Schedule overruns in metalwork detailing in the
design stage resulted in missed milestones in machinery
and systems detailing. This carried over into schedule and
cost overruns in outfitting and commissioning. Delivery
was targeted to mect the opening day of lohster season.
The frustrated owner had to be content with a vessel
chartered by the builders for the opening week of the
season.

We examined the exlent to which the CAD system had
exposed us Lo such fundamental mistakes. Was the problem
overconfidence? Misapplied technology? Was the system
up to the task? It was no doubt a combination of factors,
including luck of required CAD functionalily and through-
put, inappropriate conclusions drawn from a previous proj-
ect, and poor project definition. More research would be
required before a decision could be made concerning the
[it of this market to CMC corporate goals. Fortunately,
the performance of the vessel met with the owner's ex-
peclations. The vessel wus made available for working
demonstrations for fisherman at the end of the first season.
There was considerable interest. The low maintenance
requirements of unpainted aluminum and the advantages
of strong lightweight construction were obvious. However,
lower costs had to be realized if CMC were Lo enler the
market.

As an experiment, u set of similar, but mulli-chine, de-
veloped surface lines was modeled and the lines plan dis-
played aboard for comment. Surprisingly, many thought
they were the lines of the vessel they were uboard. When
told otherwise, most conceded that such a vessel would
not be in any practical sense inferior to the round-bilged
shape except possibly aesthetically. Some even volun-
teered the comment that there could be advantages (the
shape is stiffer and drier, but noisier ). Most, we concluded,
would think about no difference other than cost. If it would
muke the vessel more econemical to build, it was whal
was wanted. We concluded that a developed surface vessel
was required.
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Surface unwrapping software development—This led
directly to a significunt development program in the prog-
ress of the CAD [ CAM system toward becoming a com-
plete small craft building implementation. In consultation
with the software developers, CMC wrole a product spec-
ification defining a surface unwrapping and section inter-
section mapping module that would do to plate expansion
what the original geometry file saving scheme had done
for trunsverse and longitudinul structure. This ambitions
plann would tap the developable surface generation tech-
niques built into FAST YACIHT/FAST SHIP and provide
automatic creation of expanded shell plate files. Additional
requirements were the development of generul lools [or
defining surface slices to be mapped onto the unwrapped
plate. This would allow the marking of mold lines and
other planar shell interscctions on shell plates by the ent-
ting machine prior to parls cutting. In smaller vessels the
shell plates could Lhen be cut in onc piece and assermnbled
first, with the Framing and other precul slructure dropped
in afterwards. Having mold lines on which to place ap-
propriatelv cut structure would reduce construction to
assermnbly in many cases. A new possibility was the ulili-
zation of parametric design techniques, reusing existing
models by scaling or stretching basic dimensions globally
within the surface modeler. Unwrapping the resulting sur-
face would yield an entirely new design with a potentially
high carry-over of usuble parts from the parent design.

F45 design and development—A lesson resulted con-
cerning ambitiocus software development projects. As a
direct outcome of the introduction of the 35-ft (10.6 m)
lobster boat, CMC was approached by a neighboring op-
erating to design and build a 43-ft (13.7 m) herring carrier.
Essentially a floating tank, utilized lo Lransport herring
from the offshore seiner to a processing plant ashore. this
design fully utilized the characteristics of aluminum. Op-
timizing carrying capacity is the prineipal concern of the
owner, with stability—considering the large polential [ree
surface of the wet cargo—a significant design considera-
ton. Generous fixed ballast could be [itted in the alumi-
aum hull without reducing capacity. The hold, if framed
only athwartships, would be a corrosion-resistant food-
grade tank, draining fully to an eusily maintained sump.

A design / build contract was signed with the assumption
lhat the surface unwrapping capability would come on
stream in ample lime to be utilized in the construction.
In fact, the scheduled development period of two months
stretched into a full year. Although the fallback plan did
not in the end have to be implemented, this clearly dem-
onstrated how a production plan, dependent on software
tools still under development, must account for every
eventuality, including reverting to a manual system.

The lubor profile for this project showed u dramatic
improvement in throughput over previous projects. No
other single software tool has equalled its overall cost-
effectiveness in reducing production labor requirements,
not anly directly in plating tasks but globally in the layout
and installation of framing, in welding, and in outfitting.
Entircly new approaches to small craft construction have
hecome available. It has become pussible to compete in
sectors previously closed because of high labor content.
The overall distribution of man-hours has been signiti-
cantly altered.

A digression into the disk operating system (LOS) en-
vironment—At this point CMC’s CAD/ CAM systemn had
reached a crossroads. A development project, simmering
in the research office, had reached the boiling point. Major
construction projects (two America’s Cup conlenders) op-

Successful Implementation of Structural CAD/CAM



érating independently of the CAD system were nearing
completion. Through its implementation in pilot projects,
the cosLeffectiveness and thus the commercial feasibility
of CATY/CAM implementation had been established. A
decision was mude lo put in place a system capable of
providing a lully computerized design-and-build front end
for the organization.

Using dala collected from the pilol projects described,
we determined lhe approximate thronghpul requirements
ol a commercial-seale implernentalion. It was evident that
additional design workstations would be required if the
geometry definition und detail design requirements were
to be met totally by the computer sysiem. A study was
initiated to determine the state of the micro-based GAD /
CAM market to identify potential vendors. The CAD
Centre at the Technicul University of Nova Scotia was
again consulted. An internal survey was undertaken to
formally galher input from opcrators und implementors
regarding all aspects of their interaction with the system.

By this time (fall 1986} cousiderahle advancement had
been made in PC-based CAD products. With the intent
of utilizing, in planned urther system development, some
of the broad scope of software available for the MS-DOS
environment, a decision was made, alter an exhaustive
study, to install an ecarly 80386-based PC (personal com-
puler) equipped with high-resolution graphics, a fast hard
disk and tape backup, running a Canadian-developed
drafting and NC producl (Accugraph’s Multidraw/
MultiCut ).

This decision was contingent on the successful devel-
opment and implementalion by the PC software vendor
of interface utilities Lo parallel the autemated dula capture
and reduction techniques we had implemented ourselves
several vears earlier, but this time within the vendor’s
proprietary environment,

Autocad’s DXF drawing data exchange format had
achieved the status of a de facto stundard, This format was
selected for dala exchange. Translutors were developed
for the installed software (FAST YACHT / FAST SHIP and
DGS 2000) to permit migration of existing design data and
continuing data interchange. This proved to be very suc-
cessful and has been expanded. Only partially imple-
mented and used on an ad hoc basis for less than a year.
the dala capture utilities for the DUS workstation never
delivered the functionality specified. The implementation
fell victim to a ecommon ailment of the DOS software
developmenl industry. Products grow old guickly. Devel-
opers come and go and acquisilions and mergers leave
redundant products in their wake. CGraphic workstation
prices had begun dropping dramatically. The softwarc we
fad selected was scen to be nearing the end of its product
eyele. We hud already experienced several missed delivery
dates. With feur of worse to come with potentially or-
phuned and unsupported software, we [elt ourselves for-
tunate being able to withdraw from the agreement, the
vendor having failed lo deliver the interfuce ulilities as
specified.

The deciding consideration in the choice of a PC had
been the plan to install some of the abundant fully de-
veloped software available under DOS. This included a
project management package as well asa database product
we knew could help in manuging the proliferation of com-
ponent and metal parts files generated by the design proc-
oss (typically in the thousands even for small vessels). This
was further indicated by Lhe potential parametric design
functions then under development in the surface modeler.
The availability of cusl-ellective functional softwure for
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DOS was perecived as being in confrast to the scarcity,
cost and sparse funclionality of products av ailable for other
proprietary systemns.

The computer-intensive nature of CAD left no time
whatsoever [or these other tasks. The cost of the graphics
hardware in the PC could not be justified in supporting
these other functions. The Lradeoffs of somewhat lower
performance in the PC envirorumnent {over the dedicated
graphics workstalion) for access to a suftware base was
self-defealing in that the lower performance cut oft access
to the softwure due to time constraints. The low cost of
80286 based P(’s could have been justified in a support
role for the CAD stution. When the DOS CAD station was
replaced with a Unix workstation, this software eventually
migrated to a 386-based PC dedicated to scheduling and
project management. The far less costly equipment has
performed adequately, accessing expensive CAD periph-
erals (plotters, laser printers, cte.) through inexpensive
serial switching devices. Data are swapped in and out of
the CAD environment by disk sharing of ASCII files. The
interfacing techniques developed have proven useful and
of general utility,

Vi9 and V21 paramelric design—The design projecl
initiated during the period of experimentation in the PC
environment involved the ulilization of the parametric
capabilities promised by the technigues developed for sur-
face unwrapping, This program, still ongoing, will be
looked at in detail.

Purumelric design is a developruent of the most uscful
characteristics of computer-aided design. Simply stated, it
is the replacing of specilic design parameters with varia-
bles to allow the creation of a “family” of designs gen-
erated by the systernatic assignment of values to the
variables. Particulurs such as length, beamn, draft and dis-
placement must be linked with parameters such as shell
thickness and stiffener section modulus. In a vessel of any
size or complexity this can quickly become impractical;
however, in a relatively narrow range of smaller vessels it
has proven to be quite possible and very efficient. The
costeffectiveness of the simnple expedient of reusing data
cannot be overstated.

(MG hud niche markets in the Canadian Aretic for spe-
cialized high-speed crafl since its incoption. The V21 ad-
dressed that market for soveral years. Surface unwrapping
brought new capabilities to bear on this specialized prod-
uct. In late-1988 a markel was identified for u more com-
pact version ol the V21 A rework ol the structure was
required if the technigues of parametric design were to
be applied. Some tradeoff analysis was done to determine
the most advantageous breukpoints. A continuous sliding
scale of sizes was delermined to be uneconormic. Step in-
crements in available material sizes were enough to de-
termine the most practical sizes. Sheet from coil can be
purchased in any practical length. but width is a constraint.
The fixed burning machine dimensions appeared to limit
choices. An addressable length of 20 ft (6.1 m) on the
cutting table made a 19-ft (5.8 m) hnll possible with un-
wrapped topsides just under 240 in. (6.1 m) long. This
would be the parent hull.

If nested in 3-lt-wide (1.5 m) sheet. when scaled to &-
ft (1.8 m) wide the rcsulting cxpansion in the length re-
quired a 24-ft (7.3 m) sheet. A techmque was developed
for re-registering the material to permit moving it alter
cutting was partially complete. This was determined to be
cost-effective over lengthening the machine table when
casts of providing floor space for the addition were con-
sidered.
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A smull craft family varying in capacity by a factor of 2
can be produced by varying the length parameter alone,
(stretehing of parallel section) in one of two different
senles. Parts for the two separate scales of the design, vary-
ing by a fuctor of G:5, are produced by proportionate scal-
ing of the nested sheets ol the parent design in the CAD
program and re-postprocessing. A combination [raming
system, using plale floors notched for bar longitudinals,
was msed. All curved stiffencrs were NC cut from plate.
Straighit-line stiffeners in the aflerbody were extrusions.
Judicions choice of stiffener sizes allowed use of wider and
thicker sizes in the scaled up version to fill the enlarged
slots, The resulting greater stiffener spacing was accom-
modated by an increase in shell thickness. Tt took a physical
model to convince skeptics Lhat a developable surface
would remain developable and hence accurately unwrapp-
able when scaled along one axis ouly!

What were considered optimistic budgets for production
man-hours weore halved. Targets werc actually lowered
during the short pre-production run. A distribution of man-
hours for this project is contained in Fig. 8. For the first
time material throughput exceeded 9 th/man-hour (4 ks/
man-heur). For thin metal work, without hard tooling,
using only flexible programmable machinery, we consid-
ored this 4 breakthrough. This was achieved with the short
learning curve plotted in Fig. 7, m contrast with the initial
20-vessel run of V21s, also shown in Fig. 7. There appears
to be an effect whereby once fumiliarity with the set of
parts is gained, high production rates are achieved very
quickly.

The scalable design has initiated a building block ap-
proach to addressing customer requirements. Work is pro-
ceeding on a reluted approach to superstructure modules.
Hull and deck can thus be married with an owner’s choice
of wheelhouse, scaled if required, rendered as a 3-D
chaded model in the surface modeler for visualizulion pur-
poses. The view is generuled [rom any position, including
that of the helmsman and output as color presentation
copy. This has proven to be a significant sales tool as well
as an effective design development aid.

(Georgetown Shipyard Incorporated

In mid-1987 it was decided that the commercialization
of the systern would be most appropriately achieved

through its sale into an environment where it could ad-
dress the autornation of a significant number of man-hours.
A close fit was found with Georgetown Shipyard Incor-
porated (GSI), a provincial Crown corporation, owned and
operated by Lhe Province of Prince Tdward Lsland. A small,
in-automated shipyard, addressing {ishing and govern-
menl fleet needs with u labor force of approximately 100
hourly paid employees, GSI has 25 years’ experience in
construction of a wide variety of often specialized vessels,
offering a custom service sometimes shunned by the larger
mainland yards.

Located on the eastern tip of the island provinee, (51
has a stable lubor force but is unable to tap a significant
industrial base. Subcontracted work often has to be placed
off the Tsland. As the major steel fabricator on Lhe Island,
CSI hus limited indnstrial fabrication work available. There
are limited possibilities for expansion of the labor pool.
These factars combined make GSI very likely to benefit
from an appropriate implemenlation of computer-aided
manufacturing. In the spring of 1988 the computer 8ys
toms and the associated manufacturing machinery were
relocated from the Bridgewater plaut ol CMC to George-
town PEL

It was decided early not to dedicale all computer re
sources to bringing a three-ship newbuilding program, al-
ready underway for eight months at the shipyard, into the
system immediately. An effort would be made to broaden
the produet buse of the yard, underluking the design and
construction of smaller vessels as well as seeking to estab-
lish a specialized metal parls cutting service to nonauto-
mated facilities throughout Maritime Canada.

A plan was implemented to focus product development
on a new generation of Fast Rescuc Cruft (I'RC). SAR
vessels fitted with both the newer 5.5-m (18 ft) and the
older 7-m (22 ft) rescue boat built by CMC had realized
the superior seakeeping capabilities of the larger hull and
the advantages of Lthe advanced rigid foam sponson tech-
nology of the R5.5. By building on technology developed
and proven in the R5.5, the design cycle was brought full
circle in the development of the new R7 7-m FRC.

Five years of computer system development have
bronght new efficiencies to welded aluminum construc-
tion. In national competition against several GRF and alu-
minum builders CMC had won a eontract to supply five
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‘of u new-generation Salety of Life at Ses Conlerence
(SOLAS) Chapter III compliant rescue crafl to the Ca-
nadian Coast Guard. This contract was assigned to GSL
With the svstem installed at the shipvard, including a new
HP 5319 Unix workstation purchased to replace the peorly
supported DOS implementation, work began on the de-
sign.

A second aspect of GSI's implemcentation plan was to
provide practical real-time parts drawing and NC pro-
crumruing at the shop floor level to support duily needs
in job shop projects uud repair work. This was a test of
the original svstem’s portahilily and general functionality.
New operators were trained by experienced supervisory
personnel, who made the move to ST along with the
computer system. Experience had shown that the skills of
the loftsman made him a candidate for successful training
in CAD). The original HP 200 RMB workstation complete
with drafting and NC postprocessing software was installed
in an office constructed in the shipyard’s loft. The loft
foreman and a tradesman were instructed in the use of
the machine, the input of basic part geomelry, the drawing
and nesting of parts, und the creation of NC code. The
NC cutting machine was installed and data cominumica-
tions cstablished with the CAD system. In approximately
six weeks an effective basic CAD /CAM system was op-
erational in the previeusly nonautomated yard (see Fig.
103

}nirial experience—Excellent yard historical data exist
for man-hours expended on lofting and other tasks for a
wide variety of projects. Gains in efficiency were casily
documented. These have been significant and on a per-
centage basis have approached those seen at McConnell
Marine in the late 1970’s with the initial intreduction of
the H1IP41. The same toolbox concept has proven equally
effective. By putting comprehensible, eftective automa-
tion tools in the hands of the people already doing a job,
gains in produclivity are dramatic and almost immediate.
Sample data are presented in Fig. 11. Hours for nonau-
tomated procedures reflect the practices of a shipyard with
an oxy-fuel optical tracing machine, using white paper
ternplates, nesting cach plate on a tracing table prior to
cutting. Previously, computer-faired offsels were laid
down [ull size and templates lifted for all plate parts.

Where work now performed by the CAD system has
parallels in projects undertaken prior to the installation of
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autormnated systems, no attempt has been made to compare
GSI throughput levels with those of the previously studied
shipyards. Comparisons are between manual and auto-
mated methods on similar projects. Where available, actual
man-hours are used. In recent cases, where projects have
been initiated and completed entirely with computerized
methods, projections of mun-hours as they would have
been preparcd previously using manual methods have
been used. This has been done only where historic data
contuin adequate justification to support the estimnale.
One project bears some unalysis as addressing a tre-
quently heard concern regarding the cost effectiveness of
CAD. It is often stated that only in building to stundard
designs or with repeat orders is CAD justified. There 1s
ne question that the ability to reuse data is a major benefit
of computerization. However, with the implementation of
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the appropriate scale along with the right NC production
equipment, there are significant man-hour savings avail-
able in production tasks in every newbuilding and many
major and minor repair projects.

The cutting of structural bulkheads and frames for a
mujor modification and addilion Lo a 90t (27.4 m) steel
seiner undergoing refit in a mainland shipyard illustrates
1 rouline ship repair projecl. Pre-cutting of purts was ad-
vantageous Lo decrease the vessel's time on the slipway.
Availuble hull geometry was limited to offsets tabulated
on design stations us originally provided Lo the shipbuilder.
Interpolation of data to determine intermediate offsets at
the construction stations was done graphically using math-
ematical splines in the dralting package. With building
offsets determined, dimensioned drawings of cach parl
were generated and forwarded to the contracling yard for
checking against the vessel. Variations were estublished to
be within allowable tolerances (approximately Yoin)
((.3175 cm). Parts werc nested, cut and shipped, pre-
primed. Figure 11 shows man-hours for drafting, layout
and cutting, both as astimated as 4 manual project and as
achieved using basic computer tools. To convey u sense ol
scale, the labor saved billed at standard yard rates on this
project alone would pay one half of the entire 1988 capital
cost ol the compnter system used Lo do the job. By another
measure, the tolal costs to GST (labor, materials and dircet
carrying cosls on the system utilized ) were less than the
cost of the templale paper that would have been consumed
using optical tracing. Without access to such an NC service,
the cutting wonld have been done at the contracting vard,
while the vessel was on the slip, tying up a valuable re-
source, and adding to the overall costs by thousands of
dollars. Pricing of this “enabling” type of service can re-
Mect the value to the client yard of the service rendered.
This has been accomplished without the need for lengthy,
costly training or the hiring of expensive experts, Know-
how already in place has been tupped and simply multi-
plied through the power of the microprocessor. These are
extremely cost-effective syslems.

In the implementation slage a mixture of optical and
NC burning methodologies has been retained. Part ge-
ometry of ongoing projects has been converted to NC code
where appropriate through the expedient of measuring
templates, manually inputting coordinules, drawing part
profiles and nesting in the computer. Time spent on Lhis
operation is recouped twice over solely through the in
crease in travel speed of NC-controlled burning over the
limited speed of optical tracing. Moreover, becausc nesting
is required only once for each sheet, there will be no necd
for re-nesting for the follow-on vessel. The burning mu-
chine is not tied up while parts nesting is carried out on
the tracing table. Thut process has been diverted “off-
line” to the computer. Access to large numbers of parts
in on-line storage while nesting has reduced scrap. Time
invested in a denser nest will be recouped again in scrap
the next time the sheet is used. Burning of duplicate parts
against future hulls, previously adopted to inimize burn-
ing machine cycle time lost Lo nesting, has been elimni-
nated, saving wasted time in transportalion of parts to and
[rom storage.

R7 project—The R7 design development projecl was a
departure [rom recent tradition at GSImn more than just
the use of automated munufacluring technigues. Devel-
oping the design in-house represeuled a new and signift
cant step loward optimizing producibility. Design
tradeolls were made from a position more cognizant of
vard practices than is pussille when design work is sub-
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contracted. The interactive nature of detail design devel-
opment using CAD was optimized in the case of this multi-
vessel order by the ongoing involvement of production
personnel in the design phase. Design and drafting CAD
operators were provided with immediate graphic access
to 2 whole set of “soft” design constraints such as shop
Jayout and clearances, brake and tube bending tooling,
standurd yard warehouse items, and crane capacity.

Using the average ol man-hours expended per vessel,
utilizing NC burning along with other CAD tools devel-
oped at CMC, GSI completed the R7s in fewer man-hours
than the best hours CMC achieved on any RI22. This wus
the shipyard’s first small eraft projecl. Welders and fitters
hud lo be retrained in thin metal procedures and tech-
nigues. Skeptics umong the “old guard™ had to be con-
vinced of Lhe system’s cffcctiveness. CMC designers,
svstem managers and operators transplanted from a ded-
icaled small craft facility had to become familiar with ship-
yard practices, formalilies and tempo. Because production
personnel, although unfamiliar with the specifics of so-
phisticated small craft construction, were presented with
a fully developed design, adapted to their own methods,
as well as a complele set of accurate, consistent precut
parts supported by detailed production drawings, accept-
able productivity levels were achieved over a very shorl
learning curve. Graphed in Fig. 7, the reduction in man
hours over the five vessel series was in the arder of 2 to
1, leveling off quite sharply after the initial two vessels.
This was very similar to the experience at CMC. Through-
put of metal per mun-hour for this thin sheet construction
approached the yard's previous average for aluminum ship
and superstructure construction.

The R7 program has been through a complete cyele of
design development, submission and approval for certifi-
cation, prototyping, trials, testing and production and is
essentially complete. Representing a considerable in-
veslment in product and capability development, consid-
erable carry-over to similar small vessels should be
expected.

Four each of the V19 and V21 utility craft developed
al CMC have been produced, and a now 23 ft (7 m) par-
ametric variation has been developed and construcled.
Productivity per mun-hour measured either in pounds per
man-hour or man-hour per contract dollar has essenlially
leveled off. Still uwaiting installation in a dedicated fab-
ricating shop, the small craft facility suffers from luck of
effective raw material and finished product handling cu-
pabilities and separation from the main yard support fa-
cilities. A dedicated plate burning shop with dedicated
material handling is under construction. Throughput per
man-hour can he expected to rise 15 to 20 percent with
this in place.

The CAD/ CAM system has proved capable of perform-
ing in a commercial environment. Over an initial 12-
month period, approximately 70 percent of the steel, stain-
less steel and aluminum plate cutting supporting new-
building (three 130-ft [39.6 m] stern draggers), repair
{major modifications to a 120-ft [36.5 m] aluminum ferry)
and contracted parts cutting (one 60-ft [18.3 m ] aluminum
vessel, nne 90-ft [27.4 m] steel vessel modification) have
utilized the CAD system. The original optical system 13
now utilized as a backup or where parts are required
Lefore geometry has been copied from templates. A plan
is in place Lo upgrade this machine with the installation
of an NC control identical Lo that on the original CMC
machine. Lengthening of the vriginal NC machine to 36
[t[11 m]will bring added efficiencies to smnall cralt where
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shell plates ean be tull length as well as furtlier decreasing
serap.

Justification

Access Lo accurate records of man-hours expencded, sum-
marized by appropriate tusk or trade, is a prerequisite if
accurate potentinl cost-benefit analysis is to be done. Most
medium and many small shipyards will have these data.
Many will have dilliculty in finding time and resources to
do the required unalysis, One aim of this puper is to provide
some normalized parameters Lthat have proven to be of
benefil in determining the most appropriate scale of im-
plementation. {t is the thesis here that, given the devel-
opment of micro CAD systems, there is almost certainly
a cost-effective implementation for any given manufac-
turing concern. It is a matter of—having done Lhe nec-
essary analysis choosing a system of appropriate scale.

The criteria used in the [inal system sclection should
represent a distillation of the objectives of its implemen-
tors. The criteria should be general enough ta build bridges
between disciplines yet specific enough to focus on se-
lected issues. We arrived at the following list:

. system to provide cost-effective measurcable im-

provements in some manulacturing parameter,

« system must be stable and reliable,

o system must be open-ended (a growth path exils},

o system lo have potential to optimize benefits arising

frorm being on that growth path,

o secure system support to be available,

« system should be programmuble (customizable),

« system to offer highest possible power | cost ratio con-

sistent with reliability and growth, and

« graphics speed to be optimized, consistent with other

chjectives.

The computer industry prices its offerings according to
their potential throughput. A linear relationship exists be-
tween power (throughput) and cost. Given this, it is pos-
sible to develop a budget for a system by identilving
potential tasks for automation, determining throughput
requirements to support anticipated production levels and
sclecting a system with the appropriate power. Some
benchmarking may be required to accomplish this if ap-
propriate data are not available. A consultant or input from
an objective third parly may be helpful. It is as imporlant
Lo select a system with sufficient power as it is to avoid
selecting one with loo much. Either scenario can be a
formula for disappointment, if not disuster.

Only minor variations in price will normally be seen in
equivalent compeliug systems. Some advantage may be
gained by study of the position of individual vendors in
their product development cyeles. This has become par-
ticularly evident with workstalion pricing in the last year.
Dramatic increascs in processing power have accom-
panied new offerings oflen with decreases in prices over
existing less powerful products only a few months old.

There will always be tasks which are the most easily
automated. One reason why larger shipyards were umong
the carliest implementors of CAT is the significant pro-
portion of project man-hours dedicated to geomelry del-
inition and parts generation. Together these can appraach
20 percent of total steelworking hours, and cven higher
in the case of aluminum. The cost of rework arising from
orrors and poor fitup adds anolher 5 percent. Savings
amounting o a [urther 5 percent can accrue from lower
costs agsociated with better fitup (lower welding und edge
preparation consumables) and decreased scrap.

Successful Implemeantation of Structural CAD/ CAM

This is combined witl the fact that the majority of sav-
ings can be accomplished with a simple two-dimensional
XY-tvpe of NC machine that is readily available, well
proven over many years and with suitable material han-
dling equipment capable of high throughput. There is the
potential for a low risk implementation, provided data are
available to determine the appropriate scale of system
recuired.

Many CAD system vendors and potential purchascrs
digress in the study stage, focusing on what the system
conld do with Lhe application of many high-powered [unc-
Lions, often of marginal profitable use, in the smaller ship-
vard. The highly competitive nature of compuler svstem
sules encourages vendors to focus on features. They may
lack industry-specific knowledge required to appreciate
users” real requirements. Time is well spent identifying
the exact operations to be implemented in software and
the hest hardware / software combination to achieve this.
What is most required is access to extended functionality,
understood without lengthy training. These tools are avail-
able.

The selection of appropriate drafting software is an im-
portant step. The requirement for hull definition and naval
architecture software, essential in terms of 3-D geometry
and analysis, will be overshadowed by the mundane re-
quirements of steelwork detailing by between 3:1 and 15:1
in terms of man-hour requirements. To realize Lhe true
polential of CAD {CAM, the detail design function, pre-
viously consisting only of the production of shipyard work-
ing drawings, becomes combined with the lofting,
template making, and layout functions. The requirement
becomes one of developing the geometry and drawing in
the computer of every structural part in the vessel to be
cut with NC. Gains in productivity come from the drafts-
man, through the process of design detailing in the pro-
duction of working drawings, indirectly programming the
culting machine to produce the parts. This is functionally
equivalent to his programming the plotter to produce his
working drawings through the use of drawing commands
in the dralting software. This places a responsibility on the
draftsrnun and the engineering office that they may not
have previously had, which points to the wisdom of search-
ing the mold loft ranks for potential CAD operators.

It is not necessary to implement a full svite of CAD and
CAM tools. Many steel warehouses now offer computer-
ized cutting services. It is possible and often very cost-
effective to job out plate burning. At present there is little
agreement umong CAD and CAM vendors regarding data
and media standards. Some (IGES and DXF) are de faclo
standards but their implementation tends to be inconsist-
ent. This does not address the further problems of data
importation ( conununications and magnetie media format
standards). Those subcontractors willing and able to pro-
vide a level of digital access Lo their systems deserve to
be encouraged. CAD systems in service industries mayv
come under the control of the datu processing or infor-
malion systems manager. Their background is as often in
accounting or data processing as in the technical lields.
bringing with it understandable concerns of data and svs-
tem security and muking the issues of data exchunge and
format compatibility worse. GSI has been reduced to the
most primilive type of data exchange. Shell plates for a
40-ft (12.2 m) steel production yacht were developed,
nested and postprocessed on a part-time basis in a matter
of ten days. The sleel supplier, a major highly automated
multi-national firm located in ccntral Canada with ad-
vaneced CAD and CAM soltware of its owiy, manually typed
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over 36 000 lines of NC code nto a word processor at-
tached to their CAD minicomputer using hard copy of the
code from our laser printer. The company’s poliey forbid
the installation of data communications software in their
computer on system and customer security grounds. The
resulling code predictably conluined some errors that we
caught in tesl pre-runs and almost certainly miner errors
thul we did not. It is some measure of the cost-effectiveness
of NC parts cuiling that even this inefficient method of
dala input {approximately 40 Lu of typing at B0 words per
minute { WPM) versus a 30-sec load from floppy disk or a
12-min serial Lransfer by modem at 1200 baud) wus re-
gained in the cutting out of the parts contained in about
five 8-by-20-by-0-ft gage steel sheets (ahout % of one boat)
comparing NC Lo optical cutting. This is a time saving
from the “Patterns” task and culling speed alonc, dis-
counting the differential in rates for clerical stuff and
skilled tradesmen as well as the overhead agsociated wilh
the shop space consumed by material while cutting.

Soft henefits

Ton much can be made of the so called “soft”™ benefits
of CAD. There are importanl issues such as production
control, consistent quality and increased flexibility, and
implementation specific ones such as CAD's potential as
a marketing tool. Some are simply hype. Vendors may
tend lo stress different benefits with ownership and man-
agement than with lechnology implementors and users.
Decision makers must consult implementors to get the full
story. The soft benefits may be saved for closing arguments
(where they belong only if hard benefits such as guanti-
fiable cost-effectiveness have already been identified).

It is useful to separate soff or unguantifiable benetits,
from spin-off benefits, arising as side effects of imple-
mentation.

The ripple effect will vary depending on the nature of
the organization and the implementors. Imaginative in-
dividuals will find applications and benefits throughout the
manufacturing process. Potential exists anywhere reuse of
hard data reduces the potential of error. Access to the
geometry datahase by the largest possible cross section of
personnel will optimize benefits. In the entry level im-
plementalion this can be as simple as a hull foreman raising
his level of confidence in fitup in an area where he antic-
ipates problems through access to a graphics terminal or
a full-size plot. Although no attempt is made to justify the
installation as a personnel management tool, the applied
use of system tools in confidence building can be dem-
onstrated as cost-effective. Rise in morale and associated
increased productivily through the elimination of noisy,
dangerous, unpopular or uncomnfurtable operations is mea-
surahle. A similar phenomenon arising from positive ex-
pectativns can also be cxpected. Parts that fit and projects
that go ahead with 2 minimum of rework and backstepping
tend to accelerate on their own with a minimum of prod-
ding. The analogy of the creation of a vacuum ahead of
production through Lhe methodical removal of obstacles
is an apt onc. CAD places controllable new tools in the
hands of management for the successful removal at those
obstacles.

The discussion to this point has focused on experience
guined in the application of computer tools to a closely
defined set of tasks. The tools described address the man-
ufacturing problems arising from dealing with the ge-
ometry of large scale three-dimensional sculpted and
developable surfaces. Traditional constrnetion methodol-
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ogies addressing these issucs have been found to have
numerical analogues. Implementing these analogs as nu-
merical methods in mierocomputers has been found to be
cost-effective. The case with which this has been accom-
plished is as much a statement about the exacting nature
of the 3-D issues involved as it is about the efficiency of
the implementation. It has not taken high levels of inle-
gration to realize large gains. Further inlegration will re-
sult in gains through reduction in error and improvements
in overall cfficiency.

Future direections

In the design office—Removing an obstacle in one phase
of a design / manufaclure process and accelerating related
production will uncover new bottlenecks. Shipvard de-
partments arc interdependent. The timing and pace of an
pngoing process (department) will tend to be determined
by historic needs, With reduced labor requirements for
fabrication (Figs. 6 and 9), timely delivery of the exucl
muterials required for fitting out cun become the pace
item. Many shipbuilding managers will ugree that even
when u complete job description, that is, specifications,
drawings, bills of materials and [inal ship geometry, exists
prior to project start-up, the availability of the correct
outfitting materials where and when required will be the
largest factor affecting project performance. Because CAD
and CAM tools exist for accelerating and improving the
completeness and accuracy of the design description, op-
timizing performance will require parallel streamlining of
materials management. Insofar as it is complete, the CAD
database can provide as a starting point accurate, repre-
sentative bills of materials.

In most small shipvards, contract specifications and
working drawings do not constilute a complete descrip-
tion. The required supplementary informalion contained
in requisitions, purchuase orders, ete. to suppliers is not
consistently integrated into a database. If this database is
to grow heyond that required to automate steel cutting,
high-speed graphics workstalions running highly func-
tional dralting software with methods of attaching attri-
butes to druwing elements will be required. Interfaces
with purchasing and accounling software will also be nec-
essary. Shipyard detailed drawing requirements imply that
system speed and on-line storage must grow by orders of
magnitude. Tt is this potential multiplying factor in com-
plexity that keeps many yards with potential lor savings
in steel cutting from implementing larger systerns when
task-specific tools are whal is required.

When pointed, task-specific autornation to speed lofting
and processing of part geormetry has been implemented,
cun a similar approach be applied to the bottleneck created
by the accelerated nced for materials? Sophisticuted com-
puter programs exist Lo address these roquirements. They
have proven to be more difficult to implement effectively
than CAD / CAM. Work remaius to be donc in this area.
The approach outlined and proven effective earlier is dif-
ficult to apply here. Few shipyards track staff hours by
task. Staff may be uncomfortable with a requirement to
log time. Even polling staff to identify sources of problems
may be seen as threatening. Without man-hour profiles,
identifying a task or tasks as turgets for automation is re-
duced to gut feel or guesswork.

Reduction in error is the most likely source for improved
efficiency. Completing the job description before starting
construction is the most effective method of reducing er-
ror. Creation of cumplete, accurate material specifications,
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quantities and scheduling requirements in a system able
to reuse these duia without transcription érror becomes a
primary objective (Fig. 12). Intreduction of CAD and CAM
tools for metal cutling can compound problems initially
for two reasons. Iirst, the CAD system will provide struc-
tiral materials to production sooner; hence production will
proceed more quickly. Second, systemns nat accommnodat-
ing this change of pace will be late in producing detuiled
outfitting requirements, increasing the likelihood of not
having the appropriate materials when required. Time
saved in metal fabrication will eventually free up resources
and capital to focns on improving materials management.

Beyond the design ofJice—Although the focus has been
on completing the job deseription first, there is potential
{or cost-effcetive automation outside the sphere of the
design office. Computer-aided estimating, invenlory man-
agement, project planning and scheduling are examples.
The diversity of material coding schemes in usc and under
development will be evidence cnough to establish the
difficull nalure of inventory management. The continued
development of graphics systems with sophisticated func-
tions for assigning textual attributes to graphics entities
represents significant hope for more accurute ordering. A
completed job description, including mechanical, piping,
electrical and outfitting bills of materials with detailed
materials specifications attached to gruphic entities in the
drawing database can be seen as simply an extension of
the geomelry database in the basic CAD system described
carlier. These data can be sorted inlo [ormatted tables,
This has been done elfectively in large-scule systems for
some lime. Detailed specifications in the form of ASCII
text files for out-fitting components should be developed
and added to CAD libraries as standard parts. Their in-
clusion in requisitioning documents would he generaled
in a fashion not functionally different from the inclusion
of the graphies entity in the production drawing. The func-
tionalily required for small systems to integrate such dala
with requisitions and purchasing documentation is not dit-
ficult to accomplish, but will require sorne interface with
accounting and inventory software. Current emphasis
among system vendors on network ready products is ern-
couraging.

Hardware—Computer hardware is continually improv-
ing, both in speed, features, relability, compatibility, and
price. All of these are important issues to the small ship-
vard.

First, computing speed has a direct effect on user
throughput, and the relationship is not simply linear.
When a computer responds more quickly to a user’s re-
quests, not only is the actual computing finished more
quickly, but the boredom and distraction of the user is
reduced, allowing greater concentration on the job at
hand, and therefore fewer operator errors. Computer soft-
ware is usually written to be as powerful as possible, while
retaining an acceptable response time. This response time,
controlled by human attention span, will remain constant.
As computers become faster, the next generation of soft-
ware will be as complex as the computer will allow within
this acceptable response time.

Computer monitors are growing in size and resolution,
allowing the user to see his drawings and designs at more
reasonable sizes with mare clarity. This reduces operator
fatigue, and also the number of hardeopy plots that must
be generated to view the design on paper.

Drafting plotters are becoming faster, and perhaps most
important, more reliable. The advent of electrostatic plot-
ters, which operate more like photocopiers than pen plot-
ters, takes this reliability and speed one step further. In
the past, the pen plotter could easily become the bottle-
neck in a design office. This no longer need be Lhe case,
as electrostatic plotters can produce in two minutes a
drawing thal would take eight minutes on a pen plotter.

Mass storage is not bucking the trend. Tt is nol unusual
for a user to have 150 or more megabytes of hard disk
storage on his system. While this allows faster, more con-
venient access Lo data, it requires 4 new level of librarian
ol in the user to keep track of and properly archive all
of the data.

A relatively new technology that will make computer-
aided drafting easier to justify for muny companies is the
scanner. This device, along with the appropriate software,
will scan existing drawings and convert them to a format
that the computer-aided drafting program can understand.
In this manner, existing hand drawings can be brought
into the computer, for, archiving, library building, further
work, or as a starting point for future work.

Software—The design soltware is continually being im-
proved and fine tuned. More and more analysis functions
are being integrated into the design program, such as
speed / power prediclion, measurcs of degree of nonde-
velopability, and detailed, formatted intact and damaged
hydrostatics.
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More complex surfaces will be handled with ease, with
sdded editing functions, intersection and trimming curves.
General classes of surfaces will be used to gencrate com-
ponents that are pieces of cylinders, cones, or are flat
plates.

Better hardware has allowed the creation of very real-
istic rendering software, where the user controls surface
color, reflectivity, smoothness and location and color of
light sources (high, white sun, or low, orange sun) for
rendering the vessel in the water. This helps not only in
the sales process, but in giving the designer a visualization
tool he has never hud.

Side effects of CAD/CAM

Along with its ability to accelerate production, CAT)/
CAM brings inevitable side effects, the impact of which
on traditional methodologies requires carcful manage-
ment. Implementing syslem management training, for-
malized project planning, dula certification procedures
and other similar functions lessen the potential for disaster
from these side effects.

CAD requires a more eomplete design description

Proviously, a crew of shap personnel was involved in
the construction process, beginning with the initial laying
down of lines. They becarne familiar with project require-
ments at an early stuge. The project proceeded on an
incremental basis, With Lhese tasks moved into the CAD
drawing office, the project now moves into the shop with
a minimumn ol prior exposure of production personnel.
They will have to be supported with documenlation not
required previously. Parts coding schemes, subassembly
production sketches, reference dimensioning, dimension
certification data, etc. will all be required at some level of
detail. These requirements do not have to be elaborale.
They do have to be uccurate and understandable. They
will require a mechanism for upduling that will give a
level of assurance that all parties are working from the
same revision. The detail required will be determined to
some extent by the immediacy of the access production
personnel have to the database. Tnstallation of “read only™
graphics devices in the production envirenment can be
cost-cffective. Such devices must be “hardened” to sur-
vive in the work environment. Such devices are available.

CAD may perpetuate error

FEventually the inevitable occurs. An error which escapes
lhe data certification mechanism propagutes guickly
through the project. Extreme examples of such oceur-
rences are frequently used by detractors of CAD. There
is no guestion that the cost of such errors can be deva-
stating. A simple example would be the labeling of a nested
sheet drawing with the wrong plate specification. The
nested sheet drawing is a travel sheet used by production
to initiate cutting, marking of part numbers, layout and
working of parts such as braking and roll forming. The
high travel speed of NC burning is no advantage when
the wrong material is being cut. In this example damage
is limited to the replucement cost of the incorrectly cul
material. More far-reaching consequences could be ox-
pected from scenarios where, for example. shell expansion
files arc generuled [ram one lines revision and section cuts
and subsequenl structural parts generated fram another.
Here the error is more insidious, and will soon propagule
to where it mayv be impractical to determine which parls
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are right and which are wrong. Methodical management
of revisions, especially in later going, cross-checking
schemes to determine correct material requirements, and
formal procedures for production initiation will head off
most disasters.

CAD ties up resources

No small shipyard will have sufficient working capital
or human resources to satisfy all of the needs of modern
shipbuilding. Any capital acquisition will be a tradeoff of
long- and short-term objectives. The most attractive op-
tions will usually be incremental improvements on proven
methodologies. Implementations requiring new ways of
doing things will tie up valuable personnel as well as cap-
ital. For this very reason a program of simple staged im-
plementalion has proven to be the most effective and for
many small shipyards the only possible access to these
tools.

(CAD changes traditional laborfmanagement relationship

This must be appreciated as one of the key issues as-
sociated with the introduction of automation. Increased
conlrol of production processes by management is right-
fully emphasized as a major advantage of CAD [ CAM. This
extends past strictly technical issucs. Labor previously ex-
pended in part preparation will shift to assembly. This is
appreciated when unpopular tasks are automated. When
critical interactive tasks are automated, labor input may
he seon to be reduced to the mechanical with a perceived
dehumanizing of the task. Lahor must be involved in prod-
uct design and production planning if optimurn results are
to be achieved. Cerluin tasks of a highly inleractive nature
may, although possible to automate, be “better” done hy
hand. Analysis of machine ntilization will determine trade-
offs. At CMC we experienced a level of error traced Lo
the incorrect marking of parts numbers on NC cut parts.
Errors were traced partially to incorrect numbering on
the drawing, partially to incorrect labeling. To rectify this
situation the capability to have the NC machine number
part directly was analyzed. Limits on machine travel speed
plus the cost of implementing appropriate software Lo gen-
erate character drawing code established the cost-effec-
tiveness of marking by the operator. The error rate was
addressed by adding a reconciled list of parts included to
the nested sheet drawing. This required the CAD operator
responsible for nesting to sign off on the type and quantity
of part included in each sheel. The NC machine operator
as well must sign off on coding the parts appropriately.
By involving both CAD and CAM operators, a least-cost
scenario was developed.

CAD blurs design/build dichotomy

The division of responsibility for design and construction
as il exists in the small shipyard in North America today
is the result of decades of evolulion. The placement of a
lurge portion of this responsibility on the contracting vard
impacts heavily on the integration of the design and con-
slruction database. Some designers will be less than en-
thusiastic to take on direct responsibility for Lheir data
when they arc going to be streamed dircetly into produc-
tiom CAL installations. Their role has been one of provid-
ing conceplual data, with the shipyard detmling this to
suit their practices. The possibility now exisls [or this to
be greatly streamlined. The ability of the two partners to
capilalize on this opportunily will depend on their will-
ingness to cooperate and share the perceived risk. Ship-
yards may be tempted to move moro design capability in
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house as the power of these tools becomes more available.
The benefits of tuning design to suit practices and capa-
bilities have been known and practiced for years. This is
simply the next step in that natural evolution. There will
be an inevitable tendency among autornated smaller yards
to look for design firms able to provide compatible digital
design data, capable of being loaded directly into their
CAD / CAM systems.

Management issues

Ivolution of traditional roles

The design engineer and his staff in the shipyard draw-
ing office will find themselves facing a basic decision. The
powerful and relatively inexpensive workstations now be-
coming available will change traditional relationships. Ex-
perienced designers can extend their hands-on working
career by multiplying their productivity through CAD
rather than leveraging their ability with a staff of assistants.
Practical construction experience will become more im-
portant as responsibility for final detailing moves out of
the mold loft and the shop floor and into the CAD drawing
office.

Fair compensation as roles evolve

How the means to fairly compensate the computer-
aided designer will evolve is not yet clear. Compensation
for engineers turned managers is a clear-cut issue. Here
the experience, background, credentials, etc. are put to
work in managing a team of people. The tradition exists
for adequate, appropriate competitive compensation. No
such body of precedent exists for compensation of profes-
sional CAD, CAM, CAE (Computer Aided Engineering},
CAPP (Computer Aided Process Planning) operators. No
guidelines exist for their integration into the cadres of
managers who continue to operate in traditional formats.

The technology race

Because the cost / power relationship in computing hard-
ware in general and graphics workstations in particular
has and will not level off in the foreseeable future, an
implementor of CAD will be subjected to a continuing
barrage of faster, slicker products. The fear that compet-
itors will zoom by on next year’s magic carpet is a source
of stress that will be difficult to avoid. As stated earlier,
the best delense will be to utilize a portion of savings
realized from today’s implementation to cupitalize to-
MOITOW'S.

Summary

Early technical workstations like the HP 98186, its de-
scendants and competitors {Sun, Apollo, MicroVax) have
provided a platform for the downward migration of main-
frame sofltware used in major shipyards for some time
{ Autocon, CADDAM, elc.). They have also supported the
development of general and application-specific software
coming at the problem from the low end. Software capable
ol solving specific problems in diverse areas has become
readily available. Providing a toolbox approach to the
hands-on engineer / builder, today’s graphics microcom-
puters and software offer cost-effectiveness over a very
broad range of capital investment.

Perhaps the fundamental lesson learned over the past
five years concerning cost-effcelive implementation of
CAD / CAM is that it can and should be taken one step at
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a time. A reliable database must be assembled and studied
to find the areas most likely to benefit from automation.
An estimate of the savings that can be achicved can be
used to determine how big an investment in automation
is justified. Some level of commitment from all concerned
is desirable. Manpower resources must be properly allotted
to bringing the systemn on-line. Usually this requires a pe-
riod in which overall productivity drops. This must be
weathered to make the system work in the end. To be
one, an opportunity must be addressed by available tech-
nology.

No unifying vision of how scparate software packages
arc to work together has emerged. Industry standards such
as Unix may be emerging for operating systems. Devel-
opers continue to some extent to be islands. With rapidly
evolving technology they arc unable to know where de-
velopment will take them. They cannot be expected to
know your business. It will conlinue to take a “champion”
for applications of technology to take hold in small ship-
yards. Hlowever, as a great American small ship designer/
builder, the late Mr. Pete Culler, said, “ Experience begins
when you start.” He was encouraging the potential
builder / craftsman to begin where he could and to pro-
gress in the scope of his enterprises as his experience
broadened and not to be discouraged by his initial inex-
perience. The current state of microsystem CAD offers a
similar opportunity and challenge to the small shipbuilder.
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Appendix

Typical hardware and software configuration for
small shipyard CAD/CAM installation

(Brand names and model numbers are given as specific examples)

SOFTWARE: Applicable modules of FAST YACHT/ I'AST
SIIIP for small shipyards include the following:
Professional hull { surface design
3-D digitizing / viewing
Paostpracessing (lines drawings and offsets)
Plate unwrapping
Intact Hydrostatics
Planing hull ehp prediction
Semiplaning hull ehp prediction
CAD interface
Total list price: $11 200

There are many drafting and NC programs available. Pack-
ages discussed or used by the authors are as follows:
Drafting:

Hewlett-Packard ME-10 (approx. $6500)

AutoCAD by Autodesk (approx. $3000)

DGS-2000 by Data Automation (approx. $2500)

NC:

DCS-2000 CAM by Data Automalion (approx. $2000)
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Unigraphics by McDonnell Douglas (approx. $16 000, HP Model 7595A A-E size 8-pen plotter

with drafting) HP Model 46088A B-sized digitizer
HARDWARE: Twao basic types of computers may be used, Approximate total list price: $29 000
engineering workstations or personal computers. Personal Computer:
Engineering workstation: Hewlett-Packard (HP) Vectra RS/ 20 Model 100e
Hewlett Packard (HP) Model 340C+ color worksta- Intel 80386 processor
tion Intel 80387 coprocessor
Motorola 68030 processor 4 Mbytes RAM

Motorola 68882 coprocessor
4 Mbyles RAM .
16-in. hi-res color monitor

16-in. hi-res color monitor
Cun run high-tech Basic, or DOS
Y-n. cartridge tape drive

Can run technical Basic or HP-UX IIP Model 33440A T.aserjet Scries 11 printer
HP Model 7958B 152 Mbyle hard disk drive HP Model 75954 A-F size 8 pen plotter
1P Model 9144A Y%-in. cartridge tape drive HP Model 46088A B-sized digitizer

IIP Model 33440A T.ascrjet Series 1T Printer Approximate Total List Price: 5327 000
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