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1. P r o j e c t  O v e r v i e w  a n d  S u m m a r y

The main goal o f  th is  proposed le v e l -o f -e f fo r t  research pro ject is to extend present 
capabilit ies in the area o f C om puter A ided G eom etr ic  Design (CAGD) and to  deve lop 
custom  VLSI support fo r  some special geom etr ic  functions. Our already proven expertise 
in the areas of fo r  CAGD, Very Large Scale In tegra tion  (VLSI) and p rog ram m ing  language 
deve lopm ent wil l be d irected toward th is  goal. In o rder to realize the gains w h ich  are 
discussed in the second chapter, considerab le and coord inated e ffort w il l be requ ired in 
all three areas. We have considered the prob lem  and have arrived at the overall 
m ilestones which are d iscussed in this chapter. Subsequent chapters e laborate  on the 
the VLSI role in and the requirem ents fo r deve lop ing cus tom  hardware a lgo r i thm s  for 
com pute r  geom etry, and the support ing  role tha t continued research and d e ve lop m e n t of 
the L isp-based Portable Symbol M anipulat ion System w il l  play in both the VLSI and CAGD 
efforts. Each chapter presents the ind iv idua l goals o f the  sub-phases of th is  p ro jec t 
w h ich have been carefu lly  corre la ted to m eet the overall goals.

1.1 P r o j e c t  S t a t e m e n t  o f  W o r k

The fo l low ing  sta tem ents are brief synopses of the more detailed ones w h ich  are 
conta ined in the fo l low ing  chapters.

G eom etric M ode lling  S ta tem ent o f W ork

1. Design m athematica l spline representa tions and co rrespond ing  data s truc tu res  
for use internal to the Alpha 1 modeller.

2. Dem onstra te  the pow er of the unif ied spline approach by m ode ll ing  d i f f icu lt  
mechanical pieces in the Alpha 1 testbed. Challeng ing m ode ll ing  candidates, 
like a modern truck or a personnel carrier, w il l  be chosen to be of in terest to 
the DoD com m un ity . D em onstra t ion  w il l  resu lt after creating and 
im p lem enting  the necessary m ode ll ing  tools. The result w il l  be a three 
d imensiona l m athem atica l representa tion.

3. Develop an exact a r i thm etic  a lgo r ithm  appropria te  fo r use m the in te rsection  
operation. Analyze candidate a lgo r ithm s for su itab il i ty  w ith  regard to 
specialized hardware im p lem enta t ion  in VLSI.

4. Specify a functiona l a rch itectu re  o f the testbed Alpha 1 m ode lle r  w h ich  shows 
re la t ionships between candidate a lgorithm s, and data com ponen ts  to allow 
initial de te rm ina tion  of an a rch itec tu re  fo r  a VLSI im p lem enta tion . Specialized 
character is t ics  o f the a lgor ithm s w h ich  are am enable to VLSI im p lem en ta t ion  
techniques w il l  be identif ied if they exist.

5. Develop a m e thodo logy  for ex trac ting  a f in ite  e lem ent model from  the 
proposed spline based m aster geom e try  representa tion  wh ich will a l low  us to 
in terface to a large body o f ex is t ing soph is t ica ted  f in ite  e lement analysis 
packages like Adina. Dem onstra te  the m e thodo lo gy  on a selected testcase
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1. Formalize the structured tiling  integrated c ircu it layout m ethodology and the 
structured arithm etic tiling  design methodology.

2. Develop static and dynamic PPL cell l ibraries using the CMOS techno logy. 
This wil l involve c ircu it  design, s imulation, layout, and testing. We expect to 
use the MOSIS 3 -m ic ro n  techno logy.

3. Design, im plem ent and test selected CMOS PPL c ircu its  fo r the special 
purpose geom etr ic  processors to be in tegra ted in to  the Alpha 1 testbed. 
These c ircu its  will be fabricated th rough  MOSIS and w il l  include c ircu its  w h ich  
im p lem ent port ions of the in te rsection  and subd iv is ion  a lgor ithm s used in 
Alpha 1.

4. Define, design, im p lem ent and test several h igh -speed  fu l l - c u s to m  GaAs 
c ircu its  of in terest in geom etr ic  m odelling. This w il l  be done in con juc t ion  
w ith  Rockwell, using their design rules, and fabr ica tion  capabilit ies. C ircu it 
s im ula tion  w il l  be done using an e lementary m odel developed at Rockwell

5. Identify, design, im p lem en t (in NMOS and CMOS) and tes t a g roup o f 
parameterized ti les (o ther than ar i thm etic  tiles) w h ich  w il l  be required in the 
im p lem enta tion  geom etr ic  processors. Since VLSI-based ar ithm etic  
com puta t ions  will be a key port ion  of the project, a specialized a r i thm etic  
in tegrated c ircu it  design capabil i ty  w il l  be developed, based on the s tructured 
a r ithm etic  t i l ing design m ethodo logy . Test s truc tu res  will be fabricated using 
the MOSIS facility.

6. Design, im p lem ent and test a spec ia l-pu rpose  geom etr ic  p rocessor This may 
be a f ix e d -p o in t  (or rational) a r i thm etic  processor. This w il l  be done using 
structured tiling.

7. Develop a lgor ithm s and too ls  fo r  the au tom atic  generation of parameterized 
tiles and ar ithm etic  s tructures. The parameterized tiles w hich w ill be 
considered include RAM, ROM, m ult ip lexors, data switches, and ar ithm etic  
structures.

8. Develop a unified set of too ls  which, in con junc t ion  w ith  the existing set of 
PPL design tools, w il l  be ussd fo r  the design, ver i f ica t ion  and im p lem enta t ion  
o f the c ircu its  described above. These too ls  w il l  be bu ilt on a relational 
database system and will inc lude a h ierarch ica l s truc tu red  ti l ing design editor, 
a hierarchical, m ixed- leve l s imulator, an advanced s ta te -m ach ine  generator, an 
a r ithm etic  m odule generator, and tes t sequence generators.

VLSI S ta te m e n t  o f  Work
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Study and develop a graphical support software environm ent capable of e ffic ien tly  
supporting VLSI and CAGD applications. This environm ent and program m ing language 
m ust have the fo llow ing  characteristics:

1. The env ironm ent m ust be portable across many d i f fe ren t w orks ta t ions  and be 
easily transported  to the new w orks ta t ions  soon to appear. Therefore, we 
plan on util iz ing arch itectura l descr ip t ion  language techn iques to t ranspo r t  the 
env ironm ent to each new w orks ta tion ;

2. A language in te rp re te r fo r  program deve lopm ent to aid in the rapid 
p ro to typ ing  o f the VLSI and CAGD applications;

3. Highly op t im iz ing  com p ile r  fo r  the incrementa l deve lopm ent of e f f ic ien t 
p roduction quality code. o

The fo l low ing  outlines the steps necessary to produce the graphical support system  as 
described above:

1. Integrate the a rch itectura l descrip t ion  language techn iques into the curren t 
env ironm ent used for VLSI and CAGD to provide enhanced op t im iza t ion  
techniques.

2. Expand the a rch itectura l descr ip t ion  techn iques to include code generation 
that w il l  a llow more flexible and eff ic ient production  code. This enhanced 
env ironm ent w il l  be released to the CAGD and VLSI g roups for testing.

3. Research into the in tegra t ion  o f the arch itectura l descr ip t ion  techn iques into 
the entire environm ent. These new techn iques w il l  a l low  the graphical 
support so ftware  env ironm en t to be transported to a new ta rge t arch itec tu re  
simply by w r it ing  a new machine description.

4. Research and deve lopm ent into techniques for the spec if ica t ion  of data types 
and declarations in an env ironm en t which includes both in te rp re tive  and 
compiled program deve lopment.

5. Investigate the extension o f the data type and dec lara tion  m echan ism  to 
provide e ff ic ien t f loa ting  po int and matrices as needed in VLSI and CAGD

6. Release the advanced portab le graphical support env ironm en t for tes t ing  by 
the VLSI and CAGD projects.

1 .2  P r o j e c t  D e l i v e r a b l e s  a n d  M i l e s t o n e s

This section briefly describes the antic ipated m iles tones and deliverables fo r  the propose;! 
effort. It is understood that the m ilestones are approx im ate  in nature and the actual 
achievement dates may not correspond w ith  those cited in th is document.

Portable S ym b ol M anipulation  S y s te m  S t a te m e n t  of Work
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At the conc lus ion o f th is con trac t we w il l  have deve loped a hardware p ro to type  sys tem  of 
the selected geom etr ic  processes and dem onstra te  it. In o rder to  dem ons tra te  th is  part 
o f a to ta l geom etr ic  design system, it w il l  be in tegra ted in to  the experimenta l geom e tr ic  
m ode ll ing  testbed Alpha 1 and applied to  a selected model. The results  of suppo rt ing  
and related research in to  com pute r  geom etry , geom etr ic  modell ing, VLSI, and Portable 
Symbol Manipulation, as well as the in tegra tion  o f these areas, w il l  be reported.

M iles tones  fo r G eom etric  M o d e lling  E ffo rt

12 Months Analyze m odell ing  a lgo r ithm s fo r  hardware im plem enta tion .

12 Months Define ha rdw are /so ftw are  in terface fo r  geom e try  engine.

24 M onths Dem onstra te an interactive, sp l ine -based  geom etr ic  editor. .

24 M onths Graphically s imulate a process fo r  m anu fac tu r ing  p ro to types using B-
spline based geom etr ic  models.

24 M onths Develop an interface to an existing f in ite  e lem ent m ode ll ing  package
from  a B -sp line  based geom etr ic  model.

D eliverab les

36 Months Perform perform ance eva luations of the spec ia l-pu rpose  VLSI 
processors designed fo r  Alpha 1.

M iles to ne s  fo r VLSI

6 Months Formalize the IC t i l ing  m e th o d o lo g y  w h ich  will pe rm it the deve lop m e n t 
of special purpose processors  fo r  Alpha 1.

12 M onths Define a special a r i thm etic  IC t i l ing  m ethodo logy.

12 Months Define a set o f parameterized ti les fo r  use in process ing datapaths.

18 M onths PPL t i l ing  im p lem enta t ions  in both static and dynam ic CMOS.

24 M onths Have a tested a r i thm etic  t i l ing  capab il i ty  in NMOS and have CMOS
. ■ designs ready fo r  testing.

24 Months Complete designs and tes t ing  o f parameterized ti le techn iques Have 
the m aior t ile genera to rs  com ple ted .

30 Months Comple te  a lgor ithm  design fo r  parameterized tiles.

30 Months Have a tested a r i thm etic  t i l ing capab il i ty  in CMOS.



30 Months Integrate special-purpose processors (for in tersection and/or
subdivision) into the A lp h a l engine.

36 Months Complete design and testing of GaAs test structures.

36 M onths Complete design and tes t ing  o f a var iab le -p rec is ion  general a r ithm etic
processor. ,

36 Months Refine and improve the spec ia l-pu rpose  processors fo r  the Alpha 1
engine, if necessary.

36 M onths Complete im p lem enta t ion  of a unified CAD system for the design of
integrated c ircu its  using s tructured til ing.

M iles tones fo r Portable Sym bol M an ipu la tio n  System s

12 M onths Complete research w ork  on a peephole optim izer.

12 M onths Add declarative data types to the system.

18 M onths Arch itectura l descr ip t ion  driven e ff ic ien t code generation.

18 Months Add co m p i le - t im e  data type checking. ,

36 Months Source to source trans fo rm a t ions  work ing

36 M onths Exploit data typ ing and dec larations in an op t im iz ing  compiler.
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2 .  P r o p o s e d  R e s e a r c h

2 .1  T h e  R o l e  o f  C o m p u t e r  A i d e d  D e s i g n  in  I n d u s t r y

The phrase that best characterizes the need fo r  C om pu te r  Aided Design o f m echan ica l 
parts is "com petit ive  edge'; the com pe t it ive  edge in p roduc t design, cost, perform ance, 
and quality. Tradit ional design uses "engineering d raw ings ' ' as the model. These are 
really tw o  d imensional pro jections. Since there are no rm a lly  on ly a few v iews g iven there 
is usually either more than one in te rp re ta tion  that "fits" the drawings, or no in te rp re ta t ion  
that can fit, as when the design features cannot be corre la ted properly. However, 
com ple te  manufacturing in fo rm a tion  is needed. This means that the d raw ings  are 
in terpre ted w herever ambigous: in many instances detailed design is actua lly  
accomplished at the m anufac tu r ing  stage. If desired, "w ire  frame" models are made (w ith  
in terpretation) and "skins'" or surfaces are put on them  in the analogous m anner of 
s tre tch ing material across the frame. If it is necessary to specify in fo rm a t ion  fo r  a 
num erica l contro l process, then someone m ust in te rp re t the engineering d raw ings  and 
generate a stream of ins truc t ions  fo r  a num erica l con tro l machine. If it is necessary to 
specify in form ation  to m athem atica l analysis packages, like a f in i te  e lem ent analysis, a 
f in ite  e lement mesh has to be generated from  the eng ineering  draw ings, again invo lv ing  
in te rpre ta tion  to make a three d im ensiona l approx im ation . This m igh t lead to  fu r the r  
in te rpre ta tion  and design spec if ica t ion  w ith in  this f in ite  e lem ent model. The results, 
how ever are not available to the numerical con tro l device, or to o the r analysis or 
v isualization techniques. D iffe rent processes require d if fe ren t models, and none talks to 
the others. Getting the results and in fo rm ation  obta ined from the processes into the 
engineering d raw ings som etim es never occurs, and when it does, it is never certa in  that 
the assembly line produced vers ion w il l  incorpora te  those  changes, since again, there  
m ust be in terpre ta tion  of the d raw ings  on how to make the molds, m achine the product, 
cut the metal, bend the stock, drill the holes, and the like.

A single m aster model of the ob jec t geom etry  from  w h ich  can be derived, in an 
a lgo r ithm ic  and well defined manner, an N/C specif ication , a f in i te  e lem ent model, a 
rendering model, and o ther ou tpu t type operations wou ld  insure that all the analysis and 
rendering processes are seeing the same geom etry . Powerfu l in terfaces to the m odel and 
too ls fo r  build ing models can lead to m ore accura te ly  specif ied models, m odels  whose 
materia l specif ications can be exactly  known in advance and w hose com ponen t p lacem ent 
can be uniquely and exactly specified. Perhaps in terfaces between the model, the results 
of the m athem atica l analysis packages, and the design in terface could a llow  the designer 
to m od ify  designs qu ickly to incorpora te  stress, pressure, thermal, or aerodynam ic 
changes as d ic ta ted by the analyses. These are all really m ethods of " in te rroga t ing ' the 
model.

American industry was s low  to see the need fo r  these new methods. Japanese industry  
has made a national co m m itm e n t  to use co m p u te r  aided geom etr ic  design and to 
in tegrate it w ith  com pu te r  aided m anufactur ing. While curren t com m erc ia l ly  available 
system s have few  capabilit ies when com pared to advanced research capabilit ies, and are 
p r im it ive  when com pared tc what is needed, there are noticeab le  effects t rom  the ir use 
In the sh ipbuild ing and au tom ob ile  industr ies, the Japanese have had grea t success and



11

the  Scandinavians have long seen the need fo r  th is  new  techno logy  in sh ipbu ild ing . 
Recently, American industry  has realized tha t they w il l  lose the ir co m p e t i t ive  edge, 
perhaps forever, if these ideas are not inco rpora ted  in to  the ir  design and m anu fac tu r in g  
processes.

The need in the a ircra ft industry  is clear, and the use there is very  advanced. An 
il lus tra t ion  of the potentia l benefits possible f rom  using a unified co m p u te r  g eom e try  
model is in the area o f m ode ll ing  the surface geom e try  o f  an aircraft to  assess poss ib le  
con f igura tions during the crucia l period o f conceptua l design. The capab il i ty  to p red ic t 
performance character is t ics  f rom  a very early con f igu ra t io n  concept w ou ld  provide 
designers w ith  an extraord inari ly  valuable early ind ica to r o f the u t i l i ty  and m e r i t  o f a 
pre lim inary design concept. Accurate v isua liza tions o f the  parts portray ing cu t ou ts  or 
transparent surfaces could be specif ied to a llow  the designer to  gain d i f fe ren t 
perspectives of the object, and m u lt ip le  ob jec ts  could be s im u ltaneous ly  d isp layed and 
manipulated to check possib le  fits. The experim enta l co m p u te r  aided geom etr ic  design 
system. Alpha 1, that we use as our testbed, has these v isua liza tion  features inco rpora ted . 
Preliminary in teraction  w ith  designers has ind icated tha t these features w ou ld  be useful irV 
the w ider context. The m odel needed fo r  aerodynam ic analysis should be deve loped 
from, and cons is ten t w ith  the geom etry  model to insure that the results  of the 
m athem atica l analysis w il l  accurate ly  p red ic t the perform ance. Finally, the g e o m e tr ic  
descrip t ion could be used fo r  build ing in te r io r  com ponen ts  like s tru ts  and spars, fo r  
m anufactur ing stamping dies and dril l ing and r ive ting  jigs, fo r  f ix tu r ing  layup o f c o m p o s i te  
fiber parts like w ing panels and con tro l surfaces, and fo r  o the r  m anufac tu r ing  tasks.

The need for c o m pu te r  aided geom etr ic  design and m ode ll ing  is present in m ore 
trad it ional industries. The design of a tank requires analysis at every stage as to its 
weight, arm or p lacem ent fo r m in im um  vu lne rab i l i ty  w ith  w e ig h t and o the r res tr ic t ion  on 
m obility , gun fire power, etc. W ith a unif ied co m pu te r  g e om e try  system, the  des igners 
could develop a pre l im inary  model, au tom a tica l ly  in terface to  analysis packages, and 
determ ine vu lnerab il i ty  o f the  model w ith  the cu rren t a rm or p lacem ent. A rm o r  could be 
shifted and the process reapplied. If the  m odel is not deve loped in a fo rm  cons is ten t  
w ith  the analysis m ethods, then a great deal o f t im e m ust be spent in te rp re t ing  the model 
and deriv ing the co m pu te r  m odel fo r  analysis. Then after the analysis results  are 
obtained a new m odel m us t be developed, and then ano the r new co m p u te r  model, if the 
or ig inal model au tom atica l ly  in terfaces to, or d irec t ly  supports  the analysis, all the t im e 
spent build ing the "second" model, w h ich  could be months, is saved. Faster in te rac t ion  
would a llow more design ite ra tions in the same t im e span and perhaps less vu lne rab i l i ty  
in the final product.

2 .2  C o n t r a c t  P r o b l e m  S t a t e m e n t  a n d  O b j e c t i v e s

Although extensive e f fo r t  and success has been associated w ith  com pu te r  aided design of 
d igital c ircuits, a parallel th rus t has not been the case in three d im ens iona l geom etr ic  
design where it is necessary fo r  the design and m anu fac tu r ing  of m echanica l, not 
electrical, devices. It. is now  becom ing  w ide ly  recogn ized that our capabi l ity as a nation 
to achieve and execute good mechanical design is h igh ly  dependent on ou r  co m p u te r  
expertise. However many necessary fundam enta l advances have not yet occu rred  in the 
laboratory, much less in practice.
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Substantia l w o rk  in com pu te r  aided geom etr ic  design (CAGD) has already been done  in 
the  D epartm ent o f  Com puter Science at the  U n ive rs ity  o f Utah. Alpha_1, a novel 
experimenta l and sp line-based solid m ode lle r  shows the advantages of our approach as it 
acts as a tes tbed fo r  new research. We now  propose  to  press fo rw a rd  w ith  necessary 
research to  develop advanced geom etr ic  m ode ll ing  capabilit ies that are su itab le  fo r  tak ing 
on genuine industr ia l and DoD grade problems. Coord inated research in to  the  system 
organization is necessary, inc lud ing both so ftw a re  and hardware aspects. It requires 
fundamenta l research in geom etr ic  representa t ions  and a lgorithm s, in te rac t ive  
env ironm ents  fo r  com puting  and design, in terfaces to  engineering  analysis procedures, 
special purpose a r ithm etic  units, sym bo lic  algebra, h igh -speed  parallel and p ipelined 
processing, and com pu te r  graphics.

We believe tha t the theory a llows for a po tentia l increase o f at least f ive o rders  of 
m agnitude in com puta tiona l capabil i ty  over the curren t state th rough exp lo it ing  the 
inherent paralle lism of the problem, the use of m ore  suitable a r i thm e tic  techn iques, and 
taking advantage of the faster logic fam il ies  that are becom ing  available. Looking beyond 
a specialized hardware system for im prov ing  the perfo rm ance of the curren t rendering 
and manipu la t ion  system and beyond the p resently  proposed con trac t  period, fu r the r  
increases in the com puta t ion  pow er o f the system  could be applied to  pe r fo rm ing  
analysis and functiona l s im ula tion  com pu ta t ion s  at in te rac t ive  speeds. Certa in ly  such a 
system w ou ld  not produce com parab le  perfo rm ance  increases for unrelated app lica tions, 
since th is will not be a general purpose system. However, it w il l  dem ons tra te  how  
custom ized arch itectures can be used in an integral way to  solve im portan t,  
com puta t iona l ly  in tensive problems.

2.2.1 Present O bjectives

Within the con trac t ing  period we propose to pursue the research d irec t ions  ind icated 
above and im p lem ent result ing a lgo r ithm s or sys tem s concepts  on the testbed to prove 
the ir  v iab il i ty  as advanced concepts  fo r  design and m anu fac tu r ing  fo r  a select class of 
objects. It could become an example of how  com pu te rs  can be used to  broadly support 
the overall process of three d im ens iona l mechanica l design and m anufac tu r ing , 
particu larly  serving to com bine  FUNCTION w ith  FORM in the earliest stages of conceptua l 
design. This will enable a des igner to gain some understand ing of the perfo rm ance  o f  a 
design through the s imula tion  of som e of its c r it ica l func t ions  at a very p re lim inary  stage 
of a design.

To achieve sa tis facto ry  performance, this w il l require the concu rren t deve lop m e n t o f  

specialized com puta t iona l engines to support the key tasks in conve rt ing  a m athem atica l 
m odel of an ob jec t into a set of po lygona l representa t ion  op tim a l fo r the part icu la r v iew 
which can then be passed to a conventiona l rendering system. A m a io r task inc ludes the 
subdiv is ion o f a surface.
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We w il l  uti l ize the close coopera tion  w h ich  exists between the so ftw are  and the hardware 
people in the departm en t in a jo in t  approach to this d if f icu lt  and im p o r ta n t  p rob lem  area. 
This p ro ject wil l becom e one o f the broadest spectrum  approaches to the p rob lem s in 
com pute r  geometry. In order to  bring co m p u te r  geom e try  in the  next stage of 
advancement we are proposing the fo l lo w in g  advances in the area o f co m p u te r  aided 
geom etr ic  design:

*  A m athem atica lly  r igorous and func t iona lly  useful descr ip t ion  o f  geom etr ic  
parts and assemblies m ust be developed fo r  various types o f analysis and 
subsequent manufacturing, w ith  natural m ethods o f spec if ica tion  o f this 
geom etry  fo r the trad it iona l designer. We w ill explore m ore general 
representa tions which lend them se lves to the fundam enta l no tion  o f using a 
s ingle (universal) mathematica l fo rm  w ith  an associated recursive evaluation 
scheme. Subdivis ion methods explo it recursive a lgorithm s.

* The d is tr ibu t ion  o f the system across a num ber o f sub -sys tem s, each 
optim ized for their part icu lar task. The nature of the port ions  o f the cu rren t

. system concerned w ith  the t rans fo rm a t ion  o f the m athem atica l descr ip t ion  of 
the ob ject to the po lygona l fo rm , or o the r s im ple element, acceptab le fo r  
rendering points to com ponen ts  handling in te rsection , surface fla tness testing , 
subdivision, and scanline cons truc t ion , opera ting as a p ipelined system.

*  The use of massive ly parallel com pu ta t ion  in many of these sub -sys tem s, 
replacing iteration and queuing s tructures. The basic nature o f  many of the 
underly ing a lgor ithm s in Alpha 1 is d iv id e -a n d -co n q u e r .  A surface is tested 
for flatness, and if it does not m eet the specified criteria, it is d iv ided into tw o  
surfaces, each of w h ich  is then tested. Such a b in a ry - t re e  process rapidly 
reaches a po in t where a large num ber o f p rocess ing e lem ents  can be well 
uti lized.

*  The use o f p rocess ing e lem ents  m ore suitable to  specif ic  tasks than general 
purpose computers . In addit ion to cus tom iza t ion  of datapaths and functiona l 
units, new a r ithm etic  s tructures w il l  be em ployed to be tte r  match the 
requirem ents  o f the part icu lar geom etr ic  a lgorithm s. Standard f loa ting  po int 
a r ithm etic  is not part icu lar ly  suitable fo r  many geom etr ic  a lgo r ithm s, ye t it is 
all that is available on conventiona l com pu te rs  fo r handling n o n - in te g e r  data 
In some cases, the basic a lgo r ithm s  can be t rans fo rm ed  from  f loa t ing  po in t 
a r ithm etic  to  fixed po in t a lgorithm s, ut i l iz ing a r i thm etic  units op t im ized  for the 
a lgorithms. In o ther cases, ne ither fixed nor f loa t ing  po in t com pu ta t ion  is 
suitable. The im p lem en ta t ions  o f key a lgo r ithm s have been greatly  
com plicated by the need to com pensate  fo r inexact f loa t ing  po in t 
representations, .resulting in a com pu ta t iona l increase and more special cases 
The use of precise rational a r i thm e tic  (where each num ber is s tored as tw o  
integers treated as the num era to r and denom ina to r  of a fraction) solves m any 
of these problems, but requires the deve lopm en t of suitable a lgo r i thm s  and 
design of hardware fo r  the e f f ic ien t hardware im p lem en ta t ion  of opera tions

2 .3  M e th o d  o f  A p p r o a ch
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such as addition, subtraction, and com parison (which requires the find ing o f a 
common denominator).

*  Finally the use o f advanced VLSI techno lo gy  (such as small geom etry  CMOS or 
GaAs) and asynchronous s truc tu res  can produce addit iona l speed increase, 
a lthough not so great as specialized design techniques. In particular, the use 
of speed- independent asynchronous s truc tu res  not only e lim ina tes  the 
d iff icu lt ies  of c locking very large circuits, but may result in sm aller s truc tu res  
than fo r  clocked im p lem enta tions . For example, to achieve high pe rfo rm ance  
in a c locked system, a coun te r requires an extensive carry generation ne tw ork  
(whose com plex ity  increases w ith  the square of the num ber o f bits in the  
counter). However, an asynchronous c a r ry -c o m p le t io n  adder can use a s im ple 
ripple carry, along w ith  some additional c ircu itry  to de te rm ine  when the 
counter has reached its final value ( increasing linearly w ith  the num ber of 
bits), and sti ll achieve good performance. This is because fu lly  half the coun t 
operations require no carry (the least s ign if ican t bit changes from  0 to 1), a 
quarter require on ly the carry across a s ingle bit, an e ighth across tw o  bits, '' 
and so forth. Rarely will a carry propagate across a s ign if ican t num ber of
bits.

*  D eve lopm ent of in terfaces between the geom e try  m odel and massive, 
accepted and proven codes for Finite Element Analysis, num erica l ly  con tro l led  
m anufac tu r ing  processes, and the like That is, take the curren t Alpha 1 
representa tion for geom etry  and tie it in w ith  the w orld  to test the hypothes is  
that these very general high level m odels are adequate to suppo rt the various 
funct ions  that a geom etr ic  m ode lle r  should provide. In the course of th is we 
s im ultaneously  learn about any defects in the present approach and, when 
corrected, generate a system of broader util ity.

* New m ethodo log ies  fo r geom etr ic  m odell ing , and appropr ia te  paradigm s for 
their use. Just as a ca tegor ica lly  new com pu te r  language like Lisp or APL has 
its typ ical paradigms or modes of th ink ing that it supports, we will have to 
d iscover and establish the co rrespond ing  paradigms for solid m ode ll ing  w ith

■ free fo rm  surface based objects. These ins ights com e out of cons iderab le  
m ode ll ing  experience, so we will look for ob jects of part icu lar DoD in terest in 
se lecting these tasks. While the goal is always to enhance the designer s 
curren t env ironm ent, it is inevitab le  that this techno lo gy  w il l  redefine the 
designer's role just as text ed itors  are redefin ing the role of a secretary.

It is estim ated that the necessary speed-up  of five orders o f m agn itude  over a VAX-750 
running Unix can be po ten t ia l ly  achieved by the use of the techn iques d iscussed above 
The use of h igher-speed  logic (such as h igh -speed  CMOS and /o r  GaAs) will accoun t for 
at m ost one order of magnitude. An addit iona l one and o n e -h a l f  to tw o  orders of 
magnitude speed im provem en t wil l be gained by exp lo it ing  paralle lism in key a lgo r ithm s 
and highly e ff ic ien t a r i thm etic  s truc tu res  w h ich  are specif ica lly  ta ilored to these 
a lgorithm s w il l  account fo r  another o rder of m agnitude. The final order o f m agn itude  
speed im provem ent will be gained by separating the various functiona l co m p o n e n ts  of the 
system (subdivision, in tersection , rendering, etc.) in to  the ir  ow n processors and p ipe lin ing
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the ir  tasks in convert ing  the m ode l in to  a final p icture, thereby e l im ina t ing  m uch  o f  the  
gene ra l-pu rpose  p rocessor overhead invo lved in com pu ta t ion s  such as loop co n tro l  and 
data a lignment. Thus, these four e lem ents  shou ld  im prove  perfo rm ance by about 105.

The m ajor perfo rm ance im provem ents  w il l  com e th rough  exp lo it ing  the inherent 
paralle lism in many of the indiv idual tasks, and the use o f a r i thm etic  and data handling 
s tructures m ore suitable to  the task. For example, the rep lacem ent of the  cu rren t 
f lo a t in g -p o in t  code in the in te rsecto r (which requires e laborate routines to c oun te r  the 
inexact nature of f lo a t in g -p o in t  when tes t ing  if tw o  po in ts  are identical, and stil l can fail 
for some patho log ica l cases) w ith  rational a r i thm etic  could produce at least an o rder of 
m agnitude speed im provem ent. Both the subd iv is ion and in te rsection  tasks have a high 
degree o f  potentia l parallelism, w ith  l i t t le  com m un ica t ion s  necessary between the parallel 
tasks. For subdiv is ion w ith  a depth o f 14, there can be parallel execution on the o rder of 
106 to 107. The use of between 100 and 1000 s im ple processors, a m ore m anageable  
num ber to  im plem ent, could give a perfo rm ance im p rovem en t of tw o  or m ore  o rders  of 
magnitude.

The existence o f specialized, h igh -speed  hardware w ou ld  also a llow  the use o f a lgo r i thm s  
currently  re jected because of their poor perfo rm ance on our ex is ting general purpose 
hardware. For subdiv is ion, a matrix  m u lt ip ly  can be replaced by a m ore  suitable recurs ive  
calculation. A m ore precise in te rsec to r can be developed.

2 .4  S u m m a r y

A close co l labora t ion  of research e ffo rts  in CAGD, VLSI, and Lisp In teractive  Env ironm ents  
is being proposed to fu rthe r the area of three d im ens iona l m echan ica l design. This 
synergism will advance the indiv idual pro jects  th rough  pursu it o f the overall goal of 
advancing the co l lec t ive  target area. It also has the potentia l fo r  advancing the present 
notion of how  CAD in the three d im ensiona l m echan ica l area m ig h t  be perform ed. 
Developing a solid com pu te r  science basis fo r  undertak ing  such an area of endeavor 
could open up th is d irec t ion  for dram atic  changes in the longer term  fu tu re  -

This pro ject has the prom ise o f in it ia t ing  a w ide r  recogn it ion  of the need fo r  com ing  to 
grips w ith  the fundam enta l issues o f com pu te r  geom etry . It is hoped that the results  
both in terms of depth and scope o f im plica tions, will t r ig g e r  a realization nationa lly  that 
com puter geom e try  is a v ita lly  im po rtan t area of co m p u te r  science. It bears heavily on 
us in s tra teg ic te rm s as well as in econom ic  and in te l lec tua l terms.
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3 .1  S t a t e - o f - t h e - A r t  E x t e r n a l  t o  U t a h

At the present, three d im ensiona l mechanica l CAD, or CAD/CAM or CAE (C om pu te r  Aided 
Engineering), as it is som etim es labeled, is a fie ld o f recogn ized im portance  in industry. 
Univers it ies are in the m ids t of a far reaching sw ing from  v iew ing  CAD as fr inge  research 
to  accepting it as bona fide com pu t ing  and eng ineering activ ity . But un ive rs it ies  cannot 
find know ledgeable facu lty  in adequate supp ly  to  m eet the teaching or research demand, 
nor can industr ies and gove rnm en t find tra ined sc ientis ts  in su f f ic ien t  number. 
Consequently  the field is caught in a period of rapid t rans it ion  w ith  a very l im ited  ta lent 
pool fo r  carry ing out the urgent needs fo r  the future.

With the a forem entioned exigencies prevail ing, m ost e f fo r t  is being co m m it te d  to short 
term deve lopm ent of pieces that can be used to meet the present dem ands for tools. 
Much of th is is com puterized tw o  d im ensiona l d ra ft ing  tools, and the ir  ex tens ion  to tw o - '  
a n d -a -h a l f  d im ensions w ith  "wire frame" models. Very li t t le  long range, fundam en ta l 
research is underway, especially research addressing the system s in teg ra t ion  aspects. At 
present there is a great lack of in tegra t ion  of the essentia l com ponen ts  o f a CAD system  
largely because separate representa tiona l m odels  are used by many of the var ious  parts.

Most existing CAD system s are massive, rigid, unm anageable co l lec t ions  o f p rog ram s 
typ ica lly  w r it ten  in Fortran over many years, not w r i t ten  and s truc tu red  in a m odern  way 
and im p lem ented  f lexib ly to support in te rac t ive  design in terpre tive ly .

A t present geom etr ic  solid m odelle rs  do not a l low  the in tegra ted use of free fo rm  
surfaces, so the capabil i ty  fo r  m ode ll ing  curv i l inear g e om e try  is separate f rom  sys tem s 
offering true solid modell ing. This is partly  because the com pu ta t ion a l a lgo r i thm s  and 
too ls  required for free form  ob jec t m ode ll ing  are stil l in the ir  infancy, and many t im es  no 
reasonable im p lem enta t ion  is known. A m ajor com p lica t ing  fac to r is having to im p lem en t 
geom etr ic  a lgo r ithm s w h ich  are already com plex  on com pu te rs  w ith  f loa ting  po in t 
a r ithm etic  where rep lications o f the same answers cannot be guaranteed. The same 
problem s are present in pr im it ive  based solid m ode ll ing  systems, but since the underly ing  
pr im it ives are less com plica ted  than a free fo rm  surface, the p rob lem s have less serious 
consequences.

3 . 2  I n t r o d u c t i o n  t o  G e o m e t r i c  D e s i g n  a n d  M o d e l l i n g  C o n c e p t s

During the 1960's Ivan Sutherland and his m en to r  Steve Coons in troduced the notion  of 
com pute r  m odell ing  geom etr ic  ob jects  in Sketchpad and the p ro jec t MAC lit t le  red book", 
respectively. The ideas and results deta iled there in  fo rm  the seminal ideas for many 
ensuing research activ it ies in c om pu te r  graph ics and com pu te r  aided g e om e tr ic  design 
(CAGD). The fie lds have developed eno rm ous ly  since those  f irs t  days, but many of the 
p roblems have only g row n in com plex ity . W hat at f i rs t  seemed like dazzling so lu t ions  
were really w indow s  onto greater needs and p rob lem s to be solved. The field of 
C om puter Aided G eom etr ic  Design has h is to r ica l ly  been preoccup ied w ith  tw o  part icu lar 
problem areas:

3 . C o m p u te r  G e o m e tr y  an d  C o m p u te r  A id e d  D e s ig n  a n d  M o d e ll in g
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*  Representation schemes, and

* Systems and techniques w h ich  generate models.

We shall briefly describe various representa tion  schemes tha t have been deve loped fo r  
m odell ing  surfaces, inc luding the ir  advantages and l im ita t ions . For la ter com parson  we 
shall d iscuss representation schem es fo r s im ple "prim itive" m ode ll ing  m ethods. The 
issues involved in em bodying a m odel in these representa tions  is examined. Further, we 
explore w he ther th is unified representa tional approach m igh t a l low  a unified approach to 
unsolved problem s or to prob lem s at present solved w ith  many d if fe ren t ad hoc 
techniques. We propose d irec t ions  for theore tica l, a lgo r i thm ic  system s and hardw are  
research in m odell ing  and com pu te r  geom etry  issues. This entails the in teg ra t ion  of 
advances in theory, so ftw are  and system s engineering, and hardware to m old a unified, 
coherent attack on a vast m u lt i fa r ious  problem.

3 . 3  M a t h e m a t i c a l  R e p r e s e n t a t i o n s

3.3.1 In tro d u c tio n

If one is to use r icher representa tions for ob jects  beyond cop ious co l lec t ions  of surface 
points, one m ust look to representa tions w ith  m athem atica l s truc tu re  Even the 
w idespread polyhedral models are m athem atica l representa tions, and hom ogeneous  
coord inates w ith  all the ir  propert ies are app lica tions o f p ro jec t ive  geom etry, as was 
pointed out by Riesenfeld [25]. For the m ost part s imple ob jects  w ith  names like cubes 
spheres can be represented exactly; the ir  fo rm u la t ions  are known. Freeform surfaces, on 
the other hand are in the m ind o f the designer, and have no conc ise  expression, the 
CAGD system is supposed to furn ish one. While m athem atica l represen ta t ions  can play a 
role of fundam enta l im portance  in s tr iv ing for a un ify ing  v iew  of the  subject, there are 
basic and m ajor d ifferences be tw een the p rob lem s m athem atics  seeks to solve and its 
motivations, and those of researchers in co m pu te r  aided geo m e tr ic  design using 
sculptured surfaces.

3.3.2 The General A pp ro x im a tio n  Problem

The Curve Approx im ation  Problem is stated as: Given a set of N ordered points in the 
plane, find a func t ion  from  a p redeterm ined class tha t passes as near to those po in ts  as 
possible. Several poss ib il i t ies  arise. First, the prob lem may be unso lvab le  using the 
given predeterm ined set of func t ions  w ith  that data. Second, the  num ber of degrees of 
freedom  available from the set of data is too  large; that is, more than one funct ion  will 
pass through ( interpolate) all the points. Third, exactly one func t ion  w il l  in te rpo la te  the 
specified points. Fourth, there w il l  be a nonun ique so lu tion  to the "as c lose as possib le 
criterion. Fifth, there w ill be a unique so lu t ion  to the c loseness cr ite r ion . The 
presum ption may be that the data is good and "h a rd " - - th a t  is, the curve m ust pass 
through the data; or that the data is noisy, to a g reater or lesser extent. Finally, the class 
of functions chosen to  approx im ate  will de te rm ine  many o ther desirable or undesirab le 
character is t ics of the solution.
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In mathematics, it is a lways assumed tha t the re  is an o r ig ina l func t ion  tha t the  user is 
try ing to  approximate. In ab in i t io  design, however, w ha t is orig ina l is usua lly  a rough 
mental sketch or idea o f  the  shape o f the curve. Rarely is an explic it m a them atica l fo rm  
known. Moreover, m os t m athem atica l approx im ation  theo ry  is developed fo r  e x p l ic i t  
func t ions  like z *  F(x,y). The design w or ld  m ainly opera tes in a pa ram e tric  con tex t  since 
the desired geom etry  and shape is coord ina te  s /s te m  independent and may not be 
representable as a graph of a single valued function. A param etr ic  func t ion  has a v e c to r ­
valued fo rm  like F(u,v) = <x(u,v),y(u,v),z(u,v)> .

The methods indicated below are all m ethods w hich have been used fo r  des ign of 
sculptured surfaces. We shall look at the underly ing approx im ation  m ethods  o r ig ina l ly  
developed for exp lic it func t ions  using the m athem atics  m odel o f an o r ig ina l or p r im it ive  
funct ion  that one is try ing  to recover.

We shall discuss curve and surface schemes based on th ree  classes of functions.

C lass l:  Polynomials on the interval [a,b] o f degree less than or equal to N, denoted PN' 
They may be represented in many bases, the m os t com m on  of which is the pow er basis

aQ + a ,x '  +a2x2+...+a[VJxN. It is clear tha t these func t ions  have N+1 degrees o f freedom . If 
any po lynom ia l is zero on a subinterva l of [a,b], then it m us t be zero on the who le  
interval. This means that it is im poss ib le  to have local bases using on ly  po lynom ia ls . In 
any basis, m od ify ing  one coe ff ic ien t effects the shape of the who le  curve.

Class 2: Piecewise po lynom ia ls  of degree less than or equal to N-1. These func t ions  s(x) 
are called sp lines. For these funct ions  the oreakpo in ts m us t be specif ied, tha t is, the 
values of x tha t join the articu lated po lynom ia l pieces. A breakpoin t is w here  the func t ion  
has one polynom ia l piece jo in ing against another po lynom ia l piece on the o the r  side. At 
each breakpoint the con t inu ity  class C[k] m ust be specified. The sm oo thes t splines can 
have k=N-1 con t inuous derivatives ( im ply ing the same po lynom ia l on each side); the least 
sm ooth  can have k=-1 con t inuous  derivatives (a d iscon t inuous  func t ion  w ith  f in ite  jum ps 
in value). The set o f breakpoints to ge the r  w ith  the associated co n t in u ity  classes at the 
breakpoints is usually specif ied in a nondecreasm g sequence inc lud ing m u lt ip l ic i t ie s  called 
the knot vec to r t. One can represent one of these func t ions  by f ind ing the coe ff ic ien ts  of 
each of the po lynom ia l pieces and s tor ing  them. These coe ff ic ients , how eve r are not all 
independent since the derivative con t inu ity  cond it ions  at b reakpoin ts m ust be met. 
Ano ther alternative is to  use g lobal basis de fin it ions  wh ich inco rpora te  the required 
derivative con t inu it ies  in the de f in it ion  o f the basis func t ions  themselves.

One such basis tha t has the desired con t inu ity  bu ilt in to  its defin it ion  and is also m in im al 
is the B-sp line  basis. This basis is m in im a l in the sense that it is nonzero  on the 
smallest interval possib le while  stil l m eeting  requ ired con t inu ity  cond it ion s  in a 
nondegenerate way. Thus B -sp lines  are local; they vanish outs ide a local suppo rt dom ain  
M odify ing  parameters fo r  one part icu lar basis func t ion  affects  the shape of the  curve only 
in a small region wTiere that part icu lar basis func t ion  is nonzero. O ther desirab le 
attr ibu tes w il l  be d iscussed later.

The name spline com es from  the m echanica l d ra ftsm an 's  spline which behaves like a thin
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beam. Over all func t ions  that are and pass th rough  a prescribed set o f data points, 
po lynom ia l splines m in im ize w hat is often called "linearized" curvature, and have an 
associate m in im um  energy property. The term  u n ifo rm  is used when the breakpo in ts , or 
knots, are all evenly spaced. For convenience the in teger are often selected as a un ifo rm  
knot set. The term  nonun ifo rm  s p lin e  is used o the rw ise  when the breakpo in t spac ing is 
not regular.

Class 3. Piecewise exponentia ls are a c loser so lu t ion  to the prob lem stated above. They 
also have breakpoints and con t inu ity  cond it ions  wh ich m ust be specified. They a llow  the 
in troduc t ion  of a 'tension'' param eter and are the basis for the notion of splines under 
tension.

3.3.2.1 In te rp o la tio n

The Planar In terpolation Problem is stated simply: Given {(x^y )}"=Q find a func t ion  y = f(x) 
such that y ; = f(x). While s imply stated, th is  p rob lem  has given rise to m any d if fe ren t 
so lutions. If the class of functions used is po lynom ia ls  of degree < =  n, then the cho ice  
of basis can dram atica lly  e ffect the com puta t iona l s tab i l i ty  of the evaluation scheme.

Polynom ia l In te rp o la tio n

One set of po lynom ia l bases called the Cardinal or Lagrange basis is o f the fo rm  

n x -x

This basis is construc ted  to have the useful p roperty  tha t L (x p) = J(f). As can be d irec t ly  
verified, the in te rpo lan t has the simple so lu t ion

Z y L (x)
1-1

While th is is a pow erfu l representa tion  for p rov ing  properties, this form  is not 
com puta t iona lly  tractab le unless there is a fam ily  o f many d if fe ren t prob lem s to solve all 
w ith  the same abscissa coord ina tes  x ; in the data

A more general so lu t ion  is called Hermite In terpo la tion , w h ich  is appropria te  when 
in terpo la tion  to deriva tive  data, in addit ion to pos it ion  in fo rm ation , is required In this 
problem we seek a po lynom ia l which in te rpo la tes  { (x ;,y j,y '|.)}”= 1. A po lynom ia l of degree 
2n-1 is needed to m eet the 2n cond it ions  aris ing from  values for pos it ion  and slope at 
each data location.

Generalized Hermite In te rpo la tion  a llows spec if ica t ion  of deriva tives up to any o rder 
Conditions fo r  th is  then are

x•, yj'1, j = 0,1....m |( i = 1.2.....n



The num ber of l inear cond it ions  then is always n + r  m i- 

Polynom ia l Splines

When the number o f points to in te rpo la te  is nontr iv ia l,  the degree used fo r  po lynom ia l 
in te rpo la t ion  can become very high resu lt ing  in many undu la tions and possib ly  
unacceptable e rro r in com puta tion . To com pensate  fo r  this problem, m any p iecew ise 
so lu t ions  have been developed, p iecew ise Herm ite  being the m ost popular, since it 
guarantees at least derivative con t inu ity  between pieces. Unfortunate ly , m os t o ften  the 
derivatives are not given as part of the data and the user m ust f igure  ou t som e way o f 
"g u e s t im a t in g ' som eth ing reasonable. A no the r approach is to im pose on ly  der iva tive  
con t inu ity  o f a certain class at each breakpo in t ( in terpo la tion  points, usually), but not 
specify the values that the slopes m ust take on. This approach leads to spline 
in terpolation. Advantages of spline in te rpo la t ion  are that the po lynom ia l p ieces are o f a 
low  specif ied degree and hence there  are few er undu la t ions w ith  less m agn itude  than in 
po lynom ia l in terpo lation. The drawback is that the  spline is not an analytic  function , only, 
a p iecew ise analytic one. Since the degree o f con t inu ity  at the  breaks can be specified, 
th is is more than suff ic ien t fo r m os t applications. Further the "com p le te "  spline

in te rpo lan t o f degree 2m -1 m in im izes Integral (sim))2 over all func t ions  in te rpo la t in g  the 

po in t data.

The spline basis exhib it ing the Kronecker delta evaluation p rope rty  co rrespond ing  to the 
Lagrange basis is called the Cardinal Spline basis. This basis, however, can not be a local 
basis and still m eet the con t inu ity  cond it ions . The basis c losest to being cardinal and 
local is the B-sp line  basis. Each basis func t ion  o f degree n-1 (order n) is nonzero over at 
m os t n-1 spans, and on each span there are at m os t n nonzero basis functions. This 
leads to a d iagona lly  dom inan t banded linear system  of equations w h ich  have h igh ly  
stable numerical solutions.

Generalized Splines under Tension

Som etim es is is desirable to in te rpo la te  the data and to also m in im ize  a varia t ional 
p roperty  d if fe rent from  a quantity  related to curva tu re  That is, over all functions s that 
in te rpo la te  the data, find s such that

Integral (s")2dt + a2lntegral (s')2dt = m in im um , 
a a

Clearly, the value o f a affects the in te rpo lan t selected, because it govern  the relative 
w e igh t ing  o f  im portance  between the f irs t der iva tive  and the second der iva t ive  The 
so lu t ions  to this problem are p iecew ise exponentia ls.

3.3.2.2 A pp rox im a tion

In con tras t to  the in te rpo la tion  problem, the approx im ation  prob lem  usually does not 
require the approx im an t to go th rough  all the data points. Som etim es there are o ther 
criteria to be considered such as shape. A standard approx im ation  scheme is the least
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squares method. This is applied w hen there  is m ore  data than  degrees o f  freedom  in the 
approx im ating  set, and when noise m igh t be present in the  data. Least squares, how ever 
is not at all a shape preserv ing scheme.

P o lynom ia l A p p ro x im a t io n

Suppose that f is a func t ion  from  [0,1] to the real numbers, and let N be any pos it ive  
number. The curve

- Jo ',n(x>
where

>i,n(x) = ( " ) x'(1-x)n''

is called the Bernstein approx im ation  to the func t ion  f on [0,1]. The func t ions  0 n fo rm  a 
basis fo r  all po lynom ia ls  of degree n on [0.1]. This approx im ation  converges to the 
funct ion  f as n goes to infin ity, but th is m ethod was not popu la r in m athem atics  since the 
"rate of convergence" is very slow. This approxim ant, however, has im po r tan t p rope rt ies  
fo r  design since y p converges to the func t ion  f and to all its con t inuo us  derivatives, as n 
goes to infinity. This unusually s trong approx im ation p rope rty  has been te rm ed 
s im ultaneous convergence. Also this approx im ation  is var ia t ion  d im in ish ing . That is, >p 
exhibits no m ore zeros than f; y p has no m ore undu la tions or w igg les  in it than f. This 
means that unlike in terpolation, the Bernstein approx im an t never in troduces  extraneous 
undulations into the process.

n
Finally, 2 t  (x) = 1 for all x.

i=0

Hence >p is a convex com b ina t ion  o f  or ig ina l func t ion  values, so its maximal extent and a 
convex superset con ta in ing it are known. A recursive procedure  for evaluating the basis 
functions can be developed from  the com b ina to r ia l nature of the basis func t ions  
evidenced by the b inom ia l coe ff ic ien ts  in the defin it ion.

Po lynom ia l S p lines

Despite its a ttrac t ive  features, Bernstein approx im ation  stil l suffers from  the prob lem  that 
it is a single g lobal po lynom ia l, and hence the degree goes up w ith  the c loseness of 
approximation. Ano the r approach was investiga ted by Schoenberg in his use o f the 
varia tion d im in ish ing  splines. Given a knot co l lec t ion  x, let {B, n} define the B -sp l ine  basis 
o f order n (degree n-1) over tha t knot co llec tion . Define ano the r sequence x" by

X. x l  +  X. +  ... + X. . 
v * 3  ' + 1_____ <*2 ’______ r i n - l
X ' n-1 '
Then ..

>s(x) = S f(x* )B. n(x)
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is called the v a ria tio n  d im in is h in g  approx im an t to  f. Since the  B -sp l ine  basis is used w ith  
the  func t ion  values, r s is a local, shape preserv ing, approx im ant. Since B -sp l ines  also 
sum to 1 at any value o f x, the convex hull p rope rty  stil l holds. As the var ia t ion  
d im in ish ing name implies, th is  approx im ation  has no m ore  undu la tions than the or ig ina l 
so-ca lled  p r im it ive  funct ion  it approximates. Here, as the  num ber o f knots increases, and 
the max spacing dim inishes, the varia t ion  d im in ish ing  approx im ant converges  to  the 
function. Note tha t the degree does not increase. In 1972 deBoor and Cox independen tly  
introduced a stable recursive a lgo r ithm  fo r com pu t ing  the B -sp l ine  basis func t ions  making 
them com puta t iona l ly  tractab le [5].

3.3.3 E xplic it ve rsus Param etric R epresen ta tions

While these m ethods were all developed for exp lic it  func t ions , design occurs  in a 
parametric  world, fo r the m ost part. The geom e try  of m echan ica l parts is no t in f luenced 
by the particu lar coord inate  system used fo r  its spatial representa tion. The m a them atica l 
m ethods developed for com pu te r  m ode ll ing  m ust adhere to the same princ ip les. 
Parametric m ode ll ing  accom m odates  this.

3.3.4 Inve rting  A pp rox im a tion  Schemes in to  Design Schem es

The m ost s tra igh tfo rw ard  way to make m ode ll ing  schemes ou t o f the above in te rpo la t in g  
and approx im ating schemes is to insert vec to r  (parametric) func t ions  in place o f the 
scalar func t ions  fo r  which they were o r ig ina lly  developed Then, fo r  ab in i t io  design, a 
fu rther tw is t  o f affairs is necessary.

Suppose M+1 ordered po ints in 3 space are given, {P , } ^ 0- The m os t s tra igh tfo rw a rd  
approach to defin ing a curve w ith  the data w ou ld  be to in te rpo la te  the po in ts  using a 
parametrized vers ion of the cardinal basis. One could then use these points to  con tro l 
the curve by m ov ing  them and m ov ing  the curve also. U nfo rtuna te ly , this m e thod  is 
fraught w ith  fundam enta l problems. First, since high degree in te rpo la t ion  frequen tiy has 
undulations, so w il l  these cu rves— in te rpo la t ion  is not variation d im in ish ing . Secondly, 
the parametr ization selected fo r the spatial po in ts s trong ly  affects the final curve The 
curve, in fact, can loop, retrace itself, and do o the r  undesirab le th ings  to insure that the 
in terpolant meets each data po in t at the r igh t param etr ic  value. Indeed, these are 
dangers w ith  any in terpo la tion  m ethod, a lthough  the p rob lem  is m uch less severe for 
spline in terpolat ion. S tra igh tfo rw ard  in te rpo la t ion  gives rise to as many prob lem s as a 
solves.

To convert the Bernstein approx im ation  to the Bezier design schem e Gordon and 
Riesenfeld [18] showed that one m ust make the iden t i f ica t ion  f( i /M ) = P(, and that

M '

= r=0 p '#^ (t)

is the Bezier curve o f degree M.

Here the po lygon connec t ing  the po in ts { P }  is cons idered  to be the func t ion  that is 
approximated.
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If one uses B-spline basis functions to  generate the curve, then Gordon and Riesenfeld
[19] identified f( t* )  and P; to obtain the B-sp line curve

7s(x) -  2 P,Bi n(t).

It should be clear from  th is  that the curves resu lt ing  from  the Bezier schem e are a subset 
of the curves result ing from  the B -sp l ine  scheme. The B -sp l ine  curve is a varia t ion  
d im in ish ing vecto r approxim ant to the po lygon (it in troduces no new w iggles). Its convex 
approximant and local propert ies show a fa ith fu lness to the polygon. One can use the 
vertices of the po lygon to con tro l the  shape o f the curve, hence the name, "con tro l 
polygon". Moving a vertex can provide in te ractive  con tro l over the curve, and s ince the 
curve "approximates" the polygon, it also provides geom e tr ic  in tu it ion  as to  its shape. 
The shape of the curve is also affected by the part icu lar cho ice of param etr iza tion . One 
can m od ify  shape by retaining a cons tan t po lygon and m od ify ing  the knot ve c to r  in the 
parametric  space, as well.

If one chooses to in terpolate fixed points, then the coe ff ic ien ts  to the basis fu n c t io n s  will 
be determ ined as the so lu t ion  of a l inear system of equations. The po lygon that this 
yie lds may not look pretty, but the curve will in terpo late . It is im po rtan t to rem em ber 
that an in te rpo la ting  po lynom ia l (or spline) is unique; its shape does not depend on the 
part icu lar choice of basis used to  represent o r  com pu te  it.

3.3.5 M aking O bjects

3.3.5.1 B oundary R epresentations

A vo lum e tr ic  ob ject can be specified in one of tw o  ways. Either as a vo lum e by name, or 
by its boundary, a po in t being inside the solid if it is inside the boundary. Any ob jec t that 
is defined by free fo rm  surfaces has a boundary model, and one m ust devise a m ethod of 
representing  surfaces which w il l  eventua lly  be that boundary.

Surface R epresentation  Schemes

Research into schemes for representing  shape in the co m p u te r  received a central 
emphasis during the late 1960's to m idd le  1970's. Coons' w o rk  [12] and Bezier [4] were 
pioneering fathers in the field, each in troduc ing  techn iques that bear the ir names.

A lthough the aim has been to develop representa tions  w h ich  were  applicab le to com pu te r  
im p lem enta tion , the character of the research is h igh ly  m athem atica l. An extensive 
variety of schemes for the representa tion  o f  shape in general, and scu lp tured surfaces in 
particu lar have been explored.

A s tra igh tfo rw ard  surface genera liza tion deve loped from  curve techn iques is the  fo rm

S(u.v)
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where {Q ^  and {Rj} are tw o co llections o f functions used fo r approxim ation. Each or 
both m ight be a cardinal basis polynom ial or spline, or Hermite basis functions, or Bezier 
basis functions of d ifferent or the same degree, or B-spline basis function  of d iffe ren t or 
the same order. The resulting surface is called a tensor product surface.

When the Cl and the Rj are both cubic Hermite basis func t ions , then th is  is called the 
Tensor Product Coons patch. The surface is one b icubic patch w ith  sixteen parameters. 
Those specify position, tw o  f irs t der ivatives in each tangen t d irection , and the second 
cross or "twist" derivative, at each of the four corner po ints of the  patch. The resu lt ing  
surface in terpolates to all of those  condit ions. Unfortunate ly , th is f irs t early m e thod  has 
the drawback that in fo rm ation  is d if f icu lt  to de te rm ine  in an exp lic it  fashion, and very few  
individuals understand exactly how the tw is t  vectors  in fluence the surface. The in te rface  
to th is m ethod is numbers, since the coe ff ic ien ts  of the basis func t ions  are no t d irec t ly  
related to those desired numbers.

In this early period design ing a scu lptured surface generally entailed describ ing the shape 
of a single surface patch. A few efforts  were made to  prov ide too ls  fo r  jo in ing  patches'
[1], so that larger surfaces could be produced, but few a t tem p ts  were made to model 

real ob jects  as examples.

If the Q( are Bernstein Bezier po lynom ia l basis func t ions  o f degree n, and the R( are 
Bernstein Bezier polynom ia l basis func t ions  of degree m, the resu lt ing  surface is an n - th  
by m - th  degree po lynom ia l patch. The coe ff ic ien ts  o f the basis func t ions  fo rm  the 
"Bezier mesh", and the attractive  p ropert ies  of convex hull, var ia t ion  d im in ish ing  and 
subdiv is ion capabilit ies extend from  the curve case.

If the (1 and R( are B -sp l ine  basis functions, possib ly  of d i f fe ren t o rder w ith  d if fe ren t knot 
vectors, then the result ing surface is a B -sp l ine  tenso r  p roduct surface, It has many 
po lynom ia l patches incorpora ted  w ith in  it and the propert ies associated w ith  the B -sp l ine  
curve (all the Bezier properties, plus arb itrary re f inem ent ) are easily extended to surfaces 
The P( ( form  the associated B -sp l ine  mesh.

Topo log ica l P rim itives

A second m ethod of defin ing  ob jec ts  by boundary representa tions is the Euler opera to r 
scheme. The objects have a topo log ica l model realized in the geom etry . The m odel is 
represented as a graph o f faces, edges, and vertices. The faces need not be planar in 
theory, a lthough m ost im p lem en ta t ions  only have planar po lygona l faces for database and 
a lgor ithm ic  considerations. The Euler equation in graph theo ry  relates the num ber of 
faces, edges, and vert ices of a solid (polyhedra l) ob jec t to the genus of the topo log ica l 
graph representing that object. The Euler opera to rs  are rules fo r m od ify ing  the m odel 
wh ile  preserving a valid theo re t ic  representa tion, tha t is, sa tis fy ing  the appropria te  Euler 
equation. .
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In the 1970s the no t ion  o f  "solid m ode ll ing " was in troduced th rough  the schem e of 
pr im it ive  vo lum e tr ic  modell ing. Those w ho  p rom oted  th is concept o f  solid m ode ll ing  
emphasized that it is im po r tan t to use ob jects  w h ich  are well specif ied w ith  a c learly  
defined interior, boundary, and exterior. A valid model, in the solid m ode l sense, 
tr icho tom izes  space so that fo r each point in space one can answer the c lass if ica t ion  
question, "Is this po int inside, on the boundary, or ou ts ide  o f the model?" The ob jec ts  are 
though t o f as solid vo lum es o f material, hence the name. Inf in ite ly  th in shells are not 
allowed. All objects m ust have some thickness, and boolean com b ina t ions  o f  these 
pr im it ive  volumes, like spheres, cylinders, rectangu la r prisms, and e ll ipso ids m ust preserve 
the realizabil ity o f the model.

Some confusion surrounds the term  "solid m ode ll ing ' ,  because of the co inc idence  that 
the systems that in troduced this concept o f "regular o p e ra t io n s ' a lso in troduced  the 
concept o f m ode ll ing  w ith  com b ina t ions  of p r im it ive  objects. The objects  to be used for 
m odell ing  blocks, or prim itives, were selected because the ir  m athem atica l rep resen ta t ions  
are s imple and they are valid in the preceeding sense. S imple set opera tions  invo lv ing  
these pr im it ives were analytica lly  possible, so they were used in system s that em phasized 
solid modelling. U nfortuna te ly  th is has resulted in con fus ion  between the no tion  o f being 
able to " t r icho tom ize  space" and the m ethod o f adding and sub trac t ing  s im ple  named 
shapes.

3 . 4  M o d e l l i n g  P a r a d i g m s  

3.4.0.1 Valid O bject System s

Beginning in the m id-70 's , in terest and em phasis turned to techn iques and sys tem s w h ich  
could au tom atica l ly  guarantee that an ob ject created was in som e sense a "valid" ob jec t
[20], A lthough the de fin it ions  o f va lid ity  vary slightly, and are som e tim es  m a them a tica l ly  

cumbersom e, a good rule of thum b is that a "valid" ob jec t is one that can be realized 
physically. That is, a "valid" ob jec t which is modelled  in the co m p u te r  could, in princip le, 
be manufactured.

This direction, which is stil l the main po int o f in terest fo r many researchers in the field, 
has led to tw o  im po rtan t types of systems: those based on com b ina t ions  of solid 
p r im it ives and those based on the "Euler Operators".

Solid P rim itives

The solid pr im it ives systems, e.g. PADL [29] and GMSolid [6], (som etim es called 
Constructive  Solid Geom etry, or CSG systems) operate on the basic pr inc ip le tha t if one 
perform s one of a small set o f opera tions (set union, in te rsection , and d iffe rence) on 
ob jects  which are known to be valid, then the result o f the opera t ion  is a valid ob jec t  in 
order to achieve this, Voelcker and Requicha [21] found it necessary to m od ify  s l igh t ly  the 
usual notions o f set operations, and in troduced the e legant "regu lar ized" set opera to rs  
wh ich are un iversa lly  used in these types of systems, and w h ich  have found im p o r ta n t

3.3.6 Solid  V olum etric  M o d e ls
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applications in other areas as well. Many com m ercia l systems based on these operators 
(including Voelcker and Requicha's PADL) have appeared, and they are w e ll-su ite d  fo r a 
large number o f mechanical design problems. A serious drawback, however, is that these 
systems have no capability at all fo r handling sculptured surfaces. Neither the theory nor 
the algorithm s extend in any stra ightforward way.

Euler O pera to r System s

The o the r basic type of system that has em erged from  the emphasis on p roduc ing  valid 
geom etr ic  models is based on the Euler operators. All realizable, or valid, ob jec ts  w il l 
satisfy the general Euler equation, and the Euler opera tors  pe rm it only ope ra t ions  w h ich  
insure that the underly ing  graph satisfies the Euler equation. This kind o f  va l id ity  has a 
g raph - the o re t ic  con tex t and assures a d if fe ren t property  than the above. In these 
system s [15], there is an in teresting d is t inc t ion  between the " topo logy" and the 
'geom etry" o f the object. Moving one vertex of a cube (for example) does not change the 
numbers used in the basic Euler equation invo lv ing  num bers  of faces, edges and vert ices. 
In this way topo log ica l ly  valid, but geom etr ica l ly  unrealizable, ob jec ts  may be defined. "

The Euler opera to r systems can inco rpora te  scu lptured surfaces to  some exten t [2], 
a lthough often not at the same level as the po lyhedra w h ich  are the basic bu i ld ing b locks 
for the system. Much of the contro l over valid ity, one of the gu id ing  p r inc ip les fo r  the 
system, may be lost when sculptured surfaces are incorporated.

3.4.1 Availab le Techniques fo r Design o f S cu lp tu red  Surfaces

The historica l emphasis in CAGD has largely ignored the question o f  techn iques  to aid in 
the design of sculptured surfaces. Representa tion issues, o f course, had to be solved 
first. But the later emphasis on valid m odels  caused sculptured surface des ign to  be 
largely ignored, because the problem was d i f f icu l t  enough just w ith  s im ple com ponen ts .

One au thor [17] describes the design prob lem  as typ ica l ly  requir ing structures fo rm ed  
from various components. The s imple p r im it ive  and Euler systems prov ide rich structu res 
through set operations, but lack rich components. The surface techn iques prov ide  rich 
components at the expense of rich structures, since surface patches trad it iona l ly  can only 
be fo rm ed  into rectangu la r arrays of rec tangu la r patches.

More recently  however, as the capabilit ies and l im ita t ions  of the sys tem s deve loped so 
far are recognized, there  is renewed in terest in scu lp tured surfaces. And, a lthough the 
area has not been a primary emphasis, there  is a handful of useful techn iques  for 
designing scu lptured surfaces which should be rev iewed before cons idering  the cu rren t 
directions.

The available techn iques fo r  design ing scu lp tured surfaces can be rough ly  d iv ided in to  the 
fo l low ing  categories:

1. In teractive con tro l po in t m ovem en t (som etim es called the "p ick ing and pok ing" 
technique)
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2. Interpolation and approximation

3. Lofting schemes

4. Extensions o f  boolean set opera tions to c losed sculptured surfaces

5. Specialized schemes fo r  part icu lar app lica tions

3.4.1.1 In te rac tive  C ontro l P o in t M ovem ent

In teractive con tro l po in t m ovem ent is perhaps the m ost w idespread techn ique  fo r  
design ing scu lptured surfaces at research ins t i tu t ions  [4, 23, 8, 27], The deve lop m e n t of 
high quality graphics displays and in te rac tive  devices such as l igh t pens, tab le ts  and mice, 
led natura lly to  w idespread use o f in te ractive  pos it ion ing  o f points in space as a means 
fo r defin ing arb itrari ly  shaped surfaces. The points being m anipulated could be e ither 
actual surface points, th rough w h ich  a surface was later f i t  ( in terpo lation), or po in ts  wh ich 
were fa ir ly  c lose to the surface and w ou ld  m im ic  the general shape o f the surface they 
defined.

The fact that all the in teractive media tend to be tw o -d im e n s io n a l,  w here  the design 
problems are inherently  th ree -d im ens iona l,  has always posed a serious p rob lem  w ith  th is 
technique. Some elaborate schemes fo r true  th ree -d im ens io na l display and in te rac t ion  [9] 
were investigated in the 70's, w ith  m os t o f the research abandoned w ith in  a few  years of 
its beginning. A recent revival of in terest has produced com m erc ia l th re e -d im e n s io n a l 
displays, but th ree -d im ens iona l input devices are not genera lly  in use.

More serious problem s exist fo r  the industr ia l des igner w ho  m ust produce a des ign fo r a 
specific product. This techn ique fo r  surface design offers no natural way to specify 
m easurem ents  or d imensions. The pos it ion ing  of the con tro l po in ts on the graphics 
screen is a lm ost always a purely aesthetic  cho ice  made by the opera tor. Further the 
number o f po in ts which m ust be pos it ioned in o rder to achieve the desired shape can 
become quite large and the w ho le  process can be a ted ious and frus tra t ing  experience

3.4.1.2 In te rp o la tio n  and A pp rox im a tion

This classical field of m athem atics  offers a w ide varie ty o f techn iques fo r  p roduc ing  a 
surface which fits or comes close to a given set o f data. In terpo la tion  and approx im ation  
techniques are used w ide ly  in industr ia l scu lp tu red  surface design, poss ib ly  because so 
much design is done by ad justing an existing design for a new product. In te rpo la t ion  
provides a conven ien t way o f creating a m odel of an existing product, wh ich  can then be 
modif ied by e ither ad justing the orig inal data o r using o the r techniques.

These techn iques also have drawbacks fo r the designer. In terpolat ion has a su rp r is ing ly  
frequent p ropensity  to produce unwanted undu la t ions  ("w igg les ')  in the resu lt ing  surfaces 
In fact, much of the research in in te rpo la t ion  has been concerned w ith  m in im iz in g  this 
effect. In terpo la tion  and approx im ation also typ ica l ly  require large am ounts  o f care fu lly  
prepared data, again making the p roduct ion  of a surface a very ted ious task. Finally, the 
level of m athem atics  which a designer m ust understand in o rder to produce the desired
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surface is much too high. Too many parameters, especially the ones involved w ith  
m inim izing wiggles, may be d ifficu lt fo r the designer to  understand and specify 
reasonable values for.

3.4.1.3 L o f t in g

Certain industries, m os t notably, the a ircraft industry, have made a lm ost exc lus ive  use of 
lo ft ing  for the design of the ir  products. There are as many lo f t ing  schemes as there  are 
groups who use them, and new lo ft ing  schemes are fa ir ly  s im ple to derive fo r specif ic  
applications which desire to use them.

Most lo ft ing  schemes do share a few  basic properties. Loft ing genera lly  cons is ts  o f the 
design of a num ber o f planar c ro ss -se c t io n  curves which correspond to  p lanar cuts 
through the ob ject at specified locations. The lo ft ing  process produces a surface w h ich  
goes th rough  all of those c ross-sec t ions , and behaves reasonab ly between the sections. 
The degree of con t inu ity  between the sections, the part icu lar representa tion  used, and all 
the o ther details depend entire ly upon the application and the g roup des ign ing the loftirvg 
scheme.

3.4.1.4 Set O pera tions on Com plex O perands

The abil ity  to com bine  sculptured surfaces using the set opera tions  described fo r  the 
vo lum etr ic  p r im it ive  systems above has been pred ic ted by many researchers as a 
breakthrough for the design of scu lp tured surfaces. One of the m os t p rom is ing  aspects 
of th is area in the last year has been the p roduct ion  of several theses w h ich  dem onstra te  
that this capability  is indeed possible and practical [28, 7],

The powerfu l capabilit ies o f set opera tions  have been conv inc ing ly  dem onstra ted  by the 
solid pr im it ive  systems, and it is clear that these opera tions  will p rove invaluable in the 
design o f scu lptured surfaces when they become tractable.

3.4.1.5 Specialized Techn iques

All of the m ethods d iscussed so far can be though t of as ra ther general techn iques w h ich  
are w ide ly  accepted and used in many applications. The exception  is perhaps the set 
operations on surfaces because the results are too  new to have been extens ive ly  adopted, 
but there is no doub t o f the ir  u t i l i ty  and eventual w idespread use.

However, there sti ll exist many app lica tions for w h ich  none of these techn iques exactly 
fits the needs of the designers. When th is  s ituation occurs, a new approach is developed 
which is specific to the problem  at hand. There are, of course, too  many of these 
specialized m ethods to d iscuss or even to  list here.

One o f the d if f icu lt ies  w ith  th is  co l lec t ion  of o the r  techn iques is tha t they are often 
presented w ith  a narrow  v iewpoint. One techn ique cannot be com b ined  w ith  ano the r 
because each was developed for a single, o ften  specialized, surface representa tion  Some 
of the m ost in tr igu ing  techn iques fo r  des ign ing surfaces do not produce a final surface 
representa tion -  the surface design opera to rs  produce p ictures of surfaces, but do not
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actually define a geom etr ic  model. A surpris ing  num ber o f  these specia lized approaches 
do not use a true surface representa tion  at any point. Instead they  define  m ode ll ing  
techniques w hich operate on polyhedra l representa tions o r  on dense po in t sampled data, 
even when sm ooth  surfaces are actually desired. A few  e fforts  have been made to 
co llect several techniques in to  one too lbox, but some of these have made the crucia l 
error of using a natural but d is t inc t surface representa tion  to describe each m ethod. This 
means tha t the designer can use only one o f the available too ls to design his entire  
object, unless he can provide a way of convert ing  am ong the various representa tions , a 
form idab le  or even imposs ib le  task.

3 . 5  C o m p u t e r  S c i e n c e  C A G D  a t  U t a h

The range o f research activ it ies and in terests is w idespread in the C om pute r Science 
CAGD research group. We have developed a CAGD testbed, the Alpha 1 system. 
Fundamental concepts  embodied here are the notion o f a unified theore t ica l f ra m e w o rk  
and representation, so that all processes may have access to any or all geom etr ica l, 
aspects of the model, and a hierarchical approach to ob jec t  design. We feel tha t the use 
of separate models support ing  d if fe rent design and analysis processes is som ew ha t akin 
to the s tory of the e lephant and the blind men. Each blind man is a llowed to touch  a 
d ifferent part of the elephant; each 'sees" a d if fe ren t creature. U nfortunate ly , in such a 
case the whole  is not really the sum of the separate parts. By having a s ing le  f lex ib le  
representation for all ob jects  designed, we hope to have each blind man, the various 
design teams, at least be able to touch all parts of the elephant. In this m etaphor, the 
ult imate goal of a CAGD system should be to give vis ion to the blind man.

For the separate research com ponents , the Alpha 1 realization offers rich sources o f data 
to test ou t a lgorithm s, system s in tegra tion  p rob lem s to tes t ou t system  design concepts , 
a graphical rendering capabil i ty  to test ou t research on the role of v isua liza tion  
techniques fo r  shapes and design, and benchmarks fo r  new m ode ll ing  tools. As research 
becomes mature we in tegrate those concepts  into the testbed so all the o the r  
researchers can use the new capabilit ies in pursu it of the ir  ind iv idua l goals.

The f irs t testbed com ponen t was a capabil i ty  fo r high qua lity  c o m pu te r  images of 
freeform surfaces. In the past, com pu te r  aided free fo rm  surface m ode ll ing  used system s 
which supported only line d raw ings of the models. While p rov id ing  im portan t in fo rm ation , 
these images cannot give the designer m ore than gross cues about sm oothness, surface 
normal variation, and shape. High quality raster images, on the o the r  hand, gave many 
visual cues as to shape, h igh ligh ts, and normal varia tion, but were not easily and 
accurately available fo r surfaces defined by splines. It was fe lt  tha t the designers w ou ld  
be able to use this v isualization capability  w ith in  the design cycle. Response has 
indicated empirical approval of this concept.

The im petus fo r  bu ild ing  a system arose from  the deve lopm en t o f the Oslo A lg o r i th m s
[11] fo r com pu t ing  d iscrete B-splines, or d -sp l ines  as they are termed locally. 

Subsequent to this f inding, Cohen and Riesenfeld postu la ted  that the theory  o f d iscre te  
splines in con junct ion  w ith  the Oslo A lgo r ithm s  could fo rm  the founda tions  o f a un if ied 
and cohesive CAGD system, a system in w h ich  there is a single un ifo rm  m a them atica l
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representation throughout and a single way o f evaluating objects. This approach 
essentially extends previous ad hoc subdivision schemes to a much m ore useful level of 
generality and provides a sound and rigorous theoretica l basis fo r understanding these 
methods. This allows the system designer to achieve an overall degree of unification  
derived from  the hom ogeneity of the representational and com putational scheme. The 
resulting systems architecture, although based on a more complex theory, becomes 
conceptually and practically simpler.

The testbed serves as a study in w he ther  a unif ied approach to  g e om e try  can help in the 
specif icat ion o f an integrated system. We plan to use the Alpha 1 testbed at such t im e  
as theoretica l advances make it possible to study some broader, but much m ore com plex, 
related a lternative representa tions and a lgo r ithm s [13].

The research p ro ject proposes to  con tinue  to stay in close touch w ith  actual, re a l -w o r ld  
problems, and has used these experiences to gu ide its am bit ions  fo r the kinds o f suppo rt  
that it feels designers want and require. Trying to model them  w ith  a high degree of 
fa ith fu lness to the specif ications and always analyzing the instances when co m p ro m ise s  
were necessary, we have taken on several p ro jects  o f substantia l geom etr ic  m ode ll ing  
sophist ication. This approach has led to research and creation  o f design too ls  and 
a lgo r ithm s which result from a cons iderab ly  enhanced unders tand ing  am ong the 
researchers of what is actually desired by designers and engineers.

Below is a section on the research issues that we pursue. To be tte r  understand them, we 
also m ust devote  research e ffo r t  to keeping our testbed, Alpha 1, at the leading edge of 
what is possible.

So far the Alpha_1 System has been developed on general purpose com p u t in g  and 
graphics equipment. It is now  fe lt  tha t a su f f ic ien t  understand ing o f the m a io r 
com ponen ts  o f CAGD systems arch itec tu re  exists so tha t we can begin to fac to r  ou t key 
a lgo r ithm s and explore the ir  hardware realizations. Because of the un ify ing hom ogeneous  
theore t ica l s truc tu re  o f Alpha 1, some cr it ica l a lgo r i thm s  which are heavily used can be 
factored out fo r hardware speedups. Just as rea lt im e voice synthes izers  have led to new 
ideas and a lgo r ithm s for speech processing, when the hardware becom es funct iona l v/e 
forsee a surge in research w hose exact emphasis  at present is even to predict.

3.5.1 P h ilosophy o f the  System  Design and C o n figu ra tion

This section describes the design ph ilosophy under ly ing  the Alpha 1 testbed system. The 
f igure  is a b lock diagram of the planned con f igu ra t ion ; the ind iv idua l com ponen ts  are 
explained in more detail below.
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Alpha_1 T es tbed  System C o n f i g u r a t i o n

The Alpha 1 system has as its core ob jec t descr ip t ions  in tw o  forms. One should be 
a llowed to describe an ob jec t by a program, or set of p rocedures  in the m ode ll ing  
language, or by a numeric  ob jec t descrip t ion  form . The m ode ll ing  language prov ides for 
parametric, or procedural, ob jec t m ode ll ing  so that an entire  fam ily  of parts may be 
represented by a single procedure. For example, the p r im it ives  no rm a lly  prov ided by a 
CSG system, such as spheres, cones, and cylinders, are defined as p rocedures Evaluation 
of the procedural de fin it ion  of an ob ject p roduces a f ile con ta in ing  a B -sp l ine  boundary 
representa tion of the object. This f ile can be used by the data ex trac tion  p rogram s to, for 
example, produce a shaded image of the object.

The designer in teracts w ith  the data base th rough  a w in d o w -o r ie n te d  w orks ta t ion  w ith  
both graphics w indows and text w indow s. He can make a change to the m odel source 
and im m edia te ly  see the result of the change in a graph ics w indow . The geom etr ic  
design env ironm en t should prov ide many too ls  fo r the designer. He m igh t have available
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to  him dra fting -type  operations w ith points, construction  lines and arcs, tha t can be 
fleshed out w ith surfaces; vo lum etric prim itives from  which to  build objects; d irect 
manipulation o f the B-spline contro l mesh defin ing the boundary of his object; shaping 
functions such as bend, taper and warp; and, finally, boolean set operations.

While the  processes described above are fine fo r  ab in i t io  design, som etim es  an ob jec t 
wh ich has been produced by some o ther process m ust be represented. A good example 
is the airfoil o f a tu rb ine blade. The shape of th is  is r ig id ly  specified by ae rodynam ic  
considerations, and is usually produced by a specialized system. A pp lica t ion  specif ic  
programs can be w r it ten  to convert such external data.

Once an object has been designed, a num ber o f data ex traction  too ls  may be applied to 
it. Perhaps the m ost noticeable is the product ion  o f a shaded raster image o f the  ob ject. 
In order to produce the m ost realistic possible image, the image rendering process has a 
host o f options. The object may be lit  w ith  l igh ts  in several d irections, its surface f in ish 
and co lo r can be precisely specified, etc. A use r-spec if ied  reso lu t ion  value de te rm ines  
the accuracy of the picture, th is may be set to a coarse value fo r  a quick look, o r  to a 
fine value for a final image.

A num ber of shape v isualization too ls  should be available to  the designer. The use o f 
various sem i-rea l is t ic  imaging techn iques would  enable him to be tte r inves t iga te  and 
understand the object, as in the case o f co lo r ing  an im age o f an ob jec t to  map the values 
of n o n -g e o m e tr ic  data such as tem pera tu re  .

Ano the r data extraction too l can calculate mass propert ies  of the object, inc lud ing  
volume, surface area, m om ents  of inertia, and mass. The p roduc t ion  of N/C m ach ine 
cu tte r  too lpaths for m anufac tu r ing  an object, and the generation of meshes fo r  f in i te -  
e lement analysis are o ther desirable data extraction  tools.

3.5.2 O ur Areas o f Research In te re s t and Approaches

3.5.2.1 Long Range goals

The long te rm  goals o f the p ro jec t are to treat the prob lem s inherent in co m p u te r  
m ode ll ing  the 3 -D  geom etry  o f com p lex  parts and the system s im p lica t ions  thereof, and 
then use this shape in fo rm ation  to  enter into the  realm of p red ic t ive ly  s im u la t ing  the 
rea l-w o r ld  behavior character is t ics  of a mechanica l model. In such a schem e a model 
ob ject would be imbued w ith  know ledge about its cr it ica l func t ions  in the wor ld  and be 
able to perform  in reasonable accord w ith  the rules which govern it, at least in the 
design, analysis, and m anufac tu r ing  contexts. The m edium  range pro jec t goals involve 
speeding up a key com ponen t of the system: the process which converts  the  fundam enta l 
sp l ine-based model to s im ple e lem ents  suitable fo r rendering, mass p rope rty  ca lcu la tion , 
and the like.

It is our ph ilosophy that the m ost useful geom etr ic  design and m ode ll ing  sys tem s w il l  be 
ones that exhib it an in tegrated approach w h ich  a llows for many d if fe ren t processes, 
som ew hat like a workbench w ith  many d if fe ren t too ls  available. The m athem atica l
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representa tion used in defin ing the ob jec t is the  w o rkbench  fo r  the  system, and the  g lue 
that holds it together. It provides the com m on  m ed ium  fo r  all o f the too ls  to  w o rk  on or 
build up. A single f lex ib le  representa tion wh ich can em body  the co rrec t g e o m e try  o f  the 
m ost interesting, d if f icu lt ,  types o f mechnica l parts can be used to  build in te rfaces to  
m athem atica l analysis packages fo r  stress, heat, pressure, aerodynamic, hyd rodynam ic , 
etc, to  perhaps fo rm  an in teractive loop between design and analysis so des igns can 
quickly re flect the latest analytical results. The man m achine interface, the 'f ron t end" of 
the design system m ust be able to  g ive the designer enough f lex ib il i ty  to m eet his design 
criteria fo r  the model w ith o u t  f lood ing  him w ith  useless parameters.

The emphasis o f our present and fu ture research falls in to  several broad ca tegor ies  on 
which we shall elaborate.

3.5.2.2 M ode lling  Tools Based on a U n ified  R epresen ta tion

At present, the nonun ifo rm  tensor p roduct B -sp line  surface is used as the representiona l 
workbench. The B -sp l ine  curves and surfaces are fa ir ly  s imple to w o rk  w ith, and very, 
powerfu l in the ir abil ity  to  describe a w ide range o f shapes. Eff ic ient com pu ta t ion a l too ls  
now exist fo r  m anipu la ting  and evaluating B -sp l ine  curves and surfaces.

While the Bezier and B -sp l ine  points {P, }  and the ir  associated meshes g ive a rough idea 
of the surface and a llow  m anipulation by poking the points, it is rare tha t the des igne r 
would know at the beginn ing of the design cycle enough about the surface to  g ive  the 
initial surface enough degrees of freedom. And he certa in ly  wou ld  not, in general, be 
able to posit ion the con tro l points in the r igh t locations Just as in the  m ind o f the 
designer where a design is f irs t a rough sketch which p rogress ive ly  becom es more 
refined and detailed, the com pu te r  aided scu lp tured design process should a llow  for 
progressive re f inem ent and detail ing as the design cyc le  continues.

The capability  to a rb itrar i ly  add degrees of f reedom  to a tenso r p roduc t spline was 
in troduced by Cohen. Lyche and Riesenfeld w ith  the Oslo A lgo r i thm  [11], The basis fo r 
th is a lgor ithm  is in the theory  of d iscrete splines, another type of sp line '’ defined over a 
discrete domain. The duality  provided by th is theo ry  between con t inuous  and d iscre te  
splines creates a un ify ing theore tica l basis fo r  many opera tions

The Oslo A lgo r ithm s also perm it arb itrary spline subdiv is ion , tha t is, the process of 
looking at one spline as if it were com posed o f tw o , or more, shorte r (in param etr iza tion) 
splines w ith  smaller extent. Using th is procedure  recurs ive ly  to ge the r  w ith  the convex 
hull property and the varia tion d im in ish ing property  has a llowed us to  generate tem pora ry  
graphics databases useful as input to  apply high qua lity  com pu te r  graphics m odu les  
capable of rendering th ree  d im ensiona l free form  surfaces. One can hypothesize that this 
same type o f procedure would  support the genera t ion  of tem pora ry  derived m odels  
necessary for analysis procedures. It could perhaps suppo rt a feedback spiral be tw een the 
analysis package and the geom etr ic  model to  g ive very fine and high quality in fo rm a t ion  
where necessary, and less in fo rm ation  where less is needed. The Oslo A lgo r i thm s  are 
also used to support boolean operations on free fo rm  surfaces.
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While the com p lex ity  o f design ing w ith  nonun ifo rm  param etr ic  B -sp line  curves is g rea te r  
than w ith  s im p le r un ifo rm  splines, Bezier curves, o r  o the r  p iecew ise  con t inuo us  
po lynom ia l forms, it also carries much h igher f lexib il ity . The B -sp line  basis carr ies the 
c on t inu ity  cond it ions, so the user does not a lways need to  rem em ber them. Since 
re f inem ent and subdiv is ion are inherently  a nonun ifo rm  procedure  they also f i t  w i th in  this 
framework.

Set operations on objects are a natural paradigm for many design rea liza tions such as 
dri l l ing  a hole or hogging out material w ith  an N/C cutter. The in te rsect ion  o f a sphere 
and a cy l inder or a box and a sphere can be com pu ted  analytically, a lthough 
im p lem enta t iona l ly  it may not be su ff ic ien tly  stable so num erica l a lgo r ithm s are f requen t ly  
used. The in tersection of tw o  freeform  surfaces is much m ore  complex. In te rsec t ing  b i­
cubic patches analytica lly then this results in the fo l low ing :

The im p lic i t  r e p r e s e n t a t io n  of each patch is a tr ivar ia te  im p l ic i t  equation o f degree  18,

in o the r w ords  of the fo rm  I  c ,x 'yJzk = 0. The in te rsec t ion  is then the co m m o n
i.j.k >0 , )'k 
i*j*-TT<_ 18

solu tion  o f these tw o  equations, but on ly for (x,y,z) w ith in  the param etr ic  range, not the 
in fin ite  surface. Another approach is to  im p lic i t ize  one and subst i tu te  the pa ram etr ic  
equations for the o ther for x.y, and z. The result is an im p lic i t  b ivariate po lynom ia l in the 
parameters for one surface of degree 108, wh ich  could po ten t ia l ly  have app rox im a te ly
300,000 coe ff ic ien ts ! Solving analytically  fo r  exp lic it ranges is c learly not feasib le  in any 
general way. Thus, geom etr ic  and numerica l approx im ations w ou ld  have to be used in 
any practical system. This new capability  m entioned above, to use set opera t ions  w ith

In [28] an extended com bina tiona l algebra is proposed for part ia l ly  bounded objects. 
These ob jects  m igh t be in term edia te  stages tow ards a final realizable object, or to be 
used in new type operations necessary to  make 'cu t away'1 v iew s or a cookie c u t te r -'

The concept of partia lly specified free fo rm  ob jects  w ith  the ir own com b ina t iona l log ic  is a 
new area of research, as is defin ing solid ob jects  from  partial surfaces using these 
extended boolean com bina t ions  to obta in a final whole. Until recently  there was not any 
algebra for com bin ing  partially defined ob jects  as in te rm ed ia te  steps to realizable ob jects  
Correct and proper paradigms fo r m ode ll ing  w ith  them and stable rea lizations of the 
a lgor ithm s in so ftware  and hardware are tw o  m ajor areas of research.

Tradit ionally the design of free fo rm  surfaces has stood apart from  the spec if ica t ion  of the 
solid object. Hence, the making of realizable ob jec ts  out o f analytic de f in it ions  of tensor 
p roduct B-sp line  surfaces requires many design paradigms; some of w h ich  are not yet 
invented. All of the general techn iques for des ign ing scu lp tured surfaces w h ich  were 
discussed above can be applied to surfaces represented w ith  B-splmes. In teractive  
con tro l po in t m ovem ent has been m ost w ide ly  used w ith  B-sp line  surfaces or their 
special subclass, the Bezier surfaces. Most in te rpo la t ion  and approx im ation  techn iques 
w h ich  are based on po lynom ia ls  are easily adapted for B-sp lines, and lo ft ing  schem es can 
readily be derived for B-sp line  surfaces. Further, the recent ly  developed set opera t ion  
a lgor ithm s fo r general surfaces are all based on B -sp l ine  representa tions  or on

freeform surfaces is still young, and its full utility and characteristics are not yet known.
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subclasses. Potentially, a system based on B-splines can o ffe r a designer a choice o f the 
traditiona l methods fo r design, in addition to the newly developed set operations in a 
system incorporating freeform  surfaces.

As noted before however, these trad it iona l approaches, wh ile  quite pow erfu l fo r  many 
applications, fall short fo r  o ther applications. Even where they can be used, they are 
often cum bersom e and d iff icu lt  fo r designers to understand. In order fo r  des igners o f 
scu lptured surfaces to be able to define easily and natura lly the ir  desired shapes, a new 
set o f too ls  must be provided m  a d d it io n  to the existing methods. It is crucial tha t at 
any po int in the design process, the designer can sw itch  easily to the too ls  w h ich  are 
m ost conven ient fo r  the design o f a part icu lar port ion  of the object. A un if ied 
representa tion is required if these cond it ions  are to be met.

An im portan t step in provid ing such a flexible design system is the invest iga t ion  o f  the 
various specialized approaches that have been developed to  handle the areas w here  the 
trad it iona l m ethods failed. This research m ust proceed w ith  the v iew  of adapting  and 
in tegra ting  a w ide  varie ty o f specialized, but flexible, too ls  fo r  an env ironm en t based on' 
the unified representation. The research m ust also look fo r  to ta l ly  new techn iques  for 
surface design which can be incorpora ted  into the unified approach. Before C om pu te r  
A ided Geometric  Design systems fo r scu lp tured objects can com e in to  w idespread use 
and realize the ir full potentia l as an aid to design and m anufacture , a varie ty  o f too ls  
m ust be created which can be used com patib ly , conven iently , and natura lly  by many 
designers w ith in  a single modell ing  system.

3.5 2.3 R epresentations

The nonun iform  B-sp line  tensor p roduc t is the m ost versati le  surface representa tion  
available for design. Its good a ttr ibu tes  include the varia t ion  d im in ish ing  property, the 
convex hull property, re f inem ent capabil i ty  which supports  a "top dow n" approach to 
design and creation o f m ode ll ing  tools, and a subd iv is ion  capab il i ty  on which is based 
extended boolean operations. These propert ies  toge the r  fo rm  the basis fo r the f irs t 
experimental solid m ode ll ing  system based on sculptured surfaces that inco rpora tes  the 
"s imple" p r im it ive  objects.

However, there are substantia l and im portan t reasons in co m pu te r  aided geom etr ic  design 
to seek more general, in tr ins ica lly  multivar ia te , surface fo rm s for som e of the fo l low ing  
reasons. Deriving from  its cartesian p roduct construc t ion , the tenso r p roduc t fo rm u la t ion  
is a mapping o f  a rectangu la r domain. Tensor p roduc t surfaces f i t  natura lly on to  
rectangular patches, or " topo log ies" as it is called, but can becom e prob lem atic  when 
applied to o ther regions w ith  three sides or five sides, fo r  instance. While four sided 
patches can be fit  to nonrec tangu la r regions by co llaps ing the length of a side or 
com bin ing  a num ber o f rectangu la r patches, such so lu t ions  often are ine legant and 
unsatis facto ry  They are inelegant because they may invo lve degenerate  sides or o the r 
special con to rt ions  that are nonsym m etr ic  and extraneously  in troduced. They can be 
unsatis facto ry  because they may in troduce  secondary p rob lem s th rough  degenerac ies  or 
o ther anomolies that require the spec if ica t ion  o f data wh ich is not norm ally  available as 
part of the orig ina l problem. In addition, tensor p roduc t surfaces have an exp lic it  
o r ien ta tion  and special parametric  or coord ina te  d irec t ion  associated w ith  each
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independent variable. They also require the specification o f a full m atrix o f coeffic ien ts, 
regardless o f what is appropriate to the particular application that gives rise to  the need 
fo r the surface. It often occurs that more data is required then is convenient or 
reasonably available, so the user is forced into em ploying contrived methods to produce 
the remaining data that the scheme demands.

There have been many special so lu t ions proposed fo r  various types of special regions, 
especially fo r  triangles. Such so lu tions  may be sa t is factory  in some pr im ary respects, but 
they are stil l not com p le te ly  sa tis factory  in o the r respects. Some of the available 
solutions, which exist only in explic it fo rm  z = F(x,y), are no t generalized to param etr ic  
fo rm  S(u,v) = (x(u,v),y(u,v),z(u,v)). They also cons t i tu te  a special surface e lem ent tha t is 
likely to be d ifferent from  the rest of the surface form . Further, here too  it f requen t ly  
occurs that more data is required than is available, so the user must con tr ive  m e thods  to 
produce it. The use of a d if fe rently  defined e lem ent in the m iddle  o f a hom ogen eous  
region can cause some global im p lem enta t ion  prob lem s because it requires special 
t rea tm ent by o ther processes that operate on the surface representa tion.

Properties o f the  Ideal M u ltiva ria te  R epresentation

Clearly, the capability  to represent in tr ins ica lly  tenso r p roduc t and non ten so r p roduc t 
regions in a way fa ith fu l to the geom etry  is m ost desirable. However, beyond the desire 
to attain elegance, there is a clear advantage in a CAGD system to have a hom ogen eous  
representa tion on w hich all o the r  processes can opera te  in a cons is ten t and 
s tra igh tfo rw ard  manner. There are im p lem enta t ion  advantages to having a s ing le  surface 
form  that perhaos specializes to the com m on  tensor product, but that in troduces  a single 
un iform  representation th rougho u t the system fo r all surfaces.

For com puta tiona l s tab il i ty  and eff ic iency and for in te rac t ive  design uti l ity , a surface basis 
e lement should have nonnegative values over a locally supported  region, if possible. The 
B-spline basis is such a set of basis func t ions  in the un ivaria te  case: a h igher d im ens iona l 
analog would be very attractive. A convex hull p roperty  that occurs  when the basis 
functions sum to one and are nonnegative  aids cons iderab ly  in the task of deve lop ing  
various set operations like surface in tersection . The convex hull p roperty  can be used to 
s implify  hierarchical d iv id e -a n d -c o n q u e r  schem es by a l low ing  the im p lem en to r  to pe rfo rm  
a super test fo r in tersection  of convex hulls, and then subdiv ide on an posit ive answ er 
indicating a possib il ity  o f an actual su r face-su r face  in te rsection . Such sets of func t ions  
m igh t have a shape preserv ing approx im ation  property, an a ttr ibu te  wh ich has proved to 
be desirable when it is present in a m athem atica l representa t ion  applied to in te ractive  
design. The space tha t is spanned should be a useful space o f func t ions  like a p iecew ise 
polynonial space o f a certain con t inu ity  class wh ich fo rm s a genera liza tion  of a un ivaria te  
spline. As in the univaria te  case, the low er the degree the m ere a ttrac t ive  the set for 
CAGD. A fast and stable com puta t iona l a lgo r ithm  must be available to place any po tentia l 
mult ivar ia te  scheme into candidacy. A subd iv is ion  a lgo r ithm  has com e to  be an 
im portan t im p lem enta tion  approach, there fo re  such an a lgo r ithm  would  p robab ly  have to 
be developed if it were not part o f a com pu ta t iona l m ethod for general e lem ents  o f this 
space.
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Tensor product domains are well served by the tensor product B-spline basis. Such a set 
of functions over a general topo logy would support a new kind of design scheme in 
which the contro l points m ight be either regularly or a rb itra rily  spaced. Even then, before 
integration into a system, considerable experim entation would be necessary to determ ine 
what kinds o f constellations of contro l points would lead to tractable and applicable 
design schemes, and which ones would be of academic in terest only.

3.5.2.4 System s Approach

Using modern com pu te r  science and so ftware  eng ineering  princip les and too ls  in the 
design and im p lem enta t ion  o f an experimenta l geom etr ic  m ode ll ing  system is an 
im portant fac to r in the deve lopm ent o f a modular, robust, and extensib le tes tbed w h ich  
supports the research into m athem atica l representa tions, in te ractive  design paradigm s, 
and numerical processing of geom etr ic  models. While not active ly  invo lved in deve lop ing  
the fundam enta ls o f such techniques, we are p ioneering the ir  application to the design, 
im plem enta tion , and maintenance o f a large geom etr ic  m ode ll ing  system.

From the first, our testbed has been designed as an in tegra ted  system w ith  the g rea t 
advantage of using a single powerfu l and com pu ta t ion a l ly  stable fam ily  of g e o m e tr ic  
representa tions and a lgorithms. M odular ity  is inco rpora ted  in the design by s t ru c tu r in g  it 
as a set of "packages" w ith  clean interfaces, wh ich fac il i ta tes  p iecew ise inc rem enta l 
evo lu tion  and eventual fac tor ing o f the system to use specia lized hardware.

The so ftw are  product ion  env ironm ent provides advanced too ls  com b ined  w ith  m o b i l i ty  
between com pu te r  systems in th is period of exp los ive change. The U n ix1 fam ily  of 
operating system s has exceeded our expecta tions as an im p lem en ta t ion  base, both in the 
num ber of available, com patib le  im p lem en ta t ions  over a range o f machines from  
supercom puters  to works ta t ion  m icroprocessors , and in the  high qua lity  of the  so ftw a re  
engineering too ls  available in the Unix env ironm ent. To a large extent, our w o rk  is the 
beneficiary of the active research in so ftw are  deve lopm en t too ls  being perfo rm ed on Unix 
systems.

The choice of p rogram m ing  languages is crucia l to the eventual success of a large 
system such as a powerfu l geom etr ic  modeller. The language m ust prov ide m odern  
structured con tro l and data s tructures and a m odu le  packaging facility. Most 
implementations, of Pascal are not capable of packaging nd are m ore  suited to small 
programs. Ada is no t ye t available in a p roduct ion  p rog ram m ing  system. We chose C as 
our base level im p lem enta t ion  language due to its high qua lity  and proved perfo rm ance  in 
im p lem enting  the Unix operating system and util it ies. The C p rog ram m ing  paradigm we 
have adopted includes too ls  that fac i l i ta te  dynam ic  storage a llocation of lists, trees and 
networks of objects, and ob jec t-o r ie n te d  p rog ram m ing  w ith  generic opera t ions ',  avo id ing 
the fam il ia r disease of FORTRAN program s that are r iddled w ith  fixed array l im its  and 
cannot easily be extended to new data types or operations.

'llnix is a tradmark of Bell Laboratories
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For an in teractive  geom etr ic  model cons truc t ion  env ironm ent, it is necessary  to use a 
language im p lem enta t ion  wh ich provides an in terpretive, extensible h ig h - le v e l  com m and 
interface to ge the r  w ith  gracefu l descent into com p iled  code and e f fec ien t means of 
d r iv ing h igh -pe rfo rm ance  in teractive graphics devices. Our approach invo lves  the 
deve lopm ent o f  an in teractive m ode ll ing  env ironm en t incorpora t ing  w in d o w  or ien ted 
display managem ent and event driven graphical in te rac t ion  embedded in the Portable 
Standard Lisp system developed at Utah.

Finally, the use of so ftware  engineering 'm e ta -p rog ram '' concepts to manage system  
evo lu t ion  is adhered to in our so ftw are  deve lopm ent paradigm. In part icu lar, we 
incorpora te  the Unix too ls  fo r au tom atica l ly  synchron iz ing source code changes w ith  \ 
executable com piled  modules, a l low ing  d iffe rent researchers to experim ent w ith  va r ia t ions  
on the system w ithou t impacting each o ther or the base system and a u tom a tica l ly  
m erg ing  the tested extensions into the base system.

This approach has led to the often surpr is ing  ab il ity  of our experim enta l research testbed, 
Alpha_1, to accom m odate  the addit ion and m od if ica t ion  of experim enta l da tas truc tu res  
and a lgorithm s.

3.5 2.5 In te rfac ing  to  Ana lys is packages

Finite e lem ent packages exist to analyse a m odel's  generalized s tructura l, th e rm odyna m ic ,  
aerodynamic, or hydrodynam ic character is t ics, as well as to pe rfo rm  f low  analysis to 
measure su itab il i ty  for in jection mold ing. The u lt im ate  goal of s im u la t ing  real ob jec t 
perform ance by a geom etr ic  model requires in terfac ing w ith  analysis packages for 
feedback in many domains which require in tegra ted analysis of the entire  m odel to g e th e r  
w ith  its environment.

The geom etr ica l shape is typ ica lly  just one com ponen t o f the tota l descr ip t ion  requ ired by 
an analysis package. Material p roperties, initial cond it ions, and env ironm en ta l load ings 
m ust all be provided in the model fo r  extraction  as analysis input. The deta iled fo rm  of 
these ''a ttr ibu tes '1 will vary between analysis dom ains and even between packages in the 
same domain.

O utput from  currently  available analysis packages is typ ica lly  produced as a vo lum inous  
serial file, orig ina lly  in tended fo r  a line printer. Parsing the ou tpu t stream wil l  be a 
s ign if ican t problem fo r  the analysis package interface, since it m ust also associate back 
from  the internal e lem ent node num bers used by the analysis package to loca t ions  on the 
param etr ic  surfaces of the orig inal geom etr ic  model. .

The analysis result cou-ld augm ent the m odel w ith  additional a ttr ibu tes or a ttr ibu te  
d is tr ibu tions, which could be displayed to the des igner in appropria te ways such as 
d is to rted  geom etry  or con t inuous varia t ion  of m odel color. Analysis a ttr ibu tes  in tegra ted  
into the m odel could also be used to gu ide au tom atic  iterative design p rocedures w h ich  
op tim ize  a design across m ult ip le  analysis runs.
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3.5.2.6 Hardw are  In te g ra t io n

We th ink that realization of in tr ins ic  geom etry  a lgo r ithm s  in hardware w ou ld  m agn ify  the 
e ffect o f the theoretica l com pu te r  geom etry  results. First, the process of spec if ica t ion  of 
w ha t geom etr ic  processes are "basic" or m os t frequen tly  needed dur ing  the design 
process and the em p loym en t o f inherently  parallel s truc tu res  in m ode ll ing  a lgo r i thm s  
w ou ld  lead to a decrease in the e ffo r t  needed to model an object. Just as Von Neumann 
arch itectures in com puters  lead to certain types of num erica l methods, system in teg ra t ion  
between software and hardware com ponen ts  w il l  lead to new design paradigm s and tools. 
They w il l  encourage the deve lopm ent of new m ode ll ing  a lgorithms, too ls , and 
representations which can build upon the hardware. Further the hardware realizations 
m igh t have more w idespread use. Such a candidate w ou ld  be a hardware rea lization o f " 
exact" or "arb itrary precis ion" arithmetic . The processes of subdiv is ion , extended boolean 
operations, and rendering all require many a r ithm etic  operations. Since the 
im p lem enta tions  now use floa ting  point a r ithm etic , the errors make it d i f f icu l t  to 
determ ine equality. The question  of "Is this po in t on tw o surfaces?" becom es im poss ib le  
to answer exactly. In fact, if the s im pler question "Is this po in t on the specif ied line?" can 
have tw o  answers if the com pu ta t ions  are done in tw o d if fe ren t ways. ’

Further, o ther frequently  used operations which are com pu ta t iona l ly  in tens ive  s low  the 
in teraction response time. It w ou ld  be desirable to speed up these processes so tha t the 
designers will wait fo r the response and be in terested enough to in te rac t im m edia te ly .

3 . 6  E x a m p l e :  P r e l i m i n a r y  a n d  D e t a i l e d  T u r b i n e  E n g i n e  B l a d e  D e s i g n

Another example il lustra tes how  such design system s would  fit toge the r  in layers. Design 
detail ing tasks receive design goals from pre lim inary  designs of the overall system, w h ich  
m ust in some cases specify the performance of com ponen ts , ra ther than deriv ing the 
perform ance from  as -ye t-u n d e s ig n e d  com ponen t geometry. Analys is  of an a ircra ft 
pre lim inary design m ust assume reasonable values fo r  the thrust, w e igh t,  and size of the 
engines, rather than s im ula ting  the function  o f every engine com ponen t.

Similarly, the pre lim inary design o f the turb ine engine m ust specify  the goals of the 
turb ine stages in te rms of w o rk  put into the gas f low  by com presso r stages or extracted 
by turb ine stages. An in te ractive  design env ironm en t capable of analyzing such a 
specif ication in a varie ty  of operating speeds and tem pera tu res  and d isp lay ing the 
sim ulation results in real t im e  w ou ld  be valuable in honing the pre l im inary  design

In the detailed design, e.g. of the turb ine blades o f a s ingle stage, the p re lim inary  design 
specif ications for the stage wou ld  guide the deve lopm ent o f blade ae rodynam ic  geom etry  
which meets the design goals under g a s - f lo w  analysis derived from  the p re lim inary  
s imulations. Then the s tructura l and the rm odynam ic  analysis and s im u la tion  of the blade 
in the g a s - f lo w  env ironm en t wou ld  in teractive ly  gu ide the deve lopm en t of in ternal coo l ing  
passage geom etry  of ho l low  blades and the mechanical a ttachm en t geom etry  where the 
blades are jo ined to the disk.
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This research w il l  be centered on the deve lopm ent of a design m e th o d o lo g y  known as 
"structured tiling'" w h ich  can be used to help bridge the gap between s y s te m - le v e l  
descrip t ions  and the com pos ite  layout o f an in tegra ted circuit. S truc tu red  t i l ing 
incorporates know ledge about the best known im p lem en ta t ions  of specif ic  in tegra ted  
c ircu it  s tructures in a given techno logy  (such as dynam ic NMOS RAM w h ich  requ ires  very 
specialized design techniques) into an overall scheme for des ign ing and bu i ld ing  sys tem s 
in VLSI. This m e thodo logy  perm its the design o f a set o f unif ied CAD too ls  w h ich  map 
sys tem -leve l descrip t ions to a set of w e l l -kn o w n  and th rough ly  tested func t iona l blocks 
(tiles). These tiles may them selves be h ierarch ica lly  cons truc ted  from lo w e r - le v e l  tiles, 
w ith  the low est level ti les being actual com pos ite  layouts. Each level of t i l ing  above the 
com pos ite  level is an easily understood functiona l e lem ent and requires l i t t le  know ledge  
of trans is tor level descriptions. This enables system des igners to avoid m any o f th§  
problems inherent w ith  trans is to r and com pos ite  level design.

S tructured t i l ing  perm its  the use of advanced techno log ies  by inexperienced des igne rs  of 
integrated circuits. For example, CMOS requires tha t substra te  and P -w e ll  con tac ts  be 
placed in specif ic  locations in o rder to prevent latchup. A no the r example is the  s tr ic t  
device o r ien ta t ion  w ith  respect to crystal latt ice o r ien ta t ion  in o rder to p revent back -  
gating effects in GaAs devices. The use of t i l ing hides such layout cons tra in ts  from  the 
system designer, reducing the know ledge he m ust have o f the under ly ing  techno logy.

Some tiles are best described as parameterized modules. For example, an n - b i t  s h i f t -  
reg ister (which at one level is th ough t of as a single tile) is best though t o f as a 
co llec tion  of single sh i f t - re g is te r  bits and in te rconnec t ing  tiles. This n -b i t  s h i f t - re g is te r  
ti le can be parameterized to meet certain perform ance, shape, and I/O p lacem ent 
requirements. S tructured t i l ing  perm its  the deve lopm en t of CAD too ls  w h ich  can 
incorpora te  such parameterized m odules in c ircu it  designs.

An analogy can be drawn between p rogram m ing  and c ircu it  design. The b inary 1's and 
0's used in machine language p rogram m ing  are ana logous to the rectang les (CIF 
descriptions) used in the com pos ite  layout of in tegra ted c ircu its . P rogram m ing in 
hexadecimal instead o f  binary machine language is s im ila r to the p lacem ent of m ore 
sym bolic  c ircu it s truc tu res  such as the entire con tac t hole s truc tu re  or even an entire 
trans is tor [11 ]. A s ign if ican t am ount of research at th is  level is p resent ly  being 
done [6, 1] that is related to this level o f design. Some of the schemes w h ich  have been 
developed also provide rou ting  ( th rough the addit ion of w ires  or s tre tch ing  o f cells) but 
are still d irectly  and exp lic it ly  concerned w ith  trans is to r  p lacem ent and in te rconnec t ion , 
and have not yet moved to the functiona l level. Integrated sys tem s design is stil l la rge ly 
done at the m ach ine - language  or hexadecimal levels.

In the spectrum  of p rog ram m ing  languages, assembly language p rog ram m ing  perm its  the 
deve lopm ent of larger system s than are possible w ith  m ach ine - leve l p rog ram m ing . The 
program m er is no longer concerned w ith  the exact meaning of a single b inary 1 or 0 and

4 . VLSI C o m p o n e n t

4.1 In tro d u c tio n
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cart concentra te  m ore on the funct ion  o f the program . A t its low er levels, s truc tu red  
t i l ing is analogous to  assembly language p rog ram m ing  —  w ith  the beg inn ing  o f  an 
emphasis on function. A t this level, however, a reasonable am oun t o f  know ledge  about 
the underly ing machine or techno logy  is sti l l  required. The P a th -P rogram m ab le  Logic 
[14, 7] m e thodo logy  is an example o f th is level o f design. H igh - leve l p ro g ra m m in g  

languages can be though t o f as analogous to  the h igher levels (system levels) o f  the 
structured ti l ing approach to  in tegrated system s design. At th is  level, te ch n o lo g y  and 
c ircu it - le ve l im p lem enta t ion  dependencies are com p le te ly  factored out o f  the  system  
description. An example of this is the research on the au tom atic  im p le m e n ta t io n  o f 
s ta te -m ach ines from  behavioral specif ications [2, 3],

The deve lopm ent of the structured t i l ing  m e thodo lo gy  natura lly  requires an evo lu t ion  o f 
ideas. Just as com pute r  p rog ram m ing  began w ith  binary m achine code and p rogressed  
to h igh-leve l, portable languages, so in tegrated system s design will p rogress from  
com pos ite  layout to true sys tem -leve l design. The research of the last several years by 
the VLSI group at the Univers ity  of Utah has fo rm ed a founda tion  for the deve lop m e n t of 
structured ti l ing. •

The general ob jectives of this research are to:

* develop structured in tegrated c ircu it design techn iques for techno log ies  o the r  
than NMOS (i.e. CMOS and /o r GaAs),

* im p lem ent a structured ti l ing approach to da ta -pa th  design th rough the use 
of:

-  com puta t iona l t i les (arithmetic),

-  parameterized sw itch ing  and storage ti les (modules).

4 .2  T h e  D e f i n i t i o n  a n d  D e s i g n  o f  S t r u c t u r e s  in  C M O S

The research w ork  on s tructured t i l ing for in tegra ted c ircu it  design requires the 
deve lopment of predefined cells (tiles) fo r  use in cu rren t techno log ies . Present w o rk  at 
the Univers ity  of Utah [13, 8, 12] has defined a type of s truc tu red  logic known as Path 
Programmable Logic (PPL) which w il l  be used as the basis fo r the deve lopm ent of the 
new structures. We propose to extend the present techn iques to inc lude new static and 
dynam ic  s truc tu res  in a tw o - la y e r  metal, sho r t-channe l CMOS techno logy. The basis fo r 
this e ffo rt  is described in an attached paper [14], .

Essentially any general s truc tu re  can be designed using the present PPL m ethodo logy . 
This has been dem onstra ted  by designs pe rfo rm ed for the A d a - to -S i l ic o n  p ro iec t [9] (the 
Read Init Parameters Chip) and by a num ber of s tuden t p ro jects  here at the Un ivers ity  of 
Utah in the VLSI design classes (i.e. the design of an a rea-f i l l ing  RAM for graph ics 
applications done by Eric Brunvand whose report is attached). These designs 
dem onstra te  that there are at least tw o  m ajor prob lem s associated w ith  the present
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techniques which must be addressed in order to  successfully im plem ent the proposed 
A lpha-1 system. These problems are (1) power and performance of the present NMOS 
c ircu its  and (2) the defin ition of data path modules and special purpose s tructures to 
com plem ent the present structures. The rest of this section is concerned w ith  the 
resolution of problem (1). The second problem is dealt w ith in the fo llow ing  tw o 
sections.

The present PPL cell set is designed using a fo u r -m ic ro n  NMOS s i l ico n -g a te  p rocess w ith  
quas i-s ta t ic  circuits. A 200 by 200 mil chip con ta ins  approx im ate ly  100 co lum ns  and 200 
rows o f PPL cells and will consum e approx im ate ly  500 m i l l i -w a t ts  of power. This 100 
co lum n by 200 row  c ircu it  is roughly equiva lent to a c ircu it  wh ich  conta ins approx im ate ly
15,000 tw o - in p u t  gates [14], These c ircu its  will operate w ith  m axim um  c lock  frequenc ies  
o f approx imate ly  4 MHz. The extension o f these techn iques to the CMOS process should 
give a fac to r o f 4 decrease in size and an o rder o f  m agn itude  increase in speed.

4 . 3  T h e  D e f i n i t i o n  a n d  D e s i g n  o f  S t r u c t u r e s  in  G a A s  *.

We will choose a few  s imple c ircu its  from  the hardware descr ip t ion  of the Alpha 1 
machine which require very high speed. These c ircu its  w il l  be designed using the GaAs 
process and design rules which are available to DARPA con trac to rs  th rough  Rockwell at 
Thousand Oaks, Calif. The c ircu its  will be fabricated using the th ree  process runs w h ich  
have presently  been com m it ted  to  DARPA. These designs in GaAs w il l  be full c us tom  
c ircu its  designed using our Com puterv is ion  CAD m achine to take advantage of the  speed 
in the GaAs process as opposed to  the use o f  s truc tu red  logic w h ich  w il l  im pose 
l im ita t ions  on high speed performance. One advantage, how ever of the s truc tu red  
approach is the deve lopm ent of m odules wh ich have been com p le te ly  verif ied in prev ious 
experiments. 8ecause of the developmenta l nature of the GaAs process, the approach of 
using predefin ing s tructures may be valuable if no s ign if ican t speed d isadvan tage is 
incurred. This de fin it ion  of s tructured logic w il l  probab ly  not be a ttem pted  until the GaAs 
process is mature (w ith in  a few  years).

4 . 4  A  S t r u c t u r e d  T i l i n g  A p p r o a c h  t o  A r i t h m e t i c  U n i t  D e s i g n

The successfu l im p lem enta t ion  of the Alpha 1 engine will require hardware 
im p lem enta t ions  of a lgo r ithm s (such as the Oslo a lgo r ithm s) w h ich  demand high 
precision, e ff ic ien t a r i thm etic  processing. In o rde r  to achieve this, the use of rational 
a r ithm etic  will a l low  fo r exact representa tions o f numbers, thus so lv ing  many of the 
ar i thm etic  p rob lem s encountered in the curren t so ftw are  vers ion o f A lpha 1.

The deve lopm ent o f high precision rational a r i thm e tic  processors will m os t probab ly  
require a d ig i t - s l ic e  approach to the problem  w here the range of the operands can be 
easily extended e ither by parallel in te rconnec t ions  of such processors or by serial 
in te rconnection. In her d isserta t ion [5], Chow has proposed an im p lem enta t ion  of a such 
a variable precis ion a r i thm etic  processor capable of arb itrary precision ca lcu la t ion  o f the 
four basic a r i thm etic  com puta t ions  in essentia lly  cons tan t time. She has also deve loped 
a lgo r ithm s for using the processor fo r  arb itrary precis ion f lo a t i r g -p o in t  ope ra t ion s  A
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sim ilar approach would have to be taken in developing a variab le  p rec is ion  ra tional 
arithm etic processor.

The variable precision a r i thm etic  processor makes use o f the  concep t o f d ig i t  sets. 
Building on th is  concept o f d ig it  sets, Robertson has deve loped a theory  o f d e co m p o s it io n  
o f  s tructures fo r binary addit ion and sub trac tion  [10]. Using th is theory , the  variable 
precis ion a r ithm etic  processor is easily designed in te rm s of much s im p le r  e lem ents  
w hich can be d irectly  and easily im p lem ented  as in tegra ted  c ircu it  tiles. Some 
pre lim inary w ork  has been done by Carter at the Un ivers ity  of Utah on th is  sub jec t and 
has led to  an NMOS im p lem enta t ion  o f the com bina tiona l log ic  port ion  o f the  p rocesso r 
fo r  a single rad ix-16 d ig i t—slice [4],

S imulations o f  the com bina tiona l logic port ion  of the d ig i t -s l ic e  ind icate that in teger 
addition, subtraction or m u lt ip l ica t ion  can be done in a lm ost cons tan t t im e over a rb itra ry  
operand widths. A paper, by Carter, entit led "The Im p lem enta t ion  o f  a Radix-16 D ig i t— 
Slice Using a Cellular VLSI Technique" treats some of the aspects o f  th is w o rk  and is 
attached.

The deve lopm ent of the a r i thm etic  port ions  of the Alpha 1 a rch itec tu re  is the re fo re  
tw o fo ld  in nature. First, a detailed understanding o f the  app lica tions of ra tional a r i th m e t ic  
process ing must be gamed. This includes both the use o f rational a r i thm e t ic  a lgo r i thm s  
in com pu ta t ions  central to Alpha 1 (such as the Oslo a lgor ithm s) and the a rch itec tu ra l 
s truc tu re  o f a variable precis ion rational a r ithm etic  processor. Second, the physica l 
im p lem enta t ion  of the rational a r i thm etic  processors m ust be re la t ive ly  easy and erro r 
free. The application of Robertson's theo ry  of decom pos it ion  and a m ore refined 
structured t i l in g  approach to in tegra ted c ircu it  design as described by Carter [4] w il l 
pe rm it  the quick and e ff ic ien t im p lem enta t ion  of these processors  in in tegra ted  c ircu its . 
CMOS im p lem enta t ions  o f the rational a r ithm etic  processors  will rece ive the pr im ary  
emphasis w ith  NMOS serving as a techno logy  fo r  the early p ro to typ ing  o f  key s truc tu res .

4 . 5  P a r a m e t e r i z e d  S w i t c h i n g  a n d  S t o r a g e  T i l e s  in  S t r u c t u r e d  T i l i n g

In addit ion to com puta t iona l tiles, the deve lopm ent of the Alpha 1 engine w il l  require 
sw itch ing  and storage tiles. These inc lude the fo l low ing  general purpose tiles: RAM. ROM, 
Registers, multip lexors, etc. These parameterized ti les will be fo rm ed in such a way that 
they can be integrated d irec tly  w ith  the a surround ing PPL program . Some of the 
param eterized tiles may be cons truc ted  from  PPL cells. Others will requ ire  new cus tom  
designed cells which may or may not con fo rm  to the PPL grid. The tiles w il l  be 
considered to be s ingle PPL cells wh ich  may be m anipu la ted and placed w ith  existing 
tools. Thus, this port ion o f the research w i l l  have three m aior thrusts:

*  The identif ication o f the parameterized ti les to be im p lem ented  and the 
defin it ion  of a library of lo w - le v e l cells fo r  each parameterized tile. These w il l  
be designed so that by com b in ing  these cells toge the r,  a m odule resu lts  
which can be in tegra ted onto a com m on  grid w ith  PPL cells and o the r  
modules.
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*  The deve lopm ent o f a lgo r ithm s and co rrespond ing  CAD program s w h ich  can 
use the low  level library o f cus tom  and PPL cells to  genera te  the 
parameterized sw itch ing  and storage tiles. ASSASSIN fits  in to  th is  ca tegory .
O ther generators m igh t include those fo r  RAM, ROM, etc.

*  The m od if ica t ion  of the current design too ls  [8, 13, 7] to  a llow  fo r  the 
m anipu lation of these parameterized tiles as cells fo r  edit ing, s im ula tion , etc.

EARL and ALI are tw o  currently  available procedura l ' layou t' languages w h ich  cou ld  be 
used to design the custom  low - leve l cells and the parameterized layouts by no t de f in ing  
any constra in ts thereby preventing stre tch ing. However, they are d i f f icu l t  to  in te rface  to 
ou r  existing sym bolic  edit ing, s imulation, and com paction  tools. The d i f f icu l ty  is p r im ar i ly  
due to  EARL and ALI's use of geom etr ic  layout data ra ther than sym bo lic  func t iona l data.

These sw itch ing and storage tiles will be parameterized such that the 'user' o f  the cell 
(human or machine) will supply the necessary param eters  to  custom ize the tile. For 
example, such a t ile m igh t be a RAM block. The param eters  m igh t include: address w idth, 
w o rd  width, m odule  shape, ou tpu t drive requirements, perfo rm ance requ irem ents, refresh 
type (dynamic or static), and location  of inputs and outputs . Using these param eters, the 
CAD system wou ld  generate a RAM tile con fo rm ing  as c lose ly  as possib le to the  spec if ied  
parameters. This could be done by putt ing toge the r  predefined R A M -b it  tiles, decode r 
ti les, and ou tpu t drive t i les in an appropria te  manner.

The tiles w il l  be designed such that, at each level in the design hierarchy, a co m m o n  
p lacem ent and routing  grid wil l be employed. For example, if the to p - le v e l  is the PPL- 
level then the PPL grid can be used to build the random  logic and perfo rm  the rou t ing  
wh ich glues the o ther t i les together.
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5 .  P o r t a b l e  S y m b o l  M a n i p u l a t i o n  S y s t e m s  S u b p r o j e c t

5 .1  P r o b l e m  S t a t e m e n t  a n d  O b j e c t i v e s

We are standing on the thresho ld  o f a potentia l revo lu t ion  in com puting . Personal 
machines are finally appearing w ith  su ff ic ien t pow er to  support soph is t ica ted  sym bo l 
m anipulation systems. Large research program s now  m atur ing  in the areas o f  co m p u te r  
aided instruction, VLSI, expert systems, com pu te r  algebra and general know ledge  
engineering have the potentia l fo r  dram atic  im pact when delivered on w ide ly  available 
personal machines. There is great potentia l fo r excit ing synergy in the com b ina t ion  o f 
several of these systems into a unified environm ent. T radit ionally , LISP and LISP-based 
systems have been the vehicle used fo r  the rapid p ro to typ ing  o f these and s im ila r 
applications. New LISP im p lem enta t ions  on VAX's and personal m achines are a tt rac t ing  
the a ttention o f "d y e d - in - th e -w o o l"  FORTRAN and C program m ers.

However, im pedim ents exist to  the successfu l realization o f th is  revo lut ion. The pow er  of' 
sym bo lic  com puting  com es at the price of s ign if ican t ly  more com plex  programs. A large 
varie ty of incom patib le  LISP d ia lects have developed on d if fe ren t machines, each w ith  an 
avid fo l low ing. This confusing state o f affairs has caused many po tentia l LISP users to 
avoid LISP for "real" applications, c it ing  the the lack of an accepted, t ransportab le  and 
e ff ic ien t im plem enta tion . Unless we can find new ways to reduce the p le thora  of 
incom patib le  alternatives, and manage th is com p lex ity  in a un ifo rm , coheren t m anner, we 
w il l  fail to realize the potentia l inherent in th is new role fo r com puters .

For many years research at Utah has focused on au tom ating  the rapid p ro to typ in g  of 
e ff ic ien t and portable symbol manipu la tion  systems, and encourag ing  the ir  use in n o n -  
trad it iona l environm ents. Our m os t recent system, PSL, is recogn ized as an in te res t ing  
and effective  new LISP im p lem enta tion . PSL has becom e a s ign if ican t co m ponen t of 
experimenta l CAD systems for CAGD and VLSI. The curren t vers ion o f PSL runs on m os t 
of the machines in the departm ent, p rov id ing  a un ifo rm  language and m u lt i -m a c h in e  
env ironm ent to host these applications. The essentia l ingred ien ts  fo r  its success are the 
w r it ing  of a much larger port ion  o f  the language in i tse lf than has been done fo r prev ious 
LISP systems, and the deve lopm ent o f  an op t im iz ing  com p ile r  driven by tables describ ing  
the target hardware and so ftware  env ironm ent.

As diverse application areas con t inue  to develop, demands are made for con tinued 
im provem ents  and evolu tion  of PSL into a more pow erfu l LISP. This may result in the 
evo lu tion  of PSL into the new ly developed Com m on Lisp [2CI] dialect. Greater execution 
eff ic iency; improved storage m a n a g e m e n t . and addit iona l d a ta - ty p in g  capabil i t ies  are a 
com m on need. Therefore, we propose to d irect our research tow ard  invest iga t ion  in the 
fo l low ing  areas: ■

*  High quality, portable com p ila t ion  o f LISP and SYSLISP (the LISP-like 
im p lem ention  language);

* More eff ic ient handling of " trad it iona l"  data types like f loa t ing  point numbers, 
matrices and strings; and
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* Further im provem ent o f the capabilities o f the SYSLISP level, through 
additional data-typ ing facilities.

5.1.1 Long Range O bjectives

The primary lo n g - te rm  goal o f th is w ork  is the p roduc t ion  o f a portab le  sym bo l 
m anipulation system capable of support ing  powerfu l engineering applications. Such 
systems would run on large address space, personal w o rks ta t ions  and w ou ld  pe rm it  the  
com bina t ion  o f graphics, screen editing and brow sing paradigms, com pu te r  a lgebra and Al 
techno logy. Besides th is in tegration o f these various d isc ip lines into one cohe ren t 
environment, of prime consideration is eff ic iency. The system s m ust be o f  su f f ic ien t  
e ff ic iency to  perm it fast user interaction. Another goal is to  con t inue  to m a in ta in  th is  
LISP com pa tib i l i ty  across a w ide variety o f  machines.

With a single d ia lect (or family) available on a range o f  machines from  68000 -based  
w orks ta t ions  to  Cray-1 super computers, a num ber o f m u lt i -m a c h in e  experim ents  can be, 
explored. CAD "workbenches ' can be bu i l t  using reactive, user fr iendly w o rks ta t io n s  for 
rapid design, and a back-end "sym bo l-c runche r"  on the larger machines such as a 
CRAY-1 to  do rapid s imulation.

Portions of the desired env ironm en t fo r CAD and CAI are now  being p ro to typed  on top  o f 
the 68000 PSL systems. W ork at Utah, HP and Rand has lead to the recent boo ts t ra p  o f 
the REDUCE com pu te r  algebra system onto  the 68000 PSL. The ensuing e n v iro n m e n t 
could also include LISP-based graphics packages, EMACS-like screen ed ito r  (NMODE, 
successor to EMODE [8]), an Al representa tion language (HPRL, successor to  FRL [19]) and 
an ob jec t or iented LISP extension (GLISP [17]) all running well on PSL. A num ber o f these  
sub -sys tem s have begun to in teract effective ly, and w il l  in the  fu tu re  pe rm it  the 
exploration of excit ing applications. Earlier experiments in a less than ideal env iro n m e n t 
have indicated the im portance  of the 'synerg ist ic ' ' com b ina t ions . An initia l app l ica t ion  
invo lv ing algebraic com pu ta t ion  to be explored at Utah w il l  inc lude inco rpo ra t in g  a 
com pu te r  algebra fac il i ty  into the ALPHA-1 system to do analyt ic  surface m an ipu la tions , 
fo l lowed by immedia te  in teractive  rendering. This con tinues the Feng and Riesenfeld [5] 
experim ents into the new d iscrete B-sp line  regime. CAGD is a h igh ly m a them at ica l ly  
or iented application which requires sophist icated m athem atica l tools. The REDUCE 
algebra system [12] which runs on PSL is a perfect m atch for p rov id ing a lgebra ic 
operations and w ou ld  be well suited fo r  applications like analyt ic  surface analysis in 
CAGD. Further exp lo ita t ion  of the NMODE screen e d i to r /b ro w s e r  paradigm w il l  lead to a 
powerfu l in teractive graphics system, w ith  the potentia l o f a gracefu l m erg ing of menu 
driven approaches w ith  l ingu is t ic  approaches.

5.1.2 S ta te -o f- th e -A r t

5.1.2.1 External to  Utah

There are many d iffe rent varieties o f LISP, and the env ironm en ts  they p rov ide  and 
availabil ity  on curren t machines vary greatly. There is very  l it t le  com pa t ib i l i ty  be tw een  
the various versions, p rom pting  the need fo r a portab le  approach, and related fam ily  of
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im p lem enta tions. M os t no tew o r thy  has been the  recent a ttem p t to  m erge  the  var ious  
MACLISP derived dialects (SPICE LISP, NIL. LISP-MACHINE LISP, etc.) in to  a c o m m o n  
d ia le c t  or at least a com m on subset o f these LISP's, called C om m on LISP [20]. In the 
com ing  years, w e  w il l  see the m atur ing  o f a num ber o f  independent C om m on  LISP (or 
C om m on LISP compatib le) im p lem enta t ions ; som e o f  these w il l  use c o m m o n  code, o thers 
w il l  be created by m od ify ing  existing LISP im p lem en ta t ions  or loading "com patib i l i ty ' '  
packages. The current CMU SLISP system sources (using a byte code fo r  a m ic ro -c o d e d  
im p lem enta tion) are being used by CMU to  do a VAX im p lem enta tion , and by Rutgers to 
do an extended addressing DEC-20 version. An S-1 im p lem enta t ion  of C om m on  LISP [1] 
uses a d if fe rent set of sources and com p ile r  techno logy  [2]. The new S c h e m e - l ike  d ia lect 
of LISP under deve lopment at Yale [18] is also o f great interest.

S.1.2.2 In te rna l to  Utah

Utah has been involved w ith  portable symbol m an ipu la t ion  system s fo r over a decade. A 
previous portable "interchange'' dialect, Standard LISP [15], has been w ide ly  used to 
transport s ign if ican t application p rogram s in the area o f  co m pu te r  algebra and c o m p u te r  
aided instruction. An eff ic ien t portable LISP com p ile r  was used w ith  these sys tem s [10] 
w ith  great success on a num ber of machines. In early 1981, a new LISP de ve lo p m e n t 
began. Its tw o  main goals were: to fu r the r  im prove  the portab il i ty  and e ff ic iency  o f LISP 
systems; and to  perm it applications to  portab ly  exp lo it  machine oriented fea tu res  not 
available in the subset LISP v is ib le  via Standard LISP.

Our la test system, PSL (Portable Standard Lisp [11. 21]) provides a single portab le  d ia lect 
o f LISP, w ith  a fa ir ly  rich env ironm en t typical of m odern LISP's, yet is d irec t ly  po rtab le  to 
a w ide varie ty  o f target machines. PSL has a machine or ien ted  'mode'" fo r  System s 
p rogram m ing  in LISP (SYSLISP) [11] w h ich  perm its  access to the ta rge t m achine abou t as 
e ff ic ien t ly  as in C or PASCAL, o As a consequence, PSL has an execution speed quite 
com parab le  to tha t of Franz LISP (w rit ten  in C) or MACLISP (kernel h a n d -co d e d  in 
assembly code). This un ifo rm  interface (PSL) to  LISP and "Fast Systems LISP" is an 
advantage fo r  com puta t iona l ly  bound applications typ ica l of CAGD and VLSI, w h ich  can 
d irectly  exp lo it SYSLISP to d ram atica lly  speed up applications. Also, w ith  the  entire  
system and application w rit ten  in PSL. it is qu ite  easy to  " f low " between the var ious  levels 
thus saving im p lem enta tion and debugg ing times.

°SL Version 3.1 now runs successfu lly  on the Digital Equipment C o rp o ra t io n s  
DecSystem -20 (recently inc lud ing extended addressing) and Vax Series com pu te rs  
(running Berkeley 4.1 Unix), the H ew le tt-Packard 9836 com pu te r  and the A po llo  Domain 
68000 based computer. Some l im ited d is tr ibu t ions  to the outs ide co m m u n ity  have been 
made. All fou r  vers ions are com p le te ly  com patib le , a llow ing so ftware  deve loped on one 
system to be run d irectly on any o f the others. This s ys te m -w id e  c o m p a t ib i l i ty  is the 
s tronges t feature of the PSL system. Previous vers ions of PSL running under VAX/VMS 
w ith  Eunice and under TENEX are in use by co llabora to rs , and may be upgraded for 
d is tr ibu tion . Im plem entations are underway fo r  CRAY-1 and IBM-370.
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The m ajor ob jectives fo r th is  proposal are to  expand the range and e f f ic iency  o f the 
techno lo gy  developed for our curren t im p lem enta tions , in preparation fo r  the m ore 
soph is t ica ted and demanding app lica tions to come. The w ork  detailed in the fo l lo w in g  
sections is d irected at:

*  Research into improved com p ile r  eff ic iency and portab i l i ty  -  deve lop m e n t of 
improved techniques for reg is te r a llocation; s tudy m ethods to exp lo it  
declarations in Lisp systems; investiga te  ways of im prov ing  the hand ling  of 
numeric  code; com parison o f various Lisp com pile rs  w ith  careful s tud ies o f 
em itted  code and performance; research into im proved s o u rc e - to -s o u rc e  and 
ta rg e t-co d e  transform ations; deve lopm ent of arch itectura l descr ip t ion  
languages in the context of compilers.

* Development o f a more pow erfu l SYSLISP model that w ou ld  pe rm it  the 
im p lem enta t ion  of untyped data s tructure  access -  this could be accom p lished  ■ 
by adding a strong typ ing capability, to in terface w ith  the dec lara tion  phase in 
com pila t ion ; modules and packages. This im proved model w ou ld  pe rm it  the 
rep lacem ent of some C or PASCAL used in some app lica tions by e f f ic ien t  
SYSLISP code.

* Extended fam ily  of LISP-like system s -  the PSL language is a fa ir ly  old d ia lec t 
of LISP. Research will be perform ed to de te rm ine  how  to extend PSL w ith  
features derived from  Com m on LISP; ob ject or ien ted p rog ram m ing  fac il i t ies, 
derived from Flavors, Scheme, GLISP, etc.; in terface static typ ing  of SYSLISP 
w ith  dynamic typing; isolate com m o n -ke rn e l to support PSL, C om m on LISP 
and successor systems.

5 . 2  M e t h o d  o f  A p p r o a c h

5.2.1 Overview

The key to PSL's current popu la rity  as a "lean and mean" LISP is the careful com b ina t ion  
of e ff ic iency and portab il ity . The curren t PSL com p ile r  represents a com p ro m ise  between 
size and eff ic ient com p ila t ion  of LISP and SYSLISP fo r a portab le  system. This has 
perm it ted  us to move PSL to a num ber o f d if fe ren t machines, and boo ts trap  o ff an o lder 
LISP w ith  reasonable cost. The re la tive ly  small size of the com p ile r  pe rm its  it to be run 
resident, increm enta lly  com pil ing  LISP (w ith SYSLISP extensions) to qu ite  e f f ic ien t machine 
code. This perm its in teractive  tes t ing  of machine or iented code that w il l  la ter be added 
to the PSL kernel, and also has encouraged users to exp lo it op t im iza t ions  that result in 
5 -10  t im es speed up over "norm al"  com piled  LISP code. Using SYSLISP fo r th is purpose 
is MUCH easier than_ try ing  to w r ite  the equivalent code as machine code, C or Pascal 
procedures to be called from  LISP.

During the early PSL deve lopm ent and boots trap period, m ost of the w ork  on the com p ile r  
was directed at those cons truc ts  that were needed to w r ite  a LISP in i tse lf  portab ly. Little

5.1.3 P resen t  O bjectives



attention  has been given so far to  e ff ic ien t ly  com p il ing  th ings  tha t are im p o r ta n t  on ly  to  
applications; thus, fo r  example, integer, s tr ing  and vec to r  opera tions  are cu rren t ly  we ll  
compiled, but f loa ting  po in t  operations are poor. It was also an im po r tan t eng ineer ing  
decis ion that once acceptab le eff ic iency in an area was achieved (measured by the speed 
o f curren t LISP systems), we moved on to  o the r  m ore pressing problems. U nsys tem atic  
examinations of ou tpu t code have revealed a num ber of places w here qu ite  s ign if ican t 
im provem ents  are still possible in e ither the basic com pila t ion , the final cod e -g e n e ra t io n ,  
or even decis ions related to  the e f f ic iency /po rta b i l i ty  trade -o ff .

Therefore, the primary research goal o f th is  p ro ject w il l  be d irected tow a rd  deve lop ing  
techniques for im prov ing Lisp com pila t ion  strategies. Our secondary goal w i l l  be focused 
upon research into the techniques for adding soph is t ica ted  d a ta - ty p in g /d e c la ra t io n  
mechanisms to Lisp and the effects of adding th is type o f m echanism  on the pow er and 
expressiveness of the language. We believe that such a m echanism  will pe rm it  im proved  
effic iency of the CAGD and VLSI applications w h ich  make heavy use o f  f lo a t in g  po in t 
numbers and matrices.

5.2.2 New C om p ila tion  S tra teg ies

A major com ponen t of the proposed w ork  is to develop newer com p ila t ion  s tra teg ies  than 
that which is used in the curren t PSL system. These stra teg ies could be inco rpora ted  
in to  the current PSL compiler, and along w ith  a better in terface to the m ach ine  o r ien ted  
construc ts  wou ld  d ram atica lly  im prove the perform ance of app lica tions tha t are now  
tu rn ing  to PSL (robotics, graphics and geom etr ic  design, VLSI, som e h ig h -p e r fo rm a n ce  Al 
systems). The current PSL com p ile r  was construc ted  upon an earlier portab le  LISP 
compiler, and so uses rather old com p ile r  techno logy  and (quite successfu l) heuris t ic  
op t im iza t ion  techniques.

We will investiga te  the newer com p ile r  techno log ies  (based on Bliss, PQCC, S-1 LISP and 
PL.8), and determ ine what areas are relevant cons idering  that po r tab i l i ty  and the re lative 
ease of maintenance are im portan t issues. The goal is to deve lop stra teg ies that w ou ld  
make the com p ile r  even easier to  re target to  a w ide r  range o f arch itectures. In part icu lar 
we want to  prepare for the powerfu l RISC-like machines that seem already to favor the 
reg is ter or iented model used by the PSL system. Despite its cu rren t success, we now 
believe the target machine param eterization used in PSL is not pow erfu l enough for 
symbol m anipula tion system s of the future. The system m ust be capable of m anaging 
s imultaneous experim enta tion w ith  a lternative com p ila t ion  stra teg ies; and handle m u lt ip le  
ta rge t machines and evolv ing evaluation models. Symbol m an ipu la t ion  system s will 
rapidly evolve from  a standard LISP dialect, such as PSL, under the in f luence of new 
o b jec t-o r ie n te d  p rog ram m ing  styles and the desire to explo it available m achine pow er

The research w il l  in vo lve 'the  fo l low ing  steps:

5.2.2.1 Extensive m easurem ent o f PSL perfo rm ance and code genera tion

Much o f the current PSL deve lopm ent has been guided by a num ber o f s ta tic  and 
dynam ic m easurements ( inc lud ing many m easurem ents pe rfo rm ed in p rev ious LISP
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im p lem enta t ions  that lead to the curren t PSL However, m os t o f  these  m easu rem en ts  
were from  e ither earlier Standard Lisp system s o r co l lec ted from  LISP's external to  Utah.
It is qu ite  im portan t tha t these m easurements accura te ly  re f lec t the cu rren t system  as 
they show  possib le  weakness in design or bad choices fo r  part icu lar im p lem en ta t io n  
strategies. The results o f  the m easurements w il l  also a l low  us to g ive gu idance  to  the  
designers o f new hardware, and to  understand the com p ile r /ha rdw a re  t r a d e -o f f  in g rea te r 
detail. Therefore, we w il l  spend considerable t im e  f irs t  de te rm in ing  w ha t is appropr ia te  to  
measure, perfo rm ing  the measurement and fina lly  analyzing the data provided.

Most m easurem ents  done so far by us, and others, have studied the ta rge t (abstract) 
machine statistics, and were m ostly  used to  im prove  m ic ro -c o d e d  LISP m ach ines [7]. 
These already re flect the com pila t ion  strategy. We need to  analyze both the in te rp re ted  
LISP level (using an instrum ented EVAL fo r the dynam ic measurements), as we ll as the  
current In termediate Level (the ALM or CMACRO level in PSL) and ta rge t machines. We 
will measure a num ber of s ign if icant LISP programs, such as the REDUCE algebra system , 
the PSL compiler, an Al representation language (the new FRL, HPRL is a candidate), the 
8IGNUM package, the NMODE screen ed ito r  and the PSL kernel sources. A n o th e r  area 
that we will measure concerns a s ign if icant set of graphics m odules that were  w r i t te n  in 
C and transla ted to PSL Their execution in LISP is quite ine ff ic ien t (for example, m atr ix  
operations on f loa ting  po in t numbers), the re fo re  the ir  study should prov ide some ins igh t  
into some ineffic iencies in PSL/SYSLISP.

We w il l  inspect the ou tpu t of the current PSL com pile r, and o the r LISP com p ile rs  th a t  
seem appropria te fo r a variety of machines. The goal is to understand w ha t is w rong  
with the em itted  code, and to  w hat degree small changes and add it ions  to  the cu rren t 
com pile r  will have s ign if ican t effects. (This exercise i tse lf w il l in fact result in som e 
im provem ent to  the PSL code-genera to rs) . We have some in it ia l hypotheses abou t the 
need for an im proved reg is te r a l locator [3] and changes in the curren t PSL abstrac t LISP 
machine; we need to be sure how im portan t tha t is before em bark ing on a m ajor re -w r i te  
of the compiler.

5.2.2.2 In tro d u c tio n  o f A rch itec tu ra l D escrip tion  Languages

The PSL com p ile r  cu rren t ly  uses a qu ite  successful, but "ad hoc" in te rp re t ive  pattern 
match ing m ethod to describe the ta rge t machine code generators. Like m any o the r 
" in terpretive" c o d e -g e n e ra to r  schemes in use in curren t portab le  com p ile rs  [9], it requires 
the p rogram m er re ta rgeting  the com p ile r  to express a "m acro '1 for each o f the abstract 
LISP machine fo rm s in te rm s of one or more of the available ta rge t m ach ine ins truc tions . 
This has made it harder to get m axim um e ff ic iency as we begin to use m ore ins truc t ions , 
since it is quite hard to understand or explo it the in te rac t ions  of the various ins truc t ions . 
Recent work  at Utah [13] and e lsewhere [9] ind icate tha t it should be econom ica l ly  
feasible to derive the code -gen e ra to r  tables m echan ica lly  from  a descr ip t ion  of the ta rge t 
machine. A d if fe ren t variant of these techn iques is being used in the PQCC p ro iec t to 
produce high quality, re targetab le com pile rs  w ith  some success. This same inpu t can 
then also be used to derive appropria te code op t im ize rs  [4, 14], We will s tudy these 
systems and de te rm ine  the ir applicab ili ty  tow ard  Lisp com pila t ion .

The current state o f the art of this work  has resulted in a varie ty  of incom patib le  m ach ine
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descrip t ion  fo rm s  (some derived from  ISP, o thers  m ore LISP—like), and m any d if fe ren t 
m ethods fo r  actually genera ting  the code genera to rs  f rom  the  machine tables; som e are 
ra ther s low  and bulky. We will rev iew  the cu rren t state o f  these systems, and exp lo re  to  
w ha t degree w e can incorpora te  the benefits  o f such an approach in a p roduc t ion  qua lity  
com p ile r  fo r  LISP and o ther symbol m anipu la tion  systems, w ith o u t  los ing  the  cu rren t 
speed and com pactness of the PSL/SYSLISP com p ila t ion  strategy. The benefits  are 
enormous: higher quality code, few er errors in w r it ing  the code genera to rs , and more 
rapid retargeting. Autom ated tests (and greater initial confidence) of the  co d e -g e n e ra to rs  
w ill replace laborious hand coding and testing.

Once we have gained some experience w ith  the arch itec tu ra l descr ip t ion  dr iven code 
generation, we will explore the poss ib il i ty  of extending th is approach in to  o the r  ta rge t 
machine dependent areas. We may be able to  use the a rch itectura l descr ip t ion  to  spec ify  
some of the operating system and loader interfaces, and au tom ate  the genera t ion  o f  the 
assembler port ion  of LAP and FASL (now coded by hand by m od ify ing  an "a lmost" 
standard version). It is quite possible tha t we could deve lop a com ple te  c o m p i le r  and 
loader system autom atica lly  from  a tabular descrip t ion  o f the ta rge t machine.

5.2.2.3 A pp rop ria te  Level o f C om pile r S o u rce -to -S o u rce  T ra n s fo rm a tio n s

Recent w ork  on LISP com pila t ion  [2] and o ther systems sugges t the p rac t ica l i ty  o f using 
some 'algebraic'" s im plif ica tion  o f the input program. This is pe rfo rm ed by a pow erfu l  
rule based trans fo rm ation  system which can do many of the im po rtan t co m p ila t io n  and 
op tim iza t ion  tasks as so u rc e - to -s o u rc e  manipu lations. This w ou ld  make the subsequent 
code -gen e ra t ion  phases do a better job w ith  less effort, and make it easier to  share 
op t im iza t ions  between systems. An in te res ting  fu ture  goal is to  explore the use of a 
more general purpose A l- ish  representa tion language and pow erfu l rule in terpre ter. We 
m igh t be able to approach com ple te  Rule based com pila t ion ; the in te res t ing  ques t ion  w ill 
be the true practica lity  fo r  a "real" compiler.

It is im po rtan t to com bine  in fo rm ation  from  the da ta -de f in i t ion  level and an appropr ia te  
arch itectura l descrip t ion  level in the com piler. This will pe rm it  many new s o u r c e - to -  
source trans fo rm ations  during com pila t ion , and perhaps pe rm it  ru le -based  c o m p ila t ion  all 
the way from  the source to ta rget code. There are cons iderab le  oppo r tun it ie s  for 
extensive a lgebra ic ' s im p lif ica tion  of expressions generated during  com p ila t ion , yet m ost 
curren t com p ile rs  have not been able to  avail them selves of the (m os t ly  LISP based) 
general purpose algebra systems, and make do w ith  weaker substitu tes. We there fo re  
believe that it is im portan t to be able to experim ent w ith  a Lisp system  that inc ludes a 
running algebra package. Thus we will in it ia l ly  exp lo it a subset of REDUCE runn ing in PSL 
fo r th is  purpose. We will also use th is subset fo r  sym bo lic  execution in assessing 
program  costs and com plex ity  analytica lly, and exp lora tion  of a lgo r i thm  and 
t rans fo rm ation  complexity.

5.2.3 D ata -Typ ing  and D eclarations

We w il l  investigate  the effects of adding d a ta - typ in g  and dec larations to Lisp. This will 
be couched in the curren t version o f SYSLISP which is s im ila r to  BCPL except tha t there
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are very few  declarations and no variable typ ing. The lack of a soph is t ica ted  type  
m anagem ent fac ility  w ill increasing ly ham per the rapid deve lopm ent of im p roved  vers ions 
o f PSL and successors. Even now we are encoun ter ing  prob lem s w ith  con fus ing  code, 
incons is ten t software packages and inabil i ty  to  exercise precise con tro l ove r m a c h in e -  
or ien ted  da ta - types  in as flexible and portab le a manner as we desire. The ab il i ty  to  
declare variables and da ta -s truc tu res  to be WORD, BYTE, S-EXPR, POINTER, etc. w il l  lead 
to a m ors  secure and eff ic ien t system. As far as possible, we desire the dec la ra t ions  to 
w ork  at the  m ost abstract level, in fo rm ing  the system of an intended type, and leaving to 
the com p ile r  or preprocessor to do w ha tever it sees f i t  fo r  eff ic iency. The co m p i le r  can 
generally produce better code if variable and expression types are known. Types can 
often be deduced from  the fo rm  of expressions and constants, but dec lara tions w il l  be 
required to resolve some ambiguit ies, or g ive added secur ity  by con fron t ing  deduced 
types w ith  declared types.

We propose to that such a fac il i ty  could be im p lem ented  as a m odu le  independent o f the 
actual compiler, much in the nature o f a FLAVORS or Object oriented package. The goal 
is to t ransfo rm  "typed" LISP, decorated w ith  declarations, da ta - typ e  and m odu le ' 
defin it ions, using "generic' ' procedure names, into typ e -sp e c if ic  LISP that can be com p iled  
more effective ly , but can also be interpreted. The co rrec t design w il l  p e rm it  the 
in terpre tive  use of SYSLISP and the free in term ix ing of SYSLISP and LISP code. In fact, 
we expect the d is t inc tion  between SYSLISP and LISP to  disappear, m erg ing  in to  a 
con tinuous spectrum  from  untyped in terpreted LISP at one end to  e f f ic ien t C - l ike  code at 
the other. The addition of typ ing in fo rm ation  w il l  provide an e ff ic iency  mode to the LISP 
level that is easily invoked by the appropria te  declarations. Thus, the LISP level can be 
v iewed as a h igh ly reactive deve lopm ent env ironm en t tha t w il l  support co n t in u o u s ly  
varying capabilit ies from generic LISP to very eff ic ient typed LISP. This env ironm en t w il l  
support very machine oriented applications that can be u lt im a te ly  "excised" from  the LISP 
env ironm ent fo r standalone execution and export.

There have been many a ttem pts  to incorpora te  these well known benefits o f  data 
abstraction, security  and e ff ic iency  of d a ta - ty p in g /d a ta -d e s c r ip t io n ,  o b je c t-o r ie n te d  
languages in to  a LISP—Iike language [17], inc lud ing tw o  experim ents  at Utah [16]. Many 
LISP systems have record declaration packages, user defined type systems, and ty p e -  
declarations that the com p ile r  can take advantage of to  select m ore machine specif ic  
operations. However, in all current systems, there is no checking tha t declared variables 
and procedures are in fact used in correc t ly  typed expressions, leading to  ra ther subtle 
bugs in the name o f eff ic iency. Efforts to add a s ta t ic - ty p in g  fac il i ty  w ith o u t  los ing the 
benefits of d y n a m ic - typ in g  essential to the in teractive  env ironm en t have met w ith  vary ing 
degrees o f success. A co rrec t so lu t ion  w ill perm it a sm ooth  t rans it ion  from  h ig h - le ve l 
algebraic specif ica tions dow n to  e ff ic ien t machine im p lem enta t ion . This wil l co rrec t ly  
handle the detection  of legal generic opera to r/operand  com b ina t ions  and the ir 
t rans fo rm ation  into more machine specif ic  opera tors  and da ta -s truc tu res .

Our research w il l  begin by investiga ting  the recent A D A -l ike  typ ing  system (w ith  s im ple 
type inference and hierarchies) developed at Utah [16], It runs w ith in  the cu rren t PSL 
environment, but has not been fu lly  in tegra ted or explo ited to w r ite  "real" code. As it 
evolves, we expect to see some in fluence from  more o b je c t-o r ie n te d  p rog ram m ing  sty les 
recently  im p lem ented in PSL.



58

1. Brooks, R. A.; Gabriel, R. P. and Steele, G. L. Jr., "S-1 C om m on LISP 
Implementation," The Proceedings o f the 1982 ACM Sym posium  on LISP and 
Functional P rogram m ing, C arneg ie -M e llon  University, Pittsburgh, A ugus t 1982, pp. 
108-113.

2. Brooks, R. A.; Gabriel, R. P.; and Steele, G. L. Jr, "An O ptim iz ing  C om pile r  fo r 
Lexically Scoped LISP," The Proceed i  ngs o f the 1982 ACM  S ym posium  on 
C o m p ile r Construction, Boston, MASS, June 1982, pp. 261-275.

3. Chaitin, G. J., "Register A l location and Spilling via Graph Coloring," P roceedings o f 
the SIGPLAN '82 Sym posium  on C o m p ile r Construction, ACM SIGPLAN, January 
1982, pp. 98-105.

4. Davidson, J. W. and Fraser, C. W., "Elim inating Redundant Object Code," Conference 
Record o f N in th  Annual ACM Sym posium  on P r in c ip le s  o f P rog ram m i ng 
Languages. ACM, New York, ACM, January 1982, pp. 128-132. ,,

5. Feng, D. Y, and R. F. Riesenfeld, "A Symbolic  System fo r C om pu te r  Aided 
Developm ent of Surface Interpolants," S o ftw a re - P ractice and Experience, Vol. 8, 
1978, pp. 461-481.

6. Fenichel, R. R., "An O n- l ine  System for A lgebraic Manipulation," Ph.D. d isserta t ion , 
Harvard University, 1966.

7. Gabriel, R. P.: and Masinter, L. M„ "LISP Evaluation and Tim ing," The Proceedings o f 
the 1982 ACM Sym posium  on LISP and Functional P rogram m i ng, C a rneg ie -M e llon  
University, Pittsburgh, August 1982, pp. 123-142.

8. Galway, W ; and Griss, M. L. "An Editor Interface for a Portable Lisp P rogram m ing  
Environment." Utah Symbolic  C om puta tion Group, Opnote 64, Un ivers ity  o f  Utah, 
Department of C om puter Science, January 1982.

9. Ganapathi, M,; Fischer, C. N.; and Hennessy, J. L„ "Retargetable Com p ile r Code 
Generation ,' ACM C om puting Surveys. Vol. 14, No. 4, December, 1982. pp. 348-375.

10: Griss. M. I..; Benson. E.; and Hearn, A. C., 'Current Status o f a Portable LISP 
C om piler, ' Proceed i  ngs o f the SIGPLAN 1982 Sym posium  on C o m p ile r 
Construction, ACM SIGPLAN. June 1982, pp. 276-283.

11. Griss, M. L.; E. Benson and G. Q. Maguire Jr, "PSL: A Portable LISP System, ' 
P roceedings o f the 1982 ACM Sym posium  on LISP and Functiona l P rogram m t ng,  
ACM, C arneg ie -M e llon  University, P ittsburgh, Pa., 1982, pp. 88,97, (Also available as 
Utah Symbolic  Group Report UCP-83)

12. Hearn, A. C.. "REDUCE 2 Users Manual -  Third Edition," Tech. report. The Rand 
Corporation, Santa Monica, Ca., 1983.

13. Kessler, R. R„ "COG: An A rch ite c tu ra l-D e sc r ip t io n -D r iv e n  Compile'- G enera to r ' 
Ph.D. d isserta tion. Departm ent o f Com puter Science, Univers ity  of Utah, January
1981.

5 .3  R e f e r e n c e s



59

14. Kessler, R. R., "Peephole Optim ization  in COG," Utah Sym bolic  C om pu ta t ion  Group, 
OpNote 76, Un ivers ity  of Utah, D epartm ent o f  C om pu te r  Science, June 1983.

15. Marti, J. B., et al„ ''Standard LISP Report," S /CPLAN Notices, Vol. 14, No. 10, 
October, 1979, pp. 48-68.

16. M orrison, D., "Betty: A Type Analysis Program fo r  LISP,'' Master's thesis, D epartm en t 
of C om pute r Science, University of Utah, August 1982.

17. Novak, G. S., Jr., "GLISP User's Manual," Heuristic P rogram m ing  Pro ject 
Report HPP-82-1, Com puter Science Department, Stanford Univers ity , N ovem ber
1982.

18. Rees, J. A. and Adams, N. I., "T: A Dialect of LISP or, LAMBDA: The U lt im a te  
Software Tool," The Proceedings o f the 1982 ACM Sym posium  on LISP and 
Functional P rogram m ing, Carneg ie -M e llon  Univers ity , Pittsburgh, A ugus t 1982, pp.
114-122.

19. Roberts, R. B. and I. P. Goldstein, "The FRL Manual," Memo 409, M.l.T A.I.. 
Laboratory, June 1977.

20. Steele, G. L. Jr, "An Overv iew Of Com m on LISP," The Proceedings o f the 1982 ACM 
Sym posium  on LISP and Functional P rogram m i ng, C a rneg ie -M e llon  Univers ity , 
P ittsburgh, August 1982, pp. 98-107.

21. The Utah Symbolic  Com puta tion Group, "The Portable Standard LISP Users Manual," 
Utah Symbolic C om puta tion  Group Technical Report TR-10, Un ivers ity  of Utah, 
D epartm ent of Com puter Science, March 1981, (PSL version 3.1, 7 Feb 1983)



60

6 .  C o n t r a c t  S p e c i f i c s

6 .1  D e l i v e r a b l e s

At the conc lus ion o f  this con trac t we w ill have developed a hardware p ro to type  system  o f 
the selected geom etr ic  processes and dem onstra te  it. In order to dem ons tra te  th is part 
o f  a to ta l geom etr ic  design system, it w il l be in tegra ted into the experim enta l geom e tr ic  
m ode ll ing  testbed Alpha 1 and applied to  a selected model. The results o f suppo rt ing  
and related research in to  com pute r geom etry , geom etr ic  m odelling, VLSI, and Portable 
Sym bol Manipulation, as well as the in tegra tion  o f these areas, wil l be reported.

6 . 2  C o o r d i n a t i o n  B e t w e e n  V L S I  a n d  G e o m e t r y  R e s e a r c h

This p ro ject involves the close coord ina t ion  o f research efforts  in co m p u te r  g e o m e try  and 
special purpose VLSI designs. The ta rge t a lgo r ithm s fo r  casting in VLSI wil l com e from, 
the com pu te r  geom etry  milieu, and in tensive d ia logue and coopera tion  w il l  have to  ensue 
in order to  assure a clear specif ica tion  and protocol. The fo l lo w in g  co rre la t ion  of 
in te rm ed ia te  results will accord each e ffo r t  the necessary t im e for p lanning s tra tegy  and 
fo r im p lem enting  the too ls  required to com p le te  the work. As the ac t iv i ty  chart indicates, 
both the VLSI and geom etry  groups w il l  engage in con t inuous  in te rac t ion  th ro u g h o u t  the 
con trac t  period.
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Year I F i r s t  Year I Second Year | T h i r d  Year I

Q u a r te r  I 1 I 2 I 1 I 2 I 1 1 2  1

a .  A na lyze  A lg o r i th m s  I I I I I 1 1
( S u b d iv i s io n  and I <— > I I I I 1 1

I n t e r s e c t i o n )  I I I I I 1 1

b. H a rd w a re /S o f tw a re  I I I I 1 1
I n t e r f a c e s  I <--------------------- > I I I

I I I I
1 1
1 1

c .  S e le c t  P o r t i o n  o f  I I I I 1 1
A lg o r i t h m  f o r  Hwe I I <---------------------> I | 1 1
Subsys Im p lem en t.  I I  I I 1 1

d .  Em ula te  Subsys I I I <--------------------- > | I I

e .  IC Im p le m e n ta t io n  I I I
(2  o r  3 c h ip s  to  be I I I < ---------------------------

Used i n  S ubsys tem )I I I 1 1

f .  Subsystem E v a l .  I l l 1 1
(P e r fo rm a n ce  —  I I I I I 1 <----- > 1

S p e e d /A c c u ra c y ) I I I I I 1 1

6 . 3  G e o m e t r y

6.3.1 S ta tem ent o f W ork

1. Design mathem atica l spline representa tions and correspond ing  data s truc tu res  
to  be used in ternally  to  the Alpha 1 modeller. Considerable experience has 
been accum ulated w ith  the initial requ irem ents  o f such a modeller. An 
evaluation will be made o f data s truc tu res  which are too  costly  to mainta in  in 
our curren t p ro to type  software hosted on a general purpose com puter, but 
which m igh t be viable in the con tex t of a h igher perfo rm ance  custom  
im plem entation.

2. Dem onstra te  the pow er of the unified spline approach by m ode ll ing  d i f f icu l t  
mechanical pieces in the Alpha_1 testbed.. One example part w h ich  the 
m odelle r will address is a typical m olded plastic or s tructura l foam housing 
for a piece of e lectron ic  equipment. These parts are com posed of p r im it ive  
vo lum etr ic  shapes w ith  scu lptured junc t ions  between them, a class o f ob jec t 
w h ich  is curren tly  beyond the s ta te -o f - th e -a r t .  O ther examples w il l  inc lude
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composite objects which are more complex because they have many simple 
components and also because they include difficult freeform surfaces. 
Challenging modelling candidates, like a modern truck or a personnel carrier, " 
will be chosen to be of interest to the DoD community. Demonstration will 
result after creating and implementing the necessary modelling tools. The 
result will be a three dimensional mathematical representation.

3. Develop and demonstrate an exact arithmetic a lgorithm appropriate fo r use in 
the intersection operation. Analyze candidate a lgorithms for su itab il i ty  w ith  
regard to specialized hardware implementation.

4. Specify a functional architecture of thetestbed Alpha 1 modeller which shows  
relationships between candidate a lgorithms and data components to a llow  
initial determ ination of an architecture for a VLSI implementation. This 
analysis should allow initial estimation of local memory and 
processor/memory bandwidth requirements. Specialized characteristics of the 
algorithms which are amenable to VLSI implementation techniques wil l be ’ • 
identified if they exist.

5. Develop a sem iautomatic methodo logy for extracting a fin ite e lement model 
from the proposed spline based master geometry representation which will 
allow us to interface to a large body of existing sophisticated f in ite e lement  
analysis packages like Adina. Demonstrate the methodo logy on a selected  
testcase.

6 .3 .2  A p p r o x i m a t e  M i l e s t o n e s

The fo l low ing are milestones to be demonstrated for the computer geometry  and 
modelling component:

1. Implement an interactive design editor capable of modelling parts w ith unions  
and intersections of both simple prim it ive geometry and scu lptured surfaces  
on a currently available general purpose computer. The objective of this  
editor is to avail to the user a richer variety of geometr ic representations, B- 
spline bounded solid objects, than has been heretofore available. Such an 
editor would perm it the user to define a more faithful geometr ic  model, 
particularl y when sculptured surfaces are involved. (24 mos)

2. Complete an analysis of the a lgorithms used by the modeller to determ ine  
which areas require improvement in order to make the modeller perform well 
enough for practical use. There are known complications w ith both  
reproducib il ity  of floating point ar ithmetic operations and their t ime  
requirements which l im it the practica lity of the present approach. If exact and 
effic ient computations were available, then the crucial in tersection and 
rendering a lgorithms could be implemented and executed in a manner that is 
more closely related to the govern ing theory. It currently contains many  
extraneous adaptations to account for the disparity between the theory and its 
implementation. (12 mos)



63

3. Complete the design of a hardware /so ftware environment suitable fo r tes t ing  
the performance o f the pro to type design ed itor in concert w ith  special 
function VLSI processors that have been built to enhance performance o f the  
computationa lly intensive operations like subdivision, intersection of surfaces,
or ray casting. (12 mos)

4. Complete a prototype VLSI implementation of special purpose processors  
capable of a crit ical geometric function like subdivision, intersection, or exact 
arithmetic. (30 mos)

5. Complete a graphical s imulation showing the process of generating a 
manufacturing prototyping capability. This requires calculating o ffset surfaces  
and parallel generating surface cuts on a fam ily of successive approx imations  
to the final part surface. The s imulation will be demonstrated as a graphical 
animation sequence involving a modelled part and a modelled cutter. (24 
mos)

6. Complete an interface from the Alpha 1 representation w ith that of some  
standard and appropriate finite e lement analysis package like Adina. That is, 
we will have the ability to subject a geometr ic object defined by a spline  
boundary to a standard finite e lement package to see the results of a f in ite  
element analysis. (24 mos)

6.4 VLSI

6.4.1 Statement of Work

a. Formalize the structured tiling integrated c ircu it layout methodo logy and the  
structured arithmetic tiling design methodology.

b. Develop static and dynamic PPL cell libraries using the CMOS technology. 
This will involve c ircu it design, simulation, layout, and testing. We expect to 
use the MOSIS 3 -m ic ron  technology.

c. Design, implement and test selected CMOS PPL c ircu its for the special 
purpose geometr ic processors to be integrated into the Alpha 1 testbed. 
These c ircuits will be fabricated through MOSIS and will include c ircu its which  
implement portions of the in tersection and subdivis ion a lgorithms used in 
Alpha 1.

d. Define, design, implement and test several h igh-speed fu l l -cus tom  GaAs 
circuits of interest in geometric modelling. This will be done in con juc t ion  
with Rockwell, 'using their design rules, and fabrication capabilities. C ircuit 
simulation will be done using an e lementary model developed at Rockwell.

e. Identify, design, implement (in NMOS and CMOS) and test a group of



64

parameterized tiles (other than arithmetic tiles) which will be required in the 
implementation geometric processors. Since VLSI-based arithmetic 
computations will be a key portion of the project a specialized arithmetic 
integrated circuit design capability will be developed, based on the structured 
arithmetic tiling design methodology. Test structures will be fabricated using 
the MOSIS facility.

f. Design, implement and test a variab le-prec is ion f ixed -po in t (or rational) 
arithmetic processor for the geometr ic processors. This will be done using  
the structured arithmetic t i l ing capability developed in the previous point. 
Preliminary discussions have led to a tentative consideration o f a design done  
at the University of Illinois at Urbana-Champaign by Chow, under the d irection  
of Dr. James E. Robertson.

g. Develop algorithms and tools for the automatic generation of parameterized  
tiles and arithmetic structures. The parameterized tiles which will be 
considered include RAM. ROM, multip lexors, and data switches. A r ithmetic  
structures will be developed d irectly from arithmetic set equations as 
developed by Robertson.

h. Develop a unified set of tools which, in conjunction w ith  the existing set of 
PPL design tools, will be used for the design, verif ication and implementa t ion  
of the c ircuits described above. These tools will be built on a relational 
database system and will include a hierarchical s tructured t i ling design editor, 
a hierarchical, m ixed-leve l s imulator, an advanced s ta te -mach ine generator, an 
arithmetic module generator, and test sequence generators.
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6 .4 .2  A p p r o x i m a t e  M i l e s t o n e s

Year I First Year I Second Year I Third Year I

Half I 1 I 2 I 1 I 2 | 1 | 2 l

a. Formalize tiling I <---> I I I I 1 1

b. Static CMOS PPL I <----------> I I I 1 1

Dynamic CMOS PPL I ........... > I I 1 1

c. CMOS PPL Circuits I I

d. GaAs Custom Circuits I

e. Arith. Tiling Meth. I .... > I I I 1 1

f. Arith. Tiling NMOS I I <------------------ > | 1 1

Arith. Tiling CMOS I I | <------------- .... > 1 1

g* Var. Prec. Proc. I | <-------------

h. Identify Parm. Tiles I <----- ---- > I I I 1 1

Design, etc. Parm. T| I <--- ---- --------- > I 1 1

i. Parm. Algorithms I I <--------------------- .... > ! 1

Parm. Generators I I

J- Unified Design Sys. I ------------ > j

k. VLSI for Geom. Proc.I I | | <-----

6.5 G raphical S upport S o ftw a re  Environm ent

6.5.1 S t a t e m e n t  o f  W o r k

Study and develop a graphical support software env ironment capable of e ff ic ien tly  
supporting VLSI and CAGD applications. This env ironment and programm ing language  
must have the fo l low ing characteristics:
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1. The environment must be portable across many different workstations and be 
easily transported to the new workstations soon to appear. Therefore, we 
plan on utilizing architectural description language techniques to transport the 
environment to each new workstation;

2. A language interpre ter for program development to aid in the rapid 
prototyp ing of the VLSI and CAGD applications;

3. Highly optim iz ing compiler for the incremental development of eff ic ient  
production quality code.

The fo llow ing outlines the steps necessary to produce the graphical support system as 
described above:

a. Integrate the architectural descrip tion language techniques into the current  
environment used for VLSI and CAGD to provide enhanced optim iza t ion  
techniques. .

b. Expand the architectural description techniques to include code gensra tion  
that will allow more flexible and effic ient production code. This enhanced  
env ironment will be released to the CAGD and VLSI groups for testing.

c. Research into the integration of the architectural descrip tion techniques into  
the entire environment. These new techniques will allow the graphical 
support software environment to be transported to a new target arch itecture  
simply by writ ing a new machine descrip tion.

d. Research and development into techniques for the specification of data types  
and declarations in an environment which includes both in terpretive and 
compiled program development.

e. Investigate the extension of the data type and declaration mechanism to 
provide eff ic ient floating point and matrices as needed in VLSI and CAGD

f. Release the advanced portable graphical support env ironment for testing by 
the VLSI and CAGD projects.



6 .S .2  A p p r o x i m a t e  M i l e s t o n e s

Year 1 First Year Second Year 1 Third Year 1

1 1 1 2 1 1 2  1 1 1 2  1

a. Arch Desc/Opt 1 1 1 1

b. Arch Desc/Code Gen 1 1 <— ......... > 1 1 1

c. Arch Desc/Environ 1 1 1 <------- ------> 1

d. Declare/Data Types | | <----- ...... — .....>1 1 1

e. New Constructs 1 1 1 l<---- -----> 1

f. Release System 1 1 1 1 1 <— > 1


