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ABSTRACT

Computers in the architectural and engineering field
have been used fcr many years. Recently, computers have
been playing an increasing role in the design prccess itself
through the developaent of computer aided design systeas.
The davelopment of interactive coaputer graphics was a major
contributor to the acceptance of the coupﬁter in assisting
in the design prccess by the architectural and engineering
comaunity.

The emphasis 1is ©placed on the aspects of computer
grarhics interactive input devices, the requirement of
complete geometric representation o¢f objects and the
corresponding data management problen. Computer aided
design probleas in reference to architectural and
engineering design theory is discussed and a brief history
of computer aided design with an overview of varicus systeas

is presented.
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I. INIBORUCTICHE IO COMPUTER AIPED DESIGH

The 1981, third editicn of the "Computer Dictionary"®
defines computer aided design as [1]:

A systen ty means of which engineers create a de51 gn and
see the Er posed grcduct in_front of thesm og gra phics
gcreen o computer printout. With_ the ¢ ngutar,
the ropcsad product can be analyzed feor ress,
vibration, heat, and other factors, and checked against
government and Industry standards.

This definition seems to give computer aided design a
de2finite flavor c¢f active fparticipation by the computer in
the creation ¢f a design as a deliveratle object made up of
blueprints and specifications. Such a view stems <from
Sutherland?'s "SKETCHPAD" paper. He vas the first to show
that man could interact with computing machines by methods
more direct than bits, numbers or puach cards. Computer
aided design moved from the realm of analysis to the realnm
of a trye assistant to the engineers and wmanagers charged
Wwith the develcpment of a nev prcduct in its final
conceptual state. Designers have now a tool which gives
thema the potential of beccaing more creative while still
being ahle to be productive and efficient in their efforts.

The real challenge is tc develop a ccmputer aided design

systen which the designer, as user would accept in place of

a paper sketch pad and pencil, a system which is both user
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friendly and responsive to his perceived needs. It is the
writer's intenticn to focus on these twec areas ip particular
and to review the ©present status of <the computer aided
design systems as they pertain tc the architectural and

engineering efforts of the construction industry. The

ability to interact 1in a visual @mode with the computer
* through the use cf a graghics terminal and the <theory of

design as applicaktle to cosmputer aided design wcrk will be

——

discussed in chapters two and <three. The turnkey computer '
aided design syst<ms will be treated separately in chapter

four. Turnkey systems vwere choosen fcr a more extensive

computer aided design and appear to be the computer

i
‘ discussion since +they were develcped solely to support 5
\ industry's answer to fulfill the architect and engineer's
needs.
A brief history of computer aided design and a

superficial examinaticn of cther systems available today is

presented to give the reader an appreciaticn of the

discussion which follcws in subsequent chapters.

A. HISTORICAL BACKGRCUND

In the late 1950's, efforts to automate manual design

was already underwvay in the automotive, aerospace and ship

building industries with the assistance of numerical control
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prograasing lanqguages. The development cf computer graphics
as an element c¢f computer aided design in the early 1960°'s,
gave an impetus to the potential tc¢ be derived f£froa
coaputers in the design prccaeass which is still felt today.
Computer graphics was available previously, hovwever, it was
not until Sutherland's “SKETCHPAD" and the work done by the
staff of the research lakbcratories of General Motors [2])
that coaputer graphics vas being considered almost
syncnymous with computer aided design. Both efforts
utilized 1large machines with sgpecially built display
hardware.

By 1965 many pecple were attracted by the intriguing
possibilities of computer graphics. The efforts to put
together a computer grafphics system around a small computer
and associated scftvare began to mount. Computer hardware
and softvare deveiopment costs vwere still too high and the
benefits of high volume production <could not be realized,
although augmenting computers with graphics was recognized
to provide a tremendous increase in the potential
application c¢f ccamputers.

Portunately, however, at about the same time the cost of

hardware dJdecreased; never and cheaper devices, some of

limited capability, appeared on the market. General purpose
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computing systems changed, they vere no 1longer quite so
inhcspitakle to the needs of graphic devices and their
users. By 1970, the first stand alone interactive graphic
systems became ccmaercially available and a new “turnkey"
computer aided design system industry was born.

The interest in computer graphics Lecame international
vith the ©United Kingdon, Hungary and Japan becoming
especially involved in the development of new applications.
The yearly Computer Graphics Conference in London gave rise
to a public forum fcr the presentation of papers describing
+he newest develorments in the applicaticn of computer aided
design. In 1979, an internaticnal conference on the
applicaticn of coaputers in architecture, building design
and urban planning was held in Europe. Electronic¢c circuit
design and manufacturing, however, were the bigger
beneficiaries of the developmental prccess as a practical
and rprofitable applicaticn of ccmputers in the design
process.

Unfortunately, the ispact of coaputers in practical
structural engineering has been somewhat disappointing.
Much of computer prcgramming in this area has benn developed
within the acadesic field c¢r by government funding. Hence,

} ' many programs are too limited in scope for practical use.

10
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The General Accounting Office (GAOQ) study of 1980 of
computer aided design usage in Federal government
constructicn projects argues the fact that Federal agencies
are not actively seeking or encouraging the use of computers
on Federal design projects. Villanueva, in his 1977 paper
concluded the lack of usage of computers in structural
2ngineering work was due to excessive costs. He further
identified ten basic contributing factors to the
undesir=zakle computer costs [3]:

1) uagagerial ignorance cr ego. Development c¢f prograams
which are a Quglicaticn of proven existing ones;

2) Poor  programming development by not incorporating
efficient rumerical ccmputer cperations;

3) Poor estimates on computer [processing time required
when Tunning a particular progranm; -

4) User ignorance on how the <computer 1is solving the
proklen;

5) User manuals are either poorly written or nonexistent;
6) Extravagant mathematical modeling cf the structure;

7) Lengthy preparation of numerical input for the
program;

8) Needless repetiticn c¢f program runs due to careless
inpput or cutput planning;

9) Excessive unnecessary output or copission of necessary
output; and

10) Pailure to tie together the different disciplines in i
%ggl gégéssdes;gn, detailing and comstruction during
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Although characterized as disappointing (4], the use of
computers in the architectural and engineering arena is
consideratle. A 1978 GAO study surveying 800 architectural
and engineering firwms, not selected on a statistical
sanpling tasis, <showed 76.1 percent of the 745 responding
firms used computers in scme way during tiae design process
in providing design services to their clients. The firas
reported usage c¢f ccaputers was amostly in the engineering
areas, but indicated a trend toward using computers in the
specificaticns and ccst estimating areas. Figure 1 [5]
shows a breakdcwn of the type of firms and respective usage

of computers.

Iype of Eire Iotal Users Bercent
Architect 186 73 39.2
Engineer , 200 190 95.0
Architect-Engineer 318 276 86.8
Other 41 28 68.3

Total T45 567 76.1

Pig. 1: PFirms Using Computers in the Design Process

The interest c¢f architectural and engineering £irms and
Pederal agencies, spurred by the GAO study, in computers has
not gone wholly unobserved. The turnkey vendors cf coaputer
aided design systeas have recently reccgnized the potential

of this market and are already moving in <that direction as

12




2xemplified by the recent CALMA Corporation's decision to
establish a new division to deal specifically with this

market.

B. COMPUTER AIDELC DESIGN SISTRMS

The 1978 GAC study also reported of the 567 firas
utilizing a computer in the design process, 252 firms owned
their own computers. These were the larger firams. Owning
one's own computer is not the only way to introduce the
computer intc the design process. There are several
possibles methods of oktaining the assistance of a computer,
figure 2 rrovides a complete breakdcwn on how computer

services were obtained by the various firms (6].

Arch.-
Msthod Used Arch. Engr. Epgr. Qther Iotal
Pirm owns a computer 9 90 137 16 252
Pirm leases a
J ccaputer . 5 16 43 4 68
Pirm uses commercial
. time-sharing serv, 18 93 141 14 266
; Pirm uses ccmmercial
1 service bureau 16 62 8s 7 170
Consultants provide
computer services 30 23 61 3 117
ther 6 9 8 3 26

NOTE: PFirzms may use more than one type of service.

Pig. 2: How Computer Services Are Provided

The 1980 GAO study provides an insight in the coantinued

proliferaticn of computers amongst the architectural and

13
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engineering firms. The study offers eight potential ways
computar use can improve designs (7 ]:

1) Permitting _rapid gtudg ,of desion alternatives to
provide a " high gquality building;

2) Providing a tool to gquickly evaluate options when
project costs must Le reduced, c¢r major material or
2quipment compcnent substitutions must™ be made due to
3 supply shertage or change in criteria;

3) Permitting btuilding designers to, completely evaluate
and ;ncorgqrate eneérgy coanservaticn and environaental
consideraticns during the design fprocess;

4) Providing completed designs and drawings containing
fewer errfors and without "the inccnsistencies possible
with manual methods;

5) Providing a systematic process to_ determine and
2liminate interferences between building subsystenms
ang esconponents through an inpteractive redesign
process;

6) Providing a means of reproducing ccnstruction
instructions, e.g. specifications and drawings,
quickly and accurately;

7) Providing cost savings or _good dollar value _for
expenditires because he design team has the abilit
to. consider and evaluate more alternatives an
eliminate gross overdesign; and

8) Providing a quickly usable reference base for future

maintenance and | major.. modifications/renovations
because ¢of changes in biilding use and/or occupant.

Most systems are not yet so sorhisticated tc permit the
achievement of all of these eight pctential benefits in
total. Each system does attack a subset of the above list

iving *he user the choice cf which system is best suited to

his needs and match his ecconomical environment. Lazear, as
shown in figure 3 (€], provides us with a hierarchy of
systes characteristics wvhich take advantage cf£ scme possible

subsets of the atove Lenefits.

14
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Pig. 3: System Characteristics

—

] Most of the systems dating back tc¢ the mid 1960's and

1970's were of the passive variety. Fassive simply means

© o ——t

that the wuser is required to develop his design on a data
{ nedia, usually in the fcrm ¢f cards, submit this media to a
F computer and wait for the finished ocutput. It vas achieved
by making the software smart enough to take a description of

a part and generate a drawing, autcmated drafting. This

requirad a very 1large and complicated pregram or a very
simple part. Several of the large engineering construction
companies use a passive, automated design approach to piping
iscmetrics, ideal for a process plant project. The
disadvantage is inherent to the batch mcde of operation, tae

drafter or designer has no immediate feedback.
15
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The active system is the ideal for designers. Active
graphics implies that the designer can directly participate
witk a coamputer in the creation of a drawing. The designer
can see the rproduct cf his work on a graphics CRT and can
input changes interactively through some device such as a
light pen or digitizer. The active systems are further
subdivided into the computer aided drafting and coamputer
aided design.

Computer aided drafting is 4 cheaper and less
complicated system where the computer has no knowvledge of
the physical cbject being designed. It simply keeps track
of standard symtcls or groups of symbcls and quickly puts
them on the drawing at the user's ccmmand.

Computer aided design is a more expensive alternative
which requires a w@uch ‘'"sgarter" «computer. The problanm
shifts from sisply keepring track of a list of symbol types
and locations to keeping track of this plus an enormous
amcunt of inforsaticn which accompanies design, e.g.
different aspects of physical components, materials, sizes,
colcrs, codes, etc.

An architectural and engineering firm has an enoraous
nuaber of options in the computer aided design arena, both

in approach and design. These options can essentially be

16
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fitted intc four distinct categories ¢f hardwvare/softwvare
solutions [9]. Listed with each category is a saampls of
available applicaticns:

1) Use a service bureau; three dimensional CAD,
structural and piping isometric;

2) Tack software and terminals to our in-hcuse amaxi;
three d:sensional CAL, structurali, piping isometric
and MIS grarhic;

3) Buy a turnkey rpackage; IC design, structural, building
%agog%iigécusheets, &lagraus, tocl design and piping
som .

4) Exgerinent'aith a hokby coaputer; saall calculations
and picterial.

By far <the most popular solution to design is <the
turnkey system package, generally implemented on
miniconputers which are dedicated tc the function. Each of
the fcur options is ccmaercially available through a variety
of firms. The four options with a partial list of vendors
are illustrated ip figure 4 {10].

Computar aided design c¢ffers a solution to some of the
probleas faced ky engineering coapanies today.
Technological advances have improved systems so <that there
is a large number of application agproaches to choose froa,
providing great cpportunities for increased productivity.
The selection ¢f the system should te viewed carefully, with
a vreview of all practical alternatives with a broad

selection of management is the best approach to use to

ansure system success and usage.

17
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II. DESIGNING SIIH INIERACIIVE GRARHICS

Computer gracghics has becoae, for sone, alaost
syncnymous with the terminology of computer aided design
ever since the «classic work of Sutherland [11] in 1963.
This can ke attributed, in part, to <the historical
development of CAL as a tocl first explcited in the areas of
computer drafting and integrated circuit layout design,
vhere grarhics is an indispensible tcol. The use of
grarhics as an element in <the overall design process
accentuated the need for improvement in the interface of
this element with the rest of +the design process. In
particular the development of input prccedures of data had
to keep pace with the advancenments in computational
techniques if graphics was to remain a cost effective
element of the design process [ 12].

The attractiveness of having an interactive graphic
system as an element of the design process 1lies in its
potential to exploit the poverful capabilities of human
visual data-prccessing as a natural interface between man
and the computer. The result of each input cperation should
be repeated on the display, so that the user can appreciate

the effect of his dinput and take corrective action if

19




necessary. The more iamediate and coamplete this feedback,
the easier the user's task. The cathode-ray-tube (CRT) has
becoae the dominant display technolcgy [13] in console-sized
disglays. A survey of input devices for graphics,
primitives and screens is presented as an evolutionary

«reatment of input procedures and graphic systeams.

A. INPUT DEVICES POR GRAPHICS

Data entry from a keyboard requires a precise derfinition
of the x and y cccrdinates in absolute numerical values. It
is generally more important to position one point relative
to another, and therefore unnecessary to use absolute data
antry as the p[primary input aode. While alphanumeric
infermaticn and graphic and program coatrol instructions may
be generated cn a keyboard, it is generally more convenient
for the user to Le able to select a coamand from a displayed
list without interrupting the graphic interaction.
Therefore, interactive computer graphics consoles require at
least one additional graphic input device for use in
conjunction with the display. A graphical input device is
necessary in order to have some means of <transferring
geometrical and tcpolcgical icformation to the computer.

There are a variety of methods which might achieve this.

Before describing these it is vell ¢tc examine the

20
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requirements of such an input device; naturally, these
depend on the agpplication of the systean. Graghic iaput

devices perform three distinct functions [14]:

1) selection cf a particular items from a display array,
e.g. a_graphic syabecl, a nuamerical component value for
input data to a program control instruction;

2) freehand sketchin cf pictorial data in the form of
line drawings; an

3) digitizaticn of coriginal hard ccpy, e.g. maps by
tracing.

The effectiveness of an input device should be judged

against the follcwing criteria (15]:

1) it must te simple and natural to use, requiriang little
or nc user training;

2) the interface betveen input device and computer should
be siample;

3) support scftware must be winimized so_that aaxipuam
main memory storage may be dedicated to display

control; i

4) the device and its interface should be inexpensive,
versatile and_capable of Jinteraction with different
types of display; and

S) +the provision, of hard copy .or the facility of touch
interactior without a speclal] stylus may be considered
2ssential to the user situation.

In some applications, graphical information which is
entered into the computer can be described as
"non-analytic", Tyrical «cf this type of information are

contours on maps and other geographical data, and

experimentally determined curves. This kind of information

is not suitable for transamission tc a coaputer since it is

21
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in analog fora. The input device nmust convert the data in
digital form linearly and accurately. Since there are no

formulae for generating such curves, the computer can 4o no

more than store the data as a series of points, each
: represented by one pair of coordinates. It is easy to fill
? a large store quickly with long strings of closely spaced
points vhen da*a is of this fora.

The designer tends to see things differently <£from the
wvay ¢the computer is best suited to handle then. For
instance, aost designers visualize triangies,
quadrilaterals, c¢r similar figures as areas bounded by lines
which nmneet a+* c¢crners. The computer is best suited to i

working in the fashicn of coordinate geometry. -~storing a

triangle as three points. It is the difference in the ways
that machines and designers handle data that makes

interactive graphics such a potentially powerful tool. It

is ,therefcre, desirable, indeed <critical to «ctry to

l facilitate the mediation and decision processes by
appropriate design of the system, e€specially the information
input and output (resronse) features of the systen.

A great variety of input techniques have been developed.

These variocus technigues can be classified into four major
categoriss [16]:

1) amechanical input devices;

22




2) <the light pen;

3) electronic dat;htablets; and

4) touch-entry devices.

1. Mechapical Inpyt Dsviges
These mechanical input devices consists of the
joystick, the tracker-ball, and the mouse, All three
devices operate on the same basic principle of generating
sigultaneous x and y cocrdinate data by means of a
mechanical coupling to mutually perpendicular potentiometers
or shaf* positicr enccders. Their cperation relies on
visual feedback from a dynamic display. It should be noted
that these devices are not considered suited to intsractive
computer graphics applications. Mechanical -devices are more
suited to a tracking type application such as radar tracking
whgre they ares cften wused to controcl the rate of movement
of the cursor rather than its position. The actions of ar
interactive graphics user are more directly connected with
draving than tracking. Although one «can draw wutilizing
mechanical input devices, the operation is an awkward one.
2. The Light Pen
A truly interactive instruament, the light pen is

composed of a light-sensitive device which detects the

existance of a pulse cf light within its field of view, e.g.

]




the emissicn frcm the phosphor of a CRT display. The
optical coupling may ke direct to a photcdiode housed in the
hand-held "“pen" asseakly, or via a fikre-optic light guide
to a photcnultiplierx tube. In either case an

"umbilical cord" connects the pen electrically or optically

to the conscle equipment. Input may be inhibited either by
a mechanical shutter, Ly an electrical switch in the pen or
by a footswitch.

The operation cf the light pen depends on the nature
of the process of writing an image cn the face of a CRT. If

the pen is ©pointed at the screen and the spot which is

generating the image passes through <the visual field of the
per, then the light-sensitive device is energized azd a
signal passes to the computer, generally causing an
interrupt, that is, a jump from the current prograa iato a
special routine. Upon detection of this interrupt, the
computer gces into a search routine to determine which
command the display processcr was oteying when the interrupt
occurred, From this it can determine the coordinates of the
pcint on the screen at which the light pen is pointed. <This
gives the 1light pen a significant advantage over cther input

devices. Specifically, that i+s positional Jata is

determined by tbe [prcgram and dces rnot depend on any

24
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prysical measurement ¢f the actual pen pcsition. The cursor
is cn +*he screen itself and can easily be aligned to any
target image, to the 1limit ¢f human accuracy.

The light pen has two modes of operation, the pick
function and the curscr mode. The pick function selects the
character or figure of interest. The cursor mode allows the
"pan"® to he wused to position a reference tracking-cross on
the desired location. In this way, isolated pcints, end
points of vectcrs and centers of circles, for example, may

be delineated.
3. Electropic Data Iaklets

There oxists many forms oI electronic data tablets,
including several types of acoustic tablets.- A data tablet
is essentially a rectangular panel which reprasents the area
of the display. The tablet surface, which is generally
electrically conductive, wsay bhe driven at its edages o
produce over its area a linear gradation of an electrical
signal such as vcliage amrlitude o= phase. Opposite pairs
of edges are generally switched :2lternateiy to produce
accurate, linear parameter gradiects in both the z aad y
directions. More scphisticated tablets would be able to
remain electrically active for becth x and y directioans

simul*aneoqusly. The signal at a particular point is
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detected Lty a high impedance sensor within a aovable,
hand-held stylus whose position is therelky uniquely encoded.
An alternate design may allow the stylus to disturb a field
pattern on the tablet surface. This disturbance is detectad

at the edges of the tatlet and measured in terms of stylus

position. There are many coamercially avilable data tablet
types, notakbtly those which comprise twc or aore flexibple,

conductive layers which make contact with each other at a

o et

point where stylus pressure is applied to the upper surface.

4. Tcuch-Eptry of Graphic Data

I

Tcuch-entry devices allow the user to work directly

{
i
i i on the display surface without an interface, e.g. the iight
11
1 pen ‘“umbilical.cord*. -The touch-entry.. devices _.provide

it lamcand

maxipum convenience Lty positioning <the input device as =z
touch-sensitive cverlay tc enalble the generat.on of

coordinate information directly at the display surface by

the user's finger without the user having to pick up a
special stylus. This allows for maxisum visual feedback

betvween the display and the user. The cursor is positioned

in the chosen 1location by the user referring to the cursor
and not to the exact finger position, although cursor
control 1is achieved Ly finger movement. There are +vwo

categories c¢f touch-sensitive devices, namely those whick
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permit the addressing of a limited nuaber of discrete,
predetermined pcints or areas and others which provide a
continous coverage of the display screer.
S. Hapdling Grapbical Imput Devices
The two basic tasks of an input device are to
indicate okjects on the display, and to input two-coordinatce
data not necessarily ccrresponding to anything being
displayed.
The light pen, for example, performs the first task
vhen positioned over the indicated object, generating an
interrupt whenever the display processor deals with the

object. However, it can be used only tc signal points which

lie on displayed cbjects. . .In.order to.indicate.an.arbitrarcy.

point, the program must ke persuaded tc display sometaing
there. A common apgroach is the use cf a tracking syambol
such as a cross. When the light pen is placed at the
periphery of the symbol, the prograa repositions the syabol
so that its center lies under the light pen. The *racking
syakol will follcw movements of the light pen.

Other devices, such as electronic data tablets and
mechanical input devices, can generate a two-coordinate data
input independently froa the display. Again, a display

symtol is utilized. It is centered on the point currently
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generated by the tablet so that the user has visual feedback
nf the input. However, the tablet ¢r wmechanical device
cannot by itself 4identify the display-file instruction
currently genera+ting the okject at the cursor position. A
ccmparator (17] can ke wused if available. This accepts
coordinates such as <the display symkbol position, and
generates an interrupt when a point is displayed at those
coordinates. In the absence of a ccmparator, the
display-file wmust be searched for points at the display
sysbcl position.

A device such as an e2lectronic tablet gives a
continuos positional‘input, and means must exist to indicate
whether the input 1is significant, ._e.g. a button. which.
generates an interrupt for the processcr causing it to read
the position. I1ight pen traciing, however, is usually done
by an indipendent service routine and does not generate
interrupts. Attention must be drawvn to the light pen by

some ther device such as a keyboard.

B. PRIMITIVES

Current literature suggests, if not a direct corsensus,
that effective integrated CAD systeas incorporating
interactive graphics requires the develcrment of fully three

dimensional isotropic representaticn <¢f <the model. Tha




- — S8 4o A M o s

initial model, directly input by the designer, 1is processed
"downstrean" for all <the functions c¢f <the engineering
organization (18], The essential nature of graphics
invelves the additional capability to describe geometrical
proper+ties., These gecmetrical prcperties are essentially
points and 1lines ccnnecting the points. Systems vary
greatly in the panner in which these primitives,
particularly lines, are defined. The particular method of
ipplementation is best dictated by the requirement of the
application { 19].

The CAD system which is to support an architect and
engineer design effort should have availakle dinteractive
devices which prcvide +the user with a -fast and simple mean
of imputting three dimensicnal data. This three dimensional
data should be akle tc regresent objects with sufficient
comglexity so as to be meaningful in an architectural design
environment, and it should be usable by other available
software packages [20]. The primitives employed to describe
the geometrical [properties of the three dimensional object
need t0o ke akle <*to support four types of transformations
required as basic capabilities fcr graphics applications
(217

1) shifting. The perfermicg of an addicive
transfcrmation cf the x, y and z _coordinates of all
points of an object by Some delta aaount, 2.9,
x' = x + k. The result is a size-variant spatial
translation of the object;
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2) Scaling. . The gerfctling, of a aultiplicative
transforsation of the coordinates of _an object by
obtaining a product of some scaling factor, .9,
x' = xS,  Unequal scaling may be agpliéd to each axis,
in which case the object is coug:essed ar attenuated.
The result is_compression for S € 1, magnification_ for

1, or reflection about an axis for negative values

*

of S
3) Rotation. | The perforaing of a_ . trigonometric
transformation cf an object coordinates, e.g.

x' = xcosi + ysinlA where A 1s the angle of rotatiom.
The ,result 1s a rco%ation <¢f the Object about an
intrinsic axis ry angle Ai;

4) Clipping. The defining of a rectangular area of the
tota v;ewlpg space, such that only the object goznts
which are withid this space will k& viewabl@; an

Sy dindowing. Not a true +transformatiop,. but commonly
utilized. It is derived by first iavolving a clzgp;n
trangformation of the view with  the addictiona

rov;glon for other <ransformatiocns siaultaneously to
2 made.

Geometric representation of primitive volumes can be
accemplished thrcecugh a build up procedure from points and
lines or a "library" of basic voluaes, e.¢g. a databank of
predefined primitives such as cylinders, cones, and cuboids.
The use of points and lines as a build up procedure is a
time consuming task which wculd quickly exasperate the user.
A litrary cf tasic volumes has to be ¢the preferred method,

and is the one utilized by coammercially available systeas.

The problem with any input system is the identification of
intersectiqns and boundaries, and hidden points, lines, and

planes.




1. Gegometric Y¥odelling

Le* us suppose the problem is tc determine whether a
certain point is inside or outside the image. The designer
can dacide after a cursory visual inspection. For the
computer to drav the same conclusion it needs tc¢ perform a
series of tests and calculations. If the images are to bhe
realistic, the computer pust be given instructions for
solving the hidden points, lines, and planes procblen. The
mathematics for such a program are fairly complicated. Let
us assume a hidden plane prcblem exists for an image. For
such a problea the program must enakle the computer to
answer four categcrical questions [ 22].

The first question is whether cr not the  plane is
visible by itself. In answering the question the computer
must calculate the vyperpendicular to the surface of the
plane. If the angle between the perpendicular and the
direction of view is acute, the plane is visible. If the
angle is obtuse, the plane is not visible.

The second question is whether c¢r nct the plane is
obscured &ty any other plane within <the same cluster of
Planes. Here the computational process is rather long, but
it need be docne cnly once. The resulting ordered list of

planes is stored in the ccaputer's memory.
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The third question is whetheér ¢ not the cluster of
planes is obscured by any other cluster cf planes, e.g. tvwo
cubes sharing a common face. Here the order in which the
clusters are displayed depends on the orientation of the two
cubes, in cther words on the view the designer has choosen
to display.

The fourth guestion is whether c¢r not the object is
obscured by another object, e.g. the two cubes being
displayed with two other cubes on the same image, but
constituting <+¢wc separate objects. In +this case range
points are assigned to the two objects, and the order in
which the objects are displayed 4is then determined by their
distances, that is <their Telative ‘ranges or -~ posSitions~
assigned ty the designer.

These calculaticns and tests would be difficult, if
not impossible, if the coaputer had to deal solely with
graphical image ipputs. The inadequacy of a graphical image
arise for three reascns [23]:

1) the descriptions which they generate are gecmetrically
incomrlete;

2) <+he descripticns generated are highly redundant; and
3) the geometric information is inadegnately structured.

A complete geometric descripticn of an arbitrary

point allows unamskigucus determination ¢f whether that point
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is on any specified line cr space, or wvitain any specified
closed region. Images are invariably gecmetrically
incocaplete because they rerresent a three dimensional object
as a series of two dimensional projections. It is the
nature of two dimensional rrojections as standardly used :in
architecture that pcints may appear in different
projections. For example, the x and y coordinates of a
point may e defined in one drawing and the y and 2z
coordinates in another. Thus, the y coordinate is
represented redundantly.

An image stored as a set of projected coordinates
and 1lines is not an appropriate structure for the
performance c¢f- many operations- that are - iamportaat in
architectural and engineering computer aided design. Data
“0 be operated upon, that is analyzed, must be structured in
appropriate ways if algorithms are to be expressed concisely
and clearly and executed efficiently.

By contrast, a true ¢three dimensional geometric
descrip+ion systen stores representaticns that are
gecpetrically ccemplete, reliatively nonredundant, and
apprcpriately structured. The graphics interface allows
images to Le generated with any specific scale and

projection, from any specific directicn, sectioned in any
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specified way. Thus, a three dimensional geometrically
described c¢bject is auch mcre general and powerful than a
graphically described image.
2. Geometry
A ccaplete gecmetric description includes relatiocts
between entities and shape and dimensional data. There are
three basic ways of encoding geometric data [24 ]:
1) point set technique;
2) boolean technique; and
3) boundary technigque.
a. Point Set Technique
The point set technique is <the most straight
forward. It derives directly froa the classical defipition
of a solid body as a set c¢f contiguous points in Euclidean
space. To any specified level of resolution, a region of
Buclidean space c¢an Le represented by a three dimensional
array in which each 1location corresponds to a point. A
so0lid object within this space can be described by assigning
the value "TRUE"™ to each point within the object and the
value "FALSEY +o0 each point not within the object, as shown
in figure 5. A three value 1logic can be used, with the

third value emplcyed to represent points on the object's

surface (25]. An assembly of many sclid objects can be
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anccded by using a different integer to represent each
different sclid. This technique has kt~en widely employed to

represent building flcor plans [26].
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v
]
)
'
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TRUE l FALSE

Pig. 5: Foint Set Representaticn of a Shape

The point set approach has the advantage of
providing spatial indexing. However, it requires a large
storage capacity by the computer where high resolution
description of a complex object is required, and its point
by point mcde of descripticn wmakes it undesireable for many
applications. These disadvantages wmake <he point set
approach ispractical for nmost three dimensicnal shape
descripticn purgpcses in support of architectural and

angineering computer aided design.
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b. Boole¢an Technique

The Eoolean approach uses the idea of directed

surfaces. A directed surface divides the universe into two

disjoinzed point sets, Pcints in one set,

on one side of

the surface, are labeled "TIRUE" and points in the other set

are labheled "FaALSE"™. A number of different directed

surfaces can be defined, and solid objects can be described

by performing cperations of

difference on pcint sets, as shown

union,

intersection, and

in figure 6 for a two

dimensional cbject. Sclid objects thus created can be

further ccmbined in various ways

operations.
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FALSE |- TRUE
'-

Fig. 6: Becclean Lescription ¢f a Shape
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The Boolean apfroach is much more econoamical in
use of storage than the point set approach, since it does
not require explicit storage of the values of points. One
needs only to define the equations for the surfaces, the
senses of their normals, and the Eoolean cperations.
However, Braid bas identified a key disadvantage in the
computational requirements which the Boolean approaca
imposes or the ccmputer in crder to disglay any solid object
127]. Any object composed of n faces which is held as the
intersecticn cf r directed planes to draw all edges requires
computation c¢f the c¢rder n cubed. This is due to the
necessity of the computer to compare each of the 1n planes
with each of the n-1 cther fplanes. The line of intersection
fcund, assuming no plames are parallel, needs be compared
with the n-2 remaining planes *o find the portion of the
line, i€ any, lying within the n-2 fglanes.

c. Boundary Technigue

A Dbcundary model describes a solid object by
recording the coordinates of its vertices and the
coefficients or equations defining the <formg of boundary
lines and surfaces, as seen in figure 7. Straight lines and
planar surfaces are easily represented ty simple equations.

There has keen an enormcus agount of research on curved
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surfaces, developing the mathematical theory sufficiently to
deal with any practical architectural descripticn problenm.

The work ¢f Bezier, Ccoms, Forrest, Riesenfeld, and Levin is

particularly impcrtant.

(x',y') o----—---------------? (x%,y")
|
|
|
‘x“',y.”) é ..... -0 (xllll'y"“)
(x!lﬂl'yﬂ'il) Q= = o - mm e e ——e - oo == (xlﬂl"'y"ll")

Fig. 7: Becundary Description c¢f a Shape

A great advantage of-the - bcundary model is that
it allows topological and geometric infcrmaticn tc be stored
separately. Connecticns between faces, edges, and vertices,
which form one <c¢omponent of the model, are stored in some
form of incidence or adjacency aatrix. Real numbers
defining vertex coordipates and ccefficients in eguaticas
are stored eslsewvhere. This is very convenient, siace sone
shape manipulaticn operations alter just the topology, some
alter coordinates and coefficients, and some alter both. 1In
addition, it provides an opportunity <o factor the data,

since numerous gecmetrically differing cbjects nmay be
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instances ¢f the same tcpolcgical structure, e.g. a cube, a
rectangle, or any other culkoid.

Since vertices, edges, and faces of a solid are
defined in +*erms of each other, corversions from one to the
other can te made easily. Thus, it would be redundant ¢o
d2scribe all taree types of entities explicitly. Boundazy
models have bLbeen wutilized in several shape descripticn
systems, such as the BDS system fc¢r architectural building

description [28].

C. DISPLAYS
The gecmetric description, once ottained and stored in
~he computer, serves two essential fpurpcses:

1) as a datatank to Le acted uron by the various
applicaticn programs; and

2) as a source of information to allow the object to be
displayed.

Designing with interactive graphics presupposes the use
of a display elepent upon which the designer can view the
object and which can act as an input-output mediunm. These
display elements have <their cwn requirements placing
additional deman?s on the computer systen. The cathode-ray
tube (CRT), in ore fcrm or another, is the universal graphic
display device. The nature and principles of operation of

CRT's are well descrited in texts on electronics. There are
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some fea*ures of CBT's, however, which impose important
censtraints on the design c¢f computer graphics systeas.

CRT's as display elements are desigred to utilize data
in the analog format. Since data within the coaputer is in
the digital form, a digital to amalog ccnversion must occur
for the data to ke displayed. Ccnversely, an analog to
digital ccnversion is alsc pecessary to <transeit to the
computer positional information as icputted from the various
input devices mentioned previously. In addition, depending
on the display element utilized, an image must pot only be
generated once, kut must ke regenerated on a periodic basis
to maintain the image on the display visible to the user.

In order to display an object on a CRT three voltages
zmust be supplied per each position cr sgot. An horizontal
and vertical deflection vcltage is required to 1locate the
spot on the display, and a modulatirg vcltage is utilized in
+he control of the brightness of the spot. The computer
nust supply +the instructicns necessary for displaying the
spot on the CRTI. The sequence of instructions is as follows
[2973:

1) generate the horizontal and vertical coordinates;
2) convert them tc vcltages;

3) generate and convert the brigthness voltage; and
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4) repeat the process with a predetermined frequency to
maintain the spct on the display.

Constant image wmaintenance can be avoided by utilizing
specially designed storage tubes such as the direct view
storage tube. The principle of c¢peration of <the storage
tube depends on the phenoumena of secondary <emission due %o

electron ktcwbardement. Certain materials have a secondary

amission when bomkarded by electroms. A fine mesh of this !
material 1is positicned behind the screen which, vhen ‘
bomkarded, will generate secondary electron eaission
maintaining the image. There are several disadvantages wita
such a system when utilized as a graphic display. It canmnort
have a rescluticn better than the mesh ¢f the grid and it !
has a low light cutput which entails operatiag such a systém f
in an environment o¢f subdued 1lighting. The principal i
disadvantages, however, are that it cannot be selectively
erased, that is, parts of the image carnot be individually
deleted; and that a light pen device will not work since
continuous refresh, upon which the light pen depends for the

emission of the phosthor, is not used [ 30].

In addition to the CRT, a raster type display is also
widely used for graphics. The raster type display draws and
regenerates the image by causing the electron beam to scan

the display area on the tube face 1in a pattern of evenly
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spaced horizcntal straight lines. During the tiae o¢f one
comfplete raster scan, or frame, the beam passes once through
every point in the display. In order to produce an image,
bright-up is caused at the appropriate instants within the
scan time, The display data must, therefore, be programmed
in serial form, with time as a coordinate rather than the
horizental and vertical position. This is the method by
which television pictures are generated and refreshed. The
advantage of the raster is that it can be easily designed,
due to the intensive research of the television technology,
tc be able to arrive at any desired resolution. Thus, a
computer graphics system which regquires optimal resolution
of its images can be achieved with today's technology and at

a reasonable cost.

s




III. GCOMPOIER AIDED DESJGN

The term "computer aided design"® bas taken on many
meanings since ccmputers btegan to have an impact on the
architect and engineering field. 1I%¢ has becn applied to any
engineering design Auring the course of Wwhich a computer was
utilized, =such as the evaluation of analysis =quatioas to
predict design performance. The term has also been applied
to the use of applications programs or problem-oriented
languages, each of which focuses on a narrow problem and
«reats it in a stylized way suitable to its particular
characteristics. often, this has the nature orf answering
+he same design guestions about prcklems cast into a
standard form demanded Lty <the GEgrograa. They provide
analysis, while the designer wants synthesis.

Computer aided design should aim a‘ orgapizing the
analysis and search activities of a designer as he atteapts
to find values for the independent design parameters at ais
disposal sc tha+t specific performance goals will be aet

[31). To achieve this the "computerized" design process has

undergone thrcugh several stages of development, automating

several design areas through the successful use of discrete

applica*icn programs. It became quickly apparent , however,
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that the 1limiting factor for success included the cost of
data preparation and integrity.

To better understand the evoluticon of computer aided
design systems fcr the architectural and engineering f£ield,
a discussion on design theory, the data base problem, and

design analysis is presented.

A. DESIGN THEORY

The availability of computers r2kindled the engineer's
iaterest in the general wmcdels of physical systems since
such models could more easily be adapted as the vehicle by
which a computer could be utilized to <solve real probless.
Gabriel Kron's network models are a typical exaagle. Kron
was largely concerned with analysis. He developed some very
general ne*twork mcdels and some highly effective schemes for
dealing with these models numerically in attempting to
predict behavior in a wide variety of [physical situations.
Having many areas of analysis well in hand, interest has
been turning to gquestions of design and whether Kron's work
could bhe carried cver into this area usefully.

Superficially, at least, all of design shares concera
over questions of the assembly c¢f elements to fora an
entity, decoagcsition as a means of dealing with

combinational protlems of size, artificial intelligence and




heuristics, optiamization, e€etc. A review of “BASIC QUESTIONS
OF CESIGN THEORY" (Sgpillers ed.) would give the <reader an
insight into the diverse views and technologies relevaant to
architectural and engineering design theory. The design
thecry is presented in vertically structured design
activities along the <classical lipes of the various design
disciplines. Subsegquently, Sgillers presents the
possibility of viewing these activities horizontally, which
is, perhaps, mcre beneficial when considering the coaputer
as an aid to design and the set of new problems such an aid
represents. Such a view would provide us with the following
areas of interest (32]:

1) Graph Theory;

2) Heuristics;

3) "Wicked" Prcbless;

4) Linguistic Methods;

5) Behavior;

6) Aesthetics; and

7) Composition Techniques.

Behavior and aesthetics takes us into the realm of
behavioral science and artistic creativity in design, wahile
composition techniques is mcre frequently encountered in the

chemical engineering discirpline. The first four areas of
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interest listed aktove impact more directly on the compute:
aided design system as it has evolved tc date.
1. Gzargh Theory

The mathematician Harary [33] Frresents a conviancing
argument on the prevalence of graph theory as the strongest
“hread of formalism running through design. Much of design
is ccncerned with the assembly <¢f elements tc¢ form as
entiey. In many cases, the elements frcm which a selection
is *o be made are¢ fixed and in most cases, they are discrete
elements. The guestion of the conrectivity of a discrete
system is, of ccurse, a graph prcblen. The use cf graph
theory has become so common throughout all of engineering
design that it can now be taken for granted.

In engineering analysis, the work in graph theory
led to the formulation of generalized network theories which
include wide classes of physical systems and tc the
extraction of some useful results for these systems based
upon their graph theoretical properties. The question then
arises c¢cncerning <the useful role <¢f graph theory :In
computer aided design. The problem agppears to 1lie in the
fact “hat graph tkeory is nct sufficiently rich in structure

to support an activity as complex as coaputer aided design.




The cocmpcsition problem fcr graphs is a case in
point. While cn an elementary level, graph theory and
network theory are almost inseparable, the problem of the
addition of twe graphs or the building of a new graph from
two given graphs can have many interpretations [34], all of
which lack physical relevance and thus tend not to be of
direct use. In the computer aided design arena, graph
theory can no longer ke lcoked to as the formalism of design
theory. While a graph can be used to represent a binary
relationship, more complex relaticnships fcr bringing out
underlying structure must depend c¢n other —ra2presentations
such as the three dimentional geometric representation
previously discussed.

2. Heuristics

The practice of design today is the realm of
heuristics. 1In general terss, Himmelblau [ 35] suggests that
design is essentially a search prccess in which the more
organized design studies represent perturbations about
existing designs. .Creative solutions rerresent radical
changes in search procedures for which there now exists no
adeguate theory. Artificial intelligence was to provide the
“ools, but that has not been the case. Nevill and Crowe

(36] ceported this failure in the prcgress of artificial




intelligence as generating a trend in the coaputer aided
design system develcpment towards a strong wman-sachine
interface which allows the computer to te helpful, but which
relies heavily ¢n <the designer fcr 1lcgic in the design
process, the designer is the synthesizer.

Heuristic search is probatktly the remaining
strenghold of artificial intelligence. The area of
heuristic search remains an important aspect of the design
process since combinatorial problems okbviate methods of
exhaustive search. Problems of overwhelming size require
deccmposition techniques to reduce thea toc workakle pieces.
With some exceptions fcr which +the algorithamas of the
preklems are kncwn, deccmposition is also the reaim of
heuris+tics. The work of Kron relates directly to the
developing methcdclcgies cf decompositicn as used in design.

3. "§icked" Erobless

Both the kreadth of an activity and the diversity of
opinion are enormous in design theory. J. Christcpher Jones
{37] presents us with some definitions and descriptioas of
the design prccess:

Finding the right phzsical components of a physical
structure (Alexander, hristopherf.

A goal-directed problea-solving activity
(Archer, L. Bruce).

Decision making, in the face of uncertainty, with high
renalties for error (Asimcw, M.).
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Simulating what we want t¢c make (or dc) before vwe make
(cr do) it as many times as may be necessary o0 fael
confident in tke fipal result (Bocker, P. J.).

The conditioning factor for those parts of the Eroduct
which come into contact with people (Farr, Michael).

Engineering design is the use of scientific principles,
+echnical information and imagination in the definition
of a mechanical structure, machine or system to perfora
prespecified functions with the maximum economy and
efficiency (FPielden, G. B. R.).

Relating roduct vwith situation to give satisfaction
(6zegory, S.).

The perfcrming of a very complicated act «cf faith
(Jones' Jo Co) L]

The optimum solution to the sum c¢f the true needs of a
particular set of circumstances (Matchett, E.).

The imaginative jum from present facts to <future
possibilities (Fage, J. K.).

A creative activity - it involves bringing_into  being
something new and useful that has not existed previously
({Reswick, J. B.).

The first surprise about these gquotations is that
they differ so much, only about a tenth of the important
4ords are menticned more than once. There secms to be as
many kinds of design process as there are writers about it.

The very fact that there is a discussion cf design
theory is enccuraging. This would almost imply +hat the
participants believe that a high degree of automation is
possikle in design. Evidence of the past ten years shows us
in fact there is an increase in automation, but what many

dasigners are concerned abocut is the rcle of automation in

design. "Wicked" problems are an interesting case in point,
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and represent the strongest bastion of resistance to
autcmated design.

The degree of automation of am activity seems to run
inversely with its cosplexity. As a result, architectural
design which 4is one ¢f the most complex design activities
has been the least automated. Keying upcn the lack of
success with autcmated architecture, Salvadori {38] has
drawn the analogy between automated language traaslation and
autcmated architecture claiming that their whimsical natuces
obviate autcmaticn. Bazjana¢ [39] has carried the argument
one step further claiming that architectural design is a
"wicked" prcblem which:

1) has no definitive foramulation (since a foraulation
implies a sclution);

2) has no stopping rule;
3) has nc scluticn in the absclute sense; and
4) =2ach cf which is unique.

Automated design now seems to be in the @middle
grecund in which crude methcds are inadegquate while coaplete
de%ail is impossirtle. We remain in the realm cf computer
"aided"® desiqn, where the computer is applied to "aid" the

designer and the design process rather than to generate a

design.
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4. Lipnguistic Methods

The inadequacies <¢f graph theoretical models in
dealing with scphisticated applications are reflected ir the
recent work on linguistic amethods [40]. Semiotics, the
science of the different systems of signs, night offer anm
important contrikution tc a general thecry of design through
the analysis of an unexplored problem: the problea of
meaning. Gandelsonas [41] states that the appleal of the
linguistic methods is at least twofold:

1) in such areas as architecture and picture processiang
there is a real ccncern, over the "meaning" of a
picture and hence an inclination toward the intuitive
appeal of linguistic¢ methods; and

2) 1linguistic methcds represent an atteampt_ to apgly the
metheds of mathematical szStems tc problems of graph
%geg:yt miklng available the <considerable powel of

ese tools.,

He further states that linguistic methods have the
potential for fproviding a formalisa for gquestions of
semiotics in architecture and for bridging the gap between
existing design methcds and the more subtle questions of

aesthetics systeas.

B. THE DATA BASE PROELEM

The implementaticn cf design theory through the
traditional design process arrives at a final desiga
description by the cumulative storing of information, as the

process unfolds, in <the form of drawvings, such as plaans,
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elavations, and sections; and descriptive papers, such as
schedules, bills of material, €tc. This <traditional
approach, shown in fiqure 8, has the following disadvantages
[42]:

1) VNonintegration. Different dccuaents store different
types  cf informaticn: shapes of objects and_ their
locations in a horizontal plane afe recorded in
elevation c¢r_  secticn, cost data are recorded ia
schedules, and so on. Thus, it 1is often necessary to
correlate data frcm several scurces in order to
execute a design task.

2) Redundancy. The same inforaaticn often appears in
several different forms in several _different places,
For example a rooa wmight be _drawn in Several
different ,pians, procduced at different scales _for
different purposes. This_ irtroduces the possibilic
of inconsistency between difr=rent representatiors an
makes alteratioils a laborious process.

3) Pixed views.  _Drawings give a limited set of fixed
views of a buyilding, I is more desirable <0 have
facilities which prcduce sections along any arbitrary
plane, perspectives from apy arbitrary “viewpoint,
etc,, as required.

4) Coordinatic¢cn problem. = On an reasonable large
project,  _design is carried out g a team rather taan
an individvual. The members of the team usually work
on their «cwn ccpies of the  wmaster drawiangs and are
often _unaware _0of the actions of _othef nmembers,
resulting in a lack cf coordinaticn and coasistency.

5) Obsglete data. Coordipaticn problems are
traditicnally resolved by periodically collatiag data
onto a new set of master drawings, which then sefve as
the basic reference for furthef wcrk. As this is a
slow and_exgensive fprccess, it is not undertaken very 1
frequently, and the data on the master drawings are
therefore cften okbsolete.

6) Inefficient data processing. A large amount of design
staff tipe is srent Eerform;ng data processing rataér
than decision making tasks, 2€.g. copying, <changing
scale or format cf drawings, taking Off "quantities,
annctating, tabulating, updating checking for
accuracies, and other sidch tasks. flanual pertorfmance
of these tasks is slow, expensive, and a major source :
of errors. Furthermcre, >t reduces the amcut of time
available for actual design and evaluation work.

7) Non-machine-readabilitg. Data stcred in this "paper"
form cannot be operated upon direcgtly Ly computer._. An
axpensive, time-ccnsualildg, ané "~ erzor-prone data
preparation and input step is required.
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Fig. 8: Data flow in a traditional design process

Design theory in computer aided design systems 1is now

implemented through software, there is nc "architectural®" or
"engineering® machine. Ccoputer aided design scftware aust
not only te awvare of the geometric representatiocn of an
image, but must also ccncern itself with the different
aspects of physical components in an engineering design.
Using piping iscametrics as an exanple; an isometric has
lines, valve gymhcls, nctes and dimenticns. In reality the
pipeline being so Cepresented, has carbon steel or alloy
pipe. It has gaskets, pipe supports, different “hickness
bolts, may be insulated and carry all the irformation with
respect t¢ the type and size of insulatica. It may have

many other similar notations.
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The data tasa grows enormcusly with this extra

information. So the problem shifts from graphics and
applicaticn programs to data management. WNe have to have
not only a computer that can display shapes gquickly while
the designer moves his light pen, but also a machine that
aust be locking through massive catalogs of parts, material
lists and specifications. The computer aided design systea
must be able to manage <the data base while simultaneously
managing a graphics problem and engineering changs control,
and doing all <c¢f this quickly enough <to satisfy the
requirements of an active system [43].

There is a very real detrimental aspect ¢f incorporating
a large number cf independent application programs into a
coufputer aided design system, as shown in figure 9. Such
programs normally require non-standard data formats and
varsions which introduce data redundancy and obtsolescence.
In additicn, their expected benefits in reducing the cverall

proj2ct costs may not Lte realized due to the cost of data

preparaticn and input.
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Pig. 9: 1Use of Discrete Application Programs

The designing of several of these frograms to operate
upon the same input data set would be an obvious solution,
as shown in figure 10.

However, it may not be economically feasible, nor would
it serve the requirements of a large ccmputer aided design
system. Additionally, this type of apprcach would only work
well where the ¢type cf analyses are in some way similar in
order to enatle the programs to make efficient use of the
same data structure. In other words, a Jdemonstrated

nathematical relaticnship aust exists such that unrelated
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proklems can be shown tc be in actuality special cases of
some more generic prcblem where a comwmon algorithm can be
developed to deal with the f£full racge cf specific probleas,

thus aaking possible a single data structure.
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Pig. 10: Use of a Single Data Set for Several Applications

The success of linear frogramming methods in operation
research and of finite element methods in structural
engineering attest to the ccmmon algoritha possibility. Ia
“+he architectural and engineering arena where such diverse

applications as bean sizing, pedestrian circulation
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analysis, detail theraal analysis, accoustic analysis, and
other specific apalyses are required, the development of
common algorithmas is, however, an unlikely situation.

A second apprcach would be to connect related prograas
in segquence. This approach wvould require the outputr of the
related programs to be expressly formatted for use as input
to the nex* program, as shcwn in figure 11, However, this
approach car only be utilized where there is a very clearly
defined linear sequencing in the design process, such as the
thermal analysis, mechanical equipment sizing, and cost
analysis. 1In general this is not the case. Such sequencing
would alsc impose a tco rigid linear seguence in the desiga
preccess which is undesireakle since a typical design task
force of architects and engineers tend <to progress along
parallel 1lines in the design develofpmeant, rather then

sequential lines.
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Fig. 11: Connecticn of Programs in Sequence

The best approach, with current technology, would be to
organize the computer aided design systen around a
comprehensive data base. This can ke achieved by the use of
an appropriate data tase management system which acts as an
interface Letween the designer and the data Dbase, and
between the applicaticn prcgram and the data base, as shown
in figure 12. This latter interface would in fact prepare

the data from the data bLase in the required application

program input data structure.
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Pig. 12: Use cf a Ccmprehensive Computer-~Stored
Lata Base for Desiga Description

This aggroach would replace conventiocnal paper building
descriptions as the prisary and definitive description cf a

design. Data need only be entered once into this data base
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and wmay subsequently be operated vpon by all design
applicaticn prograas. Drawings, rprinted repores, and
machine-readable data sets formatted in specified ways may
be generated as required through use ¢f report-generated
facilities.

Prom *he designer's point of view, an interactive
graphics work <staticn consisting of a graphics display
screen, keytoard, and digitizer tablet resplaces the drawing
board. The displays graphically represent the physical
envircnment of the structure and prcvide a means cf visually
analyzing its static ¢r dynamic behavior. The necessity for
manual data bandling is minimized, while the opportunity for
application of ccrputer prccessing is maximized.

The comprehensive data base apgproach provides aa
oppcrtunity to effectively overcome the problem of
nonintegration, redundancy, fixed views, coordination
protlems amcngst disciplines, obsclete data, inefficient
data processing, and non-machine~-readability of data.
Additional advantages of a data base management system are
that it norsally leads tc wmore effective project cost and
quality centrol, and simplification of project management,

review, and evaluaticn.
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C. DESIGY ABALYSIS

The use of computers in the design process enables the
designers tc use more accurate analysis approaches, consider
more alternatives, allows for improved coordination amongst
various engineering disciplines, and generally improve both
the gathering of design data and its use. A computerized
design process is dependent on both the hardware available
to the designer and the scftware, mcre specifically <the
library of programs that permits the architect c¢r engineer
to "computerize® the design process. Such a CAD library of
prograas typically falls into twc categories, the
generalized programs and the specific prograas.

The generalized programs are automated - conditional
responses to familiar situations that may be applicable to
any 2engineering task, and are, in essence, mathematical
rather than engineering oriented, such as the finite element
nethods. Specific prograns relate directly to the kind of
work being done and include repetitive problems that a
particular engineering department encounters. The design of
waterfront facilities prcvide very different engineering
prchblems from the design of a housing complex. Specific

progranms should, however, ke usable on different but similar

projects. The econoamic gocal of a good computer aided design




system is to have the greatest nuaker of generalized

individual programs and a pinimum number of specific

programs that apply to a single protlenm.

The analysis task can ke considered cf teing composed of

r i

twc par*s, neitber of which can exist Ly themselves. The

sad e

twCc parts aze the structure, as defined by the drawings,
F sketches, etc. ard the analysis [44]. Cefining a structure
} is nct sufficient prciklem definition, an architectural and
engineering design cannot ke considered coamplete until the
structure has been analyzed. The analysis must be oriented
F i tovard the answering of questioans. These gquestions may be
very specific, such as "What is the displacement of nodal

point 38 under this set of loads?", or the gquestion may be .

l very general, such as "Does this structure under this set of
loads meet *the requirements of a certain section of the ASKE
Code?" The software should be set up to facilitate this
question-answver nature of the analysis task.

As the designer develops his structure he should be able

t0 change the rerformance specifications and issue commands

directing searches fcr sclu<ions that satisfy, or come

closest to satisfying, the requireaents. I1f the
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requireaents conflict and admit of no soluticn, he can relax

then in an organized fashicn. If +hey are slack and adait
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many overdesigned scluticns, he can search for ways to
tighten them c¢r to balance the achievement of <thea. An
approach is to crganize the analysis and search activities
of the designer and tc integrate them with man-computer
interaction to support the decision making processes which
seem =0 ke «commen to a wide variety of design probleas
ragardless of the engineering discirline invelved.

The finite <¢lement methods is a case in poeint. Many
finite element algorithms have been developed and
implemented for use by the designer for his analysis
functions in several disciglines, such as structural and

mechanical engineering. Elliott reports that the finite

element idealization of a diesel engine piston prepared -

manvally, occupied a qualified enginger full <ime for four
weeks, Interactive graphic prcecessing and automatic
generation cut this time to a few days [45].

Design amalysis is essentially attempting to accurately
predict systea perfermance based on the internal
relationship amongst its components, €.4g. the
cause-and-<effect relation-..p within the system. To
accomplish this, one must construct a model that will bhest

represent the systen. One of the main s+trengths of

mathematical models is <that they abstract the essence of a

-sd




system and reveal its underlying structure. Therefore, 1if
it is possible to obtain a reasonable idealization of the
problem that is amenable fcr solution, such an analytical
- approach is usually desirable. However, due to the size ard
the randoma nrature of the system compcnents, it is often
impossible to approach a problem arpalytically. Simulation
1 is the practical soluticn [46].

Simula*ion also inveclves constructicn of a model that is

] largely mathematical in npature. Rather than directly

describing the overall kehavior of <the sytem, a simulation
model describes its cperaticn in teras of individual evernts
of the various ccmponents of the system. In particular, the
system 1is divided into elements whose - behavior can be

modeled analytically. The interrelationships between
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elaments are alsc built intc the model. Thus, simulation

provides a means of dividing the wmodel-building job into

smaller coamponent parts and them coabining these parts in
their natural order. The computer, of course, is ideally

suited for this function.

Frey, Hall and Porsching used isoparametric brick

elements as the ccaponent parts in developing an interactive

e - o A S e i D e B

computer program (PLANIT) as an application of coaputer

graphics in detecting anomalies in a finite element

64




E—

idealizaticn of a three dimentional structure [47].
Modeling for structural analysis using ccmputer aided design
has Leen in use for some time. In 1976 the BEKAPAIBB
platfcrm of Total 0il (Indonesia) Ltd was installed off the
Malaysian coast. Its certification, prior to its
installaticn, was based c¢n a structural model developed

through interactive graphics (48].




IV. TUBNKEY SISIENS

The size of a computer aided design system 1is not
dependent on application of design alone. Appiication
software requires a certain aminimuz amcunt of coaputational
povwer and memory. The hardware ainutirarization and <he
progress in software engineering is constantly increasing
“he potential of smaller computers to ke utilized in areas
which were once the realm of the larger mini and wmaxi
computers, Velez~Jahn repcrted his experience at the 1979
International Conference on the Apgplication of Computers in
Architecture, Buildirg Design and Urban Planning [(49] with
two different tyges of microcomputers, the TRS-80 and the
Tektronix T-4051. Utilizing boolean graphic representation
of tuilding elevations at the early stages of architectural
design.

The implementaticn of a full computer aided design
system with a microcomputer, however, is still not feasible.
This is esrecially +true as the rrresent demand for aore
applications, interdisciplinary design capabilities and
other software tools increases, requiring ever greater
comgutational and memory capacity from the present available

systeas.
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A typical feature of any computer aided design system is
its need for a wide range ¢f software tools. These tools
may range from very basic data handling routines to packages
of mathema%tical procedures, graphic¢s packages, design ruile
access systems t¢ fully irptegrated systeas. The comaon
problem of computer aided design systems is that even if
such software tocls are available, it is a major task to pat
them together into a satisfactcry cr even a merely
operational system. It is largely for this reason the
integrated turnkey systems have been by far the mcst popular
since they appeared on the market in early 1970.

These systems have been designed to incorporate the
available tools dintc an acceptable operational systesm.
Having one source provide the suppcrt fcr both hardware and
software is very attractive. The user does not have to deal
vith a multirlicity cf vendors to assure proper support for
his systen. This becomes very iamportant as new application
software 1is developed by the vendors, the user can be
assured of compatibility with his systenm.

The typical turnkey system consists of a graphic input
station (digitizer, tablet, function key, Jjeystick or
keykcard), an output station (flatbed, drum, 1light beanm,

microfilm or electrcstatic plotter), an interactive crt wvork
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staticn, a large seccndary mass memcry (disc, tape or drum)
for storing large data bases, the minicomputer and, 3in soae
cases, a communications interface to a remote processor.
| The software ccnsists c¢f pboth systess and applications
capabilities for at least two, angd sometimes thres
dimensional, graphic data bases. By 1975 there were about
500 such systems in operation, wizh almest one half having
been sold in that same year ({50]. By the end of 1979, <the
. U. S. based manufacturers alone had installed 2,992 systeams
1 +hrcughout the werld ([51), and by the middle of 1981 this
figure surpassed 5700 systems delivered (52]).
Prior to 1979 the bulk of the ccmputer aided desigr
systems prcduced.by the turnkey vendors were_absorbed.hy. :he .

mechanical design and electrical segments of the nmarket,

specifically by the aerospace and autoazctive industries for

the design and manufacture of discrete products, and the

slectronics industry for integrated c¢ircuit design and
printed circuit board layout. Figure 13 4includes the
primary apglicaticns c¢f turnkey systems in 1975 as developed
by their majcr prcducers. In 1975, 75 percent of the market
was shared amongst three of the vendors 1listed, Appiiceon, {

CALMA and Ccamputervision [S53].
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Fig. 13: 1975 Typical Computer Aided Design Turnkey Systeas
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By 1979 the computer aided design market

by Applicon, Autc-Trol, CALMA and Ccmputervision.

*he application aix shifted toward the areas of architecture

and engineering, mapping,

architecture and engineering installed
percent, while the more traditional mechanical design and
electrical application areas increased ty

respectively (S4]. The mcst common systems supplied during
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~his period wvas in support of drafting and w@mapping
fanctions. The total market grew from 36.5 to 322 miilion
dollars for U. S. manufacturers in 1979, expecting to reach
695 millicn dollars for calendar year 1981, A more
impressive statistic is the growth in the percent of vendor
ravenues in the architecture and engincering arena from .03
percent in 1975 tc 16 percent in 1979.

Figure 14 represents the 1981 view of <the information
presented for 1975 in figure 13 [55]. When comparing
figures 13 and 14 one can observe the growth of the
architecture and engineering market's corresponding effact
on the development of the turnkey vendors' application
envircnment.

The wide possibility of applications to be implemented
into a system <ccupled with the difficulty of that
implementation and the complexity of system configurations
are natural enforcers of specialization amongst the various
turnkey vendors. In fact, if one reviews the market shares
of the 1979 <turnkey systemn leaders one can readily observe
this phencmenon. On a worldvide basis, Compu%ervision was
the revenue leader and also had over 40 percent of the
mechanical applicaticn area. Looking at the U. S. installed

base, however, Applicon had the 1largest number cf systeas
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Even though a wmajority of the <turnkey systems are
configured for a specific applications environaent, many
vendors would define their systems as sufficiently generic
to be applicatle to cther environments as well [57]. It is
this vendor's aprroach ¢to the computer aided design market
in general which causes difficulties in identifying a
leader, or group of 1leader vendors for the developing
architecture and engineering market.

Waltz identified the vendors who address  the
architecture and civil engineering application area nmost
specifically as M & S Computing, Synercca, CALMA, Cal Coap
and Comarc [58], but cffers no supporting evidernce.
Reviewing the vendor's product description 1literature does
rot clarify the situation, it only gives a rather weak
indicatien of vendor's preferred application environment
while attempting to retain a generic applicaticn profile.
The situation beccmes even more confused since most veandors
with applicaticn rackages in the architecture and
angineering arca also have wvwell established market positions
in their respective primary application area and desire to
retain a sufficiently strong tie to that identity so as not

to imperil their market pcsition.




Bach of the four vendcrs represented in figure 14 have
developed their systen configuraticn and application
software sufficiently to compete in the architecture and
engineering market. Three dimensional geometric
descripticn, piping isometric, structural design, etc., have
all benn implemented, with other application packages under

davelopment, such as —fpre-stressed concrete and steel

detailing. Altkcugh additicnaiiénalysis angd deéign pac&ages
are in demand, Kelly reported user's growing conceran and
desire for Letter human engineering (59). The human machine
interface will need to be improved to ensure acceptance of
the computer as his new design partner Ly the grocwirg number
of users whc lack computer expertise,

Interest in distributed intelligence and coamunication
will require an in depth review of the data wnmanageaent
question. The rroblem will he td accert deterioraticn of
response time or hardware upgrading as compromise, either

vay cost will be a major factor.
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V. CONCLUSIONS

There is nct yet an architecture and engineering
computer aided design system availaktle. The turnkey vendors
have provided the architectural and engineering community
vith operational systems which are of usable guality. The
interdisciplinary communications, the applicaticn oriented
type of operaticn and distributed intelligence processing
are typical characteristics of an architectural and
engineering eatity +to which the computer aided design
industry must become more responsive if it is to continue to
grow in acceptance. The turnkey units which have been
delivered in the architectural and engineering arena are
being mostly utilized as drafting machines [60]. The
architectural and engineering firms have come to realize the
potential benefits which could be derived from a computer
aided system not in its present wutilization of producing
drawings, but as a partner with the designer in the design
process.

This new emphasis is on man-machine interaction rather
than on man cr sachine action alcne. The system which

]
suggests itself from the view discussed in design theory is

one vwhich allows a pan-machine coupling, joining the




capabilities of the designer and the computer, <taking care
to have nothing dcne by cne of the two if th- other can do
it better. Thus the man is given more fr2edoa to be
creative while the machine does acre rcutine analysis and
technical review of design. A balance Letween the user and
the computer wmust be found to assure the survival of the
design activity itself as a creative force. There is the
danger of subjugating the gqualitative element of design
activity tc the gquantitative one, estecially as wmore and
more application packages are demanded by users and
developed by the vendcrs without an cverall plan of the
final +*otal system configuration. A senior partner appioach
where man has tbe final determination <cf the action to be
taken while the computer becomes more of a "™technical"
assistant, might be a solution to the problea. The proper
implementation agproach wculd assure nc alienation or loss
of job satisfacticn need be experienced by the architect and
2ngineer.

The turnkey industry appears to bhave heen responsive to
the needs cf the architects and engineers recently. There
are more application packages available in the market today
than £five years agc and more being developed for future

applications. The question remains on hcw the industry will
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approach the problen of incorpcrating distributed
processing, interdiscigplinary design requirements and the
management of the data base. This may well become a very
pressing question in the near fature.

Computer aided design touches upon wmany other areas not
discussed. These cffer opportunities for further research
and investigation, such as the question of adopting
standards for <the computer aided design industry. Sveet
discusses the prctlem when certain features of systeas are
of a proprietary nature and, therefore, not standardizable.
The Xerox Corporation has forced vendors to comply with
Xerox standards to avoid becoming a single product consumer
due %0 lack of portability of the prcducts of other

poten+ial suppliers.

The requirement for certification of structures, e.g.
oil drilling platforms, and professional responsibility for
the soundness of design, e.g. the degree cf responsibility
of failure or «ccllagse, have new iamplicatioas for the
computar aided design projects. The use of coaputers and
computer programs in nc way alters the normal professional
responsibility of the architect and angineer. However, in
using such sophisticated tools, he should have soame

guidelines and standards in order to assess the prograa's
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reliability and suitability for his rparticular problea.
Bxcept for the very siamplest of programs, it is not feasible
for the architect and engineer thorcughly to check its
operation. Proper softvare documentation can be of great
assistance, but zay nct be, by itself sufficient to satisfy

the moral and 1legalistic obligation of the professional

designer.
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