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FOREWORD

This research was conduc ted for the U.S . Army Construction
Eng ineering Research Laboratory (CERL ) under Contract DACA88-77-C-
0001 “Services to Provide a Report on Computer Representation of
Three-D imensional Structures ” as a part of the Computer-Aided
Eng i neer i ng an d Arc hi tectural Desi gn System (CAEADS) Project. The
CERL Contrac t Mon itor was Dr . Will i am H. Stell horn .

The researc h , survey, and report writ i ng were performed by App l i ed
Research of Cambridge (Canada ) Limi ted and its consultants . Personnel
directl y involved in the study were Wi l l iam J. Mitchell (research )
and Mary Oliverson (project manager ), wi th ass i s tance  from J . Cr i spi n
Gray, Edward M. Hoskins , and Paul N. Richens. Sincere thanks are
extended to all who provided information for this study , e s p e c i a l l y
to those who gave up time for personal interviews , and to the CAEADS
team at CERL.

The material in this report is presented only as background infor-
mation of possible value to Army organizations contemplating similar
kinds of software procurement or development. The find ings of the
report do not indicate any ant i cip a ted fu ture ac t ion by the Corps of
Eng ineers .

The CAEADS project, of which this study is a part , is under de-
velopment for the Direc torate of Military Construction , Office of
the Chief of Eng i neers (OCE), under Project 4A762731AT41 , “Design ,
Construction and Operations and Maintenance Technology for Military
Facilities ” ; Technical Area Tl , “Development of Automated Procedures
for Military Construction ” ; Work Unit 020, “Computer Aided Engineering
and Architectural Design System .”

The QCDO is 2.10.001 , and the OCE Technical Monitor is
Mr. Vincent J. Gottschalk.

Col J. E. Hays is Commander and Director of CERL and Dr. L. R.
Shaffer is Technical Director. Mr . R. Larson is the Project Manager
for the CAEADS Team, and Mr. E. A. Lotz is Assistant Di rector for
Facilities Coord i nation.
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COMPUTER REPRESENTATION
OF THREE -DIMENSIONAL STRUCTURES
FOR CAEADS

1 iNTRODUCT iON

1.1 BACKGROUND

1.1.1 Overv iew _of CAEADS

The Computer-Aided Eng neering and Arc hi 4 *i. tural Desi gn System
(CAEA DS ) project ~~IS establ ished to ci riord inate and advance the intro-
duction and use of computer aids for building design within the Corps
of Engineers . The basic stated objective of the system is to improve
the eff iciency and oroduct ivity of the Corps ’ professional desi gn
staff .

The CAEADS project has been divided into two major overlapping
phases:

a. Development of stand-alone application programs (e.g., for
cost estimating, edit ing construction speci f icat ions , checking spatial
requirements , etc . - -  see Table 1).

b. Development of an integrated computer -aided building desi gn
system capabl e of embracing all applications within one system (in-
c lud i n g a l l  possi ble  en gineering applications , drafting, and appl i-
cations developed during the previous phase -- see Table 2).

The pattern which emerges from this approach is one of System
growth and evolution; modules are carried from phase to phase until
they are replaced by superior new modules . This requires extreme
care in the design of the method by which the modules are integrated
into the total system.

1 .1.2 The User Context

It is antlcipdted tha t CAEADS will be employed by all the Corps
District Offices and , i n man y cases , by the i r consul tan t arch itectural
and engineering (A l E)  firms . Because they have a certain degree of
autonomy , the District offices may be expected to exhibit a wide range
of variat ions in the way in which they organize and carry out des i gn ,
qu i te i nde penden tly of re gi ona l d i ff erences across the Un ited Sta tes .
Similarly, the A/E firmns can be expected to have widely varying pro-
cedures , ac ti vi t ies , and organizations . Accommodating this diversity
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BEST AVA 1~A~tI [O?N
Table 1

Programs Currently Ex is t ing or U 7 l e - Development as a Part of or to
Be Incorporated Into CAE A DS

T i T L E  CA P A B I L F I E S

DO Form 139 1 I . ~~c J~ icu t or of r~~~~~rnr rit5 tJesI;sed. pa rrish 1 implemented .
2. Eri pirica l cost estima ’ios F~e1d testing dur ing FY 78

3. Form pr~par ati on and di..’r~
but ion

4 . l r t e r a c r  ye ista a s s  sea~ c o i n g

SEPIPCH 1 . ConsIstency chect sq be ,e~ ’r Field testi ng at the Office of
architectur al desi gn cr irenia the Chief of Eng ineers tOCE )
and bu i ldi ng codes and two Corps District offices

2. Evaluati on of A/E d oign lay- 
djr ln q FY 77

outs with regard to do s ig:
c r c eri a (la r sel j spati a l
re~ u i r.cents)

Final Design Pre pa ra tion of detailed final desi gn ,u t type s,s~en developed .
Ccs t Es t i r a tin y Cuci e C) construction ~cSt operatio na l cy st em designed .
Syster estimates Field testing during FY 78

EOI TS~E Based on OCE guide specs :

Phase I text editin g . forna tt t, ar d Or er atio ~s~ Octo ber 1977
printing

°hase li au tomatic ed t i ng based on vssc no D e n s r s : r a t : o n  ore~at ing .
answers to construction ~jenti p n 5 Field test in Fr 78

8~A tT Est iro at io n sf hourl y hnst nq and Operational (riot part of
cooling requ irements based on CAEAD S)
building loa ds and sy te, per-
forriance

C E I P  Eva lua~~jn of j t i l it y p l ans  (wa ter . Va ri ous n t a q e s  of develo pment
seaa ~ e , a d  electr i cal f (not part cf CAEADS )

S I ~v nsa s ter planning

ETIS = Subsysts~ s: O tei a t i o n al

Environmental 1 . Environ. Iropi t C opu~er Systems (not part of CAEADS (
Technical (tICS)
~nf or ati on 2. Computer-Aided Environmenta l
.~y~~ t L 1 . Legislative Da l a System (CELDS)

3. Econo mic Imoact Forecast System
([IFS)

LIFE 2 Anal ysis of pav er”ert design: Op erational
thickness, earthwork , dra~~uno .
frost, cost. (riot part of CAEAOS)
Eval uation of m aintenance and repair
Strateg ies.
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of users w i l l  m O l e  r l s ~~
5 C~~LAO5 bia ~l I I  ~ X t l ’ s l  ~ly  ~

g i
~. ’aO1~ d f l C~

flexibl e s ,s t p ~i
- .

ftt ot hi r iel ’Ul’- i l  0 ’ . 5 r - ~- - ,  

~C 1 L i ~ ~.ci 1l ~~ l. i d i - ~ t r )  I l iS’ user
15 h~1 ~ ~‘ .~ht l~l, l C ~ s i P,~ I i , 1 iiv I l~ ~1,S i i~~s i 1 t il I

ma~ uv~ i gn Lr~ i i i n ;  i ~~~~~~~~ t uC . l ,  OIH r ” o r ’ t iy ,  e~~~~liIa t h i - .l,
spec i f i r :ut ia i  w”~ t i ’ i 5~ ‘ r  sn s c , c i o 5 . - : 5: r ’  tr~ r.5 j Q f l  ~1 a h0 Od lI r i t

be ex - 1s e c t n~ t o  häv~ ‘in,’ ~.not-Il .~,/ , e’~~ i— f ~I’ti - Hr . 5 d ~~~~ 5 , r~~ a t Cr ~ — —
either ‘Jio ‘r use or Hen H’oc,s .a Iilm’l : . ~ ‘ 1 1 C r -c ’  ‘ , t. s[~ D~ ~u s t  be
a he~d\’ i Iy 1 .501 — 0’ 10 tOt) sys te ;ti des ~l E  a P’C .1 - the s~ 11 s ‘ a
t yp ical  engino 5 ’r -

‘Sn . d V t ’ I d T - ~ of d i I ) ~~ ‘imo t,ely )
~( nf C~ ~~~ y. 1’j r~ i~ :pr~ j~~d

out by pr iva A/ f  ini.’. -o )n 0 ie’. i-i - ’ s ~~~
‘ ‘ . Lec~ c i  a - a  ‘s 1 i ros’’ d v

the D is t r ic t  enq ineers a ’~ va r i  us sr ire - T h - : - f ~~ r ’  i t iQi l  t 5 r5~, 
~~~~~~

su i t ing  from th i’; r ’ncn’~- nec ens ’~ tes t O r ~ i_ C (
~f \[ ~t to ~~~~~~~ ol

accepting or Dris duc inO (esi q~ j ’ 5 T l r O ’ ~~~ilOO at s ’ s  s~~~-~i~ in the design
process . If a nm icc t ws 1m E’ t i ~ r ’  —si n u t  ei t. i r.- I - , n~ housn by (. 111
District , the -1-iool e .) 0 : 1 . i  proLcdu 0 cou ’ij  n. c s r  - ed uu ’. ;a~ing t IC
computer (assunhin ri a l l the Is ’nessdi-v c o - ; m o - ~ C ’ [ A D ~ nave  been
impl enle Ct e d)  . Al t.e r ’iatit o l ,‘ , i f d :1 ’o .j er t .:~~i 0 H be designed by
an A/E f irm using tradi i~io na1 IlleCheds , there wou l c1 he .‘a rious t~ i t
and reentry points for H’t CO IU) 1 item ii ~c t /  ye do -  qi invol ve mer it.
CAEADS would s t i l l  ~r 1 a y  in i t rqi ro-~~51 L r - o i e  hi ‘ ‘ ii t ip~ e ct deL ing pro-
cedures , but there eo u ld be maRio ties i in  - us - ps ” as s 0 , 1 in
Fi gure 1.

1 .1.3 The Constr uct ion ( , j r i t~~~t

TH build logs des i co : f ’a  in le r ’  ‘he respot s hi T i ty jf the Co r Ils
are a lso  widel ~ d ive rs  ~t ~~~ - TO , I 0 i  1 d ’ ’~o ‘ Y es- - - nit zed within
the M i l i t a r y  Co nst r uc t ion ,  4 ’ j  ( . 1  / 1) r O ’ ’~~f , p ’~ ~ i i f l’j P  r r.O il ,e-s r to
year accr~oJinq ti I i i i .) l i 0 ” I r~l ’ W - l I ” S .  i’/erO ;2F ) ivOm a lh—;eii ’ p mrio d

FY 73 to FY 82), hcr i~~~v ’  c , t b- ti I p r o s  t, dol la f  vo l  ur ic if plan ned
COflStr Ic t h O f l  i S  III su ’r. t ’ / poS 51~~ birrat  - s a ;d  cOr ’hnllLni ty lac il ities
hospit als and med Ical nh ii r .~~ - C C  tnnan ce , orl ini str a f ive , and
training bu fldinqs. ar:d i~arte Heot (

~f O , u th i t i es , aod site works
(Tab l e 3).

The si Z O and COCI c’ t  C> I - of ‘c no ~ectt 0 Iso -~r e:idely . At
the t i p of !he scale in s i~ rs -I ’ - . s , I r ~~.- ’ r ’ r~~’~O - ~ o~ e a r ly  2 r i l l ion
sq f t  (185,800 mi).  Health O l , l l J l r q S , soco  dS t I e  ‘en , 1 ,230 — bed

~a 1ter Reed Hospita l ,corih ine s i ze  w it .h comp le x i t y .  Loot ing to the
middle Sf the sc a le , an ave ge ’ Corps huhd inq of medium s ize
and compl~n~it~ could he me r - c , r . cn d by -in en l i s ted  isa rracks complex.
Whi le  tnese m m  be very l ar l ,? (over 8.000 perno iriel ) ,  t he y  are
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Fi gure 1 Combining CAEADS with traditional design procedures.

usually broken down into medium -sized blocks.

Even though the Off ice of the Chief of Engineers (OCE) maintains
extensive design guides and standards , the designs and construction
methods employed by the Corps demonstrate great diversity ; no forma-
l ized geometric or construction Systems are used. However , it may
be assume d that the major i ty of bu i l di ngs can be c lass i f ied i nto a
few categories representing the major traditional methods of con-
struct ion, with reg ional variati ons.

1 .2 OBJECTIVES

To integrate a wide range of diverse applications (including
unde fined and unknown future applications ), a computer-aided desi gn
system such as CAEADS must be capable of holding a three-dimensional
re p resenta ti on of a bu i ld i ng and ex tra c t in g i nformat ion i n any s ha pe
or form required by the appl icat ion programs from that representation.
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Table 3

Summary of MCA Data for FY 73 to Ft 82
(summarized from OCI compuHi- f i le  “MCA future year system
D-File ” approxi ma te date February 29 , 1976)

CAT .CODE DESCRIPTION CURRENT NO.JOBS
WORKING
ESTIMATE
(CWE) $ (000)

721 Enlisted Barracks 2 ,221 ,815 366

740 Commun ity Facilities - m t .  1 ,230 ,296 1315

510 Hospitals 699 ,622 46

214 Maintenance Tank — Automotive 627 ,720 236

610 Administrat ive Buildings 587 ,353 388

171 Training Buildings 530,403 323
831 Sewage & Waste Treatment & Disposal 517 ,593 210

310 R & D P~ Test Buildings 378,824 148

730 Communi ty Fac i l iti es - Personnel 370 ,294 217

800 Utilities & Ground Improvements 311 ,696 210

226 Produc .Fac. Ammun.Exp losiv.Tox.  308 ,470 31

530 Medical Laboratories 264,164 39

442 Covered Storage 248 ,158 22 1
724 Bachelor Of fi cers Quar ters 220,490 111
722 Bachelor Housing 215 ,92 7 91
421 Ammunition Storage Depot 185,778 35
851 Roads 172 ,768 167

141 Opera tiona l Bu i l di ngs 142 ,279 156

211 Aircraft Maintenance Faci l i t ies 141 ,914 62
218 Maintenance Fac ’ s - Misc. Equipment 137 ,564 63
750 Community Fac ’ s - Exterior 137 ,012 251

821 Heat & Refrig. Sources 108,557 94

16



Anythi ng less than a full geometric descr iption automatically pre-
cludes the support of cem’ t air i applications .

In order to proceed with t h e  integration of the existing CAEADS
p ro g rams , it is necessary to purchase or develop data base software
for three-dimensional building description.

The objective of the study documented in this report is to
establish the feasibilit y of , and to provide the basis for the
select ion and/or development of a computerized representation of
three-dimensional structures for use in CAEADS .

1.3 APPROACH

The approach used in this study may be explain ed by the
diagram shown in Fi gure 2. The work for this project was divided
into four heav i l y i nterl i nke d , overlapping phases , starting with
the examina tion of CAEADS reuuirements for building and site

GENERAL IMPLEMENTATION CHARACTER ISTICS
OBJECTIVES APPROACHES OF COE BUILDINGS
0F 3-D
DESCRIPTIONS 

_______________

SURVEY OF
SYSTEMS I

1 I
BASIC
SPECIFICATIONS

IDENTIFICATION OF
RANGE OF FEASIBLE

r IMPLEMENTATION
I STRATEGIES

RECOMMENDATIONS RECOMMENDATIONS
FOR MINIMUM FOR BESTACCEPTABLE POTENTIAL SYSTEM

Fi gure 2 . Approach to 3-0 descri ption system selection/development.
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description and the likely applications to be integrated into the
system. The first phase also included research and discussion of
various techniques for three—dimensional descr ipt ion .

The second phase o t  the project was concerned w i t h  the identi-
fication of ni nimurn - arId medi u r r ~ ranqe requirements , and consequent
cr i ter ia by which ex is t ing  candidate descript ion systems could be
eva l uate d.

Exist ing data base and three -dimensional descr ipt ion systems
were then surveyed in detail. This survey entailed 2 weeks of
travel throughout the United States and 2 weeks in Great Britain
meeting w i t h  the originators of candidate systems . For comparison
purposes , information was also obta i ned on drafting and mapping
systems , enqineering application systems , and many others (see
Cha pter 4 , section 4.1).

The f inal phase of the project was concerned wi th  evaluation
of the systems surveyed.

1.4 REPORT ORGANIZATION

Cha p ters 2 and 3 con ta i n de tai le d anal yses of the conceptual
and technical issues which must be addressed in desi gn an d i mp l emen-
tation of the CAEADS data base system. In Chapter 2, the general
structure of a system suitable for handling a comprehensive three-
dimensional building description is analyzed . Chapter 3 discusses
the characteristics of the geometric model to be stored in the system.

Chapter 4 surveys a wide range of current ly ava i lab le  software
that either is potential ly useful for impl ementing the system or
mi ght appear to be useful .

Drawing on the information presented in Chapters 2 , 3 , and 4 ,
Chapter 5 identifies a range of feasible implementation stra tegies.
Cr iteria for software evaluation are then summarized , and candida te
systems for each of these stra tegi es are eval u ated a ga i nst  the
cr iteria. Finally, recommen da ti ons on i mp l emen ta ti on st rate gy an d
software acquisition are presented.

Cha pter 6 summarizes the study findings and recommendations.

1.5 MODE OF TECHNOLOGY TRANSFER

The information in thi s report will be used in the developmen t of
CAEADS and will not impa ct directl y on existing Corps of Enaineers or
Army documenta tion. The technology transfer for CAEADS will be accom-
plished in accordanc e with techni ques for computer-assisted proqrams as
defined in appropr iate Army regula tions.

18
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2 GENERAL STRUC T ik[ OF A BUILD~ NG Ul~~C k I PT i JN DATA BASE SYSTEM

2.1 THE NLIE D FUh A DA TA BASE

2. 1.1 I radi tiona] Des i~~~~Proct . ‘ r s

In a tradit ional building d~ iqil rc~~m - s (Figure 3) ,  the building
descr ipt ion developed as e r i e ~roce~o urrh ds is stored in i,lrm ’- forr~ of
marks on paper , such ~s plans , eleva t ions , sec t i ons , o ,,hmt ~1ules , bi l ls
of ma terials , etc . lhis t rdd i t iona l  approach has the fo l lowing dis-
a dvan ta ges:

a. ~-Ju :i n ti ’ t~i ’ i I ion. Di - t 1 ~i - ” !-t do cuocri ts store different types
of information: :;Iapes of eb yecto and their locations in a horizon-
tal plane are m-t c~~’di -h in elevation or section , cost da ta are recorded
in schedules , arid so on. Thus , t is ott ,mn necessary to correlate
da ta from se-y et-al different sources in order to execute a design task.

b. Redundancy. The same ir f irm atior r often appears in several
different forms in several different places. For example , a room
might be drawn in several different plans , produced at different scales
for different purposes. This introduces the possibility of inconsis-
tency between different re ri-esentations and makes alteration a labo-
rious process .

c. Fixed Views . Drawings give a limited set of fixed views
of a building. It is more desirable to have facilities which produce
sections along any arbitrary plane , perspecti ves from any arbitrary
viewpoint , etc., as required .

d. Coo rd i r r i t i on  Pro blems . On any reasonabl y large projec t ,
design is carried out by a to ast rather than an individual . The mem-
bers of the team usuall y work on their own cop ies of the master
draw ing s and are ofte n unawa re of the act ions of other mem ber s , re-
s u l t i n g in a lack of coordina tion and consistency .

e. Obsolete Data . Coordination problems are traditionally
resolved by periodic a lly collating data onto a new set of master
d rawin gs, which then serve as the basic reference for further work,
As this i s a slo w and ex pens i ve process , it is not undertaken very
frequently, and the data on the mas ter d raw i ngs are thereforeof ten
obsolete .

f. Inefficient Da ta Processing. A large amount of desi gn sta f f
time is spent perfo rming data processing rather than decision -making
tasks , e.g., copying, chang i ng scale or format of drawin gs, taking
off quantities , annotating, tabulating, updating, checking for accu-
racy , etc . Manual performance of these tasks is slow , expens i ve ,

19
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and a major source of errors . Fu r t n e r - r o r e , it reduces the amount of
time avai lab le for actual desi g n and ev a lua t ion  work .

g. Non-Machi iie - -~’e ideb i l i ty . Data stored in the form of drawings ,
etc ., canno t te opera ted upo n directl y by com puter (e.g., to perform
eng i n e e r i n g  a n a l y s e s  or  Ia generate new displays or reports). An
expensive , time -consumin~;, and error-prone data preparation and input
step is required .

PAPER MANUAL DESIGNER

DESCRIPTION

DESIGNER
1

Fi gure 3. Data flow in a traditi onal arch i tectural desig n process .

These disa dvanta ges may not appear part i cularl y si gn i fi cant i n
the context of a sma l l priva te arch it ectural practice , where a few
profess ionals  may work closely on a relatively small project which
is completed in a relatively short time . However , in an organizat i on
such as the Corps of Engineers , which deals with a large number of
diverse projects -- some of great size and complexity , often requi-
r i n g  coord i na t ion of l a r ge and perha ps geogra ph i ca l l y scattered

20
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s t ep  t o - - i ~ ds o v e ’ -  c L ’  ~ ~e di . h~i’i rp~ ’~ n i ld ha- ~ m~~ 

- nt
b e n e f m t n :  d e m o  a de -~~iqn I ri m - and cos t , L e t - ‘-I tn l vm  r e  t ’ t
CO~ t ari d - nal i i. ,‘ ‘ i i  t ‘-1 , and ‘— neel I i cd t  ion and a t  i000 1 i , ’~~~’ ~- o

of projec t i i r m a n n e i ~ , to v - w , - r d  n- 1: u i  le t .

The i r t r r d u  t ion of c’rnn )utp r ’ a ’cl s hoc - t~~~ l m r ~~- l I mot i ,i ’ a
by a desi re t ( ’ ue i U-c e m~ iei i f s , a l U u ud h  ‘ ‘ m ~ ‘d i e  of’~ - r ; r vm -I
surprisingl y ~l un I ,‘ e Iii r i , ICC , • - , ~~~~ m a l l  ~ i t  p - 51 tnt Ui 1 ]  ct

~ 
1 1

cat ions . It is u s e F u l to e x a t i r i p  ‘J t~ I i ~~t :~ 01 cor-i ; u~ er — a id e d
building design to ormi 

~
‘, c i .  th is he ir: SO.

2.1. 2 In troduct ion of D i s c r e t e  Aj~p l i ca t iu r  Proy,ram

For most nm~j i :  i ze t . ion ’ : , s o  f lr ’~, t step t,uwa rds i u  ter—a i- led
design is implement ing d i s c ’ r ’e .e arc i i cat ~~ n muir - a m s to perfor m
speci f ic  da ta rrocessirj1, a na l , s~ s , or l i m i t e d  dr- - i q n  syn thes i s
operations w i t h i n  t I : ~ ove r c l l fr n - o ,’:rk of an essen t ia l l y  manua l
design process (Fi gure 4). Iij’ lementation ~f m ien pr-oqra mns requ ires
re lat ive ly  low 1 rV e S L l l r rl t w i t h  s i n i : u r r  d isrupt ion of es tab l ished
work patterns , (To uhined w i t h  ninimal user t ra inin g and r e s i s t a n c e .

As the employ rcor t  of app i rca ~ ion : r : I r u r s  in the f ield increa s ee ,
rational iz i nq and s t a rd ard i  ~ino for m a t s , -r ion umo ntation , and sty le
become wort. hw k i le .  Ca t ’ e f u i  a t ten t io n  is paid to iss ues of portabi l i ty
and to the development of programming aids such as special extensions
to FOk TPTO ano n igh 1 i vel proble m—or iented languages .

Systems such as STR[~ t . ICES . and the work of APEC 1 are examples
of this second stage of au ta r l ation ; they associate discrete appli-
cation ar o r i - s  h- a no-Hu ron I anut language and offer a degree of
p o r t a b i l i ty .

The su~ c e n :  of d i sc re te  app l i ca t i on  programs in pract ice de-
pends upon the ra t i o  he t w e~n the cost of aata preparation , input ,
and processing, and t he  hc - ’ f t s  achieved ny making a run. For
certain eng ineeri ni ap plic ation s , particularly in the structural
field , the co tfbe~~f i t ra m i n lie s proven sufficientl y favora ble to
justify wide i o n . However , this iri s not been the case for a broad
spectrum of a rch i tec tu ra l  a p p l i c a t i o n s , part icular ly  those requiring
input of a large amount of geometric data (e .g . ,  perspective produc-
t i o n ) .  In ma ny case s, data preparation and input costs have been
sufficiently h i gh to substanti all y detract from (or in some cases
even to outw eigh ) tie hv m i n f i t : achieved .

l A bstracrs of (Ol~~uter P~ o~~~ ms , (Automa ted Procedures for Engineering
Consult ants CAPE C~ , l972) -
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PRfl ~RA~I

~~~~~
-
~~~~~

- —- iJ I N P ’ J ~ 
- - ___________

- -~~~~~~

PROGRAM -
~ ~~~~~~~~~~~~~~ 

DESIGNER
B DESCR IPTI J~ ) 2

1 ~~
t lFUT~~ 

_ _ _ _ _

-H
DESIGNER

L~~~~~
Fi gure 4 . Use of discrete application programs.

A second important limitation is that the use of discrete appl i-
ca tion programs does not alleviate problems arising from nonintegra-
tion , redundancy, and obsolescence of data . Indeed , i t may even
exacerba te these problems by introducing even more data formats and
versions.

2.1.3 Use ofa Sin Set for Several App ]ications

An obv ious way of overcoming some of the disadvantages of dis-
crete application programs is to integra te two or more programs by
designing them to operate upon the same inp ut data set (Figure 5).
This spreads the cost of input over several applications and reduces
the proliferation of different versions of data . By combining se-
vera l application programs with some kind of monitor and a data
editor , a simple interactive integra ted system can be developed . The
Corps ’ SEARCH system , which generates a varie ty of d i fferent types
of evalua ti ons from a si ngle stored descr ipti on of bu i ld i ng form , is

— 
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an example of this approach. Furt riem’ exa rru p le s are the Cambridge
Env ironmental Model 2 which no rto n - dayli ght , artificial li ghting,
thermal , ari d acoustical evaluations , and the PACE syste m 0 developed
at the University of Stra time lyde in Scotland , which performs sche-
matic environmental , circulation , and cost analyses .

~~~~~~~~~~~
OU:

~~~~~~~ L~~~G~~~~~~~~~~ 
DES Z GN ~~~~

H
Fi gure 5. Use of a single data set for several applications .

This approach , althoug h an impro v ement , also has severe intrin-
sic limitations . It only works wel l where the types of analyses
are in some way similar , so tha t the al gor ith ms emp lo yed can a l l  ma ke
efficient use of the same data structure . This is unl i kely to be the
case i n an arbit rary colle c ti on of di verse app li cati ons such as beam
sizing, pedestrian circulation analysis , perspective production , and
detailed thermal analysis.

~~~1~~~~~~~~~~ d R. Stibbs , The Environmental Evaluation of Buildings
Work i ng Papers 1 5, 27, 28JU ~ r s it y  of Cambridg e Centre for Land
Use and Bu i l t Form Studies , 1970)

~ T. Mayer , ‘PA CE 1: Program for Building Appra i sal , “ Architects
Journal (The Architect ural Press , A pri l 23, 1973)
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Future advances in app] led s i ’  t h r i ~ t i cs  m a y  possibly alleviate
this d i f f icul ty by demonstrati ng Sbr t ann rer t ly  unrelated problems
are in fact special cases of some m me r i t ’ problem and that conunon
algorithms and data struc ture may be empluj eJ . The success of
l inear programming methods in opera t~oes research and that of f inite
element methods in structura l engir ce ring exemplif y this type of de-
velopment towards generality. however , there is no indication that
a theory for dealing with the full range of architectura l and engi -
neering desi gn proble ms is 1 i kei y U c m  ergn in the nea r future .

2.1 .4 Connection of Procijamn s ‘in Secbjeiuce

Another approach to integration is to connect several related
programs in sequence, so that a da ta set output from one is used di-
rectly as input to the next , thus reduc ’ ng input costs (Figure 6).
For exam ple , thermal analysis , mechanical equipment sizing , and
costing programs are often sequent ially integrated in this way .

_____________ PROGRAM
A

i— u =~i
i--I

RAM 
1
~~~~

UTPUT
~~~~~~~~~~~~~~~~~~~

C 
DESIGNER

B DESCRIPTION

H- --“
~~~~~~~~

DESIGNER

L,~~~~~~~ i

Figure 6. Connection of programs in sequence .
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l’his app r~~u 1 m  c an  hum ~ f
’

t ’ i  t i v e m a n  ‘
~~

- ther-~ is a v i ’ . clearl -i de fin ed
li nea r sect e of steps ‘ mm a dcci cm p roc ess .  ii v ::vc- r , secau n it
i s gener ally ur sa t , s taC ~ ~y to j i m - pose a rigid linear se: uence over
the archi t’ , c t u r  .1 Jes i gum r~ nce sc , the u r en tia l scope of this method
of i n teg - o t i en  is severel y l ii i ted.

2.1 .5 Use of d Co r m 1 r~ heris i Va Data Ba,;e

It can be St- en tha t the scope of cb fO IL Icing rmmethods of irit e-
gra Li rmq discrete appi ice ticru p ro g l a m mi s  to i~~J : r  e i ri

_
ut costs and ratio-

nal ize dat,u flou is m mmi sod . t ’e only pre en vi~~r of achievi eg tota l
int.eg r-i t ion is by orc ’un iz iumn a computer —a ided d~’si qn system around a
comprehe nsiv e dat a base (Fi gure 7).

Using th i s approac h . a mu lt i - i ndexed  structure of data , semi-
per manemis l y  s tor e d in C C i : ; J 1 t ’ -r m m emory , m e m l a c e s  conventional paper
building descriptions as Un rimar y and definitive description of a
desi gn. Data need only be e n te r e d once im t a  this data base and may
subseque nt ly  be ope rated upon Li -ill des i gn app l i ca t i on  progranms .
Dr a w l  ngs , printed repcrc s , a d  machine—readable  da ta sets formatted
in specified ways may m e generated as rem ’ u i red through use of report-
generation facil ties.

f’ u - o m :r the desi gne r ’ s point if view , an interactive graphics
work station consisting of a uraphics display screen , keyboard , and
di gitizer tablet -~5~ lc iCOS the : md wing board . The necessity for ma-
nua l data n and l inq is rn ini m i :od, while the opportunity for application
nt computer processing is rmv: ximized .

The compre imet ’:-; m’ data base approach provides an pportunity
to o ffr cti velv overcomTre the ~rohlers s of nonintegration. redundancy,
fixed views , c:c:m , - d i lul io’:i probl ems , obsolete data , inefficient data
processin g, and no n -rmn ch ine-reada h il ity of data , as discussed in
greater detail ill the follo w ing sections .

2.2 TECHNJ ~ UES OF DA’ !\ bASE iMPLEMENTATION

2.2.1 The J oe- i for S~~cia1 Da ta Base_ imp lementation Software

The simples t type of b uildin g description data base is a sequen-
tial file , stored on disk , whi cn is read into an in-core da ta
structure when ‘-equ ired . A slightl y more elaborate arrangement is
to have s e v e l  suce files and to read them in with different program
overl ays . A tym .:ical example of this approach was the pioneering
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Figure 7. Use of a comprehensive computer-sto red data base for
building description .
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C ADS s y s t r ’ m m m  ei .’e luued a t  IP.u , A . CADS , i ’ ~- le i ie nt e1 ‘in toe - Eu ler
lanq uag~ , stored building des c riptio n s in core u S i m u g  Euler ’ s power-
ful data s t r u s t u r i ng  f o c i  t i e s .  it imete ~he~~e data ot to d isk
fi les at  tue f - m d I an ’ s e s s i o n , and read t s r  f i les back at toe
beq i m u n i r c i  o f t he un~ t s e s s i o n .  m o v e r , h ’s was an academic exer-
cise , arld compre nemu s va [o il - li e dc -: r m p t ion of a realistic scale
and comnp~ex it v was fo , 1rmi r 1 ~ too large and complicated to he
handled jr t his w .

Whi t is needm , o ~ cor upu tar -aided desi qn is some kind of struc —

tuned file which w i l l  fa ci~ l t r 3 t
~ or qdriz at io r ’ and accessing of large

quantities of d’i ta, t o g e t i a m ’ w it h  So me f lex ib le  and effic ient tech-
nique to” n rqam ’ iz i n m the cont inuol t sw ~f data back and forth bet-
ween cor e d id  di s - k I~m respo nse to the se types  of r e e d s  (which are
n-at  res5n 1c t,~’g t m ’ coi ’mo ut er - —a ided desi gn ) a - i in iety of da ta base
ma nagement ‘ fe - rn co r ioe pts  aru d s ystem s ts ve evolved . Fi gure 8
i l l u s t r a t e s  the ‘ f-e mi ly t r e e  of these conc ep ts , - m hich  are br ief ly
discussed below . Deta iled d i s c u s s i o n  of particular systems will be
found in Chapter 4.

2. 2 . 2 Da ta Base Man~g~nmer m t ‘jst.ems

One line af dove ] option S beqa ii w i c  COBOL arud li me processing of
large sequt-ntial files m m  bo ;uuu es s app lis a s ions . As applications
became more sophisticated, sauue r t ia l  f l i e s  proved increasingly in-
adequate , and sys tel’ s we r e  dev el , ed for hani dl i r 5  various t ype of
str uctu -ed fi les , p articula r l y hierarcnic al and ring st ructures
(Figure 9), Ihe deve l or jm ’m’ r of m t  macfive co rt ru t e r q ra phics systems
led to the s tud y of ri rug-s tri c ton i data bases and Lime devel opment of
special  sof t -m a re to crea te ar id i mcu nii;iu l a t e this f,y~ 

- af structure .5
Around 1966/67 , the ( Pm ~1S~ L H-i ta Base Tas k Group - PTh~ began to
define conce pts , te rmoi nol gy , -i cd s ta nda rdc m o m  -e ra ii zed dat
base mana me m ner t s ,jt t e rm s ; a f ina l  ‘cav ort was pubi 1 shed in 1971
The DBTG proposal Ser ~S cia oases essent ia l ly  as network s in which
records are veu tices arid tuini ters are edres . A data definition lan-
guage (DDL) is used to defi n e ‘ ‘ m e p a rt Icular network da ta structure
to be used , and a data m a n i pulation lang uag f (n~1~ ) ‘is used by the
application pro ir am nhrm er to H ,Ce~sS and opera te uma ni r records stored in
this struc t ;ur . The ‘epu r e ti o r - f DDL and DML enables the physical
organization of da ta in stor age to be a ltered wi thout  requiring
4 W. 3. Mi~~ hel 1 , V t p- um’ i us Computa tnt .” in D. Hawkes (ed. ) M odels

and Sy ’ te mn s in Or : l iLa” :umr a i d  Buildin g , (The Cons~ructio J~~~~~
’

Press , l975~ .
5 3. ,o. Hami l t on , A Surve -’ of Da ta Structurc c for Interactive

Gr~p_hics. Ran t C o r m r r i t  on Mem o randu m P M- h~~4b -1~kP A  ~Ap ril 1970).
6 Da ta Base Task ii sup (DBT G of COD A S r ’L Pr o g r ammr m mmi n u Language
Cornitten Re tort (April l’/ i  ) .
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Lius i ness  h a to 
- Cou ’m p ut rm r Scienti fic and

proc essing graphics eng ineering
applications applications
proqrammned in ‘ programme d in
COBOL - El-FIRAN or

Level 0

F Hierarchic al~~1 r~ng Plex
structured I j structured structured
data da ta base’- da ta ha e~

Lha se ~ i L ~~~~~~~~~~~~~~ - - - -

N 

N 

Level 1

CODASYL-style Languages w i th
network extended data
structured structuring
da ta base and disk 1/0
management capabilities
sys tems

Level 2

Relational data Very hi gh level
bases and other languages for
very high level handling
data base geometric data
conce pts bases

Level 3

Fi gure 8. Der~eloprnent of data base management technology.
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rewri t ing of  a ;p l  ici S iF  s S t  r .~ u ’e .  - - -ur m e ’ , it tends to introduce
com nput atie na l o v r : i S  C O S t s

f h Om : r c f  1 ~~ ba te - h .~s cc-nt  i moo d to dev el  op fol 1 owi rig the
ear ~

‘ y (p’i[,i[\ (, \L ~~~~ ~ - r - t i ~ p~ IL’ icc ~~l si q uui ~ ‘ o u t  cont r i l u t ion  nas
F. , d J s concept of ~ e 1 , r t j ~~e j  cjau.a base. Based upon the

im m a t m :  a t i ca l  theory of re la t ion :  , t,hi s co cept r ep ie  ;orm t s a very si g—
i l j t l r  ~m m t  ot c el tual a ‘ -~iflCC , ~i~~1mi fl , ’ .’d’(j i’~ I ip - r t ~nt ins ights  into
the  f ,,nd armmer ’- a natur e of da ta arro  Ii f ,j ~ ~m uc. t s r  en .  m u rela ti on to
co mn pu t€ - r - c ide: d dot ign , h ’ w - - ’~ m - , r e la t i o n a l  d a t a  bases must at present
be ~Qi~~~ d~~r’ - -d a rr , nar :h tr r l ’ r r  ‘ - u t ’ ~~ t } y v  u r - d Ot ic d l  aoss ib i l i t y
for pr ’CC-Jt L ion i mr i s l  -m e- ’ to t iou . -

2 .2.3 Pi’o~~ a~~nirr g , 1mmO u a ~ e -

Par - i l  lel to u, ’ - .gDA~ Y L l ine of ml e .-c oprm u m r t  has-~~e err  another
(no t en tmre l y s epd r - dt -  ) stream mm beq is H m r — 4 ’a iS h t int a pr m l i c a t ’ n on  of
la ngu ages su e - ru as lOP f PA N and ALGOL to tre scl ut i o n of sc ient i f ic
and eng ineerin ui p rob le m s .  Whe t the Cflr 1’rut .’It~ Orr S undertaken began
to grow in scale , tha da ta s t r u c tur’ f q and d isk input/output fa-
ci ] ities of t I se 1 a ’ m muages vlnre f ou ’ mc to be inadequa te for enginee-
ring problems tha t invol ve pro::en s ? r m ’i large quant i t ies  of hi ghl y
structured da ta . Consequentl y, ef forts have bra c’n made to enhance
their capab i l i t i es  ri these d i r ect ions , eit ner by extending ex is -
t ing languages , or by developing ow lo rm qu ages.

One of the mis t  si gn i f i can t  ea r - 1y improvement s was the concept
of a plex data struc~ ure i m t r o d s s u ’d i~y D . T. Ross in the context of
the AED engineering design syst erim .~ A p 1ev. is es s e nt ia l l y  a self-
descm ’ibin q , variable size recm rci , in ‘:s ri a s t  to the r c :o rd s  of

fi cud s ize and forma t m\ u ’ i lch are u sually ei iplo ~ed i n  data defi ni tion
lan~uaqes . This f lex i h i l  i ty has p o n ’ n  to be an impo r tant advantage
in s opc i r s t i c a ted  m;ams m t~-r -o ided du ,S lp f l  a p p l i c a t t i m m u s .

A la m -ge number of p: ’f m u r rri m 1 9 lenc uages ha~-e now been developed
w h ich incorporate rvmn. of the data str~r t r - inq md di~~ input /outpu t
fac i l i t i es  needed to immm ple ment a h ru i ld inn les c r i p t i nn  data base.
Exam p les i nclu de PL 11 , ALGOL 68 , PASC AL,  an i [IJLI P (see Chapt2r 4
for further details ). At a more n pec~ ai i z e  leve l , l a n gua ges spec i-
fically oriented towards the task 1 u r ’ m ’S r ic  desc r i p t i on  can he
developed , such as t ime G L I L’F  lan- uua~ e do v’~loped it Ca m - im egie - Mel  ion
,Jn iver s i  ty.

7 T F . ~~odd ,~~
rA Relationa l Model of Data for Large Shared Da ta Banks ,”

Co mirm unicat ions of On Am ’IM. Vol 13 , No. 6 (Du’ e 1970)
8 D . T . Post , The !\PD 5 mre  Storage Package ,” ~onimunications of the

ACM , Vol 10 , Ne . 8 (August 1967 )
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2.2.4 I~~ -~ c ept_of ~y~ tem Level s

Data base imple mm u entation software can be classified according to
its level . Low level software is used to describe eleme n tary opera-
tions or basic units of data (bytes , records , etc.). It is often
closel y related to specific hardware . High level software allows a
programmer or user to express data base operations very concisely, in
a convenient and natural larugu age . A sing le high level command may
resul t in execution of a great m any low level operations. High level
software is normally closely related to a specific application area .

Ambitious data base systems such as proposed for CAEADS are
normally bu i lt in a hi era rc hy of sof tware level s . Each level of
software is used as a tool for implementation of the level above .
This vastl y simplifies the implementation task , and p roduces a more
robust and portable system .

Figure 10 distinguishes six potential l evels of software which
mi ght be ermiployed in implementing a building description da ta base
system . Examples of well-known existing software , classif ied accor-
ding to level , are shown in the left-hand column (descriptions of
these examples will be found in Chapter 4).

A t the l owest l evel are general-purpose programing languages
suc h as COBOL , FORTRAN , and ALGOL . It would be exceedingly diffi-
c u l t , if not impossible , to implement the proposed CAEADS data base
using only facilities at this level .

A t the next level are various extensions of these languages ,
which provide disk input/output , ex ten ded da ta struc tu r i n g, and
other fac i l i t ies .

At level 3 are the general i ze d da ta base management sys tems
and very high level languages introduced in section 2.2.1. These
provide very powerful facilities for rapid system implementation.

Level 4 includes systems specifi cally oriented towards the
descri ption of complex geometric objects . These systems incorporate
al go rit hms for perfo rm i ng tasks of com pu ta ti onal geometry . These
al gorithms are transparent to the user and can be invoked by hi gh
leve l sta tements. Geometric description sys tems at this level are
general enough to support a wide range of computer-aided design
applications (e.g. ,  building, ship, and mechanical part desi gn).

General bui ld i ng descr ipti on software , a t level 5 , i ncor pora tes
algorithms that are spec i fic to building description applications.
These systems are more precisely tailored to architectural applica-
t ions than genera l geometr i c model i ng systems , but are correspondingly
less broad in their range of application. The hig hest level sys tems
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are very p re c i s e l y aLrpt m r ~ to d tms cr i ~~i ru q bui ld ings w i th in  a specific
building sv s teal or me ho d . Their powe r is achieved at the expense
of severely rest r c t i ng  their r j r ’ 4 0  c - f  app l ica t ion.

2 .2 .5  Lev e l - ~ P S i . t  red in (/ \ [ f ’ US Da ta Base

The ( X e ” ~ syst e r ’  l~ 0 clea r . i l l us t ra t ion  i f  the pni loso phy
of i m p l n u ne r t i ng  a bui ld ing descr ip t ion data hose system in a hierar —
cb 7 of leve ls .

The lowest le vel is stand ard FORTRAN , because it is widely known ,
well supported , a i d ye n -.v rdel y implemented. This, in turn , is used
to implement BOS , which provides computer-aided desi gn (CAD) sys t e rm ’i
building tools. BUS and FORTRA N an’e then used to implement OXSYS/BDS ,
a system s which trovides very -owo rful facilities for storing and mani-
pulating desc riptions of L5 i l d i n js which generally follow a recti-
linear discipline. OXSVS /BDS com m be used directly as a building
descrip tion systu i or as a hi q e-: lev ’ l tool to implement a variety
of hi gn l-y specialized O~SmS ,JDPS systems . Each of these DDS systems
is desi grico a m i d  a specific compo nent -based building systenm , suc h
as the flx f-urd Method of Construct ion. DDS thus exp loi ts the rules
of each systenm to provide extreme l y powerful capabilities such as
au tomated component selecti on , sizing, and detailing .

The r i ght—hand column af  Fi ’~ure 10 illustrates one possible
five-level structure fpr” the srop ose d CAEADS data base. At the
lowest level --as in OXSY S ,I- iPN L ’lP , PEDAR , and SSHA -—is FORTRAN . It
is widely av a ilable , well supported , and well known by the appli-
cation programmers available to the Corps and to A/E firms .

The next level m ould be BOS or some equivalent system. Built
onto this s l uor i l d he a c~e rm er a l i zed  qeom etr ic model ing system l ike
Ea s tman ’ s BDS~ (not to he co’ fus~’d with OXSYS /BDS) or GLIDE. This
level is om itte d i n OX SYS , because OXSYS/BDS deals only with relati-
vely restricted geometrie s . however’, it certainly would be needed
in a system which. like C/~luu I P~, is intended to deal with a wide va—
riety of different Puilding geometries amid methods of construction.

The gener alized bu il di n q description system corresponds in
level to OX SYS /BDS , but does not assume any particular geometry or
method of const ruction. It should both function in itself as a

9 E.M . Hoskins , Inteci ra~ mmd Coi~pi ite r-A ided Bui ld~~ g and the OXSYS
P~~ tec t (App l ic ”d Researc ur of Ca mm ibridge Ltd.,  June 19761.

10 C.M. Eastma n , Pu’e l im ind ry Us er ’ s Manual for BDS 10, Institute
of Physical Plann ing Cco rneq ie- Me l lon University , September 1976) .

33

—— ‘_ ‘-_~_ ‘  - —•~
•_

~•5 - —-—~~~~~~--‘-- ‘——- .,...... .. ~~~~~~~~~~~~ ‘ ‘ ‘‘‘~~ —‘~~~‘
- -  ‘.-“~- — -a-.-_—.- - - - ,,~ ~~~~~~~~~~~~~~~~~~



building description facility and also faci 1itat e si m p le and rapid
implementation of a wide variety of specialized systems in different
District and A/E offices At this top leve l , s y s te m s would be orien-
ted tow - irds different i mme t im uds of cons t ruct ion and d ’f fe re nt  building
ty pes , as required. f~u is div er sity n-f specialized systems at the
hi ghest level is extremely important. because art en iptim ig to develop
a single syctem suitable for use by all the desi gn groups and all
the very diverse building tasks carried out by the Corps would be
unworkable and undesira b’ e.

2.3 CONTENTS OF 1 IL PROPOSED CAEA DS DATA BASE

2.3.1  The ,j~~~ic of Build~~~ Descri pt ion

A building can be desc~-ibed , first of all , a s an a ssem b ly of
functiona l vol umes such as rooms , zones , and depart m ents. These
functional volumes each have a geonmetry , a location , and various
nongeomnetric properties such as occupancy , li ghting level , or am-
bient temperature. Some of these functional volume s have unusual
or un iq ue pro pert i es , some are instances of standard types , and
some represent relat ively minor modifications of standa rd types .

Secondly, a bu i ld i n g can be seen as an ass emb l y of physical
com ponents : columns , beams , sla bs , ducts , pipes , ~tc. Eac h of these
components also has a geometry , a l ocation , and nonqeometric pro-
perties; they may also be unique objects , instances of standard
types , or modifications of standard types.

Thus , at the lowest level , a bui lding desi gn can be represented
as a set of elements wi th  their as soc ia ted pr )pr~’tip s, and the buil-
ding design process can be thougr :t of as selecting or creat Ing
elements , ass i gni ng pro oerties to el eme n ts , and assemb ling elements
into geometrically and functionall y related systems .

These elements can he assembled ir.S~ entities called subsystems ;
fo r  exam p le , a set of functionally interrelated rooms may form a de-
partment , a set of connected structur al members may form a frame , or
a set of pipes and fixtures may form a dra i nage network . These sub-
systems will have global properties which may be of interest, suc h
as the overall shape and a rea of a department. Fur thermore , just
as there are geometric and functiona l relations between elements ,
there may be geometr ic and physical re lat ions between subsystems .
Subsystems in turn can be assembled toqether to form hi gher level
suusystems , and so on , as shown in Fi gure 11. Since many elements ,
deta i ls , and even subsystems are repeated throughout a building,
it is customary to factor a building descri ption to eliminate as
much redundanc y as poss ib le .
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Fi gure 11 . Hierarchy of elements and subsystems in a building .
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A tradi tiorm al set of working drawin gs locates ari d identifies
elements in the building ; the druiwin~s are cross-referenced to sched-
ules , specification clauses , i m il de tail sheets whi ch contain de-
tailed descr i ptions of partic u lar components , materials , and details.
A sii u i l a r stra tegy is followed in computer -based nuilding descrip—
t ’~~n A Project file contains records which l ocate and identify ele-
merits ; this file is cross-referenced to catalogue files which
cos t a in detailed element descri p t io ns , specification clauses , etc .
Fi gure 12 il lus crates  this a r ra r i cm ’ l t ’ i t sc hema ti call y 

—

~~~

- -

~ ~—~~~~ PRoJE c- r
L.._ , - d - - ‘

~ CATALOGUE
~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~ FILES

DESCRIPTION (DESCRIPT-
FiLE ..—~~~ 

~~~~~~~~~ <
-~

--“ ELEMENT

~~~ T~~CES 
TYPES ) 

-

ELEMENTS ) CROSS
REFERENCES

— _________________— -‘ l

Fi gure 12. R ’lation of the project descript ion file to the
pr oject catalogue file.

The da ta in the project catalogue files will mostly be a subset
of data contained in larger genera l reference catalogues , just as
the data conta i ned in a norma l project specification are mostly a
subset of data contained in some master , or gu i de , specification.
Th i s arra ng emen t i s schema ti call y i llus tra ted in Fi gure 13.

Computer-aided design systems intended for use with a relativel y
restricted and well -defined building system or method are often able
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GENERAL PROJECT
REFEREN CE CATALOGUES
CATALOGU ES

PROJECT -SPECIFIC

CREATI ON

STANDARD

CREATION

~~~~~~~~~T IO~~~~~~~~~~~

CREATION

F ig ure 13. Creation of project cata l ogues from genera l reference
catalo gues.
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to d i sp e mm ce  w i th  tui~ d i s~ i r C t  ion H I  w - ~
- pm mec t and general r~~f

Lr u ( C cata logues , s i r m  e I c~:m -m p ~ i - t  C a IO :ue for the syster u m af / be
g r i m  t~ s m u m a l l  . l lowev r , thIs is not Hn- ca s e w i t h  a s y s t ’ m i :  1 i l m e  °[~[AD’- , ,
P ich i’~ i m u t e r r ’ l ~ d t ’  us e i r .  i wore q eniral co nt r xt

his  ana ly s is  lea d s I ;  he c onm c l u ’~ion u that the f o l l ow in g  I ’  m m .
ypes o f  f i les  are n eeded:

t , n e r ’a 1 re fe ren ce  Co ta l oques

b . Project cataloque~

c .  Pro jec t  Inscr ip t i on  f i les

d. Site description files.

P.3.2 Pef i nit i ve , Working , and Histor ica l
__

Data

Considerat ion of the way the desi gn and construct ion proce~ -.
Flows through tinme leads to a second c lass i f i ca t ion  of data ; the
cat eg or ies  in this c lass i f i ca t ion  are:

a. Def in i t ive data

b. Working data

c. Historical data .

Definitive da ta describe the current state of the design . In
a tradit i onal design process , these data are in the form of a mas~ 1 r
reference set of drawings which are periodical ly updated . ‘~Jorkir m q
data in the traditional mode consist of desi gners ’ sketches and notes
Ideas are developed and experimented with in this form- before being
entered into the definitive project description. The po int at which
r-io r ’king da ta become Jefinitive data is a critical point at which the
chiet’ project designer exer ts control

Experience with use of OXSYS on projects has demonstrated that
this basic distinction between definitive and workin g data is effec-
t i ve  in practice. However , it has also shown that the idea of a pro-
ject having a sing le definitive type of data is a little too f - ic i le .
In practice it is common for several contending alternatives to be de-
veloped in considerable detail before one is finall y chosen. Thus ,
it is more accura te to spea k of a def i niti ve descr ip t i on o f an al-
ternative rather than of the project.

i\ f t e r  a project is completed , it is important to preserve a
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building description as historical data . These historical data may
be useful in desi gning subsequent alterations and additions , for re-
use in subsequent projects o f a s i m i l a r  na ture , or for input to a
facilities mna nagemnent system .

The combination of these two modes of data classification
yiel ds the range of types of files shown in Table 4.

Table 4

Types of Fi les

DEFINITIVE WORKING HISTORICAL

General  Mas ter ca ta lo gue
re fer ence f i les
catalogue

Project Def in i t ive pro - Working pro- Historical pro -
catalogue ject catalogues ject catalogues ject catalogues

Project Definit ive Working Histor ical
description project project project

descri ption descr ipt ion descript ion

Site Defini t ive Working Historical
description site site site

description descri ption description

2.3.3 Cata~~~~~ Data

Certain types of catalogue data are uni versally used in building
design. In parti cular , a ma te r i a l  an d par t cata lo gue such as Swee ts 11
is essential . Li b raries of s tan dar d p lans , deta i ls , and mas ter spec i-
f ica tions are use d by mos t lar ge arch i tec tura l off ice s. The Cor ps ,
in addition , ma intains large libraries of design guides and standards .

ii McGraw-Hil l  Information Systems Company Swee ts Cat~jg,~ Vols 1-3
(McGraw-H ill 1976)
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Mitchell 2 discusses a variety of different t~- pe s of c ata logues and
the i r  hand ling by commmputer in some detail.

Although He issue involves questi on s of computer hardware and
genera l Corps policy that are beyond the sco le of this report . it
seems reasonable at this stage to recormmmend that catalogue data be
handled central ly in CAEADS as sh n vmn i i n Figure l~~. Large reference
catalogues would he stored on a time- sh oring oc nil ne at a central
location , with maintenance and updating being the V~~ ponsib ili ty
of a speciall y trained staff . T H5 method is ef~ m cient ano allows

PROJECT CATALOGUE

CENTRALLY
LOCATED

PROJECT I GEN ERAL 
_______ PROJECT

CATALOGUE ‘—‘--‘-“—‘

~ 
REFERENCE CATA LOGUE
CATALOGUE
SY STEM

PROJECT CATAOLGUE

Fi gure 14. Schematic structure of catalogue sytstem .

close con trol of quality , integrity , and consistency. Associated
with each project (and probably physically located at minicomputer
work stations at decentralized locations) would be project catalo-
gues created as required by project designers from the centra l re-
ference catalogue system. In addition , the p rojec t ca ta lo gues woul d
contain special elements for a particular project which never find

~~~~~~~~~~~~~~ Computer Aided Architectura l Desi gn (Petrocell i-
Char ter 1977)
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their way into tne reicrence catalogue .

The various ~~~~~~
- ‘ -  - .~f catalogues required to support an archi-

tectura l design process are used at different stages in the desi gn
process , as illustra ted in Figure 15. At the earliest stages , ca ta-
logues of nongeom imetric data such as acconz’nodation and equipment lists
and space standards assist in generation of the building program.
At the sketch design stage , geomni etric objects composed of “empty
space , suc mm as standard rooms or zones may be selec ted from catalo-
gues and assembled to define a scheme . Catalogues of aggrega ted
eng i neering and cost da ta and relevant performance standards may
also be used at this stage . At the detailed design and documentation
stage , material and component catalogues , engineering property and
cos t cata lociues , standard details , mas ter spe c i f i c a t i ons;  a nd l ib-
raries of standard drafting symbols are useful .

2.3.4 Project Data

The contents of a definitive project data file describe a buil-
ding in different ways at different stages in the design process ,
as shown in Fi gure 16. At the earliest stages , the description
usually is nongeometr ic , cons isting of a list of spaces with asso-
ciated area and other require m ents (i.e., the “program ”). Next ,
some circulation relatio mi s between spaces may be defined , giving
r i se to a ‘bubble diagram ” or “interaction matrix. ” In more mathe-
mna tical terms , it can be said that a set of spaces has been given
a topology . Next , a genera l layout at a “conce pt des i gn ” level  of
detail may be produced (the topology is given a geometry). The
geometric elements manipulated at this level are chunks of “empty
s pace ,” i.e., zones con ta ining rooms of part icular s ha pes and di men-
sions. Finally, the “detaile d des ig n” defining precise geometry
and physical  detai ls of construction is produced . The geometric
elements manipulated at this level are mostly “sol id objects ”
such as co lumns , beams , sla bs , duc ts , and fittings. Such a well-
defined top-down design stra tegy may not be followed in every case ,
but th i s is generall y an accura te pi c ture of the way i n wh i ch
arc hitectura l design processes are structured .

From an information -processing point of view , this can be
v iewed as a process of taking an initial description of a building
at a very low level of resolut ion and detail and with very little
struc ture (in the mathematical rather than the engineering sense),
and graduall y transforming it into a description at an increasingl y
hi gher level of resolution and detail . The essential point to
recognize is that this transformation is an extended process of in-
cremen tal decision making; it does not take pl ace in discrete jumps
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from “program ’ to “concept des qn ’ to “working drawings and spec i fi -
cations. If CAEADS is truly to be a design aid and not just a
passive da ta storage system , t im philosophy that the definitive pro-
i~ct descr ip tion file is a single , continuously and increme n tall y
transfo rmed entity which develops as the project progresses must be
adopted . Both OXSYS amid GLIDE , the two most advanced build ing des-
cription systems currently available , exem plify this ph ilosophy .

2.3.5 Site Data

10 addition to describing buildings themsel ves , it is also ne-
cessary to descr ice their sites . Storing site descriptions sepa-
rately from bui l d i n q descriptions is convenient , s i nce

a. The character s of site and building description data differ

b. The data may become av ailable at diffe rent times

c. There is not generally a one-to-one correspondence bet-
ween buildings and sites (several alternative buildings may be
proposed for a single site , or a single design might be executed
on severa l sites).

2.3.6 Size of Project~~~~~ ip~jo~
There are gen er a l l y  three i nte rre la te d fa ctors whi ch i nfl uence

the amount of memory needed to store a description of a particular
building in a given building description system at a defined level
of deta i l . These are

a. The physical size of the building, as measure d i n square
or cubic feet.

b. The average number of distinct components per unit volume .
For exam p le , a highly serviced hospital will have more components
per unit volume than a simple warehouse.

c. The avera ge comp lex i ty of the i ndi v id ual com ponen ts , to
be represented as measured by the amoun t of i nforma tion needed to
describe each one.

Ver y lar ge di fferences can ar i se in the s i zes of descr ipti ons
of the same building in different building description systems .
Th is is because there are large trade-offs to be made between
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indexi ng overhead a n d the speed with which data can be accessed .
An elaborately indexed de~.cr ipt i on will be very much larger than
one which has mmm i ninma l indexing .

The following rough formula mmiay be used to estimate the size
of a building description:

Words = C (A + 1)

where C = total umber of physical and spatial components represented .
A = average number of words required to describe a component ,and
I average num ber of words needed to index a component.

u sing this formula, building description sizes which may arise
unde r various circumstances can be explored. One may begin by assutu-
ing that the geome try of a component is minimally represented by a
bounding rectangular parallelepiped . The dimensions and location of
a parallelep iped nmay be represented by nine numbers (three dimensions ,
three coordinates , and three rotations ). An additional number is
required as a pointer to the catalogue . Thus , it can reasonably be
assumed that a minimum of 10 words/component for geometric descri p-
tion is required.

A simple spatial indexing system could divide a building into
cu bic al c e l l s , and index components spatially by recording the cells
which they intersect. If the cel ls were large by comparison with
components , then mos t componen ts woul d intersec t onl y one cell .
Al terna t i vel y, if cells were small by comparison with components ,
then most components would intersec t many cells. It could be con-
serva tively assumed that each component intersects 2 cells. Then
the number of words in a geometric description would be given by:

Words = C (10 + 2)

More ela borate indexing could increase this considerably.

Ex pe r i ence w ith the BDS system a t Carneg i e-Mellon Un i vers ity
suggests that description of a building as an assemblage of poly-
hedra (rather than simple rectangular parallelepipeds), with ade-
quate indexing to support real-time manipulation of the design ,
ra i ses the num ber of words needed to descr ib e a com ponent to around
4O to 50. It may be estimated tha t a very elaborate description in
a very sophisticated system could require as much as 100 words!
component.

Fig ure 1 7 p lo ts the to tal number of words aga i ns t number of
componen ts desc rib ed for 1 2 wor ds/componen t, 50 words /com ponen t,
an d 100 words/component.
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I hi nuimiber O on , 1 0 t in a d - sc r i p ~ ion depends upo n both the
ich~ r - ent (; Om I; ; - l ’ x i  v of the bui ld ing to be described and the level of
det a i l  r u m  i s  requ ired . A reasonable a’ ;sumed mmmax i mu ni m (based upon
e~ p PrierI c e w i th urXS!~) r.- s u d be 10 components / square foot for a de-
tailed descript ion of a very coimmplex build in g such as a major , hea —

~‘il y serviced hos oita . A standard genera l hospital may require
about half th is , and a b: ,il d in g of medium complexity such as an
offi ce somewha t less a~ai n . Rea sonable rough estima tes for the num-
ben-s of co m m Ipo n m emIt- ~ in detailed descriptions of representative buil-
dings are shown in Tabl e 5.

Table 5

Rough Estimates of Number s of Components in Detailed
Building Descriptions

ype Components/sq.ft. Floor area Number of components

House 2 2,000 4,000
Barrac ks 2 50,000 100,000
Offices 2 100,000 200,000
Wa rehouse 1 500,000 500,000
Hospital 5 200,000 1 ,000,000
New Wa l ter Reed

Hospital 10 1 ,000,000 10 ,000,000

These estima tes are plotted in Fi gure 17 , together with order-of-
magnitude indications of the capacities of various storage media.
While all the fi gures are very approxima te , severa l clear conclus i ons
can be drawn:

a. Only verLy’ small buildings or very simple descriptions are
likely to be possible with in-core da ta structures.

b. It can be expected that a very wide range of buildings
could be represented in detail within the constraint of fitting
each nne on a single disk -pack.

c. The largest and most comp lex buildings may be beyond
the capacity of any hu fl d i rm g description system that it would be
rc a so nab le to a t t cm~it to implement for C\Prfl~ .

2.3 . 7  ~~z e o  f Project Ca ta 1o~ue

In the limiting case , there could in theory be as many components
in the projec t catalogue as there are in the project descript ion.
However , in most LIroctical situations the number of different cata-

47

- — —- - ~~~~~~~~~ - - - -- ~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -



- - - -
~

-

logue component - w i l l  ant  v h ’ a ~m m l l  fraction of the  numnho of in-
stanc es 1 ecatod in the project dn- -A c ri ptir l n

A clescr i it  ion of an ins ta nce  loca te r  in ~-e projec t descri p—
t i n  requi res ii  tue r e- ilor of 10 to 100 words , whereas the detailed
description of a component in the project c i t alogue is likely to
requi no ean -Ireds or thousands of worus . However , exuerience with

—~ svs sucj-ieYs tha t He project descript ion rather than the projec t
c a t i lo g u e  is inc dominant  fac tor in overall data bas e size .

2.3.8 Size at Gener~ l Reference Catal ogu c-

Genera l rotorence catalo gue -s have dit fo re n~ I h ~ racte r~;s tics than
t i e  0r -n~ ec~t descriptio ns discussed thus far; a comprehensive genera l
rEte -n’ ce Lata logue can be ve ry large and e -~~e ris ive to mainta in .  For
( Av ~~ m i  e , a comprehensive b u i ld i r i - j  prcn1u ct~ catalogue for the Uni  ted
States would prob~ably contain ~- ev e r a l  hundred thousand to half a
m illion ent r e~ Even conservativel y assuming 1 000 bytes per entry ,
this imn t’ li e s a data base of around five hundred million bytes . At
least several thow -an d , probably tens of thousand o~ new entries
Aso uld need to be coded , checked , and entered each year. An almost
comparable number would need to be deleted.

A very large b uilding products catalogue of this type is certain-
A neces sA -Iry for the success of CAEADS , and it may not , in fact ,

confer he n c - t ’  ts co rrum ensurate wi th i ts cost .  However , the example
does illustrate the potential m agnitude of a genera l reference cata-
lo -i i e. It is ~ - A h not i ri g that the experience of British systems
sucn as  0 X 5 ! S , H A R N E S S ,  iL [5ii- ~, and SSHA is not a reliable guide with
respec t t i  this isso ’~, since they all assume a systematized approach
to building using a relatively l imited set of components and details.

To devote a great deal of effort in the earl y stages of CAET~ S
to develop ing la rge general m’r : ference catalogues is unwarranted. It
is more important , initially, to implement and put into use an effec-
tive project description with minima l genera l reference support. As
this system is used on real projects , it will beconme clear which
ex~anded genera l reference catalogue facilities are required , and
these can then be implemented step-by -step.

i~ R .P .r;. Peni~ ington , ‘Comaputerized Product Selection by Performance ,’
A r c h i l o r t u r n  Canad,i (June 1967 , pp 33 - 3 7) .
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2 .3.9 - 
~~-~‘n r Sj  fli f~ t A t  Disc i p l in i -s a’ id Appj icat io ns From a

e ft.n a ha so

Ttii es-~-~ut i- i 1 corn i - t r y  ~~A I  t ie proposi ion that there should be
a singlo , d ef in iti v e btnl di ’q descr ip ion data base is that there
should he very I w O r f o l  , f 1’-~-~ I hl’ , and convenient  fac i l  i ties for pro —
du i r q  suhset~ o~ Hle~ da ta f n - ’ma ’ t d  in specific graphic , printed ,
on -ach ine - r nl d a b lA A ways , ~ requi - A d. As ~lotz s report 14 stronq ly
e mn ph ls  I ~- 1 S . - 0 - Si f l ’~~! 

A m u s t  t o  able to obtain just the data that t hey
r i tA €m I , in just tria toni ~ uli r f e y  ~€ - i  i t , wi th  a m ini m um of effort.
An i nd i scri m ina t e d i j ip of ‘Jatr is useless; it is also useless t i
e-cpect a desi gner fl w r i t e  a compl ica te d  : r o o n a r i  HI net needed da ta .

~ust as dosig ens need appr opriately structured subsets of data ,
so do appli ca t io n progr ams . Rather than rewrite existin g applica-
tion pro qram s to confo rm with the structure of the data base , it is
morn sensib le simpl y A~ gr era te a upropriatel y structured input
t i l e s  fr -o n the dat a base as required . Even when new appl icat ion
progran is are to be written , it is l ikel y in  many cases to be mo re
efficient for them to operate upon appropriately structured subsets
of the data tha i upon the central data base.

This issue is not unique to computer-aided desi gn data bases;
it is also met in business data base applications. It is generally
dealt with by provi di ng a report-generation facility which can be
emplnyed to produ: the rc nired subsets . Report genera tors for bus i-
ness i t a  bases can ‘~su all v fl rfOrL search , select, and sorting
operations such as some simple tabulation of quantities , an d can
output the results either to a file or in printed form in a specific
fn r;~at. Computer -aided arch itectural design requires some addition-
al types of report—gener ation facilities : (1) graphic reports
in the form of displa ys and plotted drawings and (2) software to
perform da ta expinsion and aggregation operations (this point is
clarified in the f o l lowing subsect ions on da ta re dun danc y and
cons is~ency)

Three types of report generators used in computer-
aided design syst~~c can be distingu ished:

a. Hard coded

b. Hard coded with parameters

c. Very hiqh level language .

C’\EADS - Critique and Recommendations (February 24,
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The ha rd coded type is simply a routine permanently “built-in ”
to the system , which produce s a commonly required standard subset of
data . This type of routine may be pa ram eterized to obtain some vari-
ations (e.g., a drawing expressed with different graphic options).
Provision of a very high level language interface a l lows a designer !
user to write very simple , conc i se , and comprehensible programs to
generate types of output or files that are not standard in the sys—
tern. This type of facility has been very successful in some of
the more sophisticated business data base management systems . A

Hard coded report-generation routines with or without parame-
ters are commonly used in conjunction with computer -aided desig n
data bases. Use of very high level language interfaces has been
less common to date . The CAEADS system will need a wide range of
report-generation facilities , probably encompas sing all three
types.

2.3.10 Reintegratin g Data Generated by Application Programs

After an appl i cation program has been run , it may be desired
to reintegrate a file which it has generated into the building des-
cription. This process may be considered to be the converse of
re por t generat i on . Har d co ded data re i n tegra tors coul d be wri tten ,
or some kind of generalized faci l i ty for defining reintegration
operations could perhaps be developed .

However , data reintegration in genera l is a more complex
task than report generation , since data generated by an appl icat ion
p rogram may be i n c o n s i s t e n t  or i ncom pat i b l e i n some way w i t h  da ta
already in the data base.

2.3.11 Access Facilities Required

Below the report-generation and data reintegration routines
ex i s ts a se t of basic access rou ti nes wh i ch opera te upon the var i ous
f i les i n the da ta base to re tri eve , insert , delete , an d a l t e r  i n for-
mation. To achieve system flexibility and modularity , i t i s essen-
tial that

a. This set of access routines be well-defined

b. The form of calls to these routines never be altered

c. All operat ions upon data be th rough these rout i nes .
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~s c d s t : k n  sa y s , ‘Thus , i i  ‘he f ormmma t c _ j r i f O nrts of the data
is ever  ch unqe 1 , w i  -, the Sij tirs~~’ Ml : calls will nt-e d to be alter e d
and cot the rode th~- cu - uo ut the S y S t e : i  that is i s  i rig t ie  da ta ’ -

Fl Oor  e 18 i n-i he t ~per o f i oterfaces t O wet - i users or appl i cation
pro 1r -an~ c -n and the u-it~ base i hat are c reated using th is approach.
This concept can tie ext ended to prov iac a uhole hierarchy of le-
ve ls of ins u~at i o im bet ,. i i  v oniol: 1 cr -el s of sofnw~re and toe data .

An al terr iat - A C a p p - loch , - n en b~cone~ po ssible u -~ing a
C0 [P~S~L_ stJ e dat~ hose cand l e - c t  Sys t em , is for all app l icat ion
p~- cor - n A access to he via the sys tCm ’ s data :-wni pula t:ion 1 aig u dg e
(:5- IL ) fo~ il it y - !~~S has t im same n-esu l t of insulating code from
the effects of tiu :~sib le charge s in ~iie str ucture or content of the
data hose.

Regardle:s of --a n tiler access i - u ti nes or a DML are employed as
the access mn ecn i i - n , ap pr ec ia te access structures must be provi-
ded in s u p p o r t  - -  na:~eI~ indexes or similar kinds of mechanisms to
facilitate access to the dd ta . In a building description da ta base ,
mul tiple paths of access through the data are generally required.
These are discussed iii detail in Chapter 3.

2.4 THE PROCEDURA L MODELI NG CONCEPT

2.4.1 Dti fini t i e -

Data ca m become available to an application program in two ways :
it can be retrieved from memor y or it can be computed from other
data . Thus , building descriptions can be implemented in two basic
ways : eithe r by explicitly s i - e r i n g  all the data that is needed for
input to apn i ication programs , or by storing somime minima l subset
of that dat-a and provid im i l roLitines for generating the rest. Most
practical com mr pu te r—ci ided desi gn systenis utilize both stored and ge-
nera ted data . However , a distinction can be drawn between descrip-
tions wh i ch mostly represent da ta in explicit , stored form , an d des-
cription - which rely extensively upo n generation of da ta by programs
as needed. The fi rst type of model icy be termed a passive data
structure , and the second type a procedura l model

There arc good reasons to suggest that a strongly procedural
approach to building de scription has considerable advantages over
a passive dat -a struc tut -e approach. Since the use of a strongly
procedural approach has num imerous impli cations for tie nature and
organization of the data base softwa re , it will be worthwhile to
examine the concept in some detail . Analysis of the nature of
redundancy iii data provides a convenient star ting poin t.

~-~~~~~~tma n , As sessment of Work on CAEADS (February 2, 1977)
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(b)APPL ICATION PROGRAM INPUT FILE PRODUCED BY REPORT GENERATOR
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_ _ _ _  

I 
_ _ _ _I I I

I _ _ _  

FILE

(c) DESIGNER ’ S INTERFACE TO THE DATA BASE

Figure 18. Forms of interface to the data base .
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2. 4 .2  Redundanc t

A data base dem onstrates redundancy if i t  contai ns information
that can be comnputed From other information in it. For example , the
repre sentation of a rectang le  m i ght be described by coordinates of
four vertices , an area , am id a perimeter (i.e., ten numbers), as
follows :

x l , Y l
x 2 , y

2

x4 , y
4

A R E A
P E R I M E T E R

This is clearly a redundant description , because , for instance ,
area an d pe ri me ter can be com puted from the coordina tes . A nonre dun-
dant kernel of data describing the rectangle might be ori g in coordi-
nates plus length and width (i.e., four numbers), as fo l lows :

xO , Y
O

L E N G T H
W I D T H

In order to expand this kernel into the previous redundant des-
cription , the following functional relations are required:

x l = x O
X 2 

= X0 + L E N G T H

x 3 = x 2
x4 = x 1

=

= Y 0 + W I D T H

V
4 

= V 3
A R E A  = L E N G T H  x W I D T H
P E R I M E T E R = 2 (L E N G T H + W I 0 T H)

Th i s se t of func ti onal rela ti ons may be regarde d as a proce dure
and could be expressed in a programing lan guage like FORTRAN or ALGOL .
The variables X0, Y0, LENGTH , an d WIDTH are the parameters of the pro-
ce dure , which c~u l d be ca l l e d  as fo l l ows :
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CALL ~ECTAN (xo, Yb , LENGTH , ~n DTH)

xecut ion of Li procedure results irm procedu ral expansion of
the da ta ; the objec t (i.e., the rectangle) is t h e m  said to be
procedurally modele d .°

It is important to note that the procedure does not model one
parti cular rectangle , but rather toe relations which define an ob-
jec t as being a rectang le. A particular instance of a rectangle is
described by the logical intersection of a particular set of para-
meters wit h the procedure ; a complex object composed of rectangles
can cc described by the log ical inter s ec t ion of a list of sets of
parai e t e r -s with the procedure .

This approach can be extended by developing a libra ry of proce-
dures to describe a range of different types of primitive objects
(e.g., rectangular parallelepipeds , wedges , pyramids , hemispheres ,
etc.), and to describe complex objects like buildings as assemblages
of insta nces of these pr imi t ives.  In addition to the basic primi-
tive procedures , parameterized macro-procedures can potentially be
crea ted by com ii biningcal l s to two or more primitive procedures. For
exan j le , a rectangular “shed-roof building ” form parameterized by
length , width , hei ght , and roof pitch could be created by combi-
ning “parallelepiped” and “wedge ” primitives.

Not every geometric object will have a concise procedural des-
cription , however. It can be seen intuitively that regular objects
like circles can be concisely described by a procedure , but very
i rregular or random objects probably cannot. Indeed , the mathema-
tical definition of randomness recentl y developed by Kolmogorov
and Chaitin 17 is in precisely these terms . Sta ted in a very over-
simplified way, it defines an object as relativel y regular if it
can be encoded by a short procedure , and relativel y random if it
requires an extensive procedure .

Thus , the usefulness of the procedural approach to geometric
modeling depends to some extent on the character of the objects being
modeled. Fortunate ly , buildings appear to be idea l candidates for
procedural geometric modeling. They are com posed of large numbers
of components , most nit which can be described as instances of a re-
lativel y few basic models. Furthermore , numerous regularities exist
at both the coiSp000r jt level  and the overall geometric orqan i zation

~ M . 1 . Newell and D. C. Evans , “I’~ de li ng by Computer .” in J. J.
All an (ed.), CAD Systems (North-Holland Publishing Comio ny ,l~~77).

~7A. N. Kolmoqorov , “Logical Basis for Information Theory and Pro-
bability Theory , IEEE Transac tions on Inforr~jation Theor” , Vol
IT-14 , No. 5, (September 1 968) pp 662-664
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leve l -

Nco.~ - - e t r ic ti - ope r t  m~~. can a lso be iscie led procedura l ly .  For
eA anm pl e , i f the vol m~:m-a cud density of arm object are known , then its
total we i gri t c an be comnpu ted by n o r  r ms of a s imm m p l e functional rel a —

t io r i .

Pr oced ures can be w r i t t e n  tm produce diffe rent sets of expanded
data tsr diff erent purpo~e- , for example , there may be many possible

ex pan cte d versions of am object.

r m e y-e are t~-ree ve r ’1- m Ior tant  nenefi ts to be derived from use
st procedural model ing techniques in building descr ipt ion:

a. Incrnesed et fi ci ou cy

b. Facilitati on of consistency checking

c. Exp lic~ t de finiti on of functiona l relat ions .

These bene~ i t S  are disc us- ;ed in the following subsections.

2. 4 .3 Ef f i c ieg~~~ the Store Versus _Compute_Question

When an object is described by a nonredundant kernel of data ,
as discussed above , procedural expansion must be undertaken when-
ever information is needed for an application or report. The con-
verse strategy is to store data in an expanded form as required for
various anticipated applications . As Eas tman18 explains , ‘A sing le
beam mi ght be represen i od a s :  two joint centers with an edge bet-
ween them , a set of loads end sect i-o n modulus (for statical analy-
sis); a mass with known nonluc tance , w i th surfaces of g i ven area
(for thermal conduc t nce analy :is); and as surfaces of g i ven re-
flectarmce and orientation (for li ghting desi gn); plus various
sections and plans for drafting. Also , the requirements of each
anal y sis require unique information about various relations bet-
ween el em -ie n ts. Structural loads are split and transferred through
joint - , d efined as a point , and solved in a partial ordering;
therma l transfers are passed throug h common surfaces , with simul-
taneous or iterati ve solution. ”

The adv- n tages of r~onredund ant storage in terms of efficiency
,rc- that

a. The amount of da ta sto red is minimized

18 C. M. Eastman , “Databases for ri~si ca l Sys tem Des i gn: A Survey
of U.S. f f o , t s  CAD 76 Proceedings (IPC Science and Technology
P ress , 1 976).
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b. i\ descri p tion is easily changed simply by altering
pd nOr -mr ters

c. The dat a structure within a procedure can be the most
efficient for deahng with the particular type of object that
it represents . (For example , it would be appropriate to model
a solid of revolution in a different way tha n a rectangular pa-
ral lelepiped.)

The disadvantage is that the computational cost of the
procedural expansion required whenever information is needed may
become si gnific ant.

Conversel y, storage of expanded descriptions eliminates the
computational cost of procedural expansion , since required infor-
mation is always directly available. However , manipulation and
updating become cumbersome and expensive , and much more storage
is consum ed.

Between these extremes are compromises which may represent
onti mum balances in par ti cular s it ua ti ons . For exam p le , the non-
redundant kernel plus expanded data that are used wi th part icular
frequency may be sto red. Stating a general rule about whether it
is better in terms of efficiency to store or compute redundant
data is not possible , since the optimum strategy depends on con-
text. However , what is needed is a modeling technique which al lows
adjustments based on context. A procedura l approach to geometric
modeling is more powerful than a passive data structure approach
in this respect , since in principle it allows any level of redun-
dancy in the data .

2.4.4 Data_Cons i sten~~
Because func ti onal rela ti ons ex i s t between it ems of da ta i n a

building description , i tems could have values that are inconsistent.
For exam p le , the values of LENGTH , WIDT H , and AREA of a rec tan g le
are interrelated as follows :

AREA LENGTH x WIDTH

Graphically , the relation can be expressed as shown in Fi gure 19.
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Figure 19. Functiormal relations.

Specific va l ues for any two of the variables uniquely deter-
mine a value for the third . Assi gning any other value to the
third variable results in a geometrically inconsistent represen-
tation.

Another source of possible inconsistency arises if constraints
are placed on the values of variables. For example ,

AREA = LENGTH x WIDTH
A R E A  < 100

A set of values for AREA , LEN GTH , and WIDTH may be consistent with
the geometric relation , Gu t viol ate the constraint. Constraints are
genera ll y thoug ht of as i tems which are defined at the beginning of
a desi gn process and which define a “problem ” to be solved , but this
can be very mnis leading. It is m ore accurate to recognize the desi gn
of a building as an incrementa l p rocess o f defining values for a
lar ge number of variables , sim imultaneous l y building a structure ut
functiona l relations between thenm . Values tha t are specified earl y
in the process will constrain the specification of later values.
Designers following different sequences through a design process will
encoun ter series of ‘ m rohie~ms ” which are constra i ned in different
wa ys , and which may require very different solution techniques.

The various types of inconsistencies which can arise in a buil-
ding descri ption due to the existence of functional relations and
constraints on the variables do so because a building is a geometric
object phys icall y rea l i ze d i n three- di mensional s pace and s i mul ta-
neously existing within a particular social and economic con tex t .
A des ig n can v iola te the laws of Euclidean geometry ( i .e . ,  be a
nonsense object like the paintings of Escher), the laws of physics
(i.e., fail for eng ineering reasons ), and the la ws of econom ics
(i.e ., cost too much), or fail to meet human needs.
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The -t-wo rk of f o r -  iona l re la t ions t hat  deve lops  OS ri building
d~- s cr ~ pti .’n evnlves is ye y d - r s e an t complex. t ie typical conse-
quence mn the late r s taq ’ s of a desi 1n process is that alt e ring one
a’~pt-tc t of t i e  desi gn can propagate changes w m d e l - v  and in unexpected
directions. For exoa p le , le ngtheni rm g the span of a beani al ters the
loading and implies that the sec ti on s hou ld be adju s ted , wi th  logi-
cdl consequences for the s ass , the surface ar - -- & , and the appearance
of the beam ri . ConscL~uences m mmi v I roli ferate even further , with
t rightenirm g rapid it- , . A deeper bea m section mi ght i m - ip i y  a deeper
inters titial space be tw ee n  f loors ; because of building height li-
m ita t ions , this mi ght imply fewer fl oors ,which would in turn reduce
the total floor area . This mi ght mean that accom modation require-
:nr ’ m ts coul d no longer he m et.

functional relations and constraints may or may not be expli-
citly represented in a building description. If they are not , it
becomes the sole responsibility of the designer to ensure that the
des iqn  contains rio inconsistencies. If they are , the computer can
be used to check for and report inconsistencies , and perhaps to
some extent to automaticall y correct them. CAEADS ’ power and use-
ful ness n practice will be directl y infl uenced by the sophistica-
tion of the consistency-checking -and-maintenance capabilities;
every effort should be made to devel op these to the hi ghest possible
level .

2.4.5 Consis tency Mainte r-iarmce_ Software

The topic of consistency mainten ance in large , com p l ex  da ta
bases is a relativel y new one , and little useful theory has been
published . However , at least five potential approaches can be
described :

a. Linear sequencing of the desi gn p rocess

b. Norn ral ization as proposed by Codd 10

c. Evaluative approaches

d . Use of operators which always maintain consistency

e. Synthetic approaches based upon procedural descri ptions.

Linear sequencing is a very commonl y used stra tegy in computer-
aided design systems . This stra tegy requires that the problem be
partitioned into a set of subprob lems which must be solved in strict

1. l ) 1t , Ar m in tro du ctio n to Database_Systems (Addison-Wesley ,
1975) Chal t0 r 6.
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seq urr - e  e . At eaJ s me . - : , - r t , i  0 des ign  vs r i  ml e~ are fixed and
hi colimr ~ cons ro ‘ i t  -

~ ti ’ - ne L ~ ~~
-
~~

‘ ; -  - Ma pping p r - gm oi ~ are used to
de r ive  t i e  d i m  mem -~’m~ v a n ia t i  e~ r -pW’ ied as input to the next stage
roe sPe-s e kr o,,r , v o i ce;, r i ~ - men -s of  i -win functiona l relations.

For example , it mi set  cc s ce c Wed tnat desi q n of the structura l
S~ t S , Ste O F 0 0 1 1  lciinq roust pr’ md€- the desi fri of the mechanica l
subsyst emmm - loon , t- - e span  see t o n  and a s  o f a beam would be
fi seci dun m m 1  tr is ’ st r  uc Lure I - mj bs ys ‘Sm ir~ i go S Leer . A ma p ping
urogram cou I n cc v ’ i t term tim ~-r ye frcs s span m d  sec tion tim e
fi~~€ tional ly re l er tec d~’ to of sur face areas. t rA l y  special data
such as . urei .ctan-c e i-~- ulci se requ i red as ex tra i riput - to a therma l

co ncun tance and~ y sm s r~-~o~~m u

A ~A - c h m r i ~ a l  diff i culty a r isir q fro n this approach is that
functiona l re lations teed ~o be extremei~ comnp lex and difficult
to anal y~e , mnak i ng the i r ipi L p C - m i O tion ~f ma c ping programs an ex—
ceed inqi ~v trou b lesome tu sk .

An e ,c m i re se r ious  ~m - -s 1em i s  f O e  necessar - ,- acce pta nce of
str ict. i y ordered sequmce of ste -~es. (It m i qht perhaps be argued
tha t this could be riverco mire by di- ve lopi ng mapping programs to allow
flexibil I t~ i n  the se rm oenc i n m j  of s t ages .  Howeve r , a comnbinator ial
explosion develo ps i f th ic is att eme ted , making the severe lim ita —
tior- of 5c- -~u eric i r e  o p t io n s  I n e V m  o hio .) In some kinds of design ,
t i i s may be acc ept ah tm e; f-o r ex am m mp l e , in ship desi gn , the ISDS
syste rmm~~acce pts q u i te r - m ç id sequencing.  -~awever , in overall buil-
din desi gn it is unaccep t ~ b ] e .  Whi le  there is of course a general
progression of sta qes in an o r c n i tec tu ra l  cle - l i gn , there is consider -
able feedb ac~ an d tera t ion  be is~ieen s t a c e s .  Furthermore , different
de ni piers have dm fF r norm t a p p r n ac re s . e n d  different building types
m ay  - .I - m ~a - d  d i f ferent  a p pr cac e es .  A building may be designed “from
the outside in , or- f rom the imi s ide out. ” In n- - m e  cases , the
st i- cc tur-u l svSt ,?:r I s bosm i nant arid o h i l - sys L O S  14 5 t be constrained
uy st ru: iu - --a l cho ice ; al ter n atively, space planning considerations
may be pa~-’amc o u ’r t , or trie me cm mm r m ical s y s t e m i m may domina te . There is
no genera l rile. Any a r- G i t e -  Lira l com puter-aided design system
which i mus o sor , ne- m nd i ’ ,i ,lu -ii s c onception of an - ‘ ideal ”  design se —
quence on every pro ject and every Las er , is doomed to produce poor
nua l i t - ,’ ri’sul to , and nO ”r’~ lly  to ~si 1  . Consequen tl y, it is
strongly reco mo -aoi tm -mat sem e Cor ’~s m~ t accept arc~ system desi gn
which imposes such a sequence.

The second am soroacu to - -:i -ssistency maintenance -- nornmaliza-
t i o r m  -— der ives fr omi the cGeo ry of re la ti onal  da ta bases as

‘C 1 Pr i~ r~ih , m r r c i m on r i  me c jj~t o n  tor the Int~9~’ated Shi2 Design
Sy ( t r I - ( T s [ ”  Rem 1 ‘‘~~m ~oaval Ship Research and Development
f-en tnt’ \- r~ 1 2/~,
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developed by E. F . ‘Thdd a d  ot hers : The the i i  - - is too co mplex to
e~p l am n in dmr h m o this -ep rt. B r iefly, - o i d s  techniq ue pr o v ide~a rigorous ao d nn stemat ic meth od 01 remov ine l r€ -oun dancv and descri —
hinq r elations , e’ ah l i n q ~he u pd a t i n g  of any t o r i  to be s t ructured
to ensure tha t certain t y pes of cons i soe rr; y rel ations are rm~ in t,~ ined.
Thi s is undoubtedly a use~ u i dp i roaCh , but as Baer anA l East rr~ri ’ -  point
out , it is con- from be inq a co’~pl~’tr’ theory for dealing with the
kinds of consistency —mm iain tenince in l - l e rm ms that occur in a computer-
aided d esi gn dd ta base .

the t h i r d  ap p r o a c h  - -  ev a l ua t  ml - --  relies upon the use of pro-

~r - 3i m s which idPnt ify inco ns is tor ~ es in t h e  data base. These
pro p-a mmo may ci t n e r  inform the aes i ‘p e r - or attempt to resolve the

- i co rmo is tenc ies  automatical ly.  A p onee ning example of an archi tec -
tural system wh ich i i m m ple me n te d the evaluative approach was Nicholas
Negroponte ’ s URBAN 5 . ’ - C o n s i s t e n c y  e- ia l uat ico can be carried out
as a batch job at inte rva ls in t h~ design process or as a background
operation of the system , or the constraints associated with a data
item may be reevalua ted whenever that item is accessed or altered.
Yang and Fenves’-’ and Baer and Eastnma n~ provide der ailed d iscuss ions
of approaches to consistency eval uation and auto mm~ ted rebinding of
values to regain consistency in computer -aided desi gn date bases.

The fourth approach -- use of consi stency _m ain~em arm e opera tors - -

is powerful but of limited application. The theor y is tha t all
-oucrations performed upon a descripti on should be through a well-d c-
f i rmed cet of operators , the apn ilication of which oa ’~ be shown to
always resul t in a new description which pre- - erves som e specific
type of consistency relation . This concept can be illustra ted by
reference to the familiar two -d im en siona l integer array represen-
tation of a floor plan. The plan f-r-pr -eni r teo can be changed h- i
as signing an inte qor - to a location in the arm -- . This operation
can never result 1m m the qeneration of a plan that is incons istent
in the sense that rooms intersect or overlap. A less trivial

21 C. J. Date , An Introduction _ to Databas temlis (Addison-Wesley ,
1975) Chapter 6.

22 A Baer and C . Eas tman , The Consistency of Integra ted Databases
for Compyj~er Aided Design , Jnst i t i~e of Physical Planning Research
Report (Carnegie-Mellon Universi v , 1976).

2
~ N. Negroponte , The Arch i tec tur e M a c h in e (MIT Press , 1970).2~. 1. N . Yang and S. J. Fenves , Rejre ue n t a t i o n  of Information in _t~~Des ign-Construct ion Process , Department of Civil Engineering
Report No. R74-1 ~Carnegi e-Mellon Univers i ty, unda ted).

25 Baer and Eastma n, The Consi stency of Integra ted Da ta bases for
CAD
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exam pi r no t ie t - O L  Of ~u i a r  o7Or~~t’ - r - -  ~ - in ch n o r m  be used to man ipu —
1 a t  p lan a r po I vi- ~~r-~ w~ lo -~n suni m g too t the r e s u l t  of an operat ion
w i l l  rota mn em o~ a rrd ; P~ 

vi e n d I  t ) ~ O I O r 1 v .

One li m m m i t a t ionm arm t ’otn the con s istenc y evaluat ion approach and
the use o c c o n s i ; t e r m c - ~- m m m a i n t a i n i n - u  me m r e r a to ms  is t h a t , a t t imes , it
‘ma y be conver m ien~ or 0,- C r c  i e c e s s a , -y to ;mee te  a tempo rar i ly  incon—
sis tent dr ’oc n i p t on - Eu ~~~~~~~ a , s mm c c ~l 1 structu ral om :~pone m mt s
ca nnot he lo c a t e s  s i t u !  5d m mecis ~~~, the tr -ucture w i l l  appear to be

0 0 5 t O b l e  -ci~~ie it is be ing oe i ined.

The f f th , a m o  probably gener a l ly  r us t  pr o m i si ng a ppro a ch re-
l ies upon t°e comicept. of procedura l modeling, as introduced i n
section 2 - 4 1 .  It as sos that a desi gn is described by the log ical
co m nh inat ion f ‘ - ‘med u r ca nt isarame ters -..ii Lb a set of proce dm j .m -

~lie des i qn is o i i p u la  s- cl b char 1g i ’ , the values of parameters .
Whenever a procedure 1 , expande-i (reel un dammt. ) descr iption of some
part of the des ign  is needed , toe  :~~; ropri ate procedures are execu-
ted to rebind ti re values of the de on m m dent var iables . Consistency
checks ‘am be buil t into t ii ~ reb ir o ing process; the system might
either report s m- i055o q e to oe desi gner if an inconsistency is
found , or a t t e e l p r  to res al 4~ S it iiutommma tica ll y.

1iC a !  ron thmss used  to mer~i nd values in a consistent way may
invo ve only si nmp le derivation of -ilgebraic r,:cults , such as the
~oinpu tat ion of area from- i a lenq tl and w id th .  Al te r - na t i ve l y ,  they
may inv o lve cuff i c - en t l y c o i r mf s t i c r m .Cri problem solving to justify
the name an to i ma ‘ n  des i qn - 

A A u example of an algori  thm of the lat-
ter type is tJ e cciii irmea r pmoqramai i m- ~ a l q om i  thin of Mitchell , Steadma n,
and Li - :;ci- ’tt , w h m c h  is used to genera te dim me n s ior m s for an object
cons is te nt  w i t h  a conm pi ex set of d imensional constra ints .

The r ’ b ind i rq  of V S lEn S Sdy be necessary in several cases
t O n  e~ammm o1s-

a - h~ C en m d i  v i-mimma l red m m i dant . data i tem is accessed

b - Wh e n a pa m i n e t s r  i s updated

c .  i~he’- q’- - a  ti rmo a c-P ort  or data set for input to an
appi ice tic’n proqr um ll is n~ ce ssa r’y.

Rebinding m i mi - p i t cc invoP ed a - mtuma t~ -ci l ly,  or it might be under
ex p l i c i t  con~ m ol of f~~0 user..

lii m m t , m~~ P01  in ~~ j n r  °spnt at ion Stanford

~rti f i ci ol ~n~ el 1 igelc e Pro cci. ‘-P P itt - i 70 çst anford Univer-
sity, Oct-i :,c m ii?) .

e . t t tche ll, P ° . St~ ii dr .- j i . i ld  R .  S. L i gge l t, “Synthesis and
in mi ra t ion  ot Sen ii hoc La R j u  

- an Floor Plans ,” Envi ronment and
r l a n n inij B , Vol i , t in. I (f l76 ) .
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2.4.6 T~e !.;porLlnce of Making w m c t io n a l Re l a tions Exp~~~it

Pomm ~r t l e m 1 q-a ins i m s r ’ t l i c ie ncy  a n- e m f a c i l i ta t i o n  of cons is te ncy
c iii” kinq are 1 iH y obvious cor- -~~o’ iCCO of  a r r m - c ( :eumn ’ - s l approach
to build i i i  mmno de I log. A less O S Y  i m s  m mmi pl icati on is trio c an of fec-

o f  i n t e u r a t i n q  architectural resea rch and desi gn is provi-
‘lcd. ne- nonredundart kerne l of data consists of specific info rm-
-m o tion abou t a partic ular desi gn , bu t , the encoded functional
ccl itions consist of rigorou lj stated general design mcn owledge .
This ~nowl ’d s mi ght. , fo r ex ample , be geome s r m c  ( e .g . ,  the formnula
for a cn rcle), it mi t r t be scient i fic (e.q., ~a-~-ir of stmt i cs used
in S t r u c t u n - a l  desi gn), or it mig ht be related to the properties

1 a pa r t i c u la r  industr ial ized bui lding sys tcm n m . Ne- P-i knowledge
generat ed throug h research can be bui l t  into a desi q n modeling sy tm —
tern in  t i re  form of additiona l functional relat ions.

In the tradi t i i rm a l  manua l desi sin process , a la rge  cur l er -

exp l i c i t  dec is ions  moust be made , since l ittle advant aq e is ta i - en
s-f functional relations. In comnputer- aided design , tee more f 4 ’ tb-
mmml relations that are built into the system , the fewer the e x p l i c i t
decisions required of a project designer , since l a m e parts of ‘ h -
design descr ip t ion can be derived automatically fro -m a fe w keV d~-cisions. Among existing architectural systems , OXSYS m-ma~~- - ver ,,
ef fect ive use of this princ iple. A version speciall y t-~ilored t’
the Oxfo rd Method of Building (a post beam and panel component
system) requires input only of genera l building geomnetry . The rules
sit the Oxford Method are followed to automatically select compo-
nents , detail joints , and produce a complete building description
at a working drawing level of detail

The use of relational options in generating a pr-ej ect speci-
fication from a master specification is another example of how
functional relations can be exploited to reduce the numnh sr of
explicit decisions which a designer mmi ust make.

A good building modeling system should release desi gners from
the need to devote large amounts of their time to aspects of buil-
ding desi gn whi c h form a lo g ical extension of previous desi gn
decisions within a predefined context.

2.4.7 Software Implications of a Procedural Modeling Approach

An e in jO t ion attributed to Douglas T. Ross is
Model = Data + Structure + Algorithms
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In most comiiputer-aided design systems , this is interpreted as

Model = (Data + Structure ) + Algorithms

In other words , a “passive ” data structure , which represents the
design , is operated upon by “active ” algorithms , which generate
desired resul ts . By contrast , the p rocedural a pp roach to bu i ld i ng
modeling can be interpreted as

Model Data + (Structure + Algorithms )

Here , the passive da ta is reduced to a minima l collection of para-
meters , and the struct u rc4 of rela ti ons between des i gn variables is
mostl y embedded in algorithms .

The software implication of this change in emphasis is that two
types of facilitie s must be made availabl e to enable users to model
building designs:

a. Facflities for entering parameters and storing them in an
appropriate data structure .

b. Facilities for defining procedures , i.e., a programming
language.

In mos t cases , these facilities would be employed by different
levels of users. An ordinary project designer certainly would not
want to deal with a programming language . He/she would use a prede-
fined library of procedures (evoked by user commands), and describe
a design by entering parameters to create and assemble specific
i nstances of these procedures. At another l evel , archi tects an d
engineers with programming skills would devel op, refine , and extend
the procedure library .

2.5 SECURITY AND INTEGRITY

2.5.1 Control of Access

Da ta m a y  be considered secure if they are properly protected
against unauthorized disclosure , al tera ti on , or des truction. As
in other large da ta base systems , data security i s of v ital concern
in buildin g descri ption systems . Among the more important reasons
for careful security maintenance in CAEADS are

a. A building descri pti on or ca talo gue may be ex tremel y
valuable , representing many man-years of work .
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b. D i i f e m c n t  consu l t i ng  f ir - m s arm d individuals may be legally
end m , - n - of n~ bona l i- i reo pom isible f - - mr spec i f ic  sub- s~’ ts  of t he data .

c. Ce r ma i n  da t a ‘so y be o~ sens i t ive  - m r  :ori t ’ ide nr t ial r :ature .

~l e first means of providing data security is to provide an
i d e n t i m i s a t i u m m  and authorization system . A simple user number and
pas n - wor - i s e t te ms  should be adequate for CAEADS , but a security syst emm i~that is immor e di f 5 icu l t to penetrat e could he provided it ’ necessary .-
Users of a data base should be aotho r-ized by a responsible indivi-
dccl , pres umabl y a chief project desi gner in this case. Authoriza-
t ion would invo lve -

a .  Ass ign ing  t r e  user a number and j a s sw c 1rd

b. eCI ininq to the system what the particular user is authori-
zed to do.

To control access to da ta , the system must maintain a user
profile which contains user namimes , passwo rds , etc., and details of
what each user is authorized to do to the data . In addit ion , there
Snot be some fac i l i t y for associating access constraints wi th the
data . The assi gnment of access constraints would normally be the
responsibility of the person who created the data . When access of
data is attempted , the system can then check to determine whether
access should be granted or denied.

- It would o robabl y be impossibl y complicated , and certainly
very frustrating to the user , to apply access constraints at the
record level in the def in i t ive building descript ion. A more reason-
able approach is to exert control ove r the creation , an d su bse-
quent reintegration into the defini tive description , of working
files . Access controls can be impo sed over the particular category
of da ta tha t a certain class of user can read into a working file.
Once a user has a wo rki n g file , he/she can operate freely upon it.
The subsequent reintegration of da ta from a working file into the
definitive building description should be under the direct and
explicit control of -the chief project desi gner. This type of
system keeps boundaries of pro fessiona l responsibility and lines
of authority clear.

2.5.2 Cor~~p~~~~~~f F i les Due to Errors

Loss , destruct ion , or unwanted a lte ra t ion of da ta can occur
due to user errors or hardwar e or software brea kdowns . The detec-
28L. 3. Hoffma n , “Computers and Privacy: A Survey, ” Co~p~tin g

Surv~~1~
, Vol 1 , No . 2 (June 1969)
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tion of p o t t r m t i a l i y  dessruc ’ i~’ user erro m- ; should be accomplished
by in ten -f ~m c -  rou t ir ’e n- , -u t  it m a r m o t ,  be ~~cut~ d that  errors will
never s l i p  irougi . A l  ~ ‘ -4 ugh so f t ~,ore bugs should not be encounte r-
ed often in sv ~ tem u,’ e ra t b e n  , t t i e - - - ar -c :il’~a ys  a poss ib i l i ty  in a
large system. ra rdwa r~- failures will t aK e place with statistical
regularit y . Explic it protection must be provided a g a imst these
eventual ities .

Normall y, sev e r - i l d if tc -n - e m t  types of utilities are provided in
a data base system to provide this protection; 29 for example

a. Detect ion routine- s to identify si tuat ions which may re-
quire steps to ot -eter ~ da ta

b . Journa linq rr iut ines for recording transactions on the data
base

c. D um - m p routines to create backup copies of the da ta base as
requested

d. Recovery routines to restore computer portions of the
da ta base fro m a backup copy and the system journa l

The CAE A DS data base sy stem w i l l  need to incorporate these types of
faci l i t ies .

2.5.3 Da ta Verification

Since da ta recording and key-stroke errors can always be expect-
ed when data are entered into a data base , routines for data yen-
fication are a necessary part of a data base system. They assume
particular importance wi th geometric descri ption data , since errors
can g ive rise to freakish topological effects and scale distortions ,
the source of which may not be intuit ively obvious .

A common approach to qeorm re tr- ic da ta verification is to run a
series of batch 3ye r if i ca t ion  programs . For example , Falcon Research
and Development report.edly has impl emented programs which check
data se quence , encl osure of volumes, in terference of com ponen ts ,
and ordering of surfaces in geomnetric models.

Alternativel y, when a geormietric model is created interactively,
checks of various kinds can be applied to each i tem of da ta or entry .

~~CT~~~~at~ , An Introduction to Da tabase Syste m s (Addison -Wes ley ,
1975) Chapter 20.

31’T. 3. Byrne and 3. P. Thompson , Co~puter Representation of Three-
Dimens i onal Struc tures , (December 3, 1977) 
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This spr eads the yen f ic at ion ef for t , rot her than concentrat ing it
as a single task.

When an error is found , it may simply be reported , or an att em rmpt
ma y be m ade to correct it automatically. For example , the site des-
cription systemn em ployed by the Scottish Special Housing Association -fl
incorporates e;~-ter isive facilitie s for correcting misali gnmen ts of
building and paving boundaries introduced by small di g itization
errors.

2.5 4 Da ta Shar~~~~Pr ob l ems

Since CAEADS is intended for use by desi gn teams , problems can
potentia lly arise in connection with shared access to the data base~f-o r example:

a. If two users simultaneously attempt to update an i tem , a
deadlock can resul t

b. Data nmay be updated by one user while they are being
opera ted upon for some purpose by another user.

To avoid these situations , some facility must be provided to allow
a user to temporar i ly cla i m exclus i ve control ov er all or some of
the data .

This is an issue which can cause considerabl e practical prob-
l ems in scheduling work on a CAD system , s i nce extens i ve upda tes
may take minutes or even hours , an d other u sers are den i ed access
to the data base during that time .

3i~~. Bijl et aT., SSHA-DOE S i te Layou t Projec t ,’ Phase 1 Final Report ,
CAAD Studies (Edinburgh University , January 1974).
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3 THE ~; L O M ET R IC  M OP[ L

3.1 THE INT[ 1~t-~AL MOD EL STORED iN ~m i L DA tA BASE

3.1.1 ~rm e Dist inct io r mm e m ., , s  Geome tric Descr iptio n s and
flj~ i t i z e d  Draw l n~ s - t  Du i l d i n js

Since the deve l op run t of ~~ fir st cono ’ mjter q r u pmn c output de-
vices , tm u :le r tem u s syste m -m o f~. r nrc- ,- i d i  r i g  and man i  ps i  a t i  ng grachic out-
put have been -i’~’ve1oped . r

~lr i V of t r e~e are su m t able for handling
plo ’s , e leva t ions , sec t i  ‘ri o , rd -~ “ — p e c t i~~ - e of bui ldings , ar- d so - m e
r av e been used as archi ts t~~rol si r- a t’~ inq s st’-” :s . However , it should
be emn i mi h asi. ’ omI t ha t a ty p ica l  -i r a f s m r - q  s is ’~- is not a geon met n ic des-
cr ip t ion syst e r ;m and is -~u i -  n - ‘jute for the purp ose of supporting
C A E ADS .  The inidenuac m ’ s  of dna f t  i rq s y s fo ist an so for thns e
reasons:

a. The building descriptions whicn they sienerate are geoometr i-
c al l y i ncomplete

b. The descr ipt ions genera ted  are hi g hly redun da nt

c. The geomet r - ic infor - ” m-i t io n is i nad em ~uate ly structured .

The geometric completeness of a descr ip t ion nay be defined as
follows . A complete geometric descript ion of an arb i t ra r4 point
a l l o w s  unam bi guous determination of whether tha t point is on any
specified line or face , or within any specified closed rec tion .
Draw ings are invariably geometrically incomplete because tney re-
present a three-dimensional objec t as a series of two- dimens ional
projections. Even the most complete set of projections of any but
the simplest objec t is likely to contain numerous ambi guities which
can only be resolved by the desi gner ’ s intelli gence and experience. 3
Computer resolution of these ambiguities is an interestina artifi-
cial intelligence research issue , but ambiguity should certainly
not be gra tu i tously built into a computer ’ s i nternal model of a de-
si gn in a practical computer-aided desi gn system .

It is in t h e  nature of orthographic projections as standardly
used in architecture that points may appear in different projections.
For exam p le , the X and Y coordinates of a point may be defined in
one drawing -a mid the V and Z coordinates in another. Thus , the V
coordinate is represented redundantly (see Chapter 2 regarding the
need to avoid redundancy of data).

It is an axiom u of computer science that da ta to be operated upon

32G. La fue , Rec~ gp i tion_of Three-Dimensional Objects from Ortho-
g~aphic Views , Institute of Physical Planning Research Report
(Carneg ie-Mellon Univers ity, 1976).
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must be s t r mm ~,tured i t  a l p r c p r m r t e  Jo , ,  ‘ f  al  r it h rns  a r e  t o be -

pressed c s - r ’  150 1 4 ‘nd c lean - - i d  e~es -jsed ~ ‘~~ic i e n t ly .  A d raw in g
stored as a set of si r- sijected ~ s i - n d i n a t .e-~ 41!d 1 irmes is ‘ m ot an appro —
pr ia t~- s t ’si4 c ‘ use f - i ’ -  ~r s r  I - - rue n .e o~ ma’ - i opera t i ens that are impor-
tant  i n  archit ec tural computer—aided des ign.  T roi s point  w i l l
on - u b a b ly  only become clea r when the details at geometric mmmodel i r ’q
hav o been discussed , but ar m in tu i t ive understanding of the diffi-
culty c a r  be qained by co ns ider ing the kind of al g or i thm s that would
t)C needed to compute , say. the wei ght of a comple x geometric objec t
g iv e n  severa l ortho graphic projections.

By c o n t r a st , a true three-dimensional geometric desc n ipt io m - sys-
tem stores representations t ha t  are geometrically complete , relati-
vel’, nonredundant , arid appropriately structured . Furthermore, pro-
v ision of an aop rsm n r -in te grachics interface allows drawings to I-n
generat ed with any specific scale and projection , from any specific
directio n. sectioned in any specified way . Thus, a three-dimensio-
nal geometric descrirtion system is much more genera l and powerful
than a deaf ting system . It can do all that a drafting system can
do and much ‘more besides.

3.1 .2 Geometric Entities

The start ing point fo r considerat ion of how a three-dimensional
model of a building might be constructed is to establish some fonda -
nental geometric definitions. The basic geometric elements out of
which a three-di tmensional geometric object is conmpose ci are
(Figure 20)

a. Points , which may be encoded as pairs of coordinates in
two-dimensional space , as triples in three -dimensional space , or
as four homogeneous coordinates 33

b. Lines , which may be s t ra ig ht , singly curved , or doubly
curved

c. Surfaces , which may be planar , singl y curved , or dou b l y
curved

d. Volumes , which enclose three-dimensiona l space.

These basic elements may be combined to form var ious classes of
more complex objects (Figure 21):

a. Networks , which are coniposed of points and lines

W~MTN~ iman and R. F. Sproull , Princ iples of Interactive Co~puter
Gr~phics (McGraw-Hill , 1973).

68

1
-4

-.- - - --——.- .-.-—.---—- --—-

~

.——— ‘ ~~~~~~~~~~~~ 
‘~~~~ ~~~~~~~~~~~~~~~ ~~~~~~~~~~~ - .~~~ —.—-—---—- ...—— ~—.—-----—‘- - -—.---- - - - -— -—---~-~~ —-‘-~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-



~

~~ 0 I N T  

_____

I’

SURFACE

LINE \~~~~~~

VOLUME

Fi gure 20. Basic geometric elements .

b. Faces , which are closed parts of surfaces bounded by lines

c . Shells , which are assemblies of faces which do not necessa-
r i ly bound a volume

d. Polyhedra , in wh ich faces do bound a vo l ume

e. Assemblies of vol umes , which are three-dimensiona l assembl a-
ges of solid objects , decomposable into elementary objects

f. Com plex assemblies , whi ch may be composed of any or all of
the above entities.

A completely general geometric description system must provide
facilities for defining entities of any one of these ten types , and
for ass i gning an arbitrary number of nongeomet nic properties to any
one (e.g., the stiffness of a joint represented by a point , the re-
sistance of a wire represented by a line , or the color of a surface).
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Fi gure 21. Types of assemblies of basic elements.
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3.1 .3 Topp1o~y

An assembly of geometric ent itie s has a topolog ical structure ;
a second re -lui rermme nt t m -  a gr-r ’c-ral geometric description syste m mm is
tha t it should be able to ex plicitly represent this topological Struc-
ture to any required level of detail.

in a network , the topolog ical structure is the oattern of m ci-
demice of lines on vertices. This can be numerically represented
either as an adjacency matrix or an incidence matrix , either of which
can be stored in some compressed form .34 A floor plan m ay be regarded
as a planar embedding of a network , in which closed regions repre-
sen t rooms (Fi gure 22). The dual of this graph represents all ad-
jacencies between rooms ,which may be encoded in the same way .
F l oor p l a n  gr~~hs and their duals are employed in many architectural
applications . -

/ 
/ 
/ 
/

_ 
N

~~~~~~~~~~~~
o~~~~~ <

~~~~~~~~~~~~~~ 
~~~~

N

N
~~~~~~~~~// \\

\
\
\
\\\\

Fi gure 22. A floor plan and its dual.

34W .J. M it~i~ Tl , ~~~~~~~ _~~ied Arc hi tec tura l Des i~~ (Pe trocell i-
Char ter , 1977).

~ Mitchell , Computer Aided Architectura l Design
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Uine dif ferent types of topolog ical re lat ions in a polyhedron
may be of interest (Fi gure 23):

a. The faces surrounding a face

b. The vertices surrounding a face

c. The edges surrounding a face

d. The faces surrounding a vertex

e. The vert ices surrounding a ver tex

f . The edges inc id en t on a ver tex

g. The faces divided by an edge

h. The vertices connected by an edge

i. The edges incident to an edge .

FACE E DGE VE RTEX

FACE~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

_

EDGE~~~~~~~~~~~~~~~~ 

_ _

VERTEX

Figure 23. Adjacencies of faces , edges , and vert i ces .
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At le st one thr -eo- ,l imens lunal 5hape re am r~~- ’ m t a t i u m ‘mm ’ ,~tjcd ,
Baurrmgdr t ‘ s winged — edge poly hedron ‘re t ma d ~ e x p i  ici tl y represents
all nine types of relation. Ba~ m oqar - t ’ s approach has strongly infl u-
enced m ; m a ! ’ - v of the more y -u c r ’ ot ,ly developed shape description systems .

Topological data in explicit form are needed for most eng inee-
ring analysis appl icat iu n s . Far exam m mp l e , for a s t ructura l anal y s i s ,
how a frame is c~~’ m r m e c t - d  - r us t  0€- know n ; and therma l and c i rcu la t ion
analyses are treated as n e t w o r k  flow pr -~hlem s . Graphics production
usually requires fewer topolog ical data . The most data are needed
by hidden l ine perspective proci r’arm o , which must know how faces are
bounded Dy l i r es. Since there are still big differences in the
amnount and type of topo ’og ical data needed , shape description
techniques onient~-d towards perspective production applications
tend to be inadequate for architectural eng ineering analysis appl i-
cations -

3.1 .4 Geornetry

A topolog ical description records relations between entities ,
but not shapes or dimensi o ns. Including shape and dimensional data
yields a compl ete geometric description. There are three basic ways
of encoding geometric data :

a. Point set techniques

h. Boolean techniques

c. Boundary techni ques.

The point set technique is the most straightforward. It deri-
ves directly from the classical definition of a solid body as a set
of contiguous points in Euclidean space. To any specified level of
reso lu t i on , a reg ion of Euc lidean space can be represented by a
three-dimensional array in which each location corresponds to a
point. A solid object within this space can be described by assig-
ning the value .TRUE. to each point within the object and the
va l ue .FALSE.to each point not within the object (Figure 24). More
ela bora tely, a three-value d logic can be used , wi th the third value
employed to represent points on the object’ s sur face.7 An assem bly
of many solid objects can be encoded by us ing a different integer to
represent each different solid. This type of technique has been very
widely employed to represent bui l-ting floor plans.38

36 B. G. Baumgart , W~~jed Ed P~oi yjiedron ~~ presentation , Sta nford
Art i f ic ia l  Intelligence Memo A IM-17 9 CStan ford University ,
October 1972).

~ I. C. Braid , “The Synthesis of Solids Bounded by Many Faces ,”
Communications of the ACM , Vol 18, No. 4 (April 1975).38C. Eas tma n , “Representations for Space Planning, ” Corrrnunications
of the ACM , Vol 13 , No. 4 (April 1970).
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~~~~:~~~~ 

FALSjAL~~ FALSE

Fi gure 24 . Point set representat ion of a shape .

Apart from its straightforward and intuitively appealing char-
acto r , the point set approach has the advantage of providing spa-
t ial indexi ng.  However , it is prodi gal in its use of storage where
hi gh resolution description of a complex object is required , and
its atom nistic m- mo d e of description is very inconvenient for many
applications. These disadvantages make the point set approach
impractical for most three -dim ensiona l shape description purposes.

The Boolean approa rh uses the idea of directed surfaces.39 A
directed surface divides the universe into two disjointed point
sets . Point s i ’m one set (on one side of the surface) are labeled
.TRUE . and po inL in the other set are labeled .FALSE . A number
of different dir ’csr ’d surfaces can be defined , and solid objects
can be descr ibed by perform im ing operations of union , intersection ,
and difference on point sets (Figure 25). Solid objects thus created
391 . C. Braid , Six  S~y~~ems for Sha pe Des i gn and Repres enta ti on - A

Review , University of Cambrid ge Coniputer Aided Desi gn Group
Document No 87 (May 1975)
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Figure 25. Boolean description of a shape .

can be fur ther com b ine d i n var ious ways usin g the same Boolean
operations.

The Bool ean a pproac h i s much more economical i n use of s torage
than the point set approach , since it does not require explicit
storage of the values of points . It suffices to define the equations
for the surfaces , the senses of their normals , and the Boole an ope-
rations . However , Braid has identified a key disadvantage : “The
disadvantage of a Boolean model is apparent as soon as an attempt
is ma de to d ra w a component so described. For example , consider
drawing a polyhedron of n faces which is held as the intersection
of n directed planes. Each of the n planes must be compared with
eac h of the n-l other planes , the line of intersection found (assu-
min g no planes are parallel), and each line of intersection compared
w ith the n-2 remaining p~anes to find the portion of the line , if
any , ly ing wi thin the n-2 planes. It is an edge of the polyhedron
and c~n be drawn . To draw all edges requires computation of order
n 3 “~~~~~

~rBraid, Six~~ys tems for Shape De si gn and Representation - A Review ,
University of Cambnidge t~mpute r Aideff~flèsiqn Group~~o iiñë~tNo 87 (May 1975)
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Desp i ’ r S r i  s di s a i v r m t a ~ o , ‘ i i -  Dod ean appr oa. n t’s shape des —

cri Pt ion has been qu ite w i d - c’l ~ inpl e -n’’r~ ‘d. The TIPS ,- - -

and ~-A D L ~ systems for m st -chan i c a  I nart oe sc s ipt ion al c lip oy
Bool can models . M-~rr:~~~ dOd Mi ic hol 1 , St e - 4  I - n , and Li qc;ett -. have
-~hooni -~~. sim m ip i tied Gu m -i ean tecnri i qees car c-c emnpl oyed e f f ec  ti vel y
for de- ~Ln ib i nq  r e c t i l i ne a r  bu i ld ing ~nriss .

A boun da ry  “ ‘sJe l  dc~ crihes a sol Id or]e r by record inq the coor-
d imma t ~ of i ts v e r t i ces  and the ret h i c ien ts  on - eq ae t lori s d i- f in ing
ftc fo rms of  bounding lines and surfaces (Ficure 21). Str aight lines
t rod ~1ana r s u r f a c e s  are eas i l y  repre- - c t r - d by s i - sp le e’ iuat ion- . The
research liter ature on curv r — d surface description is e Or n K-u~ - The

~-iork of Bézie r , 6au r - s , Forrest , Riese n le ld  and Levin is part icular ly
i - i i m ; o m - t a n m t .  A convenient summary of the cu rrent state of the art is
pr c vmded 0’, a recent set of conference proceedings edited by Barnh i l l
and Riese nfm1 d.~~ The m athematical theory in general seems suffi-
ciently well developed to deal with any practical architectural form
descri ption problem.

A grea t advantage of the boundary model is that it allows topo-
log ical and geometric information to he stored separatel y. Connec-
ti ons hetw ee r l  faces , edges , and vert~ces ,which form one component
of the model , are stored in sommie form of incidence or adjacency
matrix (see previous section). Real numbers defining vertex coordi-
nates and coefficients in equations are stored elsewhere . This is
very convenient , since some shape manipulation operations alter just
the topology , som e alter coordinates or coefficients , an d some al ter
both. Furthermore , it provides an important opportunity to factor
the data , since numerous geometrically differing objects may be
instances of the same topolog ical structure (e.g., a cu be , a re ctan-
gu lar parallelepiped , and a trapezoidal prism).

Since vertices , edges , and faces of a solid are defined in tennis
of each other , conversions from one to the other can be made as shown
in Figure 27. Thus , it is redundant to describe all three types
of entities explicitl y (although it may be convenient for some purposes).

4f NT Ok ino ~~~~~ “TIPS-l , Prolam iiat 73 Proceedings (Budapest , 1973).
42 J . H. Laning et al. , SHAPE S Use r ’ s Manual (Draper Labora tory ,

MIT , 1973).

~
3 H . B. Voelcker et a l. ,  An In t roduc t i on to PADL (Production Auto-
ma tion Projec t, Univ er sity of Roc~~ I~~7l 9745.L. Ma rch , “Boolean Description of a Class of Built Forms ,” in
L. Ma rch (ed.), The Architecture of Form (Cambridge University
Pr~ss , 1976).

‘~~‘J. J. Mitchell , J. P. Steadma n, and R. S. Liggett , “Synthesis and
Optimization of Small Rectangular Floor Plans, ” Env i ronment an d
fl~annin i y B , Vol 3, No. 1 (1976).

-
~~ R . F. Barnhil l  and R. F. Riesenfeld , Computer Aided Geometric

Desi gn (Academic Press , 1 974).
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Figure 26. Boundary description of a shape .

Boundary model s have been popular in shape descript ion
systems . The BUILD ’7 and EUKLID AO systems for mec hani cal part des-
cr ipt ion, the GEOMED 49 system for scene analys is , and the BDS 0
system for building descr ipti on use boundar y models .

Z71. C. Braid , ”The Synthes i s i s of Sol i ds Bounded by Many Faces ,”
Comunica tions of the ACM , Vol 18, No. 4 (April 1975).

48 M. Engel i, EUKLID - Eine EinFuehrung, (Fides Rechenzentruni ,
Zuerich , 1974 ).

~~~~~ G. Baumqart , Winged Edge Polyhedron Representat ion, Sta n-
ford Artificial Intelligence Project Memo ~IM-179 (stanfordUniversity , October 1972 ) .

50C. Eastma n, “General Purpose Building Description Systems ,”
Computer Aided Design , Vol 8 , No. 1 (January 1976).
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Fi gure 27. Conversions between vertices, faces , and edges.

3.1.5 Geometric _ Disci pjjfl! and Shape Ac cura cy

The various c lasses of object s that one mi ght wish to model
using a geometric description system may be c l a s s i f i e d  ( F i g u r e  28)
according to whether they are

a . Two—dimensional or three -dimensional

b . Pol yhedra l or continuously curved

c. Composed of ma ny or few parts .

Geometric modeling software for dealing with artifacts in
different classifications differs in cha racter , s i nce d if ferent
technical issues become critical. Mapping systems are dominated
by the need to handle large numbers of planar po l ygons , au tomo bi le 
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[DIMENSIONAL
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Fi gure 28. Classification of artifact geometry .

and airplane surface description systems by curve description issues ,
mechan ical part description systems by the special probl ems of com-
plex many-faced polyhedra l objects , and building and ship descrip-
tion systems by the necessity to deal with large numbers of mostl y
fairly simple polyhedra in a complex hierarchical structure . It is
unreasonabl e to expect software developed for dealing with one
ca tegory of artifact to be very effective for dealing with another
ca tegory. In part i cular , ma pping and curved-surface descr iption
systems are not l ike ly to be useful for building description. Ship
and mechan ical part description systems , since they are quite
closely relate d , may possibl y be adaptabl e for building description.

Closer examina tion of the polyhedra l parts of a building
permits the following distinctions between different types of poly-
hedra :

a . Planar or curved faces

b. Convex or nonconvex

- — -,.‘. -. - - -  
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c. Rectilinear or nonrecti linear

d. Without or with holes.

Taking the combinations of these distinctions yields 16 types of
polyhedra . The simplest type is planar , convex , rectilinear , and
without holes (e.g. ,  a two -by-four). The most complex type as
curved faces , is nonconvex and nonrecti linear , and has hole
(e.g., a wash-basin).

In genera l , more complex types can be approximated by less
complex (Figure 29):

a. Curved faces can be approxima ted by planar facets .

b. Nonconvex forms can be approxima ted by their convex hull.

c. Nonrecti linear forms can be represented by bounding
rec tangular parall ele pip eds

d. Holes can be i gnored .

All these approximation methods have h~en very widely used. Use of
planar facets to approxima te curved surfaces is a standard computer
graphics technique. Convex hul l approximations are often used in
hi dden li ne removal , in terference checking, and pattern recognition
algorithms .51 The bounding rectangular parallelepiped approximation
has often been used in building description , e.g., by iMAGE 52 andoxsvs ~~~

For man y prac ti cal arc hit ec tu ral pur poses , use of an approxi-
mate s hape descr ipti on i s ent i rely adequate, and the expense of
creating and manipulating a more accurate description is not justifi-
able. However , useof shape approximation where appropriate should
be at the discretion of the user; it should not be imposed by
the geome tric descr ipt ion so ftwa re . Th i s impl i es that the gene ral
geometric description software of the CAEADS data base sys te m ideal ly
should be able to handle

a. Compositions of many polyhedra

~fA . Appel and P . M. Wil l , “Determining the Three-Dimensiona l Ccnve .
Hull of a Polyhedron ,” IBM Journal of Researc h and Development
(November 1976).

52 G. Weinzapfe l and S. Handel , “IMAGE: Computer Ass istant  for
Arch i tectural Design ,” in C. Eastma n (ed.) Spatial Synthesis in
Computer Aided Building Design (Wiley , 1975).

53p . Richens , “Geometry and Numbers in Building Systems ,” in
D. Hawkes (ed. ) ,  Models and Systems in Architecture and Building
(The Construction Press , 1975).
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(a)  OBJ ECTS AND CORRESPONDING CONVEX HULLS
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(b) BOUNDING RECTANGULA R PARALLELEPIPED

— Figure 29. Approximating the shapes of polyhedra .
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b. Swmi e commimon t \ p e s  c i  :o r— 4e d , as well as m~lan a r , faces

c. Nonconvex and nonrec ti l i nea r ~‘a r m m~s

d. EhI le s .

3 . l .o  P 1 ! f n p L ~~~~~~cY

There are tw o aspects of dimm ien s ~or mal a c c u ra c y :

a .  Whether th~ desig n er cur,- - cm ’ tl y knows .re-ci sely wli~ t a
di mneo sion should he

b . Whether the sof tware system can represent a dimension to
the required le- iel of accuracy .

The f i r s t asooct arises because building design normally pro -
ceeds from roug h sk etch concepts to precise final concepts . At the
sketch stase , requiring that every dimension be specified with p re-
cision is inappropriate . Instead , dimensions are better expressed
as a range over -.-~hich variations may take place. Thus , it is desi-
“able for a build i ng description system to allow for both exact
spo- :ification of dimensions and expression of dimensiona l constraints
by means of inequa l i t ies .

The second aspect arises because a word in comimputer memory can
onl y represent a number with limited precision , and more critically,
because input d-~vices like di gitizers allow only limited precision .
Achieving sufficient precision of intern al representation does not
raise any parti cular difficulties. The limi ted precision of digi-
tized input , however , mm iean - . that it is unsuitable for di rect  use
for many purposes. Either it must be processed in some way befo rem use (see section 3.3), or o~her input modes m u s t  be relied upon for
irecise expression of dimensions.

3. 1.7  Nn mgeo i Properties

The cormcept ~f attaching no r ip en mn etri c properties to geometric
entities is strai ghtforward , but - in practice there are complica-
tions . First , predictin g the number amid type of nongeometric pro-
perties that a designer night wish to assi gn to a des ig n element
is not general ly possible . Unless some very strong assumptions
are made about the types of appli cations to be carried out , it is
not satisfactory to employ a fixed templ ate (such as is provio2d
by the DMLs of rna .~y data base management systems) in which non-
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geometric properties are “filled in. ” Instead , some fairly sophi-
sticated scheme of variable-length , self-describing records mus t be
u s e d  -

Se ond , the dynamic character of the building descriptions
raises questions about ~hat happens to nongeomet nic properties when
geom et ry is altered; f r example

a. If an extra face is added to a polyhedro n , should that face
have the same nongeonietric proper ties as the other faces?

b. If polyhedra are located with faces touching, what happens
to the nomigeomnetric properties of the resul tant joint face?

Some systematic scheme is necessary for updating nongeometric proper-
ties as geonietrv is rian ipulated . It does not appear that any archi-
tectural computer aided desi gn system developed so far has made a
serious attempt to solve this problem.

3.1 .8 Expression of Relations

The way in which the various spatial and systematic relations
which exist between entities in a b uilding description are expressed
largely depends upon the view of the w orld which the implementation
software imposes. A CODASYL-style data base management system ex-
presses a network of relations by a network of pointers . Chi lds ’51’
se t theor eti c data struc ture ex pres ses relat i ons by means of se t
operations . Codd ’s55 rela ti onal data bases ex press rela ti ons in
tabular form. A procedura l model coded in FORTRAN expresses rela-
tions algebraically.

The task of building description requires powerful facilities
for expression of relations. The followin g genera l approach is
recommended:

a. Use severa l hierarchical i ndexing schemes to express gross
spatial and functiona l groupings of elements (see section 3.2 for
details)

b. Provide a genera l facility for creation of link records
to structure the da ta i n ad di t i ona l ways as re qu i red

c. Prov id e a general fac i lity to al low any col lect i on of o bjects
54D. L. ChfiTs, Description of a Set-Theoretic Data Structure,

CONCOMP Technical Report No. 3 (University of Michi gan , 1968).
55 E. F . Codd , “A Rela tional Model of Data for Large Shared Data

Banks ,” Communicat ions of the ACM , Vol 13, No. 6 (June 1970).
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to be assac  a ~e l  co~pa ther and niam imed as ~a set

d . Fx -n - -~~ th e com np le details of ini terr ol at ion and interaction
r~ ~d an -a l 1 y

~e overal l  hierarchical indexing provides access e f f i c ienc y .
;tru I of link records are a u - ’ it ul way of expressing certain
~-~~es of relations , such as adjacencies between spaces. The ab i lit y
to c rea te and refer to set~- is an es ce rti a l aid to the desi gner.
The procedural modeling approach is flexible and general enough to
express vet - v conmp lex relations . These concepts are discussed in
detail in the following section.

3.2 FILE AND PROGRAM STRUCTURES

3.2 .1 Indexi n~~ the Copponeet Cataloqi~e F i l e

The n a t u r a l way of indexing a project componen t catalogue file
is to classify components into families and subfamilies in the way
that they are n or m- all y thought of by architects and eng ineers . This
refl ects broad functional groupings and the broad partitioning of
tasks among different types of application programs . A typical
exampl e of this approach is the OXSYS component CODEX ,~ which index-
es comliponents as illustrated in Figure 30. Experie nce with OXSYS
suggests that a three-level hiera rchy is sufficient for the relative-
ly small catalogue files needed when working with a component
b u i l d i n g  system . For l arger ca talo gues , as woul d be nee ded i n
CAE A DS , one or two extra levels would probably be necessa ry.

3.2.2 Indexing the Building Project File

Severa l types of indices are likely to be required for the build-
in g project file. The combined experience of OXSYS , CEDAR , in te-
rior space planning systems , and ship desi gn systems suggests that
at leas t the f o l l o w i n g shoul d be cons id ered:

a. Spatial inde >ing

b . Zona l i ndexin g

c. Indexing by adm ii in istrative category

d. Cross-referencing to and from component catalogue .

56P. N.Ric h~~~7 OX SY S- B DS User ’ s Manual (Applied Research of
Cambridge Ltd., Februa ry 1977).
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COD [X

FAMILIES COLUMN S BEAMS FLOORS EXT . INT
WALL S WALLS
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\
SUBFAMILIES ROOF FLOOR JUNCTION

BEAMS BEAMS BEAMS

COMP OF-I ENTS

Fi gure 30. OXSYS CODEX indexing .
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Spat i -a index i r ip i ; a ‘ :- - m - t a  in repu i (-i l- r i t , SO t hat  records des-
r rib ini c j i~~eris can ie ,ir~~0 S - f - -d P - i t o - : loca t i-a m . The sir -~pies~ approach
to spa t i a l  i r r d e x i nq  (as  used , for e - a - o ~ e.  in X S y S )  is to su bdiv ide
the vo lumne sur - rni’nd ing tn~- h i  l Ul n .~ into cubic ce l l s  and to index
uie i tems ‘ o i l i n g  w i th in  each cel l . If an i tem intersect s several
ce l l s , it is indexed fr- : -  all of them . Biq cubes can be divided into
l i t tle  cu0- o~ i n a -den to pene r m t ’ a mult i level  index ing syste m . if
desired . An alto -na t ive ap~-rouoh , o t — i c i  see ms 1 ikel  

~
- to have dd va n—

t a qe~ in e f f i c i e nc y ,  is to d iam i cal ly partition the globa l space
and constr uct -i tree—structured i ndex as ite-r - -~ are spa r i al l y  l oc a ted .
Thi s is the appro ac ri fol 1 ow r - , 1  in CE dAR - ° Var iou T-  al er -e r ’ i ye me—
hod- : f i r  hand m m  too- -

~~~ t o  ia~ case iif the i~ ani which intersects se— 
-y am -a l c e l l s  have rc~ -n de s c r i bed  by Pha lme rs , Eastma n and L iv id in i  ,~~~~

-and Cha r lesw o n’ t h :  Ca- ’e-ful c a l c u l a t i o n , and cr - m aps exper imenta t i o n
w i t h  a l t e r n a t i v - e c , - . -

~~i1i be needed to determine the best , type of
spat ial in dex in ’ a for use in the proposed CAEADS data base.

Even w i t h  the a id of s p a t i a l  indexing,  a cer ta in  a nnount of
sea rch ng is needed to access i temns by location , and efficient spa-
tial sea rch algorithms are acoded . 

- 
Discuss ions of these have been

published hf Eastma n -and L i vidini ,°’ -Thal mmre r s , Sampson , and Webste r ,c-~and Baxter. -

The efficiency of access urovided by the spatial indexing !
search scherTle is a hi qh ly critical consideration for two r e a s o n s .
Fir -st . it is li i el y to have a direct effect on the response of the
interactive grauhic interface (see section 3.4.5). Second , mani-
pu lat ion of a bui lding descript ion repea tedl y require s solut ion of
some form of the general i n te r fe rence  probl em. The int e rferenc e
problem,wh ich is the determination of how polygons or polyhedra
intersect or overlap, manifests itsel f in various special forms as
the windowing problem in graphics , as the hidden line removal prob—

T l ~~~~ P .Sa mu pson , and C. J. Webster , “Da ta Structures Used
i n CEDAR ,” in M.A. Sabin (ed.), Proftrarnmin~ Tec h n i ques i n ~~pputer

- Aided Destgp (NCC Publ icat ions , 1 974) .
°~J. Chalmers , “The Development of CEDAR , International Conference

on Computers in Architecture (British Com~~ter SocT~t~1~ 1972)T~~
~ c. Eastman an~ J. iiTvT~~~T, S atial Searc h , Institute of Physical

Planning Resea rch Report No. 55 Carneg ie-Mellon University ,
May 1975).

60 D. J. Charlesworth , Sp~~ial_~~~anizati on: A Set-Based_Method of
Represen ti ng Rela ti ons hi ps Bet~~~~~~ac~~T~—operty Services
A gency, Lon don , 1976).

61 Ea strmia n and Lividini , ~p~~~al Sea rch.
62Cha lmers , Sampson , an d We bs ter , Da ta Structures Used iii C E DAR .
63 R . Baxter , Computer and Statistical Techni ques f~ r_J~j anner_s

(Methuen , 1976).
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lei - - , in execut inq t tm o s p a t i a l  set  owo - ra t i o r m s ( P e  s e c t i o n  3.3.4),
arid i n  d o - - e k i n g  f i r  s p a t i a l  co rm~ I ic ts  Pet - .-:e e ri compo nents located
in a ho i ld i n ip . ~here any large ni u n ber of el emn nt s is in— jul ved ,
sol vi ni q th e i n t o r - f e r - ~- nce p rob lem by some sort of exhaust ive com-
parison p,eced u n ’ o -  b c c T n t s  portic o arl ,‘ cx pensi  ye .  However , if
an effici en t spatial inde x ,n i ,’s~ a r h  fa cility is available , as

- md n i~ i ree l c-i -I nit ot - iec ts  as possib le can be quickl y and eas i l y
el iminated t y  co il i ro i ,  a n d  t h e  ‘- i l a t i v ely  few objects r e n a m ing
ca m bc sub ected to more det ailed and expensive t e s t i n g .

7onal imidexing, a concept implemented in the OXSYS system ,
provides a useful facility to the desi gner. An architect con~nonlythinks of a building as subdivided into various t ypes of zones - —

functi or ;al :‘onr , service co nes , f i re compartments , etc . Each
zo ne 5O~ be d ivided into a hierarchy of subzones - -  block , floor ,
ari d room . These zone hierarchies may be defined at the briefing
stage if de:i red , i.e., befor-e i tems are spatially located. OXSYS
provides f ac i l i t i es  for user def in i t ion of several dif ferent types
of zone hierarchies as appropriate to the project at hand and for
inde x ing of i tems according to their zone .

Indexing by adnministrative or departmental category is a sinni-
lar conce pt to zonal indexing. Whereas a zone or subzone is assu m ed
to be def i ned ove r a con ti guous area , an administrative ca tegory is
def ined over a set of spaces m-i h ich fall within some administrative
grouping. These spaces are not nece ssarily contiguous. Since pro-
grams of accommodation requirem iients are often organized according
to a hierarchy of administrative categories , indexing and accessing
in this way is often convenient.

Assuming that the component catalogue is classif ied by function-
al families and subfami lies as described previously, pointers from
the component catalogue to the project file provide indexing of the
prolect file by component types (however the overhead incurred by
this type of indexing may not be justified). Conversely, pointers
back from the project file to the component catalogue give an index-
ing of the component catalogue file by locat ion or zone.

Fi gure 31 illustrates the overall basic structure of indexing
required for building project files and catalogue files. The struc-
ture corres ponds qu i te closely to t he struc tures employed i n bo th
OXSYS and CEDAR.

3.2.3 Indexing the Site File

Site data naturally break down into a number of rel atively in-
dependent categories :
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a. The ground nudel

h . Utility networks

c. Surface features (ruath , paving, groundwater boundaries ,
etc.)

d. V e g e t a t i o n

e. Existing buildings .

These categories provide a basis for overall classification of data
in the site file. In addition , site data should be indexed in the
same way as building descr ipt ion data , i.e., spatially, zonall y, and
by component type (where app l i cab le ) .

The ground model presents some special problen is , since the
geom etry of a topographical surface generally differs radi cally
from the geometry of building elements . It is a complex 2’2-dimen-
sional surface which must be described by a set of data points rather
than some curve formula. The foll owing are a number of alternative
ways of holding this kind of data :

a. Random da ta points

b. Data points on a regular grid

c. Contours

d. A triangulated network.

No one method i s su it ab le for all a ppli ca ti ons . T he system s houl d
allow surface description data to be held and indexed in any of these
forms and provide conversion rout i nes as sho wn i n F i gure 32 .

3.2. 4 Sets

Most drafting systems include a facility for associating sta n-
dard graphic entities into macros , wh i ch can then be named an d
manipulated as units. A similar facility is needed in a building
description system so that subassemb lies of elements (spaces and/or
physical components ) can be named and manipulated as units when
required .

This type of set definit ion faci l i ty is expl ic i t ly  provided in
Eastma n ’ s 8DS. In some other systems , sets are implicit ly crea ted
when subassemb lies are named and placed in the project catalogue.
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RANDOMI DATA
POINTS

GRIDDE D 
________________  

)~~~~
1A NG ULAT ED

POINT S SURFA CE

~~~~~~~ OURS 1

INPUT
Fi gure 32. Conver sions of the ground model

3.2.5 Additional Link Records

In addi t i on to the bas i c s truc ture of h i erarc h ical fi le index-
ing and sets , providing a faci l i ty for creating additional struc-
tures of link records as required is useful . A link record which
is a CODASYL conce pt , rela tes two o ther reco rd s and descr ib es the
nature of the rela tion . Thus , link records mi ght be used , for
example , to encode the adjacency graph of a floor plan by connect-
in g records describin g adjacent rooms . Maintaining link records
for thi s type of pur pose may some times prove wor thw hi le .

3.2.6 Record Structures

In describing a building, the types of attributes which a
user may wish to assi gn to a design element , the sequence in which
attr ibutes wi l l  be assigned , and the quantity of information needed
to describe an attribute are not generally predictable. Therefore ,
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the sun ple f ixed rei ip1~ ~e ecord concept commonl y u~ ed with CODASYL—
style dat a ‘use ~a - mg em~- or  5 ) -s t ems is not ie nera l ly  adequate . Any
a t t e m p t  to impose some discipi m mmc of attribute assi gnment will make
t h e system unv ie l o ly and a r ; r o- --l n g ~o use.

In res ponse  to this re -T ui re~m c nt , advanced archi tectural  CAD
systems e mp lo y  sophisticated record structures. Fo r e xam p le , OXSYS
is i uiplesm er te-a us ing the p lex -- l iC ’ record structures provided by
OXS YS/BUS. - Eastma n ’ s BD S ° employs a record structure in which
attributes have a name , a va lue , and a type (like FORTRAN variable).
The four attribute types used are

a. NUMBER ( rea l )

b. CHARACTER (s t r ing)

c. SET (consisting of pointers to all elc- r er its having a given
attribute value)

d. FUNCTION (takes as value an expression which can be evalu-
ated each time it is called).

3 .2 .7  The_ Structure _ Versu_s_ Search~~~est ion

There is an overhead attached to the types of access facilities
that have been described . The costs of necessary storage and upda-
ting of indexes may become prohibitive . The alternative is to or-
ganize records in some simple structure and expect to perform nure
searching through the structure in order to access a record . There
are many alternatives between the two extremes , and an optimum trade-
off with respect to a particular pattern of data usage m Tl ust be
sought.66 Because it is difficul t to determine this trade-off in
advance for complex computer-aided design applications , the best
approach is to provide facilities for creating as muc h or as little
struc ture as proves necessary .

~L~~XSYS-BOS Short Techn ical Descrip tion (App] ied Research of
Cam bri dge Ltd., May ~~~~~~~~~~~~~~~~~~~~~~~~~

~
5C . Eas tman , “Gen eral Pur pose Bu i ld ing Descr ipti on Sys tems ,”
ç~~p~ter Aided Desi gn , Vol 8, No . 1 (January 1976).

66 A . Baer , ~~~~. Ea~sTh~ 7 an d M. Henrion , A Survey of Geometric
Model ing , Ins titute of Phys i cal Plann i ng Research Repor t
No. 66 (Carneg ie-Mellon University , March 19 77) .

91 

-~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —~~~~~
-

~~~ -- ~~~~~~~~
_—--

~~~~ 
--



~

3.2.8 PjiysLulOr yan iza tion of Crc nrds in Stora~~

ependi -10 upoc the ty pe of impl - c - - n : t m  ~ ion sr,ftwa re thdt is
chosen , data oil 1 he pas sed bet - ,-~er- n core a rmd d isk in one or another
J t O- f c l l -~-.- ing ways:

a. The f i le  is e x p l i c i t l y  div ided into a nu m ber of segmnents ,
an’d the snapping is explicitly under contro l of application progra m s .

b. r~ virtual memory is employed , divided into a number of
[ ages . Space a l l oca t i o n  and swapping of pages are transparent to
the :1 ca t ion programmni er .

c .  Some combinat ion of the above .

In any case , ef f i c ienc y  demrma nids that exchang ing of da ta be m in i—
mized . This can be achieved by physically grouping together records
that are likely to be needed in core together. Experience ici th OXSYS
and CEDAR suggests that the following general strategy is appropriate
for building descript ion data bases:

a. Physically group component catalogue records according to
the functional type indexing scheme described previously

b. Physically group records in the building project file by
spatial index

c. Physically group site records first by data category , as
out l ined previous ly, then by spatial index.

It shoul d be pointed out that there is room for leg itimate dis-
agreement as to whether this essentially spatial organization of
data is most appropriate , or whether a scheme more oriented toward
optimizing access by nonspatial routes would be better. T he con-
clus ion s ta ted here i s based upon th e cons i dera b le ex per i ence of
severa l de velo pmen t groups tha t have i mplemen ted arch itec tura l CAD
systems , and upon the assunmption that response of the interactive
graphic interface and the ability to efficiently solve the inter-
ference p ro b lem i n it s var i ous man i fes ta ti ons ar e l i kel y to p rove
hi ghly cr i t ical  . Howeve r , the only way to settle the question for
CAEADS is h, careful and detai led simulation of the system in
operation.

67R. J. Hubbold , “Multi-Level Da ta Struc tures , Segmentation and
Pag in g, ” in M. A. Sabin (ed.), Pro~ ramm~p~~Techniq ues in Con~pu ter
A ided Pesi9n (NCC Publications , ‘1974 ).
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3.2.Y Pro~ ra - S t r u c t u r e s

Just iS recor — 
0 0 1  ~im ~g do to in a fi are embedded in son mc-

k i nd  o f s t r u c t u r ~ , so ton ore thr statements -i al mn r isnnn ’ s which
pr uc mt d ur a l l y encode r-~ l o tio n s Petwc-en e m - Li  t i e s  in a bu i 1 ding des—
cr ip t i : m i . In: t s case , the e lem:le nca r)- 0 0 j t 5  of  the structure
are i mid: v i  -:1 0 I statements , proc lu res , or cui r o i t i  nes

dr:ere a s t ro n gi y procedu ra l ap~ roach to geo metr ic r i nc e l  im a g
is t~ k~ i , as advocated here , err probl em of da td structuring is
matched by an analogous proble ms of pru- :1 - a u  s t r uc tu r i ng .  This has
severa l as -cots :

a. Ensurin o that the structure is o - - Ho -° it ly organized and
cunn mpr ehens ib le .  At tendant  upon this are ar m appropriate la r -~uage
synut x and adherence to the principles of structured programming.

b. Providing efficient access to code as needed for exe-
cution. An overlay system is one wa -i of achieving this end.

c. Al l owing convenient and rapid crc-at ion and modification
of pro i ’om structures modeling particular systems . An APL- like
interpreted language is one wa y of providing th i s  type of fac i l i ty .

Unfortunately , FORTRAN used with a conventional operating
system is far from an ideal medium fc- r building the kinds of pro-
gram structures needed f o r  g e o m e t r i c  n n o d e l in c ;  - OXSYS/BOS sub-
stantiall y m itigates these disadva ntages by embedding FORTR AN
in an operating system which facilitates i mnp l e n t a t i o n  of over—
lay structures and allows independ ent compilation and tfl en re-
linking of individual overl ays . Powerful , interpreted ALGOL -
like languages such as EULER and GLIDE represent another pro m ising
approach. The Evans and Sut ° c - r la r m d Design System Language ~
take s a th ird ~erv interest ing direction.

Since the nrm ncip l es of the Evanc and Sutherlan a language are
rather unusual , a brief description of the language is qiven here .
Basically, the system has an opem-o rm i stack~ and a large and exten-
sible libr ary of mace-1 opera tors. An input line can consist of
data , the name of an operatrn , or an exo re ss ion cons is t ing  of both .
When the sys tern encounters an i ten of data , it puts it on top of
the operand stack. When it encounters an opera tor , it executes
the corresponding procedure on the da ta at. the top of operand
stack and pushes any resul tin e da ta onto the top of the stack.
Extension of the library of operators is easily accomplished by
creating a sequence of operators and na -Ti m i g the sequence as a new
operator. The names of operators are stored in dictionaries , and

~ D i g~~ Sy- - : ter m-  (A Brief Pre l m i  nor-i Desç~j p~ion ) (Evans
and So thier l and Con imp u ter Corporation , August 10 , 1976)

93

-— -.- -.——-- _- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -- - ~~%i ~~: ~~ 1 - :- ,: :. :U lu~~f ’ fT



_ _ _ _ _ _  

the comi c ~~~ L ion ~ t a o c t  [5  ‘ma ry as- - Oil emermted ‘ - re ~r-e v ide s a
pow e, iLn i ~~~~

- ‘ m s  for ~~- umn1:c i m i~ and o cc~ o s i n g  operators . This brief
d e s c r i p t i o n  does cm-a t Jo~~us :. c e o  the apparent pewor 3md  flexibil i ty
of toe i n r - n r i q e , I-u t i t does g i v —  som e idea ~ f its genera l character.

~.2.lO Bind~ n~ t~ a

-!hem :ever par e of a descri n t i oo is def ined procedural ] y, the
- lu e s t m o n  arises as to whe n the va1 - ,o-~ of derived variables should
be c o m puted (bound) .  [ i r i s  is a quest ion of tuni n:s~ the system s for
opt inr ’ - i r  e f t  ic ie ; lcv i o resc onse to a par t icu lar  a t t e rn  of a c c e s s .
The H- i c  c p t i on - ~ a”e

a.  Perfo-r procedural e x o m r : s i o n  .-Then parameters ate entered
and store data in evpanded form

b. Re -form the expansion when an i ns t e n : s e  of an element is
loca ted in the ~oj ect  descr ip t ion

c. Perform the expansion whenever an element is moved into
core

d. Perform im the expansion i mnmediate ly prior to a computation
for which the expanded data are required .

Control of binding can be

a. According to a f i xed  s t ra tegy built into the system

b. Ass i  10 01 to user programs

c.  By user command .

The bes t w a y  t~~~ handle binding in a three-dimensional building
descr ipt ion sti l l  appear s to be an open question, and there is littl e
published discussion of the top ic. One piece of evidence is provi-
ded by Eastnnia n ’ s BDS, however , in which the following strateq)- was
found to be o pt ima l :  ‘ Predefined ele ments are s tore d i n a par ts
cat al o- :;-me ins terms of topolog ies , su b rou ti nes , an d values . The va-
lues are st’ - e:i in tabular form . When selected for a project file ,
the routine and values are comn mbined to derive the constant shape di-
mno r mo i s i ns and att ”ihut r- : collected in t he form file. New attributes
m ;d j be added , if desired , at either the form or location levels.
In co re , two alternative representations are availabl r , a compacted
topology which accesses vertex coordinates or an expanded shape de-
finition. ’ ~

~~ T~~~tn~ n ,~~General Purpose Building Description tv ct em ~ ,”
Computer A ided Desigp , Vol 8 , No. 1 (January 1976).
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3 3  NCU T OF GLOMETRIC DATA

3 . 3 . 1  eoni zr Dat a I np u t [- k :deo

To cr ~~~te any oi l ie  k i nnds of internal N e n m I - i c  ni~ dcl s that
~~~

- - e  been de soni bed , geometric infor ir iatio n ;:mu su be entered into
computer nme m no m -y in somne way.  T ime basic input nodes that  can he
e- r ipl oyed are

a. La cfl entry

h. Co mm~nand language

c. Menu

d. Programm ing language

e. Two—di mensional  posit ion input

f. Three-dimensional position input

g. Opt ical  scanning .

Ba tch entry of geometric data usually involves hand coding of
geometric data from drawings onto coding forms , keypunching the data
from the forms , and batched input of the punched data . In the past ,
batch entry of geometric data was so mretimes used in suc h appl icat ions
as structural frame analysis , automa ted drafting of working drawings ,
and perspective production. However , it is an inhe rentl y cumbersome ,
inefficient , an d error-prone techniq ue. Since inexpensive computer
graphic systems have become available, the batch entry approach
must bc considered completel y outmoded .

Em ploy ing a command language , the use r types in simple commands
plus param-ne ters at a keyboard . This very comm on approach is quite
adequate for many purposes. Descriptions of numerous computer -aided
desi gn con-mniand langusges are given in a recent set of confe rence
procc- c- dings .-0 In architectural computer-aided desiqn systems , the
two most hi ghly ~~ve1oped comnmand languages appear to be those of
OXSY S and CEDAR.

There is little logical difference between a command language
a rid a m enu , which consists of a list of commands displayed on a
-;creen or taped to a tablet. These commands are then pointed t o  as
required , rather than typed in at the keyboard . OXSYS has an , urn-
usually convenient and sophisticated ser u system.

~~M. AT Sabin7ed.), Pj anmm i g~Tec hni q~es i n Co~p~iter Aided
Design (NC~ Pub l ica€ ions ,~1~ 74j. -

- CEDAR 3 (Property Services Agency , London . 1977).
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There i s no cl o~r dividing line between a sophisticated command
language d id  an intecp~~ted program ming language . In fact , the w e l l -
known example o f APL demonstra tes that a s i ngle language can some-
t imes be u~ nd in both m odes . H’~w c v s r , s o p h i s t i c a t e d  syntax , arithme -
tic. iteration , control structures , procedures , etc., entitle a
language to be called a programing lan guage ra ther than a command
language. The conce pt of p roce dura l model i ng of geome try as des-
cribed in Chapter 2 leads to the idea that a pro gramming language
mnay be useful as a means for entry of geometric data in procedura l
form (it does not necessarily follow that the geometric data are
held internally in the swme procedural form).

It is un l ikely that programming language input would be used
ver y muc h , if at all , by ordinary project desi gners ; however , i t
is an important aid in devel opment of libraries of procedural mo-
dels for use by project desi gners .

Two-dimensional position input is the entry of coordinates of
points or more complex objects by means of some kind of automated
di gitizing device , most commonly a large electronic tablet. This
is usually the primary means of entry of data that already exist
in drawings ; a good tablet or similar interface to a building
description da ta base is essential . OXSYS incorpora tes  a good

• exampl e of such an interface.

Over the years , a number of devices for direct entry of three-
dimensiona l coordinates have been developed , e.g., the L i ncoln  wan d ,
the three-w i re wa nd , and the Twink lebox. 72 However , although the
idea of direct three-dimensional input is attractive , none of the
available devices is a practical proposition for use in a working
architectural CAD system.

Optical scanning devices electronically scan drawings or
photographs to enter geometric data . The technology of optical
scanners has now developed to the point where reliabl e and efficient
devices for optical input of line drawings are available. For exam-
ple. Laser-Scan Ltd . of Cambridge , E ng l and , markets such a device.
Most of the input is handl ed auto~natically by this device , whi le  an
opera tor monitor s progress and intervenes whenever the system fails
to han d le  an am bi guous situation correct l y. However , these de-
v i ces a re very ex pens i ve , and have not yet been employed for archi-
tectural appl i cations .

~~~~~N~~èT~ “Ma n Machine Communication in Th ree Dimensions ,”
in R. E. Barnhi ll and R. F. Riesenfeld (eds.), compute r Aided
~~~~~~~~~~~ (Aca demic Press , 1 974).
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3 .3 .2 Geometr i c Data Input Opera ti ons
• Within these various input modes , a num ber of d i f fe ren t  types

of geometric data input operations can be provided . The types of
operat ions i mplemented i n various curren t geometric descri pt ion sys-

• tems include the following:

a. Explicit definition of topology

b. Entry of points and lines

c . Loca ti on of i ns tances of standard objec ts .

These may be termed low level operations . In addition , the follo-
• wing high level operations may be provided :

a . Sweep

b. Project

c . Parameteri zed shapes

d. Spatial set operations .

Finally, by specifically exploiting architectural knowledge ,
it may be possible to provide the following very hig h level opera-
tions:

a . Automated component selection and sizing by context

b. Automated com ponent loca tion by context

c. Automa ted building assembly according to the rules of a
spec ific system .

Even more types of geometric data entry operations could doubtlessly
be inven ted, but a description of these ten possibilities should
suffice for the present.

3.3.3 Low Level Opera t ions

The potential need for expli cit definition of topology arises
because a boundary description of an object may store topolog ical
and coordinate data separately (see section 3.1.4). Thus , it may
be convenient to describe a topology and then treat several diffe-
rent objects as instances of that topology . The topological struc-
ture might be entered in the form of an adjacency or incidence
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matri ‘~~, or sonic kind o~ comma nd languaqe might be used to create
edges and v e r t i c e s , or a network mi ght be dr~iwn using the graphics
interface ( i i  this case , of course , vertex oordi na tes are not re-

• ta i ned ) . To r r Juc e t he tedium of topology en try , some sys te mns
rovide a fm hi gher l e~oJ operat io ii~ . For example , Braid’ s BUILD 73

provides such operations as co ns1ru ~ tion of a ‘ pyrar mi id ” or a
“face. ”

Entry of po in t s  and 1 i r ie s can he carried out using a command
langua ge , a menu , a programming language , or by di g i t i za t ion .  Des-
cript ion of a complex object b~ exp l i c i t  input of every vertex is
an extremely laborious process to be avoided if possible.  However ,
explici t entry and deletion of ‘~pncif ic points and l ines is an

F essential editin g technique.

Where di gitization is employed , sol u ti ons must  be found to two
technica l probl ems : removal of the inevi table di g i t izat ion errors ,
and the proper conversion of two-dimensiona l coordinates fro mrì the
tablet into three-dimensional coordinates as required. To a certain
extent , digitization errors can be removed simply by rounding tablet
coordinates to the nearest location in a grid of specified inter-
val . For this purpose , the OXSYS tablet interface allows the user
to specify a grid interval appropriate to the appropriate task.
A more sophisticated approach is to provide for automated latching
of nearly coincident points (to make them trul y coincident). 74
To remove sl ig ht  m i sal i gnments between polygo n boundaries , rigid
or plastic oerge procedures can be used . Probably the most sophi-
sticated autoniat ic di g i tization error-removal system employ ing
these techn i ques i n an arc hit ectur al com pu ter-a i ded des i gn system
is that of the Site Layout System developed by the Uni versi ty of
Edinburgh Computer-Aided Architectural Design group for the
Scottish Special Housing Association. 75

The problem of conversion to three -dimensional coordinates is
more serious. The transformation required is well known ,76 but
establishing the correspondence between projections of a point on
different drawings and resolving ambiguities due to coincident
projections of points on the drawi ngs is diffic ult. Severa l re-
solut ion s have been pro posed , but none of them are ent i re l y sa tis-
factory . The Evans and Sutherlan d Computer Cor pora ti on markets a

731. C. Braid , ”The Synthesis of Solids Bounded by Many Faces ,”
Cornniun ications of the ACM , Vol 18, No. 4 (April 1975).

~C. Hero t, “Gra ph i cal Input Throu gh Machine Recognition of
Sketc hes ,” Comput er Gr~phics , Vol 10 , No. 2 (1976).

75A . Bijl and G. Shawcross , “Housin g Site Layout System ,” Computer
Aided Desi~g,~ Vol 7 , No. 1 (1975). 

—______

~~~ J . Suthe r l an d , “Three Di mens i onal Da ta Input by Tablet ,”
Proceed ings of the IEEE, Vol 62, No. 64 (April 1976).
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tab let which a l lows simul taneous entry of points in different
drawings. Lafue 77 has used theorem -proving techniques ~çom
ar ti f ic ial i n te l l i gence to resolv e ambiguities. Thornton ’0 pro-
vides a rotation facility so tha t amnb i guity due to co i ncident
projections of points can be avoided. Negroponte79 has devel oped
a sketch recognition system largely based upon scene analysis

• techniques from artificial intelligence .

The third kind of low level geometric data input operation ,
loca ti on of i nstances of stan dard objects , i s a very fam i liar

• computer graphics technique. A library of standard objec ts such as
circles, squares , fu rn itur e elemen ts , doors , and w i ndows , is defined .
A set of transformations which can be applied to these objects is
also def i ned; these typ icall y i nclude transla tion , rotation , re-
fl ec ti on , and possibl y scaling. A command language or menu system
is then used to spec i fy application of transformations to the ob-
jects i n order to assem b le a des i gn.~ Programming languages like
Euler and Sa i l81 provide very convenient facilities for manipula-
ting instances of standard objects by means of statements like the
follow ing:

DOOR AT [ x , Y J SCALE [SJ ROT {R];

The standard object instantiation approach to input is widely used
in two-dimensional architectural drafting and scheduling systems ,
typically those employed for interior space planning aRplications.
Good examples of this type of system are SLS’s MAN/MAC°’ and
Morganelli-Heumann ’s Office Planning System.83

3.3.4 High Level Opera ti ons

The higher level sweep and project operations are closely re-
late d. The sweep operation can be used to create surfaces by swee-

77 G. Lafue , Recogn ition of Three Dimensional Objects from Ortho-
2raphic Views , Instutute of Physical Planning Research Report
(Carneg ie-Mellon University , 1976).

7
~ R. Thornton , MODEL: Interactive Mode ling in Three Dimensions

Through Two Dimensiona l Windows , Unpublished MS Thesis (CorneTl
Univers i ty, 197 6).

‘
~ N. Negroponte , “Recen t Advances in Sketch Recognition ,” Proceed ings

of the 1973 AFIPS Conference (1973).
8O~~ J. Mi tchel l, Computer A ided Architectural Desiq~ (Petrocel l i-

Charter , 1977).81 w~ M. Newman and R. F. Sproull Princ iples of Interactive Computer
Graphics (McGraw-Hill , 1973 ).

B2 MAN/MA C S s tem Descri ption (SLS Environetics , October 4 , 1974 ).
ann-ing_ System (Morganelli -Heumann Inc., 1 976).
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ping a I ne through space in some specified way (Figure 33). This
is a convenient and intuitively appe aling way of defining ruled
surfaces and surfaces of revolution. The project operation (Figure
34) can be used to create prismatic objects by moving a planar face
through space. This is particularly useful for architectura l appl i-
ca t ions , since many building components are prismatic. Th~ lates t
vers ion of Braid’ s BUILD system for geometric description °’~ pro-
vides sweep and projec t operations.

The use of paramneterized shapes is an extremely powerful con-
cept. The basic idea is illustra ted in Fi gure 35. The beam sec-
tion is represented by the geometric model illustra ted , plus the
s i x parame ters X 1, X9, X~ , Y,,Y2and Y3. By assigning different com-
binations of values to these parameters , an i n f i n i te num ber of i n-
s tances of the c lass of sha pes “I- beam section ” can be defined. It
is importan t to note that , i n genera l, a g i ven sha pe may be para-
meterized in a wide variety of different ways, an d eac h of these
di fferen t ways re p resen ts an ass i gnment of different degrees of
freedom to the designer. Fi gure 36 shows two alterna ti ve ways of
parameterizing the 1-beam as an example. In Figure 36 (a), sym-
metry constra i n ts are bu i l t  i n , wh ile in Figure 36 (b), propor-
tion constraints are ad-’°d.

The way in which an object is parameterized can be used to
con trol whe ther the effect of an o pera ti on performed by a des i gner
wi ll be local or glo bal as i llus tra ted in Fi gure 37 . The same
fig ure has contro l po i nts dis posed i n d i f fe ren t  ways , so tha t move-
men t of one of the con trol po ints has corre spon d in gly di f fe re nt
effects.

The conce pt of parame ter i ze d sha pes i s so powerful tha t many
shape description systems rely on a very restricted vocabulary of
system-defined parameterized shapes . For example , the init ial
version of Braid ’s BUILD system8~ u~ed only the six shapes shown in
F ig ure 38. Voe lcker ’s PADL system oS uses only two -- the rec tan-
gu l a r  pa r a l l e l epip ed and the cyl i nder . ~any building description
sys tems , such as league ’s BUILD ,87 CADS , the SSHA house desi gn

81.1. C. Braid , A New Shape Desi gn System, University of Cambridge
Computer Aided Des i gn Group Document No. 89 (March 1976).

85J • C. Braid , “The Synthesis of Solids Bounded by Many Faces ,”
Commun ications of the ACM , Vol 18, No. 4 (April 1975).

86PADL Primer, Produc tion Automation Project (Univers i ty of
Roches ter , July 1 976).

87L . C . Tea gue , “Network Models of Cormfigurati~ ns of Rectangular
Parallelepipeds ,” in G. 1. Moore (ed.) Emerging Methods in
Env i ronme ntal Des ig n and Plann i ng (MIT Press , 1970).88
~L J. Mi tc hell , “Vi truvius Computa tus ,” in 0. Hawkes (ed.) Models
and Systems in Architecture and Bu ilding (The Construction Press ,
1975).
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Figure 33. Sweep operation to create a cylinder .

Figure 34. Pr i smatic object created by a project operation .
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Figure 35. Concept of a parameterized shape .

102



xl x2 x

Yl I[_ _ fl L~~~
I F L,~~J

Y11[
_ _ _  

_ _  _ _

PARAMETERIZED _______

MODEL
INSTANCES

(a) PARAMETERIZED MODEL WITH BUILT IN SYMMETRY CONSTRAINT

X X/2 X

_ _  

~1 ’  ~~
_ _i n__

PARAMETER I ZED
MODEL iNSTANCES

(b) PROPORTION CONSTRAINT ADDED

Figure 36. Alternative parameterizat tons.
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Figure 37. Effects of manipulatin g an object paramete—
rized i n d i ff ere nt ways .
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Figure 38. Primitive pa rameterized shapes provided by BUILD.

system ,89 CEDAR ,90 and OXSYS , have rel ied solel y on the rectangu-
lar parallelen ip ed.

An exciting possibility which arises wi th the use of paramete-
rized models is that it may often be possible to develop an algo-
r i thm wh i ch exhaus t ivel y enumerates a whole class of architectura ll y
i mpor tant models . For exam ple , Mi tchell , Steadman , and Li gget t91
developed an algorithm which generates all model s of small rectan-
gular floor plans. Every small rectangular floor plan possible
i s a d imensione d i ns tance of one of these models . Ava i labil ity of
the com plete set of models makes poss ib le  a systematic an d ri gorous
approach to the opt i mal desi gn of small rec tan gular floor p lans .

89A. Bijl et ~L, ARU Research Project A25/SSHA -DOE: House Design,
Edinburgh University CAA D Studies (November , 1971).

90CEDAR 3 (Property Services Agency, Lo ndon , 1977).
~1 W . 1. Mi tchell , J. P. Stea dman , an d R. S. Ligget t, “Synthesis

and Optimization of Small Rectangular Fl oor Plans ,” Environment
and Plann i ng B, Vol 3, No. 1 (1976).
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A progr~eniii1n g ia iaye is ‘e nded for c i t a t i o n  of procedures
wh i cli ore; ode ~ rai l te r !ed shape r ’ i~d -~l s ~ t the rejec t  des i rjner
lev e l , a sini p~e ‘~~ rd d i ’ u aqe 01 Oer~IJ s~~s t e r e  can be used to
create a •sernhl ~s o~ instances des cri i nj a r~art icul ar design.
Us I eq an interacti ~e ra phics inte rfac e , a paro eteri zed object can
be ‘ scoletured ” d ir ~ctly by using a li ght pen or tablet to shift
contro l points.

fhe power of a ~h~ 1 e da ta inp ut system based upo n the concept
of paranmeteri:i’d m nod ri s car he incr ea sed considerably by also pro —
vidin i the spatial set operations , i. e., some or a l l  of un ion , in-
tersect ion , di f fer e nce , ami d co nm ple m rmer i t (Fi gure 39).  These can be
emplo yed to create none complex shape ; froni in st a rce ~ of the pri-ni t ive models. For exw iple , a block ~‘ ith a hol e in it can be
fo r ced  by creating an instance of a rectangul a r paral le lep iped,
c reating ar instance of a cyl i nder , locating ~hn i r i n t a r ic e  of the
cylinde r so it passes through the para llelepiped in the required
posi t ion , and then subtract ing the cylinder fee , ” the pa ra l le lep i nod.
Al most all s 1apc descri ption syste m s that aspire to general i ty
provide operations for use in da ta in c u t .  E~a n l e s  include BDS ,
BUILD, EUKLID , GEOMED , PADL and TIPS .

For bui lding descr ipt ion appl icat ions , a genera l complement
operation may be useful as well. This concept is illustrated in
Fi gure 40. A set of rooms is located within a building shell;
their complement is then defined as the circulation space. This
type of facility is impl emented in OXSYS. It may also be useful
for some applica t ions to create objects composed of “empty space ”
by taking the compl ement of “solid components.

3.3.5 Ve~y H i gh Level Operations

The types of sha pe di scription operations described so far
are very genera l in their application and may be found in systems
oriented towards such diverse tasks as mechanical part desi gn ,
ship desi gn , building design , or image synthesis. The very high
level operations which will now be described are specificall y
applicabl e to architectural desi gn descr ipt ion .

The first , automated component dimensioning by location , may

:‘~~. i~aer , C. Eastman and M. Henrion , A Survey of Geometric Modeling ,
Institute of Physical Planning Rese i~~h Report No. 66 (Carneg ie~~Mello n University , Mar ch 1977).

93 C. Eastman , “An Interrogation Language for Building Descriptions ,”
in D. Hawkes (ed.),Mode ls and Systems_ in Architecture and L3ui l-
din~s (The Construction Press , 1975).
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Figure 39 . Spatial set operations.

Li
~~~~~~~~~~~~~~~~~

I
Fi gure 40. Use of a comp lemen t operation to create a cticul ation

space .
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be exp la  ~m r d  by re~ ’ r ” c r  to  r e  ~r’ : v ’  ous i _ b l ur! example.  As dis-
cussed , it eas r u  ten ‘is a rmeorce t r  r a l l  y para r ’e te r i  zed ob pect .
4 di t fe r em t type of p .nr ’e t enr i~ ti~ o eo n 0€ devu1o ~me d i f  the f unction
af the beam is me qnl! I cc r~ ,t r~c ’ i , ’a l . ~~~‘ s m n ~ng a particular
mea ter ia I a t ]  end cnndi f l o e s , tn is  fu ’u t ic’ n co uld be described by
nar a rmr e tr r ~ for load og arid span. Ev app1 ~/ i a  the laws of beam theory ,
the geometric pa r an e te r  could be it ’ r ived ow these fu nct ional para-
me ter ’, . Fur t hnnmo ,’e, ~ii ~imi ri a v e i l  i ~, m ;  mm bui lding ‘;y ’ .t em , the

f u n  t iona parameter’; car be j I l l  vi d d i rec t l y from COr iex t  parame —
ter~

, 1o,nrH binq the beam ’ s locat ion  w i th i n  che bui lding. [I gure 41
ill ustrates lie f low  of c ’ ne r a t i o ’c  in d e r i v i n g  a ; mnp le te qo ome tric
desc n ot ion of the beam sectio n . Ap rrt from eli _ kno Irl , c lass ica l
ene ri _ e r r  rmi etn ’ ids , very a u l a mid o ner i m e L ds of autom a ted
component dim ensionin g , a”e provi ded Lv nonlin ea r and dynamic program -
ml r m q  t’ chn i ques .~ Very ext e ns iv e  arid pawe rful automated structural
compone nts di nens ioninq faci l i t  lee a ~e coon i ’ t i l  e mc e e ted in the
H N E L L ~~’ conrut or -a id ed arch i tec; tur l design system .

a similar use c f  kne~ 1~ dqe ne t the rules of a building system ,
ver y hi gh le e] automa ted co ’ pu ’ : c r t  location ari d deta i l ing opera-
t io ns  can be developed . The mlX Sri system , for instance , automatically
locates b eam ’ s to suppo ”t a s l a b , autoe ,itica~l~ g i l ls in facade de-
tails , and details roof li gute o H  par t i t ion corners . Moore , Brotton ,
and G1over~~ ha’;e demonstrate d Fe w a fairly simple automated steel
frame detailing system car he implemented.

It is not difficult to wr ite ad -ho c automa ted systems for hand-
ling particular types of de r ails. More ir ’rort ant l y though , som e
genera l mathematica l theory for dealing with detailing problems is
emer ging. Nbst detailing proble m s can be conceived of as top-down
substitution opera tions , and formalis m s such as Stiny ’ s 4 shape
gramma rs can be used to describe context -determ ined substitution
rules

The hiqhest lev e l operation is au~o cma te d bu i ld in i  assembly.
This oper atlon begins with a description of the b uilding as an
asseni bla m e ~~ space and then empluv s automated component location ,
selection , and de tailing submodels to “fill -in ” the structure of
components required to realize rh at desi qo wi thin a particular
constructio n system . The same basic desi gn might be automatically
assembled according to several different cons truc tion systems , and

~. ~f . J . Mi tchell , Co ’uter Aided Or ni i tec ura l Des iqn ( [e t roce l  1 i —

Charter. 1977).

~~J. Jacobs Hrq , “Compute r Benien Aids few - Large Modu lar Bui ldings ,”
in 0. Hawkes (ed . ), Model s c m l  Sy stc ’ n n in /‘,rc t itect i re and Bu ll -
din g (The Const r ic t ion Pres s, 1d75 ’i .

~ M. G . Mow n , D. M . Brotton , and 1. Glnver , “Bea m [li t a i l s  far
Steel Framed Lu 1 dings , ” CAD 76 Proceed i q ’  ( IPC Sc ience arid
Technol ogy Press , 197f . 

-•

°~ G. Stiny , r ’ i c t c ’ r i a l  arid Forma l As~~’~ t at  ‘ ap e arid Shape G r a m m-
ars (Birkhaeus ’~r- ‘ I r  i c ; ,  1 isel  , 1 7~’)
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Figure 41. Example of an automated component dimensiona l process.
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the results critically compa red . This process of ,iuto rmma ted building
ass embly is quite directly analogous to the process of compi lat ion
of a progr am writte n in a hi gh level language. Efficient automa ted
building assemblers , which produce hi gh quality results , have been
i mp l enm en ted suc cess fu l l y in the HARNESS and OXSYS systems .

The very hi gh level operations of automated selection , sizing,
loca ti on , detailing, and building assembly are particularly rele-
vant to the Corps of Eng ineers , since a large an~ unt of information
about design rules exists in the form of the Corps ’ design standards .
Sec ti on 3 of Cha rles Eas tman ’ s report feasibijj~y_an d d  Proposed
Dpypj~pment of AEADS 11 98 discusses in detail how these standards
coul d be formalized for this purpose. It shoul d be noted that
appropriate formalization of the standards would support both
very hi gh level  des i gn definition operations and automated design
chec ki ng and evalua ti on by CAEADS . Some i nves ti ga tion of metho ds
for formal i za ti on has alre ady been i ni ti ate d w it hi n the SEARCH
development effort.

3.3.6 Defaults

If a value for a des ig n varia b le has not been entered , there
are two cho i ces :

a . Treat the va l ue of this variable as undefined

b. Assume a defaul t value unt i l such ti me as th i s i s ex pli-
c it ly overriden by the des igner .

The conce p t of a default is useful , and provis i on shoul d be made in
a building description system for extensive use of defaults.

The role of defaul ts is well illustra ted by the Building Opt i—
99m ization Program (BOP) implemented by Skidmo re , Owings , an d Mer ri l l

some years a go. BOP derived an outli ne descr ipti on of an of fi ce
building (number of floors , floor area , number of eleva tors , etc .)
i n res ponse to a se t of parameters descri b in g the site and the
econom ic context. In other words , it was a sim p le parame ter i ze d
model of an entire office building . A ll parameters had standard
defau l ts, and the model coul d be run initi all y wi th no or very few
user-defined parameters . As more information became available ,
add itional runs could be made with more user-defined parameters .
98C. Eastma riTTeasibility and a Proposed Development of AEADS II

(April 1976).
99 G. N . Harper , “BOP : An Approa ch to Building Optimization ,”

Proceed ings of the ACM Nationa l Conference (1968) pp 575-83.
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Thus , tue image of th e building was broug ht increasingl y sharpl y
into focus as knowled ge was acquired.

Among currently impl emented comprehensive archi tectural CAD
systems , CEDAR appears to make most elaborate provision for use of
default c .1~ In CEDAR , applications can be run in either “hypothe-
tical” or “exact” mode . In hypothetical mode , re l ev a n t curren t
default arid assigned values are displayed on the screen; the user
can edit these as desired , run the a pp l i ca ti on a num ber of t i mes
with different values , and output the results to working files .
When a sat i s fac tory se t o f values w i th res pect to the curren t
application is found , the designe r may attempt to assi gn these
values within his/her working copy of the complete building model .

The essential advantage of using defaults from the user ’ s point
of view , is that  a complete description of the desi gn or a part of
the design becomes ava i lab le  from a very ea rly stage , so that ana-
lyses can be performed upon it. The early description s are not
very accura te , but they become increasingly so as the concept is
refined and developed in detail . From the programmer ’s po i nt of
view , the ability to assume that a pro g ram w i l l  encoun ter a defaul t
rather than an undefined value can considerably simplify application
program impl ementation.

3.3.7 Structure of the Geometric Data Input System

F i gure 4 2 i l lustra tes the relat i ons be tween these var ious types
of geometric data input operations . The relationship can be viewed
as a h ierarc hy of models , each built upon the one below. The desig-
ner/user can po tenti all y view and operate upon a model a t any level .
The designer ’ s operations are shown in the left-hand col umn , and
the proc edures nee ded to su pport these opera tions are shown on the
ri ght. It is essential for the success of the CAEADS system to pro-
vide the full range of types of input operations to designers . In
particular , the very hig h level operations upon bu i ldi ng sys tem and
building type models are vital. A system which relies entirely upon
lower level opera t i ons tends to be cumbersome and ex pens i ve to use ,
and designers are unl i kely to feel comfortable with it.

It should be pointed out tha t the feasibility of all these
different levels of modeling has been demonstra ted i n im p l emented
systems . Eastman ’ s BDS system deals with shape primiti ve models ,
the OX SYS /DDS sys tems are bui ld ing sys tem models , and the HARNESS
hospital design system is a very complete and detailed model of a
par ti c u l a r  ty pe of l a r ge general  hos pit al .

~~~~~~~~~~~~~~~~ Serv ices Agency , London , 1977).
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Figure 42. System of geometric data entry facilities .
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Al though i t  is poss ib le to i “ p  I ement a system s i mm which the
building syst em i m and shape pr imi t ive def in i t ion procedures are f ixed ,
this wou ld not be satisfactory for the Corps . Prov ision must be
mad e for some level u -~ user to develop, ref ine , an d ex tend these

V 

procedures as required. The buildi n g syc 4.es description procedures
should not be thought of as defining the type of hi ghl y rationalized ,
closed component building syst oll p opular in Europe . These proce-
dures need only i r ,co r porat e current accepted pract ice in the user
office , or even of an ind i ,idu .ii desi gner. However , th e m ore com-
prehensiv e , r ig orous , and sys Lem .rtic the practices , the more power-
ful the procedures will he.

3.3.8 S~querm cin~~of InpuL Ope ratiorm s

Subject to natural log ical constraints , it is  essential that
the input system should a l l o w  maxi mn u rir freedom to input da ta in any
sequence convenient to the user. Most existing systems allow con-
siderable freed ormr in a “ iori.ard ” direct ion. However , it is much
more difficult to provide a convenie nt genera l facility for dele-
ting components or systems that have previously been located
in the description and r-ep loci ng them wi th something else. This
i s because an elemen t or sys tem , once located in a design , be-
comes embedded i n a com plex network of func ti onal de pende nc i es a nd
cons i s tency cons train ts .

The development of a generalized approach to building descrip-
tion editing, while maintaining consistency of the description ,
should at present be regarded as a research topic.

3.3.9 The Power Versus_ Gen e r a lj~~~~iestion

The very h i gh level Br iti sh systems tha t  ha ve been descri bed
are often criticized because they can only be used within rather
narrowly defined context’~ of building geometry , type , and me tho d
of con struction. Conversely, l ower l evel an d mor e general systems
are often criticized because they lack problem -solving power. Both
these cr i t i c i sms  m i ss the essent i a l po i n t tha t a tra de-off  u s u a l l y
must be made between power and generality . Newell has stated the
situa tion as follows : “A method has two sides . On the one hand ,
it demands certain information about any task to which it is to be
applied. This shows up in the “givens ” of the problem statement.
These demands for information m a y  be stringent or liberal . On the
other hand , the method delivers certain things in the way of re-
sul ts.. . or at least chances of resul ts... for various expenditures
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of effort. Again , it may deliver a lot or a little , and it may do
so with certainty or with plausibility , and cheaply or dearly. In 

V

genera l , the more information available the better the results tha t
can be obtained. Conversely, s tron g resul ts i mp l y stron9 inform a ti on
deman d s , and weak demands can yield only weak results .” lul

The onl y way to achieve both power and generality is to employ
the concept , repeatedly stressed in this report , of mul ti level models
an d a multilevel system to manipul ate them . The l ower level facili-
ties for input and storage of design data should be very genera l ,
and the hi gher level models s houl d take advanta ge of i nforma ti on
about specific problem domains to implement powerful , hi gh level  de-
si gn operations. Unique buildings of unusual character can then be
mriodel ed directl y using the low l evel facilities , while bu i ld i ngs of
a fa i rly sta nda rdi zed type can be modeled at a very h i gh level .
Par ti c u l a r  ins tances  of tha t type can be des i gned very rapidly and
efficiently using very high level operations . The choice as to
whether a design should be created directly using low level opera -
ti ons or by enterin g parameters to an avai la b le hi gh level model
shoul d be at the user ’s discretion.

3 .4 OUTPUT OF GEOMETRIC DATA

3.4 .1 The Process of Genera ti ng Output

The generation of output from the internal building descrip-
tion requires the followin g steps:

a. Accessing the building model to extract the required data .
Th is may involve retrieval , procedural expansion , or both .

b. Performing any necessary transformation upon the data ,
e.g., generating some specified kind of two-dimensional projection .

c . Out pu t to a gra phics terminal , plotter , printer , or file .

In principle , this p rocess allows a user cons id era bly more
freedom to specify output options than does a conventional drafting
system . First , a conventional draft ing System usually uses the
conce pt of draw i ng “layers ” to provide some measure of user control
over what information is to be involved in a drawing . Using a three- V

dimensional data base as described here permits exploitation of the
full richness of the indexing system in specifyin g a subset of data
to be ou tput . Second , most conven tional drafting systems store data
lol A . Newel l “A~tif icial Intelligence and the Conce p t of Mi nd,” in

R . C. Schank and K. M. Colby (eds.), Compu ter Models of Though t
and Language (W. H. Freema n , 1973).
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in the fo rm of particular two-dimensiona l projections and can only
output exactl y the same projections. A three -dinmensional data base
allows any type of projection with any desired parameters to be
~pecified. Third , most drafting systems are heavily device-depen-
dent , and nmany are marketed as hardware/softwa re turnkey systems .
A three-dimensiona l building descrip tion makes formatting data for
any desired output device convenient and simple.

Detailed consideration of graphics is beyond the scope of this
report , but several as pects of graphics have important implication
for the data base. These are discussed briefl y below .

3.4.2 Litera l and Diagrammatic Grap~j ç~
When graphic output is generated by providing a projection

di rec tly from the geometric descriptions of elements stored in the
data base, the resul t may be termed a litera l picture of the building.

Al ternat ively, a graphic code describing a conventionalized V

symbol for an elemen t mi ght be stored with the el ement. When the
elemen t i s to be drawn , this symbol is plotted at the appropriate
location , rather than a li teral project i on of the elemen t. P i pi ng
and wiring diagrams are typically produced in this way. This type
of output may be termed diagrammatic graphics.

An approach to graphic output production that is between
the literal and the diagrammatic has been implemented in systems
li ke OXSYS , wh ich approximate all building components by rectangu-
lar parallelepipeds. In this case , the projections of a component
onto the paralle lepiped faces are stored as shown in Figure 43.
High quality plans , eleva tions , and sections in planes parallel to
the faces can then be generated very quickly and easily, as i llustra-
ted i n Fi gure 44 . Perspect i ves , on the other hand , are l iteral pro - V

jections of the para llelepiped .

Arguing whether literal or diagranti~atic gra phics is better is
pointless. They tend to play different roles in graphic comuni-
cation , and ei ther may be appropriate for some particular purpose.
Ideall y, a building description system shoul d make provision for both
types.

3.4.3 Sectioning

The capabil i ty to section a building at any arbitrary plane is
an extremel y powerful aid to design visual izat ion , and provision of
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F igure 43. Projections of a washbasin onto surfaces of a surrounding
paral lele pi ped.
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Fi gure 44 . Elevation produced using parallelepiped method .
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a sectio n ing facil ity is hi ghly desirab le. A generalized sectio ning
facility is only po~~, it1 e  where a three-dimensional bui lding des-
cription is used . A rt j rt r c r , secti n~ canno t be produced by drafting
systems which ct,V . r Ve da ta in the form of i aye~ed two-dimensional pro-
jecti orr~ . The paral lelepi oed m ’eth uu as illustra ted in Figure 43
makes generating sections to any plane parallel to the par a lle lepi-
ped faces yen eon:!, but realistic sections to ang led planes are im-
possible.

3.4.4 Dimens momii n ~

Since a thre e-dim ensio cal building description inheren tly re-
presents all the dimensio ns of a building, it might be thought tha t
the problem of plot t ing wr i t ten di mensions on a drawin g would be
trivial. This is not so, because the choice of reference points bet-
ween which di mensions are taken requires knowledge of which par t icu-  V

lar dimensioning of an item will be useful to the architec t, builder ,
or fabricator who will ise the drawing. A draftsma n has this know-
led ge , but a computer inherently does not. However , information
about how dimensioning should be ha ndled can be built into procedu-
ra l  models as a pa rt of the building description.

3.4.5 Interactive Displays

The response of the interactive display is a vital factor in
the success of the CAEADS system. Architects will use the system
for design only if the display responds rapidly enough to al low
f luid and uninterrupted manip ulation of a design. It seems widely
accepted that no more tha n 4/5 seconds response to such basic ope-
rations as entering a command , selec ting an i tem from a menu, or
locating and object, is tolerable. However , there i s ev id ence
tha t architects using a CAD system will work at a very much faster
ra te if the system can support this. Monitoring of tapes of an
experienced user working with the SSHA system has shown a peak rate
of about 30 interactions/minute , and a mea n rate of about 15
in teraction -v /7m inute over an extended session.

Major factors in response are the hardware configuration ,
operating system , an d organization of the da ta base.

Arc h itec tural CAD sys tem s ha ve commonl y been i mplemen ted us i ng
storage tubes and a dedicated local minicomputer. In principle ,
this type of arrangement can provide the level of response needed.
The res ponse dela ys impose d by a large ti me-s har i ng system are
avoided and transmitting large quantities of da ta through a relati-
vel y slow line is not necessary .
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I

A SS ,J I Im q that a system is physically capable of providing ra-
pid response , the effici enc y of the channei of communication bet-
ween the data base and the display becomes ci-itically important.
Pap id interaction corn be supported by a display file containing
da ta base po irt ’~rs or names associated with part s of the p icture .
When an objec t on the screen is indicated , the corresponding poin-
ter is used to access the appropriate i tem in the da ta base . if
(as in refreshed or raster scan displays) the display file is
processed by hardware , no searching is required to find the pointer.
Alternatively, if the display file is processed by softwa re , the
picture mmm us t be sea rched to find the pointer. However , sea rch of
the picture can be accomplished very rapidl y in most cases. ’

~r V 1  ternativ e approach is to use the da ta base s spatial
in dexi r~ , searc h scheme as the channel of communication between dis-
play and da ta base. In this case , coordinates or grid references
input bj  the user are used in a searc h of the da ta base to find
the corresponding object.

3.4.6 Model Production

A complete three-dimensional description provides the poten- V

tial not only to genera te graphics , but also numerical control (NC)
tapes. Such tapes may be used to produce models of site topogra -
phy , building components , or even s i mplifi ed models of com p le te
building forms .102 Anot her a pp roach , wh i ch dces no t re qu i re access
to specialized production facilities , is simpl y to wr i te some p lo t-
ter software which produces annota ted “cut-outs ” on sheets of
paper. These are then cut and glued to produce a very accura te and
effective model extremely rapidly. This type of integration of data
base , graphics , and NC i s becom i ng s tanda rd in the manufac tur i ng
industry , and it has the potential to become an important aid to
arch i tects . It is a capability that cannot be provided by conven-
t ional d raf tin g systems .

3.5 STANDARDS AND CONVE NTIONS

3 .5.1 External Nam ing of Ent i t i es

The da ta index i ng schemes d i scusse d in section 3.2 have the
effect of assigning severa l different names to each distinguished
entit ’~ in a building description . The name of an entity within a
par ti cular index may be un iq ue , or it may be shared by a number of
102W. J. Mi tchel l , Computer A ided Architectural Desi gn (Petrocell i—

Char ter , 1977).
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other ent n tie s . Thes~i names are cneh interna lly by the system to
access entit ies. It is also essential to proviae a facility by
which a designer can access afl entity of interest by specify ing
one o f I ts names . The ext e rnal mi ami ng sys tern used can either be
f i xed and built into the suftwo ,e or user -defined , following some
speci f ied format.

The d i f f icul ty  w i t h i n  the building industry of agreeing upon
standard terminology suggests f i at  the first alternative is not
feasible. The system must allow for user-defined external naming.

The recommended approach to naming is wel l illustra ted by the
system provided for the OXSYS projec t component catalogue . At the
beg in ning of a pro tect , the user defines names for each famil y of
co m ponents , e .g. , columns , beams , etc . Within each famil y, a set
of subfamily names is then defined. As each component is entered
into the catalogue , it is assi gned a serial number within its sub—
fa m ily. Components are then identifie d externally by names of the
fo l lowing form :

( famil y name .> : <. s u b f a m i l y  name ~~‘ : K seria l  num ber > V

For exampl e , a part icular type of floor beam mi ght be named

BEAM : FLOOR : 15

Similar approaches can be taken to zone and administrative category
naming. Hierarchies can be deeper if desired , and numbers may sub-
stitute for mnemonics. V

The primary means of identif ying i tems spatially is by pointing
at them on a d isplay.  However , it is also possible to name spatial
cel ls , an d to access items spat ial ly by giving the cell name . This
may be convenient for some purposes .

Advocating a user-defined approach to naming is not intended
to discourage moves towards standard i zation of terminology . On the
contrary , provision of this sort of naming discipline would provide
natural  encoura gemen t for ar ch i tec ts an d en gineers to standardize
their terminology .

3.5.2 Metrication

Providing for potential change to metric units raises some
possibl e probl ems . These can be handled satisfactoril y if the
princ ip les o f modular , multilevel , procedural model ing that have
been advocated here are followed. Conversion routines can be in-
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troduced as required at the interfaces between orocedures , modules ,
an d levels.

3 . 5. 3 S~~pe Descri pt ion Standards 
V

There exists arm ANSI subcommittee (Yl4.26) which for some years
has been concerned with “Digital Representation of Physical Object
Shapes. ”103 This group has developed a preliminary proposal for a
starm dard m ethod of communicating information about the shapes of
physical components to manufacturers .

Since CAEADS is not intended for use in desi gn of manufactured
components , this proposed standard is not of direct relevance. How-
eve r, it should be noted that , at some point in the future , building
descriptions are likely to be del i vered to contractors in di gital
rather tha n drawn form . At this stage , ado pti on o f a sta ndard for
digital communication of building descripti on will become an impor-
tant issue.

3.5.4 Documentation

A number of different types of documentation must be systema-
tica lly maintained when employing a building description da ta base
in design. The most important of these are

a . Ex p l ana ti ons of comman ds and the i r paramete rs

b . Explanation of user-defined names for component families ,
zone classes , etc .

c. Definitions of properties which mi ght be assi gned to
entities

d. Descriptions of catalogued entities and the ways in which
they are parameterized .

Since a hig hly fl ex i ble , user-extens ibl e system has been ad-
vocate d here , it follows tha t it is highly desirable to provid e
powerful sel f-documentation facilities as part of the system. This
has been done i n several current sys tems .

lO3Amer ican National Standards Institute , Subcommit tee Y l4 .26 , “Digi-
tal Representation of Physical Object Shapes ,” American National
Techn ical R~pprt (January 8, 1 976).
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The Evans and Sutherland Desi gn system provides a particular-
ly elegant command documentation facilit y . Some examples of out-
put are illustrated in Figure 45. Figures 46 and 47 illustra te
the type of docume n tati on forma ts for names , properties , an d com-
ponen ts tha t are used in conjuncti on w i th OXSYS . The OXSYS system
has the capability to store this type of documentation inter nally
and generate documentation reports as required (Figures 48 and 49).
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4 OVERVIEW OF AV ’ V~ ILA BLE SYSTEMS

4.1 GENERA L CATEGORIZATION

Chapters 2 and 3 provided an overview of the main conceptua l
and technical issues that shoul d be addressed in implementation
of the proposed CAEADS data base system. This chapter surveys the
broad range of existirmg sjstems that might conceivably be employed
by the Corps of Eng ineers for this purpose. The purpose here is
to narrow the field and provide a context for the detailed evalua-
ti ons and reco mm enda ti ons con ta i n e d i n Ch a p ter 5 .

The systenms that were surveyed were found to group na turally
i n to the f o l l o wi n g general ca tegor i es:

a. Genera l implementation tools

b. Drafting systems

c . Three- d imens i onal i mage synthes i s sys tems

d. Surface descri ption systems

e. Pol yhedron description systems

f. Network data base systems

g. Polyhedron da ta base systems

h. Mapping and si te description systems

i. Specialized comprehensi ve architectural/architectura l en-
g ineering CAD systems

j .  Generalized architect ural/architectural engineering CAD
systems .

4.2 GENERAL IMPLEMENTATION TOOLS

The evo lu ti on of general data base i mp l emen ta ti on tools was
descr ib ed i n section 2.2 .1 . The di scuss ion bel ow is i n terms of
the classification tha t was developed there .

4.2.1 Lower Level General -Purpose Programming Langua~~~

Many l ower level general -purpose programming languages have
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been devel oped , but FOR I RAN and COBOL sl Vr u. ngl v dc~r,i na~.e in their
re spC y S iv I -  fields (ALGOL is not comm onl y used or widely sunpor ted
i n  the United States). With the growth in po nu larit y of minicom-
puters , BASIC and APL have been increasingl y widel y used . How-
ever , because of the tradition of use of FORTRAN within the Corps
of Eng ineers and the large pool of engineers , arch it ec ts , and
application programmers who know FORTRAN , i t seems cer ta i n tha t
if ~ language at tois l~ vel is to be used , it must be FORTRAN.

4 . 2 . 2  Extensio n of FORTRAN for CAD

The data structu ninq facilities of FORTRAN are limited to
arrays of fixed dimensions . This is entirely inadequate for any
kind of sophisticated computer -aided desi gn application. Thus ,
a number of snhro utine packages for extending the data structu-
ring f a c ili ti ~.s of FORTRA~J 

have been implemented. Typica l exam-
ples are SLIP and WORM. ~

SLIP adds in-core lists to FORTRAN. WORM , implemented on a
PDP-lO by the Ed inburg h Computer Aided Ar chitectura l Design group,
supports the in-core data structures of the SSHA housing design
sys tem . It emp loys a data structuring concept essentially simi-
lar to the plex. However , this type of package only addresses
one of the several deficiencies of FORTRAN .

A second defic iency of FORTRAN in most implementations is that
1 can only read and write sequential files. This problem can be

solved by providing a set of subroutine calls from FORTRAN to mani-
oulate structured files on disk , or by enhan cing FORTRAN by additio-
nal sta tements for this purpose. In response to this and other
needs , a r:umber of qenera l systems for implemen ting civil eng ineering
CAD systems were developed in the 1960 ’s and earl y 1970 ’s. These
systems typically included some version of FORTRAN extended in this
and other directions. Probabl y the best known and most widely used
are ICETR .AN , emhedd~~ in the ICES system ,105 an d GENTRA N , embedded in
the GENE SYS system .i V. Typically, these types of languages are pre-

lC iu.J. Weizenba um , “Symme tr i c L i st Processor ,” Commun ications of the
ACM , Vol 6 (1963).

1OS NITliardet , WORM : A Data Structuring System for FORTRA N, Edin-
burgh UniversTf~T Cnm puter Aided Architect ura l Design (September
1976).

106 D. Roos (ed . ) , ICES ~ystem Genera l_ Descrip ti on , MIT Depar tmen t
of Civil Engineering Report R67-49 (1967).

107 R. 0. Warrender , ‘GENESYS: A Group of Papers ,” Compu ter Lan gua-
~~~ for Buijg_j~~, CIB Symposium by Correspondence CIB W52,
Budapest (1975).
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compiled into FORTRAN , and then the FORTRAN is compiled in the normal
way.

A more recentl y developed syntem in this tradition is 1ST , wi th
the associ a t ed ISTRAN language , developed at the Technis che Univer s i-
taet Ber lin.~e This was developed initially on Siemens m achines ,
and an implementation for IBM hardware is also being produced .

4 .2.3 Genera l ized Da ta Base Ma n~~ement Sys tems

As the technology of handling large , complex disk data bases
has developed, the concept  of a generalized da ta base management
facility has emerged. There are two basic types of such facilities :

a. Host language systems , which are used to extend the da ta
base management capabilities of languages like FORTRAN

b. Self-conta i ned systems , which aim to handle a range of
data base functions in such a way tha t procedural progran riing in
a language like FORTRAN is not required.

A typical exampl e of a host lang uage system 10
~ i s IMS (I BM

Corporation). Some typical self-conta i ned systems110 are MARK IV
(In formatics), TDMS (System Development Corporati on), and GIS
(IBM Corporation).

Typically, generalized data base management systems provide
facilities for

a. Formatting records

b. Defining either hierarchical or network file structures

c. Access ing da ta

d. Sorting , fnni ;ritting. tabulating, and generating reports .

The concepts of very high level data definition (DDL) and data
manipulation (DML ) languages are implemented in many systems .

The major advantage of using a generalized da ta base management

~~~~ H. Kloti, Repp rt on Some Intern at ional CAD Systems and
Activities (October ~~~~~~109CODASYL Systems Committee, Feature_A~~~~~ s o f Genera li ze d
Da ta Base Management Systems (Associa t ion fo~~~~ 1puting -

Mach inery , May l971f
110CODASYL Systems Coriinitte .
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system is tb 1~~t the pV) ..J~~~~ V .~f the DDL and DML makes imp l e nen t i n g quite
large yster us quick and sio~ple. However , it is important to note
tha t da ta base mana gem ent nynte ms (DBMS ) nave developed large ly in
response to the demands of business data ~;roc e~~s i ng .  Cons~ructs
which are appropriate for business applications may not he especiall y
appropriate for implementing computer -aided archit ectural desi gn
sys tenms

As previousl y shown , th stored integrated model of a building
is likely to have a rather cor imp lex structure . Furthermore , it is
hi ghl y dynamic. Data are continually inserted and deleted in gener-
a lly hig hly unpredictable sequences and the fields needed in a
recor-’d may not be known at the outset (i.e., what attributes are
to be used to describe some entity ).

Ih tpiementing such a model using a data base ma nagement system
requires the structure of the model (i.e., the entities , attributes ,
and relations in w h i c h  it is expressed ) to be ma tched together
with facilities for defining entities , attributes , an d rela ti ons
provided by the da ta base management system. These facilities
i mpose a very definite “view of the world” , since the internal rou-
tines which process the data base (e.g., in order to get an i tem)
will be limited in number , an d wi l l  i m p l emen t par ti c u l a r  conce p ts
of structure and access method.

In computer-aided desi gn applications , the “view of the world”
imposed by a data base management system is likely to introduce
inefficiencies in the following ways:

a. The “natural” organization of the building model may
need to be “bent ’ to fit the data base management system

b . Acc ess v i a a DML , which takes its cues from a DDL tern-
plate , introduces additional table look—up operations , and hence
overhead

c. Use of fi xed forma t records (which is a commo n , though
not inevitable , feature ) leads to wasted space.

These inefficiencies may be quite acceptable in a business en-
viron m ner i t, where the objective may be rapid implementation of a
relatively stra i ghtforward inform ation system , on hardware with
am ple capacity , and by programmers who are not particularly skilled .
~o.iever , such inefficiencies are very likely to be prohibitive in
the b i ghl y interactive manipula tion of a very complex building
description on a small or medium -sized machine . In this latter
case , i t i s better to use a lo wer level  an d more gen eral i mp l emen-
tation tool , and to employ m ore highly skille d system designers
and programmers to produce a carefully optimized system.
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Questions of nhether or r :ot acceptaLi e r ff i ci e rny can be achie-
ved can only be final l y decided by detailed anal ,- is , simulation ,
or benchm~mrkin g . Su~:Im detai! ’~d sc ud ies are not within the scope
of~ this pro~ect . Howev.~r- , Inc expI~r~ence of the Cambridge Computer
Aided Desi gn Centre in irnp l e~-e rt i ri ~ UMS (a large piping design 

V

system~), strong l y supports t he ar~ ure nt  tie~t the advantages to be
gained from use of a DBMS to impl - -~ont a CAD system must be paidfor by substa rm ti ai (and probabi v ~nocceptab le. in  the case of CAEADS)
losses in e f f i c ie ncy .  

V

Some relevant examples of appl icat i urL of the generalized data
base management -~yste~r m appro ach tc~ i : V~p l e m e n t a t i o n  of CAD and info r-
nation syste is in architectu re and ‘~elatcd fields are

a. Applicat ons te handling lance programmatic da ta bases
for interior space pla nr m ing

b. The PDMS System for des cr ibing and desi qe ing large piping 1com p l ex es , developed at the Cambri uc~- Computer A ided Design Centre 1 2

c. The L i~ eric k systemim , e~pioyed by Bechtel o~er Corporation 113
for handling engine i ring co nstruc t ion managemen t da ta . This has
been impl emented using Honeywel l ’ s lOS da ta base management soft-
wa re

d. ARIANE , an interactive building produ cts informa tion sys-
tem nm aint ained by the French Technica l Assistance and Documentation
Center. The system stores data reference codes which index a
m icrofiche sys tem .

A comprehens ive comparison of general ized data base management
software cannot be attempted in this study , since there are
literally hundreds of different data base -aragement systems in

1WW. J. Mitchell and J. Ranier , “Space Planning, ” in J. Gero (ed.),
Compute r Aj2plications in Ar chitectural Practice (Applied Science ,
1977).

112 R. G . Newell et al ., “The Desinn of Systems for CAD ,” in J. J.
Allan (ed.). CAD ~y~~~ms (North Holland , 1977);  Ch em i cal Engi nee-
ring Group, PDMS : Technical Information Booklet (Computer Aided
Desi gn Cen tre , Car ibridge , England, unda ted).

113 R . A. Easton , Ove rview of the Limerick Da ta Base Management
~ystem (Bechtel Power Corporation , December 1975).

~~~~~~~~~ Da ta Sys tem, Centre d’Assistance Technique et de Documen-
tation (CATED) (undated).
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operati~~n. rho best bas ic references for further details are listed
below . - V

4.2.4 Hi 9her Level La~~ua ges

The altern ative to employ ing a language like FORTRAN , suitabl y
extended , is to use one of the availabl e higher level languages
which integrally incorporates many of the necessary features.

Many of these are ALGOL-like , for example:

a. PL/l , developed and supported by IBM. Its very exten-
s i ve fea tures a re documente d i n numerous tex ts , and need not be
described here .

b. ALGOL 68,115 orig inally specified by an internationa l
committ ee as a suc cessor to ALGOL 60, and now ava ilabl e in a
number of implementations. It has been used successfully in
geometric model i ng applications (see section 5.2 .5).

c. PASCAL ,117 ano ther successor to ALGOL 60, developed in
Switzerland. A standard PASCAL has been defined , and there are
implementations of various versions.

d. SAIL ,18 developed at Stanford University for artificial
intelli gence application. It is notable for inclusion of LEAP
data structure facilities , and for excellent graphics capabilities .

115 CODASYL Systems Committee , ure. ]ysis of General i ze d Data
Base Management Systems (ACM , 1971); C. 3. Date , An In troduction V

to D~ base System~~~ dd ison-Wesley, 1975); R. Ashany and
M. Adamow icz , “Readings in Data Base Systems ,” IBM Systems Jour-
nal , No. 3 (1976); and 3. Martin , computer Data Base Organization
~~ en tice-Ha ll , 1975).

van Wijngaarden et al., Revised Report on the Al gori thmic
Lan guage ALGOL 68 (Springer-Verlag , Heidelberg , 1976); 5. Bourne
et al., ALGOL 68 Reference Manual (Computer Laboratory , Cambridge
University , 1974).

17 K . Jensen and N. Wirth , PA SCAL: User Manual and Report (Springer-
Verla g, New York , 1975).

11G W. M. Newman and R. F. Sproull , Pr i nciples of Int eract i ve Compu-
ter Graphics (McGraw-Hill , 1973); K. A. Van lehn , “SAIL Use r
Manual ,” Stanford Computer Sciences Reports STAN-CS-73-373
(Ju l y 1973).
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e. EULER ,V -, has been i nmpl emen ted ( in  an in  t e rp r et ~ d version )
at the Uni v- rsi ~ y ot U t a h  i n  a version called EULER—G. This has
outstanding graphics ca pabilities , and has been used for imple-
mentation of ar experiment al building description system.121

f. AED ,122 was ori g inally developed in the MIT Com puter Aided
Des i gn Project in the 1960’s , and a version is now marketed as a
genera l system building language by Softech of Wa l tham~ MA. It
has very po .2rfu i da ta structuring and input/output (I/O) facili—
ties , making use of the plex concept. Compilers have been develo-
ped for IBM 360/370 series machines , the CDC 6000 series , and the
UNIVAC 1100 seri es , and cross-comp i le rs are ava i la b le to a num ber
of other machines.

In addition , there are some advanced languages specifically
intended for use in intera ctive develop m ent of complex models.
Among these are

a. L* ,i2~ a language incorporating some very powerful modeling
constructs . A definition is avail able , and an implementation was
produced on the Atlas system at the Cambridge University Computer
Laboratory . However , there is no currentl y ava i la b le comme rc i al
implementation .

b. The Evans and Sutherl and Desi gn System , 24 an extensible
l a n gua ge , wi th a synta K based upon the concept of an operand stack.
Implementations have been produced for PDP-1 l minicomputers , and
are commerc iall y available.

~~ N. W i r t h  and H. Weber , “EULER : A Generalization of ALGOL , and
its Forma l Definition ,” Journal of the ACM , Vol 9, nos. 1 and 2
(January and February 19661.120 W M. Newman et al., Progra mmer ’s Guide to PDP-lO EULER (Univer-
sity of Utah , Division of Computer Science , Jun~J~7i~Y.3. Mi tchel l , “Vitruvius Computatus ,” in 0. Hawkes (ed.) Model s
and Systems in Architect ure and Building (Construction Press , 1975).

1. Ross , “The AED Approach to Generalized Computer-Aided
Des i gn , ’ Proceedings of the ACM National Meeting (1967); D. 1.
Ross and 3. W. Bracket , Au toma ted Eng i neer i ng Des i gn (AED) Used
for Graphics (Softech , undated); and An Introduction to Features
and Uses of AED (Softech , 1975).

123 j  C. Gray and 3. Tomlinson , L *P rogramming Gu i de (Applied Research
of Cambridge Ltd., 1974).124 The E & S Des i gn System (A Brief Preliminary Description ) (Evans
and Sutherland Computer Corporation , August 10, 1976).
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The basic advant . qes of using any one of these languages is
tha t , in p r ;ncip l c, t hey a r e  mrruch bet ter  sui ted to the task of
implementin g complex neomn etric muodels tha n extended versions of
FORTRAN some so no so than others ). Program ims can be imrrple mnented
mimore raF i d l v and w i t h fewer errors . Code is likely to be more
log icall y struc tured , more cormcise , an d more com prehens ib le .
Howev er , there ace some im portant potential disadvantages to con-
si der:

a. Implemirenta tions are not available , in mnost cases , for  a
wide variety of different types of hardwa re . In particular , mini-
computer impl ementations often are not available.

b. Support may be difficult to obtain or guarantee . PL /l
is well supported by IBM , an d AED and the E & S Desi gn System
are supported by their ori g i na tors , but the rest seem likely to
present difficul ties.

c. With the exception of PL/l , they are not widely known in
the United States.

The best availabl e genera l sources for further data and des-
criptions of additional alternatives are listed below .125

4.2.5 C~~prehen sive CAD Implemen ta t i on  Systems

From the earl i es t days of CAD sys tem develo pmen t , it was
realized that the impl ementation of almost any fai rl y ambitious
CAD system could be greatly facilitated if certain basic imple-
menta tion tools were available. 126 Th i s conce p t has led to the
development of a large number of comprehensive CAD impl ementation
sys tems . Mos t of these systems fea ture some or all of the
follow i ng:

a . A command decoder or problem -oriented language (POL)
interpreter

b. A programnii rm g language (either FORTRAN , some form of
augmen ted FORTRAN , or a hi gher l evel language)
i~3~T Samm~~~~F~gramm ing Languages (Prentice-Hall) (This survey

is periodically updated by art icles in the Communications of
the Association for Computing Machinery , mos t recentl y in
1 977); and W. M. Newman and R. L. Sproull , Pr i nc i ples of

12 
Interact ive Computer Graphics (McGraw-Hill ,l973).

~~~~~~~ 1. Ross , The AED A pproach to Generalized Computer Aided
~~ j gn , MIT Report ESL-R-305 (MIT, 1 967).
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C . S o b  is t i c a t e ci ca ta  S t ruc t u r ing  and :Iana5 n’i t~ f a cilities

d. A g raph ics  SY S I .C II

e. An t r r o - — O a r m d l  i r ig recur’  r - , a n d i r m c ’ ~’ ln i ty  system

f. An n verl iv or v i rtaa l r’ei ;,crv system for V~~Jg r a ! rs

g . So ir re ~-ia~ of i i  nd l j i g  proq;,i sod 1 I i  cation ari d recompi —

lat ion a i t n o Lt  re u i r im rg  i - < l r ’ s i v e  rel in~ irg .

During the l 460 s ari d ea -ly 1970’ s , con~ ider rUl e effort i’as
devoted so the deve~~-srne nt of impl ement a t ion system ims oriented to-
la r d s  Cl~V i l  enr~r n .e ~~rrg appl i c a t i o nc . Two tha t have beer widely
used are ICES ,~ U , V ,e l G ncd  at M IT , ar d used to imp lement such
w e l l  _ f r ~~~~~V I rj  syste ms as STRU DL and COGO ; and G EN ESYS ,128 a similar but
more rec~nt s y V :tn:; developed in Bri tam . . Another similar syste m ,
1ST ( Informat ionss yc te imi Techr -i i k ) ,  

~~~
‘ is currently unde r development

at Berlin T i -~chn ica~ U n iv e r s i t y  in ~ermany.

The very large product icn CAD / LAM systems used by some automo-
b i l e  and aeros pac a f f  eric al sa have sets of general implementat ion
fac i l i t ies  at their core . ~wo of  the r:ost important of these large
systems are CADANCE ,~~ wh i-s t- was developed at the General Motors
Technical Center and employs PL/l in conjunction with Dodd ’ s APL
(“ app le ’~~ ring data structure p m -e:essor ,131 and MCDONNELL DOUGLAS
CAD/ CAM , developed by McDonnel l Douglas Automation in St. Louis.

Extensive use of CAD now a lso  takes place in ship des ign . In
the United Sta tes this has given rise to develop m ent of COMRADE ,13~the Computer Aided Design Environ m ent project established at the
David W. Taylor ~-:val Ship Research and Development Center in

127 D. Roos (ed.), iCES System_Genera l Desg~~p_tio n , MIT Department
of Civil Engine ering -sport R67—49Ji~67).

~
8R. D. Warren der , “GENrt !S : A Group of Papers ,” Computer Langua-
ges for Building CIB Syr -~

- s iumr 1 by Correspondence CIB W52~~Budapest (1975).
‘~ L. H. Klotz , Rej~ort on So ne International CAQ~ysterns_and Acti-

cities (October 5 , 10/b ) .
13° W. Ga~ th , flesi gj~ Conso le Technoj09y at  General Motors (GM Manu-

factur ing Developmnent , July 1974).
131 G Dodd , “APL -— A Lam igu a~ o for Assoc ia t i ve  Data Handl ing in

PL/l . “ Procee d~~~~ of the Fall Joint Co~Ruter_Conference (1966).132 J~ L. L a v i c i - , /~ kin~ ~na bics Work , paper presented at the
Third Annual Co nfe r n ’ nce  on Computer Graphics. Interactive Techni-
ques and Image Processing, k : r i vers i ty of Pennsylvania (July 1976).

33 1. R. Rhodes , “The Computer -Aided Desi gn Environment Project
(COMRADE), ” Proceedin~js of the National Computer Conference (1973).
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support of NAVSEC’ s Computer Aided Ship Desien and Construction
(CASDAC ) pro ject. COMRADE is one of the most extensive and ambi-
tious systems yet developed. Figures 50 and 51 illustrate its
operation schematically.

Three of the most interesting recent examples of new general
CAD imp ler r rermtation systems are

a. IDAS ,131 the Integra ted Desi gners ’ Activity Support System
developed at IBM’ s Tokyo Scientific Center , which is notable for
its use of the relational data base concept

b. REGENT ,’3~ developed at the Nuclear Researc h Center in
Karlsruhe , Germany . REGENT empl oys an extension of PL/l called
PLR , and is oriented towards interactive graphi cs use. Essentially,
it appears to be an updating of the basi c ICES concept.

c. A system developed at the University of Tokyo , by a team
headed by M. Hosaka)36 This system employs an APL -like interactive
language called GIL.

Probably the only current implement ation system specifically
oriented towards highly interactive graphi c manipulation of a lar
and complex data base in a minicomputer environment is OXSYS/BOSV)
This system extends FORTRAN with a very flexible plex-like data-
structuring construct and provides graphics , error handling, secu-
rity and integrity , command decoding facilities , and a suitable
operating system environment. It is designed to avoid , as far as
possible , introducing the kinds of ineffi ciencies which characterize
da ta base management systems (by employing variable format , self-
describing records , and by not using a DDL). It has been employed
so far to implement several versions of OXSYS , and a polyhedron data
base system .

Table 6 coompares the basic features of several representative
general impl ementation systems .

1 3’-.H . tla tsuk a , 1. Kawa i , and S. Uno , “Integrated Desi gner ’s Activity
Support System for Architecture ,” Proceedings of the 1975 Desi gn

- 
Automation Conference (1975).

13
~~K Le irem ann and E. G. Schlechtendahl , “The REGENT System for CAD ,’

in J. 3. Allan (ed.), CAD Systems (North-Holland , 1977).136 M Hosaka et al., “A Software System for Computer Aided Activi-
ties ,” in 3. 3. Allan (ed.), CAD Systems (North-Holland , 1977).137OXSYS -BOS: A Short Technical Descri ption (Applied Research of
Cambridge Ltd., May 1976).
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The cmt o i co of a c I’ ~Pral ii ~mn1 em ent atio ’ too i obviou sly I nvol i ’~
hro ,i ik’r con S 1 1~ - t iuns Wi Lb i l l  the C~ E. PDS di ~‘-~1u~ - ‘. en t  e f f i rt  than
imple i cr ltat ion of the dat~ ise . c- .-,~ v~ r , da ta base im pleme ntation
will mn a ke V e r y  St” f l r~q dc ’ -~or ’di :,)OI t he ~‘ -r .er ii l im’ i plemeritatmon sys—
tem im . ~nd cho ice o~ th - wro n t ) V l C~i J 1  I 1. V 4 C’

’
~~~ 7 crippl e the  da ta

base i’ uples P n i t - ,, tion F ~f n~- i  -

[h- task of ir ;~~1e r - i C n t i r i J  t t l I ~ CA FAI11 1 da ta ta isni
rized as or. ” et  t i i t 1 y  C ’’ c r s - r~ i r w l o r s e r t a t  ion oi a ~-~r’Je a d  c om-
plex d a t - ~ base. ~~~~~~~~~~~~~~~~~ on a f a i r l y  ~V a l l  V a ( f l ~~ e .  T hiS Suggests
th .it fL~eJ- r~- ,t flU! ‘ s , and access via 1)N~~’ s shauld be avo ided ,

s r  spee.~ did s imp l ici t / of i’nt l emne n tation that these faci —
1 i t ies can ~rov i - 1€ .

A m r - leer o~ 1 anq id ~es ~
-
~
‘- I’ t mr -ev 1~- f ex i bl e and powerful da ta

St r U V tur ing ,i’~d disk i’~pc t /  - - t ~ 
-
~~~ f~ c 11 i ties ‘ -i -~‘e been ds- ve loped ,

and an ,  one ef  S hes e miIlht i t  cr1 r d  pie be used to produce an
ef f ic ien t  II~p l t ” -~ ~it io r’  o~ t n t .’ pro ;osed dat a base ~yste m wi th  a
reasonable , m s e u n t  of progr- ii’ i ny e f f o r t .  Hc i i ev - r , she di f f icu l  t ie s
which : - t € . t i a l ly  can ar ise in obtaining and support ing an imple iren-
tat ion if ar unusual lang uage ~fi o I m ld be noted .

A secon d ‘.ia ble a l t e r n a t i v e  is to employ an implementation sys—
temn i~~~i~~~ r extends 9bT h~~V 1 I  in as pro pr iate ways , while avoiding
~~~~~~~~~~~~~~~~~~~~~~ Of unacceptab le  co m puting overhead.

4.3 DRAFTING SY~TLMS

-
~ .3. 1 ho Concept of a hc~f irio ~~~~tem

A comput r - has ed  draftin g system is essentially intended for
i i l i h r ml a tion and production of two—dimensional drawings such as
maps and eng ine ering and architectural drawings. Althoug h most of
these systems in ternal ly  store the data in two-dimnensional coordi-
nate form , some of the mo re advanced systems have facilities for
generating projections and sections from three -dimensional coordi-
nate data . Since the stra ’eqv of upward -enhance ment of a drafting
system into a building descr iption system is sometimes attempted ,
available drafting systenms are discussed in this section.

The basic constructs used in most drafting systems are as
fol l ows : 138

138Draft R ~p~~Fof the Drawi pg Sys tems Survey for the Proper ty Serv i ces
Age ncy (Applied Research of Cambrid ge Ltd., January 1976).
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a .  b u - I C  ~p .p hi c - ,: t he cO r : : - .~~ m g  m i n cm a n is l i s that en-able a
ms~ch m e I 1 r r’V~ ~IU hi s Oi es r dr~r-j ng func t ions . he ., i rd ude
the dr - es int ~ ef a 1 i rie fr - ai i m A ~ 13 , t r e  m a r - ~ir; g of the per to a cer-
tain l o - ution -,-,i L i o . e  d r - uu ~ a 1 icr’ , tue cr-oice of a line in terms
of line t - hi c~ness or l i ne  type (d~shed , d. tt ’d. etc.).

b. Prim iti ves : the -i- ~~~ - V i r i m S : e  t o )  d raw ing  such simple qeo —
i,etric f orm ’ :  - -a s - -s tang € 5 ,  c i ’  los , a r - _ s  , I~~ ‘ mm - a l s -

c. M~~m-c- - : co- iLi na t ons cit basic qt ’e p h i c s  and p r im i t ives ,
defined as reusable sub~ ictures w i  cc can h . indepeneent ly manipu-
lated (fo r~ e x a l l I l o , rota ted and l o ca  t e d)  . The -sor icep t of mm m a cros is
useful as th~ 

-
: rot l r- -iel u possible €~.iuiva t ermce between building

component s aid their ~~e - I 1  ter  gr - -i i h !cs .  Ma c ros m a y  a lso be unloca-
ted repres entation s of such h o i i d H q  pa r t s  as doors , w i r j c vis , wa l l s ,
etc. , or more d!iS t ruct  do f~ o i ~ions , such a -

~ 
- n tri l i~ ng dimensio-

nal grid for a b u ilding, wi t h in ~- i i c h ot i er VV V~~CrOS cc p r im i t i ves
are located. Mac re-h c,a r be nested .j thin ouch other so that one
subpicture se -v c o m - - i s  t of a spec if ic  ar -r erqr -s: ent of otner macros.

d. Lj,ers : a se -me s of suL ’ p ic  t urOS or - :~cr-es representing
differen t subsets of the tot al pi cture information which may be
reproduced independentl y. For exa sple , it may be desirable in
mapping to draw contours w ilio u t roads or vice versa . In other
words , the da ta about reeds and contours are classified as diffe-
rent layers and one or both nay ire selec ted . Tt~ concept of laye-
ring picture info rmat ion can introduce a .:nange of e mphasis from
simpl y using the computer to care’, out tasks of drawing assemblies
of su bp ic tures , primiti ves , etc., to a situation where data about
a building can be classified into diffement layers and reproduced
onl y as required .

e. Associated data : noti - V ;Cn oetric inforninat ion such as type ,
cos t , or serial number associat ed with a building element repre-
sem ited by a located instance of m acro for the purpose of genera-
tiny schedules . etc .

4.3.2 A rch i tecc ure l flrci fl.9 tn/Sçhed lJ~~~~y stem s

Implementing an rc r i i s ec t ~;ra l uraft ing /schedul ing system fo l lo—
wi n s these princ ih ie s is stra i gotforwa rd , an d quite a few such
S j 5 t (~1 r 5  b -we been ViL ’veloped . The followin g is a representative
(though certainly not complete) l ist:
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a. C-e’pu ten- Servi ~e I nc. ,~~~~ a ci u - i  rmput sys rem for produc tion
of -iork ng j i j~~~ ’ ngs

b. ARK V. ?,u I L a mi n ic ummp u t e r _ ~,~ ed in to - iCtiv ’ gi-ap hi cs system ,
co :~m e rc iall y -marketed as a ha rdware i dl wa re  turnkey system. This
systems incl ujes a set of architectur al application programs in addi-
tion to dr aftim i y faciliti e s , and appe~rs to make some effort toint eqrate data . It also has a three -dimens ional display package ,
which is d isc r :s sed  in sect io n 4 .4 .

c. CARB S,i
~ a British batch systeP used for working drawing

production , sched ’~1e generation; and bill S of quantities. Th is  is
one of the most ambi tious arid p~ ’ierfi.l archi tectural drafting/sche-
dul inq systems currently in producti on use.

d. Morg ane lli-Hcu: ’ann ,142 an efficient miniconmputer -based inter-
active b--aph ics system used by Mo rq anne lli -Heumnann and Associates of
Los Angeles for interior space planning de sign , drafting, an d sc he-
dul ing.

e. 1~ -‘C ,”~ an extensive and ambitious interactive system
which was or iginall j :levelopr’d for interior space planning drafting,
but which has also bee ’ used for architectural and eng ineering
working drawing production. It integrates severa l additional appli-
cat i ons .- ‘ith the graphics data base .

f. Canadian Department of  Public Works ,144 a drafting/ schedu ling V

system : for building design and space management using the GRAPL
language developed a ’ Bell Northern Research. This system integra-
tes schedul in g and cns ’ing applications with the graphics data base.

g. r,S~ V: Go~i.-r -n:ie r t Archi tect ,145 a comprehensive building documen-
tat ion system in ’ ’ ided for use by the New South Wales (Australia)
Governrent Archi tr~ ts Department.
~~~~~~ ~~~~ ~t i , t Ia t m~~r Augmented Drafting System ,” in W. J. Mi tchell
(ed.), V

r ) C ,~~,d 1 ,f l c  of the EDRA 3 Conference ( UCLA , 1972).
-~~/ ‘~K~~ .)o~is ion Graphics , unda €~~T.P. Pu rce ml , “Comput er Aided Archi tecture in the United Ki ngdom ,”

in N . Ncnropon ttt (ed.), Computer Aids to Desi gn an d Arc hit ecture
V 

(l etr ecel li -C har ter , 1975).
- - ‘ i . J. Mi t hell and 3. Hamer , “Space Planning, ” in 3. Gero (ed.),

V Lojpputer i~p lica ti ons in Architec ture (Applied Science , 1 977).
MAN-MAC ~ystema Description (S.L.S. Environeti cs , Octo ber 4 , 1974).

4— J. K. Robertecn , “A Gra phics System for Building Design in the
Cana di a n Governmen t ,” CAD 76, (TPC Science and Technology Press ,
1976).

‘~~H. Blu e , “Co r tract Documentation of Dimensionally Coordinated
Bu i ld ings ,” OMG -DRS Journal , vol 8, no. 4.
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h. TE QUILA , ‘a dr - f t - n i :, - 
‘ ‘i -d o lin g and de ta i l i ng  system for

use in design of steel_ fre ed r u i 1l i n ~ts , de-~eloped and marketed by
the Societe Met alL-r: i qur .i’ E lalia (h°MEL), in Fra nce.

4 .3 .3  Genera l- ° urpose urnkry Drat t i  eq fy s t e miis

In addi t ion to the specifically architectura l drafting/schedu-
l ing syste iso described ahc ’v’ , a lar ge number of general-purpose
drafting systems are m arketed us turnkey hardwa re/software systems
both in America and abroad. Aitho uqh a particular system mi may em-
phasize some spec ial fea tun V e , most systems in this category seem
roughly comparable , and seem capable of handling architectural dra f-
ting/scheduling. They tend to be rather expensive however , and it
is noteworthy that t hey appea r not to have penetrated the architec -
tura l market significantl y.

The following firms marketin g draf ting systemm is of this type
in the United States were cor: ’. ,- : ted ii this study :

a. Applicon , 154 ~1i ld1 esex Turnpike , Burl i n gton , MA 01 803

b. Auto-Tro l ~n rp , 565U ii. Pecos St , Denver , CO 80221

c. Calmna , 707 ‘life r Road. Sunn yvale, CA 94086

d. Computer vision , 201 [iur lin ss on Road , Bedford , MA 0 1 730

e. H. Dell Foster, P.O. Box 32581 , San Antonio , TX 78216

f. Info rmation Displays i rmc., 150 Clearbrook Rd , Elmsford.
NY 105/3

g. Manufacturin g and Consulting Services , Inc ., 3l95A Airport
Loop Drive , Cos ta Mesa , CA 92626 (AD-2000 System)

h. M ~ S Comput ing, P.O. Box 5183, Huntsville , AL 35805
i. Synerconi Technology , 6300 Hi llcroft , Hous ton , TX 77036
j .  ~J anq Laborator ies, Indust r ial Ave . Low el l , MA 01851
Accurate details of bet-i lho~e systems handle their data bases

are extremely difficult to obtain. However , the ava i la b le ev i-
dence suggests tha t this type sf systemu would not be adequate for
impl ementation of the CAEADS da ta base , since their representations
of three -dimensional objects arc geometrically incomp lete , and thus
they cannot support the fu l l range of app lication s.

1~~L~~~~~~l~~j , Repo rt on Some International CAD Systems and
A ctivities (October 5, l97~).
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A good te ’ .t of tn -me i m ~’~ i ,iet r mc c n r p ! e  I - n ess of ~ n,r; resentation
is whe :h -m it c m ’ support f e l l ,  a u t : ’ - , t ic s e c i i o n i n m g  of a three —
dii :-:enms i cinul objec t ma , am arH tr -an -y plane pa ssing U-rough the object.
T he : C me : - i : - mt e rv is ieni and Appl ico rm s y s t i - n i s (two of tri o lea leru)  re-
quire the O l - ’ r i t o r  to man ual - cOn me 1~c t  u: intersection points in
correc t sejuence in ordem In f in d t o  in t e rs ec t i on  contour.

It shou lu b me ted th:-tt t o  dUtr io r s c ur-no t claim a complete V

knowledge of the details cit the geometric descn -i pt ion mm:e thods em-
ployed in these v-a r iou ’-. s y s  L e n s  - I  ich are conti muo usly under deve-
lopment . iTh e- r - ’ r f - - ’ - , cumnmnc ’~ts cmi ntaì ned i’ this study may cease
to be accura t e at some point in the future . However , acquisition
of such a S y~~~ti’ i  -wo uld ac eased jon slant ’ - ‘o re cons iderations than
just the e rela t ing to the P i t a  base. If acquisition were contem—
plated , the most reasonable st~ -~tegv w~j1d be to invite bids based
in part upo n a d: ta iled spec i fication which ~

- :P ’ - e ssed the issues
discussed in Chapters 2 a nd 1 of ~n is u -port.

4.3.4 C o n c l : m s i o n s

As was emphasi sed i n -  u’?ct i c’ m~ 3.3.1 , a drafting system is not
the same thing as a t e e  tn - e u—dimens iona l  bui ld ing descr ipt ion
system. Some of tile dr a fti n g ~~~- rtsmn s described here are very effec-
tive wit b -n their limits , hut the dus.~fti n g and sched uling applica— -:

tions to which the -j are t.eeil suited cover only a small part of the
complete spectru m of bu i ldir j tes ;r l i tasks. In principle , they
are not satisfactorily e x te nm- ib le l.a cover the full spectrum .

A poss ib i l i t y  tha t mi ght be conside r -ed , however , is to adapt
an existing draft ing S/stem to serve as the  graphics interface to
an integra ted th re e- di im en :,ional building descript ion system .

4.4 THREE—DIMENSIONAL 1MHL SY N i~ HIS SYSTEM S

4.4.1 The Three-Dimens ional i-flu~ e cynthe sis Task

The synthesis of a perspect ive or i --sn etric view of a building —

requires tha t a form of t ree -di m -e rsional building description be
held in computer IICI -lU m ’,/ . However , this type of image synthesis
application is a high l y speci a l ized tci~~ , and image synthesis makes
only a subset of the de m ands on the description that a comprehensive
computer-aided design system sakes . Fur thermo re , image synthesis
software usually is (appropriately) desi gned to deal efficientl y
with these speci ali7ed demands , and satisfactory extension to sup-
port most other applications is likely to be difficult or impossible.
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Among the most i n’porta i t t  oa “S i r aim i ch a thre e -d im - -
‘ monal bu i 1 —

din n description ‘nmtemide d s o l o ly  f i r  ina ne ‘s :~~~,e~ is is ii~ s- l v  to
differ fr-u; one to he u sel fl co - ;put c -a~dei dc-s i g n  au -c t h -  fo l l o—
w i n g:

a - Quantity O F data . Even ‘hr n mm ’~st snect 1acu lar examples of
image syn thesis , fur cxa ni p l e Donal u ~ree -: erg ‘ S tad 1 -- ‘ w o  simul a—
t b r  of the C a - e l i  Pr- versi cy ci m-i l ns , usud i iy onl y t~mrocess a fema
thousand pol ygo mms to generate a p ic m ’ m e - . L~abor ise da ta base
management facil ities are no t n i rmall y e m n n i r - y e d  i n  sura p ort of image
synthesis.

h. Nonqeometric :tr -opcr ’ies. Image syn rie - i s usually requires
sonic facility for assi gn ina a few s rHce pr- .aperty descriptors to
polygons , but not the o.~.tensive facilities for handling nongeometric
properties requi red for e rmm çuter --a ided desi gn.

c . Data s truct um — -s . Most image s ”a thes i  s systems structure
geometric data in a very simple way , e.-a , as an unstructured list
of polygons. Fot- m-ea - -ons discussed at length in Chapters 2 and 3,
such simpl e stm-or tnres do not ade~uaaely suDp e-rt CAD.

4.4.2 Co~p~yison of -esentative S~~~ems

Surveyinc m all t h e  nuri ne rous three -dimensional synthesis systems
here woul d be pointless. However , a good impression of the nature
of three -dim’ ensional image synthesis systems can be obtained by con-
sidering the following representative examples :

a . GINO ,~
7 a conular general-purpose two - and three -dimnensio-

nal graphics package implemented in FORTRAN , which represents ob-
jects simp ly as collections of faces , and prod uc es w i re frame ”
orthographic or perspective projections.

14 8  - . . .b. H u G S  (THree-dimens ional INput of Graphic Solids), de-
veloped and marketed by the Computer Aided Design Centre , Cambridge
(En gland). This system genera tes hidden-line perspectives of ob-
jects described in terms of p oi rts , lines , and surfaces (up to 750
points , 1 200 lines , 500 surfaces). The OXSYS system generates in-
put files to THINGS for perspe ctive production. 

V

V IEW ,149 the three -dimensional display package of the

‘,7p A. Woodsford et al., GINO , CAD Group Document (Camnhridqe
University . June 1969).4

~S. Bensasson , c~~pu ter Programs for Building Perspectives (De-
a si 9n Office Consortium , Cambridge , England , 1977).

~~~~~~~~~~~~~~~ (Decision Graph ics , undated ).
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ARK— 2 ‘,~‘ster
- . This systems is quit e similar in phi losophy to stan-

dard two—di mensiona l drafting system s in its use of + me conc epts
of pr imitives , ma cros , and layers .

d - CADD S 3 ,~~~~ the three-di niensi onal ia -ap r i l cs soft-~are -f
Computervision ’ s Designer system . Primarily or ien te d towards
drafting of mechanical parts , this system claims considerable so-
phis t icat ion:  f ac i l i t i es  for a~sociating nonqeometric data , exten-
sive graphics options , and a special package for processing nra-
meterized m odel s of parts.

e. Evans and Sutherland Picture Syste s, an extrem el y l i - -cr-
ful graphics processor oriented towards hi g hl y interactive mani-
pulation of three —dime nsional images. This system is employed to
provide a graphics interface for the Evans and Sutherland Desi gn
System.

f. PE R S ,151 developed by the Computer Unit , Schoo l of
Architecture and Landscape , Leeds Polytechnic (England). This
system is noteworth y because input is in terms of polyhedra , rather
than individual points , l i nes , and faces. Each polyhedron can
have up to 16 polygonal faces or 30 edges , an d pol yhe dra can be
parameterized .

4.4.3 Conclusions

Image synthesis does not require the same kind of data base
support as computer-aided design. Si gnificantly, while two of
the best known image synthesis systems (THINGS and the Picture
System) have been used as interfaces to computer-aided desi gn
systems , they were not used to implement the primary geometric
model . 

-;

4.5 SURFACE DESCRIPTION SVSTEMS

4.5.1 The Nature of the Surface Description Probl em

Both sing l y an d doubly curved surfaces abound on artifacts
such as au tomo bi l es , aircraf t, and even shoes and bo tt les . A va-
rie ty of approaches to curved surface descri ption have been deve-

13Oi’~fe Design er System, (Computervision Corporation , 1975) .
151 S . Bensasson , Computer Programs for Building Perspectives , (De-

s ig n Off i ce Consor ti um, Cambridge , En g l a n d , 1977).

147

V S~~~~~~--— ~~~— -



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

I

loped - Th es e can tie -ir~~mpPd n~o th e fo1lo-~ing five broad classes:

-a . Poin t ce t l t - - c r m p c i u n s , i n  ~ni ch the ser -face is descr m bed
by a - et at  po ints mcpm - ese nt r- J b~ Idit- ir ~,, Y , and 7 000 rdirmdtes.
These po i nts nay be r an dom , in a simpl e regular arr ay , or in a
r -i;a n’; iv e ly eu r e - t i -uct ed a re - u - .- - This technique is very commonl y
u’- n l  for describin g ro p , m g r i ;  iC suet aces.

h. Contour l ine descri ptions , -ahich are also commonly used
for tn ;a~~-apn i c - -,1u-t ace description. The tecrm nm ique can also be
extend cj  to de s c r i p t i on  of ‘ s t r c  mm l ined ’ objects l i ke  a i r c r a f t  and
ship tu rn mms , and is comniam onl y used for t fli S purpose.

c. Face-ted descr i ptions , in which a curved surface is approxi -
ma ted by p ol -~-~nnal f~~ ’ t -~ (which may or may not be planar). Trian-
qular meshes are ~mo st widely used . This technique is commonly used
h r  i misi -p e ;y’iUaesis , finite element analysis , and military vulnera —
b i l i t y anal ysis applications.

d . S inmi-l e -m ath ema tically defim ied surface descriptions ,
used ocr- re tie- surface is part of sonme simpl y definable obje ct such
as a cslind ru r. sphere , cone. or ellipsoid.

e. Sp -li ne curve and surface patch descriptions , based upon
the mathematics of Coons patches , Bézier curves , B— s plines , etc .
These :‘methoP s are us-ad in P. i-J 1 systems employed in many branches
o f mar ’ufactu~r i n g  industr y. An up-to-date picture of recent work
ir t his Cield is g iven by the conference proceedings listed below .

Curved surface description facilities of CAD systems usually
a d i e u - s  some or all of the fol1~-t-~ing objectives:

a. To provide a convenient way for desi gners to parameterize
and (via control points ) iani pula~’.- a surface

b. To produce accurate plotter drawings

c. To produc e NC tapes or input for direct ly computer-
controlled NI. systems

d. To generate input , to finite element ara l y sis programs .

Another major application of curved surface descript ion tech-
niques has been in the aerospace industry , where faceted descrip-
tions of aircraft are used for vi sual simulation and vulnerability
analys is  appl icat ions.

1 E T ~~~~ hm and R. F. Riesenfeld (eds.), Computer Aided Gee-
metr ic  Desi 9n (Academic Press , 1974).
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Carved sun-face description problems of substantial diffi cul ty

are rarely encountered in hu i ldir m q design. Of course , it can be
argued that architects mi ght use curved surface in design more fre-
quently if appropriate descriptio n facilities were available to them ;,,
hut constraints of bui ldin r: cani struction techrmolo qy and cost oci uld
still impose strict limits. Curved surface description and rnani-
pulation faci li ti e- ~ are , there fore , not of centra l i nmiportance in
architectura l CAD. Thus , while most of the curved surface descrip-
tion methods are general enough to allow description of planar-
surfaced objects , it would be quite unjustified to base an architec-
tural CAD system on software optimized for dealing wi th curved sur-
faces .

The one exception to this rule is the description of topographic
surfaces necessary for building site definition . Since this is such
a special case , it is best dealt with by a separate topographic
surface description subsystem , based upon rather different prin-
cipl es than the building description software .

4.5.2 Curved Surface Descrip~jon Sys tems Use d i n I ndus ~py

The fol low i ng re p resen ta ti ve exam p les illus tra te the typi cal
c harac ter i st ics of curved surface descr ip t i on systems use d i n
manufacturing industry :

a . UNISURF ,53 a famous pi oneer i ng system in iti a ted by P i erre
Bez ier i n 1962, and use d in  au tomno b i l e  manu fac ture a t Régi e Renau t
in Paris since 1972. It provides interactive graphics facil ities
wltn which car body designers can describe a body shape in termmis
of surface patches , and NC machinery can be driven from the stored
mathematical description.

b. POLYSURF ,154 developed at the Cambridge Computer Aided
Des ig n Cen tre in England . This system is intended for use in inter-
active design and NC program im generation for mechanical components
of complex curved form .

c. McDonnell -Dou glas CAD/CAM ,155 an extensive system used in
i~~p:~~~~~ c, ’~ at hema tica l and Prac ti cal Poss ibi l i t ies of U N I S U R F ,”

in R. E. Barnhil l and R. F. Riesenfel d (eds.), Computer Aided
Geome trj~~p~s i n  (Academic Press , 1974).154 A . G. Flu tter and P. N. Rolph , ‘ POLYSURF: An Interac tive System
for the Computer -Aided Design and Manufacture of Components ,”
CAD 76 (IPc Sc ience an d Technolo gy Press, 1 976).

J. Peters , “Inter active Compute r Graphics Application of the
Pa rametric Bi-Cubic Surface to Eng ineering Desi gn Pro b lem s,” in
R. E . Barnhi ll and R. F. Riesenfeld (eds.), Compu ter A i ded
Geometric_ Des 9~ (Academic Press , 1974).
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aircra ft de ign and proll O l V l O I l  b’ McE ioone ll —bsnmq ~a~ in st . . Louis .

d. lCd bOJ~~ ~~~~~ 
j g~ ,~~~~ ‘ a subs ys toni st  the CAL J1~NCE CA D sys tem s

used by General Motur- s .
‘r

r- . FASTGEN ,’ a tr~ a - g u b ar f - t c ’~t syste m developed by Falcon
Research a n d  Devel op sm- - nt aimd asp i  oj ’* orima r I -, t c r  ui 1 i tary target
Jesc r i p t mo rm and salne rabi I i ty a n a l y s i s .  It let s -u. - ~‘fu l da ta in—
got a i d  verification facilities ari d a pa --t coding and indexing
system , and is interf aced to sophi sticated gruo hic s p’~-sgn -ani s

C . 5. 3 Topoaraoh ~c Surface_ Description Systems

True techn ical problem of topogr&~ mic surface description has
been d et init i ve l -v analyzed by Bc e - m m - - - Examp les of implemented
systems are -: .x tremely numerous , but tOn following are representative:

a. Dynamic Graphics of Berkele y Cal ifornia~
9 markets an extre-

mely comprehensive and versat i le  topographic surface description
S stem -ih ich accept .s da ta in various forms , pc -forms a number of
different transfo rmations , and produces highly sophisticated graphic
output. Its basic mode of internal representation is a regular-
gridded point set.

o. SSHA Site Layout Systeni~~
G incorporates a ground model in-

put in the form of spot levels , stored as a regular-gridded point
set and d ispl ayed as contour lines.

c. Applied Researc h of Cambridge Ltd . markets an interactive
-:. raphi c system for topographic surface input , trans forma ti on , and
ml i s r l-i y V It provides all thc transforma t ions between random and
gridded -lata points , triangula ted , and con tour representations.

1~~~~ J Garth , De±~ p Concule_Technojp~y a t General_ Mo to~s (GM Manu-
facturing Development , Jul y l9J4T.

‘~
7T. 3. Byrne and 3. P. Pm-smn pson , Computer R~p~’esentation of Three-
Dinmensional Structures (December 3, 1976).

l58~ w• Boehm , “Tabular Representati ons of Multivariate Functions ,
sii th Applications to Topographic Modeling, ” Pro~~~4jn s of the

- -  

V
~~~~I Nationa l ~5se~ ny (1 -P67

‘ Inc Sof tware ~~~~~~~~~~ Group, User Manua l  for t he Sur fac e
Display Li bra ry (Dynamic Graphics Inc., April 1976).

Dc Holmes , Ground Modelling in Site Layout , Edinburgh University
CAAD Studies (Edinburgh University , undated).
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a. GDS ,lt is m r  ambitious data base system based upon the
trian gula te m say -f ace con m c r -n t; it is under development at Sim on
Fraser Univers i ty .

4.5.4 Conclusions

turved surf~-ce descri ptio !m systems used in in ’m dus t cv respo n d
to sprcia l require m ents which are unl i ke those of building descrip-
tion. Thus , these t ypes it  system s canno t be oxpected t m  support
architectur- e l applicat . ions.

Topooraphic surface descripti on techniques are well developed ,
and any one of umam ay av a ilable systems might be adapted to serve
this f u n c t i o n  in CAE Pfl G .

4.6 POLYHEDRO N DESCRIPTION SY STEMS

4 .6. 1 The Na ture of the 1’o i dron p~~~~iption Problem

The general importance of poly hedron description problem has
been characterized by Braid as follows : “Many commo n solid objects
have shapes characterized by surfaces which are composed of large
numbers of simn u p l e faces. In mechanical eng ineering, assem b l i es an d
m achined components provide examples of the class. They may have
hundreds of faces , bu t mos t faces w i l l  be p l ana r , cylindrical , or
some o ther e l emen ta ry su r face  form .”162

Since the early 1970 ’ s , numerous systems have been developed
for describin g and manipulating descriptions of objects in this
class. The major research issues have been techniques for internal
representation of shape and algorithms for efficient performance
of sha pe opera ti ons , particularly the spatial set operations on
polyhedra . (A genera l and efficient spatial set operation facility
is extremely difficult to implement , since a large number of trouble-
some special cases arise.)

This work on polyhedron description is directly relevant to
building description , since mos t architectura l elements (both
spaces an d sol id s) are of pol yhedra l for um . Typically, polyhedron
descr ip t ion systems canno t be used d i rec tly  for  bu i ld i n g descr i p-

161T. K. Peucker and N. Chrisman , “Cartographic Data Structures ,”
The Americ an Carto~ ’apher , Vol 2, No. 1 (April 1975).

1b2 1• C. Braid , “The Synthesis of Solids Bounded by Many Faces ,”
Communications of the ACM , Vol 18 , No. 4 (April 1975).

151

-_-__-w-- ~~~~~~~~~~~~~~~~~~~~~ V ~~~~~~~~~ — — - _- -. ~~VV V - - - - V - , - 
- -



-— - -—~~-~~~~~~~~~ ---~~~~ V -  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -

tion , ~c-uuse their ori t- rm ta t on is tnwards the des iq rm of a sing le
mec ln ’ani ca i ;- n r ~ or small assemhl ies of pa- b -; - (Po l ‘,-hed rorm data base
systems , m u l i sh -‘e pr t - ’ -en t largr ’ a ss emm b l es of part:;, are discussed
in  section 4.9. Hi-m eyer, ‘he theore t i ca l  pr inci n le s upo n v~hichthey are based and , in same cases , dc tual soft~are , can be adapted
very r’eacily f~ use in building .ir-s cription.

4.6.2 ~a r i y  C~ stu u ; u ;

Seve -a~ syste :m s developed due~n-g the 1 960’s are worth br -ief
mention , 511 ii they anticipated some of the concepts employed in
!:lore rec ent  and  advanced systems :

a. b u rn ~r d Krula~. r described an early sy s tem for mechanical
part description. It could dn -

~ t; a part , compute center of mass and
m o cim m ent s of inertia , and generate ~-C tapes.

b. BE-VISION ‘ma s an early system which used the concept of
describing so lids by the Boolean com iibination of directed surfaces.

c . Comba ’
~ developed a system which addressed the problem

of interference between objects.

d. ARCAI D 65 was a system for architectura l designs based
upon the concept of assembly of paranmeterized primitive shapes.

e. APT ’ is a widely used programming language for descri-
bing objects to be milled on an NC machine . An APT program is a
specialized form of procedural representati on of an object. The
compiler transforms the source program into a tool path sequence.
In principle , deriving other geometric data by processing an APT
description should be possible , but in practice it would be ex-
tre me i y difficult.

163 Luh and R. J. Krolak , “A Mathematical Mudel for Mechanical Part
Description ,” communications of the ACM (February 1965) .

~~~ Weiss, “BE-VISION ,” Journal of the_ACM , Vol 1 3, No. 2
165 p G. Comba , “A Procedu~~~~or e€~~ting Intersections of Three-

- 
Dimensional Objects , ’ Journal of the ACM , Vol 15 , No. 3

~°R. M . Wehrl i et al., ARCAID: The Architect’ s Compu ter Graphics
Aid (University of Utah , De par tment of Arch i tecture , September
1969).157 W H . P . Lesl i e , Num ber i cal Con trol Us er ’s Handbook (McGraw-Hill ,
970). 

— -  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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4 . f’ - 3 Recent ‘
~~~

- - - t ens - -.

t~ ,u t e l low iii recent 1 / cIt Vt V loped sys te ns , al l  of .urn - ~ide—
rabin sop h i st at ion , vi’ r~ - ident i f ied a id  i n vu - -;.~ iga t~-d :

d. BUILD imple nnmented in FORTRA N and SAL on the Canlbrid ’le
(Enq i a nm d ) Computer Laboratory ’ s Ti tan computer. It pm v i  des a
voca hu lar-/ of six para mi met c-ri zed p rimi tive s and an inte ractiv e
language f o r  composing these pr imi t ives into more c o m ur p le~ o b j e c t s
by means of the spat ia l  set operat ions. Intern-i lly .  it em ploys
a form c f  bounm ia n- ,- representat i on . This was a very important
pioneering piece of work , hut it  has now been superseded by t he
following s etem .

b. GEM~ 
‘ i m p le m ented in ALGO L 68. it is probably the most

advanced polyhedron description system currentl y available. Both
an interpreted command language and compiled procedures written in
extended ALGOL 68 can he used for input. The data structure is an
extended ver sion of Baumgart ’ s winged-edge polyhedron structure
(see GEOMED below). A variety of types of curves and surfaces can
be handled , and the system is extensible to handle more . The spatial
set algor i thms appear to handle all special and degenerate cases
sat is fac tor i l y .

c . COMPA C ,170 a system recently developed at the Technical
University of Berlin.

d. EUCLID ,171 a French system impl emented in FORTRAN. A batch
version is embedded in FORTRA N , and an interactive version has been
implemented in a DEC l anguage called FOCAL. It appears to be orien-
ted primarily towards graphics production , but provides a form of
description which could support eng ineering applications.

e. EUKL ID ,72implemented in Switzerland in the SYMBAL language
on a CDC 6500 computer. Al though few detai ls of its algorithms have
been released , it appears to be very powerful . A ba tch input ALGOL-

1~8 I.  C. Braid , “The Synthesis of Solids Bounded by Many Faces ,”
Coniiiunications of the ACM , Vol 18, No. 4 (April 1975).

169 1. C. Braid , A New Sh~p~~~~~i n  System, University of Cambridge
Computer Aided Desi gn Group Document No. 89 (Univers i ty of
Cambridge , March 1976).

‘70 G. Spur , 3. Gausemeier , and G. Muller , COMPAC : The use of Compu-
ter Int ernal Wor kpiece Model s for Desi gn and Manufac

~~L!f,~~~
~Thchnical University of Berlin , 1976).

~~~ 3. M. Brun , EUCLID Manual (LIMS I , Par i s , 1976).
152M . Engel i , “EUKL ID - Eine Einfuehrung, ” (Fides Rechenzentrum ,

Zuerich , 1974); and M. Engel i , “A Language for 3D Graphics
Applications ,” in A. Gunthe r et al . (eds.), Internationa l Corn-
p u t i~~y~~ ynip~ s ium 1973 (North-Holland , 1974).
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like lanqu~ ge w i t h  addit iona l data types for geometric eatities is
e m p l o y e d  by  the user to describe objects . It provides a com ’ip m - c -im e mn -
sive spatial set operation facility .

~~. Gr PM[D ,1’ ~ implenmented in PDP 10 assem i mbly lanquage at
Stanford Univers it y and intended for use in visua l shape recogni-
tion m e s e a ’ - c h .  T r mis  system is historically very important because
of its introduction of the concepts of Euler operations and of
very complete topographical representation clearly separated from
the geomimetric da ta (the “winged edge poly hedron ” data structure).

g. ‘ Grossman ,’ 1 ° implenmented in PL/l at IBM Yorktown Heights .
Each polyhedron is represented by a PL/1 procedure . This system
provides some very useful insi gh ts i n to the conce pt of p roce dura l
geometric modeling . Its major disadvantage is that it reportedly
is extrem ~mely expensive to run.

175 . -h. Hosaka , impl emented in an extended version of APL
(cal led GIL) at the Institute of Space and Aeronau tic al Sc ience ,
Tokyo University . Forms are created interact ively using APL - l ike
statenments t~ specify spatial set operations upon directed planes
and parameterized primitives .

i. PADL ,1~
t
~ imple m ented in FORTRAN at the Univers i ty of Roches-

ter. Thi s i s a research system i n tended for use i n explor i ng
mmi echanica l engineering part-shape description problems . It employs
a restricted “built-in ” set of paranieterized primitives , and pro-
vides a language for specifying spatial set operations to construct
more complex objects from these primi tives.

j .  SHAPES ,~~ implemented in IBM 360 assembly language at
MIT. This system models bodi es as Boolean combi na tions of qua dri c
directed surfaces. Common quadrics like planes , cylinders , and
cones are provided by the system , and the user can define others .

rPB . G. Baumgart , Winged Edge Poly hedro n Representation , Stanford
Artificial Intelli gence Memo A IM-l79 (Stanford University ,
Oc tober 1972 ).

1
~ ’ D.  U. Grossman , “Procedura l Representation of Three-Dimensional

- -  
Objects ,” IBM Journal of Research and Development (November 1976).
M . Hosaka et al ., “A Software System for Computer Aided Activi-

- -  
ties ,” in 3. 3. Allan (ed.), CAD Systems (North-Holland , 1977).

- 6 H . Voelcker and A. P.equicha , “Geometric Modelling of Mechanical
Parts an d Processes ,” Computer Sci ence and Compu ter Eng i neer i ng
Research Review (University of Rochester , 1976/77).

m 7 7 j  H. Laning et al., SHAPES User ’s Manual (MIT Draper Labora tory ,
1973). 

-___________________
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k. TIPS ,~~ ir:I l V m ~ muae nbe d in FORTRAN at Ilokka ido Uni i v em -~ i t’/ .
Bodies are described and s tored internally as Bool , , mrm combin ations
of directed surfaces . Art au xilia r y point set repr sem ita tior m is set
up internally for- some ap p l i ca t i ons .  The o r i e r m tat ion is towa rds
NC app l ica t ions.

‘/0 .ANSI - nimethod for digita l representation of physical
object shapes. This is rio t an inup lem iie nted computer system , but
rather a proposed standar d mie thod for co mr m mni unication of shape data
in manufacturing industry . It is worth noting here because it in-
corpora tes some interesting theoretical innovations which seem
likely to infl uence future polyhedron description systems .

Two outstanding surveys of work on polyhedron description sys—
temmis have recently been produced .~~ These surveys , together wi th
the resul ts of this invest i gation , suggest that the l ist  of systems
given above was complete as of the time of wr iting.

4.6.4 Conclusions

Important properties of these 11 systems are compared in
Table 8. The published l i terature on these systems provides a rich
source of i deas relevant to the development of the CAEADS data base .
Some of the more adva nced , transportabl e software may prove directly
usable .

The most important limi tations to direct use are likely to be
the limitation to a relatively small numbe r of polyhedra in a des-
cription; and the lack of availability of a reliable , well -sup port-
ed i imn ple nment atio n . Many of these systems are implemented in ob-
scure l an gua ges , or an unusual lan guage , or by research groups that
would not be able to orovide support.

l7 N Oklifo et a l . ,  “TIPS -i: Technical Info rm imat ion Processing
Systems for Computer Aided Desi gn ,” Prolama t 73 Proceedings,

V 
Budapest (1973).

! V ’O ANS I Subcommittee Yl4.26 , DJyjtal Representat ion of Phys i cal
Objec t Shapes (ANSI , January 8, 1 976).1~~ I. C. Braid , Six Systems for Shape Descr i pt ion and Rep resen-
tation: a Review , University of Cambridge Computer Aided
Desi gn Group Document No. 87 (University of Cambridge , May
1975); and A. Baer , C. Ea s tman , and M. Henrion , 

~~~~~~~of Geometri c Mode1j~~j, Institute of Physi cal Plann i ng Research
Report No. 66 (Carneg ie-Mellon University , March 1977).
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i . 1 N’ ~b tR ~ 
) \5 ’, b/IC ‘‘1” LMS

1 -c . ~~-c’ 0 toO ~tV - u 5- mor k Dpscr i p~ loin 
P:~ b l H  -

- -1 .5 my eopi rm , a na m - l  ri m 5 /S t _ O h S  m n ~ y tm’~ Vl ~~~~ 
, ma t e’a as a m -

~~~
- spat iul net—

V 9 ~~ 5 m m  - - - c i c r m  the l inks  ai-c ~ csse- n tiall y I , omIo , V~rnOus ,m I r ~~ ut ts . T~’ p i —
ca l e ~~V : n - m ; ~~V - m ~s arc c, - t ’ ~ it e m mork~~, s t r m: c tur~ frames , a r V ; p1 u~q
s v s t p ’ i’ SHue ~~~ ‘ -

~~5’~~ ’~ ef elniterm ts is li ke i y t 1a ~arut - , i d a t a
os s a man~ m.jemmre nt pr -oP e u o n - - - er - i ne -:‘en com m m ’ t u te - rmde 11m g of S U V  a
s vs serm is at te a, ted

Toe snont C O i C , ’Cf l  a l _ p m  Paul  a a r g e— s c a l ’ ’  s m V ,a t j ai ‘ - r ’ r ~m -~r’k i~ 5—
c r ipt l un a pp ’aaes to so to en: 1 - -~ fa i r ly  standa r d dat , base ma neqe—
- : - ~‘ t  tPC hf l 1O~~ ‘S to ‘~to re G E - S O r  i pt i o ns c o r ms i s ~~i r m y ot t-me fol Lw l r i :

a . O~ m~,m r k 5 rpm tu~ ~~~~~~ o t t  v i t y )

b. °oi ’t l ocati ons e~ 
y
~ rtires

c.. ‘a ’am aeterm ; e e sc t - .b i u m g l i nks  ( e . q . ,  len gth , L.or” , and
cp e; ificit i :- r of a p i a e )

d. Paranie n er; descr ib~nq vcrtir c:n (e.e ., type o~ p iping Val V e V

or e lbow ’ ) .

4 . 7 .2  corn r is o of  kej~-eser -to t ive Systems

T his L y ~~ C of ne t u’c o rb m-ep ’ res e n ’ tat icr  appears to be Of I V CO imp le—
net ted w I  t h u  ano l ica sioms am- onr ams used by eng i n e e r i n g  -firms .

t-h o- V ’e,.V e m - V , due to the p roim - leta ry nature of I ‘nese pr-a cp’a-ss S I C  ahe ir
frequent la c k  o~ lr ’cumentatiorm , it is d if t i su l t to or- ta m 1 .~ ta il s .
The fol lowi no nyc tenon ma y n ,s k~ rm as reer - csentat i  ~ i?

a .  STRUDL .’ 1  F l m m 52 i l lustrates a structura l ira e aes-
cr ip t ion coded ins the s P DL l a nq om g e  of ICES. The frame Uescr ~m~ eG
is a simpl e steel -- ‘ri  rind iim ad -a out of ,Q5,V ! F3 1  ra i l ed  c t e ~~ secsions.
A de;criot .ion ~f a laroer frame in this 5c m - at  cou ld  se mci nsai ned
uci co the TA °I L da m:a base management subsvs iem of IC ES.

h. ~~~~~~~ This Sv s tr u ’ I  is imm ,- ded for uns e an d e s c r i b i ng
very lannir - oipin’1 co mplexes such as chem ical process p la mmcs. It is
imp i ‘a-u c - ’a t cm d on a 1 a’ ’ ic miii ni ocunpu ter at the Ca mmr bm i ‘l ie (England )

I) Roos c’ . a . IcES ~y~~e~i General
__

Descriptin” , MIT Deoortment
of Civil Engineering Report R67-49 (Septemh ~ r

92p . G. Newell et a l . ,  “The Des iq n of Systems for CAD ,” in ~l. 1.
A l l a n  (ed ), CAD Systems (North ~

tio1l an d , 1977) .

l~~7
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~ lOKip s

1 1-4
100” 100”

x f v  x

STRU DL ‘ TR I POD ’ ‘EXAMPLE PROBLEM ’
TYPE SPAC E FR AM E
UNIT S INCH ES KIPS
JOINT COORDINAT ES
I X 00 Z 0.0 Y 0~O SUPPORT
2 Z -86.67 X 50.0 SUPPORT
3 X 100. SUPPORT
4 X 50. Y 86.67 Z - 28.89
MEMBER INCIDENCES
1 1 4
2 2 4  V

3 3 4
MEMBERS 1, 2 , 3 TABLE ‘STEELW F’ ‘8WF 3I’
LOADING I
JOINT 4 LOAD FORCE Y - 10
LOA D ING LIST I
STIFFNESS ANALYSIS
LIST ~0RCES DISPLACEMENTS ALL
FINISH

Fi gure 52. Typical STRUDL input.
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Computer Aided Desiqn fentre using a CODA P~ : -~ t-~le da ta base mana-
gement system . It supports van ic-U S desian level tpIInent and docurr men -
tat ion tasks i’ ;a luding ~iutor natic pipe rout ing , interference checking,
‘ mat e r ia l  ~chedu l imo ,, am md production of layout dra~.anq s .

c.  D 1M~ ,
183 a street map f i le emni ployed by the U.S. Bureau of

the Census. The D :M~ f i le encodes block faces by stor ing vertex
identif iers for the end points , vertex coordinat es (two-dimensional),
and codes de scr ib ing the spaces on either side .

d. Networkprocessor ,1~~ a generalized system for handling net-

~c’ rk descript ions , developed at the Technical University of Eindhoven.
This systenm provid o: a data base facil i ’ v for maintaining network
descr i pt ions , an interact ive graphics interface , and a set of
graph-theoretic operat ions for manipulating network descriptions.

Table 9 compares the important properties of these systems .

4.7.3 Co n c l u s ion s

Al thoug h nia ny building subsystems can be represented adequately
using the network da ta base concept for the purpose of particular V

applications , it is not in i tsel f  an adeq uate foundation for deve-
loping a comprehensive building description. The essential reason
i s tha t network descr ip t ions take only ver ti ce s, edges , and their V

assoc iated properties arid relations as the basic elements of des-
cription , whereas support of the full range of architectural appli-
:ations requires that all types of geometric elements (i.e., verti -
ces , edges , faca , , and enclosed volumes) and their respective proper-
ties and relations must be represented explicitly or be easily
derivable.

4.8 POLYHEDRON DATA BASE SYSTEMS

4.8.1 The Nature of the Polyhedron Data Base Problem

A system like a building or a ship is a large close-packed
assembly of polyhedral objects (some solid components , some enclo sed

‘0Census ft,n ‘Y idj  The Dime Geocod ing System (Bureau of the Census ,
~, July 1970).

~‘J . Amkreutz and V.  E. Tabery , “Een Netwerkprocessor voor Bouwkun-
dige Problernen ,” Toeg_ep~ste Informat mca Bouwkunde (Technical
University of Eln ohoven , 1977).
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voids). A complete geometric descri ption can be produced by des-
cri t ing the shape , location , and properties of each of the consti-
tuent pol yhedra .

To structure this type of description in a useful way, store
it compact ly,  and manipulate it efficiently is an extr-emely deman-
ding task . The number of elements characteristic of a network re-
presenta t ion is combined wi th the potential compl exi ty of element
descr ipt ion dealt wi th  in polyhedron descri ption systems . There
is not an absolutel y clear-cut dist inct ion betaeen polyhedron des-
cr ipt ion systems and polyhedron data base syst ’~rns ; it is a quest ion
of re lat ive capacity . Roughly, pol yhedron descript ion sys tems
handle on the order of 100 or fewer polyhedra in a description ,

a polyhedron data base system mi ght handle hundreds to tens
of thousands.

4.8.2 Rectilinea r Systems

To immitigate the diff icul ty of the implementation probl em , impl e-
menters of th is type of data base have often chosen to im pose a
restriction that all polyhedra must be rectilinear. The following
arguments can be made in support of this course of action:

a. Many buildings are rectilinear , or nearl y so , in their
geometry . Within particular building systems or methods of con-
struction , a strict rectilinear discipline may be obeyed .

b . For many applications , re p resenta t ion of non rec ti l i near
components by bounding rectangular parallelepipeds is a sufficientl y
accura te approximation.

c. Any sol id objec t can be represented to arbitrary accuracy
by an assemblage of rectangular paral lelepipeds .

Depending upon context , these arguments may or may not provide
justi fication.

The following are among the more important general building des-
cription systems based upon rec ti l i near pol yhedra :

a. BUILD ,18
~’ a pioneering system implemented at MIT using the

fac ilities of ICES (not to be confused with Braid ’s BUILD system).

~ ‘-L . C. teagmie, “Ne twork Model s of Confi gurations of Rectangular
Parallele pipeds ,” in G. T. Moore (ed.), Emerging _Methods in
Environmenta l_ Des~~p and_Plan n in g (MIT Press , 1970) .
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b. CADS ,Th6 ano ther earl y sy s tem deve lot ed a t  UCLA and impl e-
- I e n t - ’-~ ‘isin g the 1a ~l i t ies of the Euler iang ua j e -

c.  1~-t ,G[, ’’ -~eve loped at  M~T initially for an interactive
space p l a n n i n g -~ppli cation. The descr ipt ion fac i l i t ies  have since
r’een adapt ed for u se in the Corps ’ SEARCH system .

4.8.3 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

PolV / r,e d r 1  data nase sys t ems not res t r ic ted to rect i l inear
‘~eCmii ’-t~~- ha’!e : Ier  a smo re recent development. However , two systems
imple me nted a t Carr~s qm e -Me 1lcui University have shown that it is F
poss ibl e to et f ic i ’ n t 1~ mna ndle general polyhedron da ta bases suffi-
cie ntly la r l e dn 1 well structured to be useful in practical building
description , by interactively using minicomputer technology . These
c iste rns are

a. BDS ,~~° a data base system implemented in the BLISS language
on DEC rnachin --~s. This system has a command language and interact ive
yra uh ic user interface. Severa l installations are now in operation.

GLIDE ,~~ a further development of the concept of BDS which
embeds fac i l i t i es  for manipulating the data base in an ALGOL —l ike
programming language. At the time of wri t ing, impl ementation was
nea rly complete . GLIDE should make possibl e the rapid implementa-
tion of sophisticated procedural mod els , automated detailing rou-
tines , etc.

A tni rd system~i is currently under development by Shape Data
of Cambridge (England). This FORTRAN system is based upon Braid ’s
GEM polyhedron description system and the OXSYS/BOS implementation
too l  . It is being developed on a Prime 300 minicomputer , however ,
the curren t s tage of develo pmen t is s ti ll too earl y for techn i cal
details to be available.

1~~W . 3. Mi tchell , “Vitr uvius Computatus, ” in D. Hawkes (ed.), Models
and Systems in Architecture and Building (The Construction Press ,
1975).

~
87 G. Wei nzapfel and S. Handel , “IMAGE: Computer Assistan t for

Arc hit ec tura l Des i gn ,” in C. Eastma n (ed.), ~p~tia l Synthesis in
Compu ter A i de d Buil di ng Des i gn (Wiley , 1975).

188i . Eas tman an d J. L i v id in i , “A Database for Designing Large Phy-
s i cal Sys tems ,” Proceedings of the Nationa l Computer Conference
(1975).

~
89C . Eastma n and M. Henrion , L a ngua ge for a Des i gn Informa tion Sys-

tem , Inst itute of Physical Planning Researc h Report (Carnegie-
Mellon Un iversity, 1976).
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Table 10 comimp ares the important properties of these pol yhedro n
— data base systc’I1’~ -

4.8 -~ [cud usic’ns

The pol yhedron data base appr- -sa ch to comprehensive building des-
cript ion appears to be correct in principle and has been shown (by
the impl ementation and appl icat ion of actual sys tcmms ) to be feasibl e
in practice. The more highly developed system s cf this type , i.e.,

— BD S an d GLIDE , deserve very serious consideration for use in impl e-
menting the CAEADS data base.

4.9 HIGH LEVEL BUILDING DESCRIPTION SY STEM S

4.9.1 The Nature of the Hi gh Level Building Description Problem

A high level building description system (see Chapter 2 for a
discussion of the concept of level in this sense) can be developed
u si n g a pol yhedron da ta base of some ki nd as the fourmdat i on . A
high level system makes extensive use of very high level input
operations such as au toma ted sizing, location , detailing, and bu i l-
ding assembly. It may exploit specific knowledge about a particu-
lar construction method or bu ild ing type in order to provide
sophisticated consistency- checking facilities , and it almost
certainly has associated specialized application programs .

4.9.2 Exa~pje s o f H i~ h Level Sy stems

All the currently implemented high level systems have been
developed for use in Britain by public secto r organizations concer-
ned with particular systems or methods of construction. They are
the following:

a. CEDA R 2,~~ a sys tem develo ped i n En g la nd as a col la bora ti ve
effort between the Department of the Environment and the Roya l Col-
lege of Art. It provided facilities for desi gn of rectilinear
steelframed buildings in the South Eastern Architects ’ Consor tium
(S EAC ) com ponent s ys tem , an d was i mpl emen ted i n FORTRA N on an ATLAS

1~~P7 A . Purce ll , “Com puter-Aided Architecture in the United Kingdom ,”
in N. Negroponte (ed.) ,  ç~~puter Aids to Destin and Archi tecture
(Petrocelli-Charter , 1 975).
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CO III~nU 
‘ -  u - it ~~ S MO’-! OM en supe~-~ e’le ,i n the ci i  u- c log sys tCl : ’  -

b. ‘ [ ‘JAR 3 ,1 s’,” t el dev~-l oped ~~~‘ the Rn tu sh ~no ;- e r t ,-
A - ‘ s ,  ( P S A )  f ’ ’ ,- use w it h the [54 Mc u nud - I f  Bu i ld i rq ,

a r u t l u r u -  l o o s e l y def ined ‘‘ open hu ’ d m a  5y ~V t n ’ I m i . Tb~- l ’ m J o r  H~len —

‘ a~ ion is tuwardc, sUppo r tlrm F , e r u v i r o n m em : ta l  ana l i - i S , pre l 115 1 Ia ry
mmme c ha rm i c al sc’-~’ices d e s m o ,  -no d eco rII,mi c eva lua t ion  a n~-e Sk-tc ~,
d es ign  ~t1Ige for o f f i c e  hu I md ; nc ms - It. is ~I nO l I I - -er ted in FOR~PAN
on a PDP— 1), aur i  has a s t r I d e  tu be - i r a  L’’~ i cs  ‘:- r ’ - , i nal I ‘:terface
It assumes eec ti 1 i near 9EOi ’ - tr ’y - Sou ’~ h ug h le vel i t - p u t ooer-i -
t ions and bu i l t  in c n a l v s i s  ruut~nes are prrj -~mde d . ~~~~

‘ 1gb deg~i’iof porta tr i i t~- -is c la i me d , and “ar~- et in - l I ~~~~~ 
- -

~~
- te ’~ m c -

~~~ 
,, —

ror ’tl y in tc rdt ’c.

c. A kNE .SS~~’~ is a high l -
,

- s p e c i a l i z e d  n — is ‘mc Spec 1 f l (  j i I
intended for us’~ in dr:— ign of  Ha r ness hospi t a l s .  T he se hospi-
t 1nl s are of s t r i c t l y  modular , ~- i gl~l y s t a nd a rd ized  1~ S 1 ‘;n , -i ’d
due cO nSt r .ic ted usin g conE-sr -nt l:u i I di nig nyc tem ~-s . i’’~ a-Jse i t
opera tes in this l i r - m i ted  conte~t , the HARN ESS cornpu~er s cte rn p u - a -

v id es  a erm ch hi gher level sf desi gn automa ti-c ri t~~a ul an i other sys-
tem to date . It is conceptually interesting as ac illustration
of the : -s t e nt i a l  power of ve r~~ high level desi gn oper t i o n s ,  hut
it is of umo practical use outside the Harness hos p ital rograrn.
Development was carried out by Applied Rese arch of Cambridge Ltd .
for the British Departu’ent of Health and Social Security .

d. OXSYS 1 , a system -leveloped h-~ Appl i ed Research of
Carm ,h ru dce Ltd.  on an ATLAS CoImpu t e r  for use in hos pit al design
usirl O toe Oxford Method component bu i ldinq system . This has now
been superseded by the more genera l system inp.’ iernented on a Prime
minicomputer , w h ich is described he lsw . The early version is
noted o n l y  bec ause  refere ;  r es to it appear in some earl y pub-
lished litera ture , and the two versions should r ot be confused.
All references to OXSYS in this survey refer to  the newer , gene-
ralized system-’ .

191 D. Charie sworth and G. Webster , c EDA R 3: The P h i l o s~ phy_ of
Basic Software for Computer Aided Desjgn , CEDAR report D12 /ep /
CAD767~~operty Services Aqercy, 1975); 0. Charlesworth ,

~p j ia1 Organ izat ion , CEDAR report Dl5 / tq / SPATORG (Propert y
Services A gency , 1 975); D. Charlesworth , Non-Geometric Data :
a Struc tu ral Sche me , CEDA R report Dl5/gn/ATTF IL TP~’opertySer v Ices Agency, 1 975); and CEDAR 3 (Property Services
A gency, 1977).

192 3 - i asu t sberg ,  “Computer Desi gn Aids for Large Modular Bui ldings, ’
in 0. Hawkes (ed.), h ]~~ jid_Systems in Architecture and
Buil d i n ,g (The Construction Press , 1975).
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e. OXSYS BDS and DDS level syste m s •1V I I he OXS ’S/BDS SyStC ’;i
is a ge n e uai iz c - J facility for description of buildings of ess esm tia ll j
rectilinear geometry . Severa l installations are in use. ts faci-
li i ies carl also be used for very rapid implementation of speci al i-
StI d nigh level systems (DDS). Each one of these DDS systems is
use—I f ar’ design within som e particular , essen tia l l y rectilinear m e-
thod of constr uction. So far , seve ral of these sys tems have ‘ 0.en
implemented and put into use by different organizat ions and more
are projected . They can provide powerful automated sizing selection ,
locatiom i , deta i ling, an d building assem bl y operations. Imnplemem :ta-
tion is in FORTRAN plus the facilities provided by the BDS and BOS
levels of OVf SYS.

f. SSHA~~ is a system specifically intended for use in design
of single-family houses. It was deve~oped by the Edinburgh Un~ver-
sity Computer Aided Architectura l Desi gn Group, and has been used
su ccess fu l l y in practice for some time by the Scottish Special Ho u-
sin g A ssociation. It is programmed in FORTRAN , is quite portable,
and is distributed commercially by Applied Research of Cambridge
Ltd. Rectangular fl oor plans and pitched roofs are assumed. A
variet y of standard methods of construction can be handled .

Table 11 compares the important properties of these systems .

Mitchell 195 provides further discussions of these systems , to-
gether with examples of various types of output and ii’ ustna t inns
of projects developed wi th their aid.

4
~~~~ 1

• 3  Con cl us i ons

Because high level systenms of this type are inherently specia-
li zed to some degree , no suc h sy stem cou ld  be ex pecte d to su ppor t
the full range of the Corps ’ ac tivities . However , OXS’~S/BDS appearsto be genera l enough to deal with a substantial subset of the Corps ’
buil dings.

1
~
’iE. 1-~. Ho~kin s , Integrated Computer Aided Building and the OXSYS
Project (Applied Research of Cambridge Ltd., June 1976).

191. A. Bi jl et al ., ARU Research Projec t A25 /SSHA-DOE: House De-
~~~~~~~~~ Edinburgh University Computer Aided Architectura l Desi gn
Studies (Edinburgh University , 1971).1 t iW. J. Mitchell , Computer A ided Architectural Desi gn (Petrocelli-
Charter , 1 977) .
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Tabl e 11

Feature Comm u pa r i son of Hi gh Level Buildin g Descri ption Systemns

CEDA R 3 HARNESS OXSYS SS1-1A

Source PSA , ARC (for ARC Edinburgh F
London U.K. Dept. University

of Health CA .AD
and Social
Security )

Construc ti on PSA me thod Compon en t Gener a l Var i ous
con text of systems opti ons

building

Bu ilding Medium Harness Genera l Small single
type rise hosp itals family

offices housing
etc .

Geometry Recti- Strictly Recti - Recti-
han dl ed l i n e a r  modu l ar l i near l i near

and
recti -
l i nea r

Imnplemen- FORTRAN FORT RAN FORTRAN FORTRAN
tat ion p l u s  p lus
l an gua ge BOS da ta

struc ture
package
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4.10 SITE DESCRIPTION SY ST I M’

4 .10. 1 The N tore of the Sit E Oescrj~ t i on  Pro b lem

As mute d previously, the site description problem differs
from the building description probl em because it involves des-
cri El t ion of cur ved topographic surfaces and surface features ra—
thc- r than as-sisr’f lages of polyhedra . (Description of topographic
surfaces was discussed in section 4.5.) This section focuses on
descr ipt ion of surface features such as roa ds , paving, property
l ines , arid u t i l i ty  networks (which m a y  be subsurface).

t ritomated mapping of surface features and utility networks
at urban , regional , an d even la rger scales i s now a s u b s t a n t i a l
industry. In addition , a certain amount of softwa re intended
specifically for building site feature description is available.

4.10.2 Large-Scale Cartographic Data Base Systems

In re cent  years , a num ber of large -scale cartograp hic data
base systems have been implemented in the United States . Typical
features of these systems are

a. Efficient data input and editing techniques

b. Geographic coordinate indexing

c. Heavy emphasis upon gra ph ics , either interactive displays
or plotted maps.

S i nce the scale  of these sys tems tends to be very l a r ge , they
are of ten imnplen iented as custom-developed hardware/software
packages. The following are representative :

a. Brooklyn Union Gas Co.~
6 maintains a data base with an inter-

active graphics interface describing their 3,600-mile (5 760 ~m )
pipe network .

b. Texas Highway Department~ ha s develo ped an extens i ve sys-
tern for topographic mapping and highway desi gn. This system has
found application nationwide .

196K. A. Godfrey , “Making Maps by Computer ,” Civil Eng ineering -ASCE
(February 1977).

197K. A. Godfrey, “Making Maps by Computer. ”
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c. CMIMS Complete Map Info rimmation M -inaq eme mm t System~~~is a’
a mn bi t i c ’ us  system proposed f r  Sacramento County, CA. The scope ~4

th is systemn encompasses all the types of base maps required by fcc
C Ouf l t ’. -

d. LU MI S 199 is a comprehensive land use nianagemnent inf orm imat io n
systenm . A pilot version for an area of Southern California has been
implemented by Jet Propulsion Labora tory .

Many of the drafting sys tems discussed in section 4.3 are
suitable fcl r this type of application and often can t e  supplied
- - j ith cartographic application software .

Good surveys of some of the basic technical issues involved
in ie-ielopment of data structures and algorithms to support these
types f systems are listed below.200

4.10.3 Bui 1d~~ _~ ite Descriptj~~~~y~~ems

Building site surface feature and utility network description
involves some additional issues tha t are not addressed by the
types of systems described so far. Among the more important of
~ ;ese issues are

a. Provision of hi gh level and very high level input opera-
tions for use in designing and describing site p lans ,

b. Compatibility with and relation to the three -dimensio nal
buil d ing description.

Thus , in principle it is probably more satisfactory to develop
software specifically for building site description than to dt t elit f
to adapt generalized cartographic data base software . Some example s
of building site description software systems which re’~;’ond to
these issues are described in the following subsections.

l”~~ V. W .~~artwr1 qht and J. P. Alessandr ’i , “Computer Cartography
Offers County Unlimi ted Comb i nations and Considerable Savings, ”
C ivil Engineering 

- 
ASCE (November 1976).

19
~ C. Paul , LUMI S System: Final Report (Jet Propulsion Labo ra tory ,

1976 ).
200 R. Baxter , Computer and Sta ti sti cal Tec hn i ques for Planners

(Methuen , 1976); and T. K. Peucker and N. Chrisma n , “Cartogra-
ph ic  Da ta Struc tures ,” The American Cartographer , Vol 2, No. 1
(April 1975).
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4.10.4 Hij~_ Lev e 1 Inpu t_Operations

T~u examples of high level languages for input of site plan
descriptions are

a. SIPLAN ,~
1 developed by Yessios at Carnegie-Mello n U rn iv er _

sit ” . Facilities are provided for defining generalized “patterns ”
O~ circulation elements and pol ygonal objects related in pan icul a r
ways , for description of site shapes , and for automated layout of a
eirt cular “pattern ” wi th in a part icular s i te shape .

b. A lan~-Jage developed by Arn old ,202 at the University of
cambridge , for input of descriptions of housing site layouts .

This provides a simple notation of mnemonics for various fe-a-
t ures , with associated parameters.

4.10.5 Relation of Site and Building Elements

At least four different l evel s of integration can be distin-
guished between the topographic surface description , site feature
description , and the bu i l di ng descr i ption:

a. Systems in which no attempt is made to represent relations
between var i ous d if feren t elements , as exemplif ied by s i m p le  dra f-
ting systems .

b. Systems which relate site elements (such as roads , paved
sur face s , etc.) to the topographic surface model , but not to each
other. Examples of this type of system inc l ude the site plan sub-
system of the CARBS drafting/scheduling system (see section 4.3.2);
and a sit

3
e plan system recently developed at Imperial College ,

London .20

c. Systems which relate site el ements both to the topogra-
phic surface model and to each other. A good exampl e of this tyne
of system is the site layout system employed by the SSHA for
housing projects .201. Th i s i s se para te from , but compatible with ,

261 C. Yess ios , “Forma l Lan guages for Site Planning, ” in C. Eastman ,
(ed.), Spa tial Synthesis in Computer Aided Building Design
(Wiley , 1975).

202D. Arnold , A Compu ter Model of Housing Layout , unpublished Ph. D.
dissertat ion (University of Cambridge , 1976) .

203 Compu ter Aided Desi gn, vol 8, No. 4 (October 1976).
204A . B ijl and G . Shawcross , “Housing Site Layout System ,” compu ter

Aided Design , Vol 7 , No. 1 (January 1975 ).
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the l ea s ing  de-~ ign system ‘J iscu s~ed r rev u’~s ly .  it has ex t e u ;s ive
i r t a t  and output f~ : i l i t i’s  and a l lows quite detai led and accurate
descr ipt ion of tooograjd ’y , building outl i urn s , foundations, roads
and paths , lands cape aid car ma rk i ne  an~ as , fences and re ta in ing
o ,il ls , and dra inage networks.  Va r ious anal ysis routines , inclu-
ding detailed costing, are incorpor- ated. The system is imple-
~eui ted in FORTRAN , and appears to be eas’ly transportable. The
system was developed by the Edinburgh University Cornouter Aided
~rch itec tur a 1 Desi gn group .

d. N ystems which aim at ful l integrat ion between topogra-
phic surface de cri p tion , site elements , and the three-dimen-
sion al building description. This irv oi yes some quite subtle i s sues
relating to descripti on of the i n t e r f ace  be t w ee ur ~~uilding arid
ground . The s i te  des cr ip t ion subsystem ’ or OXSYS ’  - (which has
not yet been fully implemented) aims at full integrat ion. The
SSHA house desi gn and site l ayout system are also interfaced to-
gether, so tha t location -dependent data for each instance of a
house-type or a site (e.g., quantities and costs for foundations
and dra i nage) can be genera ted.

4 .10 .6  Conclusions

The principles of site description seem well understood , ami d
much softwa re is available . The main impl ementation task would
be to integrate the variou s desirable facilities into one coherent
system , and to achieve proper integration wi th the three-dimensio-
nal building description.

2O 1C~~~S~~~X SYS - B DS User ’ s Manual (Appl ied Research of Cambrid ge
Ltd., Fe bruary 1977).
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5 VA UA~I IOh AND S - LECT I ON OF SOF T WARE

5. 1 SUMMARY OF CR ITL kIA

Fh- i s sect ion su mr mm liarizes c r i te r ia  to be used in either select ing
exi sting software for CAEADS da ta base impl ementation or evaluat ing
the desi gn of proposed new softl ’Iar-e .

Si .1 Cenera l
_ _

S tructure_of ~~~~~~~~

The following genera l system features should all be considered
essen tial

a. Levels , modularit y ,  and extensibility . The software should
be im ple m ented as a multilevel , modu l a r , extensible system , as d is-
cusse d in section 2.2.

b. Integration. The concept of a single, integra ted da ta base
from which reports and specially formatted files are genera ted as
needed should be the basis of system desi gn (see sections 2.1.5 and
2.3.9).

c. Types of files. Provision should be made for the following
types of files (or some scheme that can be shown to be equivalent):

(1)  Building projec t f i le
(2) Projec t catalogue file
(3) Genera l reference ca talogue files
(4) Site file.

Appropriate distinctions should be drawn between definitive
data , working data , arid histori cal data . (See section 2.3 for fur-
ther discussion.)

d. Support of entire desi gn process. The system should sup-
port the entire desi gn sistem process from project inception to
detailed documentation wihout discon tinuities (see section 2.3).

e. Procedural modeling . To reduce redundancy, allow compact
storage , facilitate consistency checking, and assist implementa -
tion of very high l evel input operations , convenient and powerful
facilities for procedural expression of relations must be provided
(see section 2.4 for further discussion).

f. Security and integrity . Adeq uate facilities for maintaining
data security and integrity must be provided (see section 2.5 for
further discussion).
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q. Exten s ibi I i t y . I is 1l~ L ‘ m t  a c ,,- s t em i - CA LADS v,’il 1
a lmost  ~ont .inuousl y be ex ~, nded a r ’d rsodi lied o support f l n - -

~,’ appl i
r a t i o n s .  ~~~

- -  h u i l d u e  desc r ip t i on  ~yste ; ;  s hould rec og rmize and sup-
port ;h is .

5 . 1 . 2 ee G~om’i r t m ’ m c; Ma ur- I

The fol low ]  ng pro ; e~- t i es of t ime gee tn I C  cd~- 1 ma io ta i rmed r- -

thc system sho al- s a M be co rm s i- ier ’ d es ‘ r ; ’ lil:

a. GnomE- ~r ir compi eteness. re in te rnal ui 1d m np m odel should
be gr -o ;-u-tr ica ll y cc mplett (imo t a col l ection of ;s’. — -d i - ’ ;e r ;’ ,ional
projections ), as ‘Iiscuss~ d in sect ion  3 .1 .

5 . Accuracy . The omodel should represent ;hapes arid dirieris ion s
w i t P suffic ii’s t accuracy to sur e’ al l  rc’ r- mna l a ‘ - i t”c t r~~ 1 and
architec Lu ral eng i neerin g appl i c at ions (see sections 3.1.5 and 3.1 .6).

c. Nongeometric properties . Provision should [ Fe  ma ( i 1 for ~he
-ass i gnment of arbitrary and unpredic table numbers and type of 05, —

geometric propertie s to geometric entities (see cecti on 3.1 .7 ) .

d. Association. Provision should be made for a user to
associate arbitrary col lect ions of e leme it s s t e sets ar id netw o r ks
as described in section 3. 1.8.

e. Access. Provision should he made for efficient spatial
access of elem ents , for naming and classif ying both spaces and
physical elements in ways that are useful in design , and for accec _

sing ele mr ments via t hese c 1ass i~~ication syste ;~s ( c e e  section 3.2).

f. Lower level ~ ape is -put operations. Convenient lew~ n- le-
vel shape input operations are required , in particular an exten-
sible libra ry of m”arameterize d shape orimitives and the spatial
set operations (see section 3.3).

g. Hi gher level input operations. Provision should be made
for convenient and rap id impl ementation of higher level input oper-
ati ons , such -is autom ated selectio n , dimensioning, location , de-
tailing, and building assembly (see section 3.3.5).

h. Output. Boto litera l and diagrarnatic graphics , a full
range of projections , and sectioning should be supported (see
sec tion 3.4).

i. Consistency checking and maintenance. Minimally, spatial
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n e t  let . ‘~ - - t i r ~; should t - e  su j , r t ~~ ’J  Addi ionu l (-or ,sl stV ncy
- Pecking arr d mn a i n t en amlT e  f c c i~ ‘s a r -  h ighly des i ra He (~~--e
5eC t

~~O r ;  2.1 . 4).

j .  Pocu ment ution s y s t e m s .  An s t d ent ,-nsl conv ,- - ien t
docume n tation system should be availabl e ~~~ - ec ti om 3.5 .1) .

5 . 1 .3  Corgput ing Resources and S~~~em Perfo r-r’ -jr n . :

E~ee r ience w i s h  the impi es entat ion of OXbY S , CED A R , and BUS
has demonstrat ed that this type of t nree-d mensio na l hu i ld ing
de’--c r ipt on system s ’ c u ld not require massive computin g resources ,
and tOa t hi gh performance inte ractive graphics opera tion is not an
unreaso nable  expec tation. The following computing resource and
sy- tes eerf,jr’ ance en teria are suggested :

a. Low-cos t , widely availabl e computing enviro n :ent. Imple-
-in ’ntati on srl u ld be feasible within a low-cost , widely available
t~~~~F C 0 1 com iting environment , e.g., medium size minicomputer with
ii ~ k , tablet , and storage tube graphic terminal facilities.

b. Adequate capacity . The system should have the capacity
to represent large and complex buildings. The capacity to des-
~u- ibe a large , -well-serviced general hospital on a single disk-
pack would be a reasonable capac i ty criterion.

c .  Ef f ic ient  handling of small projects . Conversely, the
sy s te m should not be too cumbersomne or impose too many overheads
to allow efficient handling of small projects . A single family
house would t i - a reasonable benchm umark building for testing this.

d. Real-time interaction . A designer must be able to mani-
puldte the desi o n in rea l time v ia a convenient interactive
gr a-  icS i nt c rf - ~c e .

e. Reliability and robustness. An interactive cvstem is
.ms e less in practice if it crashes too frequently, or if it is
plagued by bugs which disrupt a designer ’s work on the system.

5.1.4 Acquisition Considerations

In addition to meeting the technical cri teria summ~nar izeda bove , any software acquired must meet certain additional prac-
ti cal c rit er i a . Thes e are general an d wel l  known , but for
complete ness they are resta ted here :
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a - b t r h i  Ii t y .  T rier - ott to o~ ‘10 CC t hi t 1’ e 5~ ’ tw i ne  hat
P - - - i  idos:r ’: tel y t ’ s  te d and debug ’.t~ d ‘ -  u se i n a pr’j dsc t ion e iv i -
ronimient

L. Du 1 por t. Li t i e r -  it i n s t  he teas ibi e for the user organi -
z a t i o n  to c - C C O [ ’ t  full responsibility fe - su p po r - t , or there must
be evi cie :ce that tP~ su p p 1i t~r i s capa r l - - of ma i ntaining adequa te
supp ort for an acce ptabi  e per iod - Su ppor ’ I mi vol yes at eas t
software maintenance , user assist ance , and consult ation or ex-
tens iuns and modi f icat in n~

c - Documentatio n oust ho avai able . co rrp l et i  , a d  of hi oh
l i t ’ - .

d A - a i l a b i ’  ity. It must be as~ee cD et her end nu der what
circumstances ecu  contra ’ :  t al arrangemen ts trio ne~ t- - a r e ~-.‘ -oul d be
av ail ,ihl e to the Cor ps, what adap t ion would he ‘-‘ pj ired and how
long tCis ~-s ’ai d ta k e , and -eat the cost would be.

5. 1 .5 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Since the Corps has already invested considerable effort in
-~~f l ,wire deve lo pn- ient and user training, the compatibility of the
data base system ~-if .h existing software is an important issue .
The following criteria should be -ip rlied:

a. i;terfacing existing application programs to the system
should be possible without too mu P diffi cult ,- . M i n imally, it
should be possible to write simple programs to extract needed in-
put da ta from the integrated data base and forma t it for  i n p u t
to the applicatio n progra m.

b . Retraining ‘:-~~ FORTRAN application programmers for other
languages should be avoided if possible.

5.1.6 We~~~t i f ~~~i teria

These various cri teria mi ght be assi gned relative wei ghtings
in rather diff erent ways, depending upon

a. The ways in which the costs and benefits of the overall
integra ted CAEADS system are to be defined and evaluated .

h. The precise role assi gned to the thr ee-dimensional buil-
ding description systems within the integrated CAEADS system .
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(This (~uest~ )n see not seen settled de fi ni t ively at the time of
w r i t i n g  th is repor t . )

C . T he re i a t i  ~‘c- uui c ;-o’tance a t t a r m e d  to rc ’ 1at i~- e l i  rapi d
immi p le nmentat i on of a minima l working syste o m vers us s perd ing  more
time ar -id imp l emen t 1m g a mo re sophistica ted system .

In the d iscuss ions of po ns ib le  imp ler:E - ’ at io r i  strategies g iven
in toe next section , arm effort is ‘jade to clearl y indicate the
we i  ph s ing aSsui tOt ions w hich under] i e the i-eco rj ’errdations

5 . 2 A NA L Y S i S  OF SOFTWARE WITH RESPECT TO THE SUMMARIZED CRITERIA

Brief docu nment ation on OXSYS , the Evans and Sutherl&
~
1d System ,

and GLIDE is provided by the publications listed below .2 For
conven i en t com para ti ve ana l yse s of the fea tures of a ran ge of typi-
cal , widely-used data base management systems , reference should be
made to the CODASYL study and the text by Date .20

Table 12 compares these systems with respect to the criteria
whi c h were summa r i ze d i n sect i on 5 .1

?fl~p~ Ric -He~~T~ XSYS-BDS Users Manual (Appi ied Research of Cambridge
Ltd., February 1977); OXSYS -BOS: A Short Technical Description
(Applied Researc h of Cambridge Ltd., May 1976); The E & S Design
~ystem (A Brief Preliminaryjesc ription) (Evans and Sutherland
Computer Corporation , Augus t  10 , 19~~J~ C. Eastma n and J. Lividini ,
“Da tabase for Desi gning Large Physical Systems ,” Procee~~~~9fthe Natio~ n u t  Co rmference (1975) ;  C. Eastman , Prel imina jy
User ’s Manual for BDS 10 Institute of Physical Planning,

~Ca rneg ie- Me l lon U n i v e r s i t/ , Septembe r 1976); and C. Ea stman
an d M. Henri on , L~j g~~~

foraDesiqi i n forma ti on Sys tem , Insti-
tute of Phy~ ica l Planning7Carneg ie-Me llon Univers ity , 1976 ).

20 ‘ip[)Asy~ Systems Committee , Feature Anal ys i s  of Genera l i zed
Da ta Base Ma na~çmen t Sy~j ems CAssocia tion for Computing Machi-
nery, May 1971); and C. 3. Date, An I n troduc t ion to Da tabase
Systems (Addison-Wesle y , 1976).
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5.3 APPROACH TO COMPARATIVE EVAL UATION

The analysis shows that all the altern atives have both strengths
ar~d weaknesses. However , none of the weaknesses appear to be neces-
saril y fatal , and an implementation strategy based upon any of these
systems could potentially meet the CAEADS requirements .

To provide further data upo n which to base a choice , it would
be very useful to carry out some kind of comparative analysis on
OXSYS , E & S. and GL I D E , and one or two representative da ta base ma-
nagement systems .

Formalized bench markin g in the normal sense is not possible ,
since the three systems are not directly compa rable. They are at
di f feren t levels , and would make different kinds of contributions
to impl ementation of the CAEADS data base. Furthermore , in each
case , the amount of effort needed to create a building description
depen ds very heav i l y u pon how closel y the curren tl y ava i la b le l ib-
rary of elements and procedures matches the characteristics of the
particular buildin g to be described .

The reconi-nended approach , which would be feasible and relativel y
i nex pens i ve , would  be to have an a rch i t ec t ex per i enced i n com pu ter-
aided desi gn crea te , wi th the cooperation of the developers of the
systems , a nontrivial building description using each one of these
systems . He/she should keep a critical record of his/her experien-
ces , paying specif ic attention to

a. Ease or difficulty of learning the system

b. Ease or difficulty of creating the description using the
facilities of the system

c. Specific limitations and freedoms that seem important

d. Response and reliability

e . Com put i ng resources consumed .

Records of terminal sessions and copies of graphic output pro-
duced from the description should be presented .

A pproxima tel y 8 to 12 man-weeks of work would be needed to per-
form this investi ga ti on reasona b l y thorou ghl y. Some travel cos ts
would a lso be involved , s i nce curren t im p l emen ta ti ons of the systems
are i n wi del y scattered locations (Cambridge , England; Pittsburgh ,
PA; and Palo Al to, C A ) .
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A more ambit ious type of comparative study , suggested by
Charles Eas tman ,- ’ would  be to l et sma l l  develo pmen t con trac ts to
a num ber of development groups to develop kernel systems . Either
way, the objective of obtaining fu rt her de ta i led da ta ~~

‘c- the most
promising systems would be served .

2C8C. Eastma n , Report of the CAEADS Review Meetin g (May 11-12 ,
1977) .
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(- CONCLUS I -N~ AND PJLUMM[ND,ATIONS

6.1 ~UN~LUSIONS

The main conclusions of this study are as follow s :

a . Implementation of  a da La base system for comprehensive
~~~~~~~~~~~~~~~ buil d i 1 .  descr i pt ion in LA EA DS wi l l  be a corn—
ple. task , req~ ir i ng soph~sticated techniques ; however , it is
feasible. It is the correc t approach to system i n t e : r i t i o n , and
the benefits from i ts use should he major .

b. No currently available software e~a~ tly r-~ tChes the
criteria for three -dimensional building descript ion su ftwa r - o’ to be
used in CAEADS, but severa l hi gh quality systems which would be of
great assistance in impl ementing the needed fa cili t ies are available.
These are OXSYS , the Evans and Sutherland Desigr . ~-,~~teI , and GLIDE .
The use of a data base manaqernent system (DBMS) may be feasible
but is not recommended.

6.2 RECOMMENDATIONS

The following recommendations a~e made based upon these
conc lus ions :

a . The Cor ps shoul d take ste ps to ac q u i re the necessar y so ft-
war e ar i d commence the necess ary de velo pmen t con trac ts i n or der to
implement the CAEADS data base. This should be given hi gh priori-
ty, s i nce the charac ter an d su ccess of the en t ire CAEADS sys tem
will be very strongly infl uenced by the properties of the da ta
base system .

b. If possible. the proposed comparative analysis (section
5.4) of OXSVS , the Evans and Sutherland Design System, GLIDE , and
DBMS systems should be undertak en at the first availabl e opportunity .

c. If the proposed comparative analysis is not conducted . the
currently most highl y reconinended stra tegy is a staged strategy
based u pon OX SYS , as described in section 5.5.

d . Strate gi es base d u pon the Evans and Su th er land Des i gn Sys-
tem and upon GLIDE (see sections 5.2 and 5.3) are also recommended
for serious consideration.

e. The poss ib i l i ty  of using a DBMS should be noted , but it is
not highly recommended (see section 5.2.4).
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