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A b s t r a c t  

Current  affordable a rchi tec tures  for h igh-speed display of 
shaded  3D objec t s  ope ra te  orders  of magn i tude  too  slowly. 
Recent  advances  in f loat ing poin t  chip technology have out-  
paced  polygon fill t ime,  making  the memory  access bot t le -  
neck between the  drawing processor  and the frame buffer 
the most  significant factor  to  be accelerated.  Massively 
paral le l  VLSI  systems have the poten t ia i  to bypass  this  
bot t leneck,  but  to  da te  only at  very high cost. We de- 
scribe a new more  affordable VLSI  solution. A pipel ine 
of triangle processors ras ter izes  the  geometry,  then  a fur- 
ther  pipel ine of shading processors applies Phong shading 
with  mul t ip le  l ight sources. The  t r iangle  processor pipel ine 
performs 100 bill ion addi t ions  per  second, and  the shading 
pipel ine performs two bill ion mul t ip l ies  per  second. This al- 
lows 3D graphics  systems to be buil t  capable  of displaying 
more  than  one mil l ion t r iangles  pe r  second. We show the 
resul ts  of an ant i -a l las ing technique,  and  discuss extensions 
to t ex tu re  mapping ,  shadows, and  environment  maps .  
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1 I N T R O D U C T I O N  

Compu te r  graphics  has  become an in tegra l  component  of 
the modern  concept  of a general  purpose  computer .  The  
graphica l  m e t a p h o r  is more  intui t ive,  flexible, and  efficient 
t han  the old tex t -only  man  machine  interface.  Also, much 
of the  usefulness of modern  comput ing  is the  abi l i ty  of the  
compute r  to  s imulate  the  real  world to  more  and more ex- 
ac t ing degrees.  The  graphics  interface must  suppor t  this,  
by po r t r a y ing  the  three  dimensional  dynamic  world  more 
and more  accurately.  

Cur ren t ly  affordable archi tec tures  for realist ic display of 
three  d imensional  objec ts  have severe cons t ra in ts  on scene 
complex i ty  and d isp lay  rates .  The  improvements  needed 
are far beyond  the fac tor  of two or three typ ica l  of incremen- 
ta l  improvements  on exist ing techniques.  We re-examined  
the  whole process  of image  generat ion,  looking for an im- 
provement  of a t  least  an order  of magn i tude  over conven- 
t ional  s ta te  of the  ar t  systems.  

Af ter  descr ibing the  pr ior  a r t ,  we will in t roduce  the con- 
cept of the  Triangle Processor and Normal Vector Shader 
chips, and show how they  can be configured in to  a high per-  
formance 3D d isp lay  system. Cer ta in  i m p o r t a n t  detai ls  of 
the  a rch i tec ture  and chips are examined  in more depth ,  fol- 
lowed by  a discussion of extensions to suppor t  more sophis- 
t i c a t ed  effects, including ant i -a l ias ing and  t ex tu re  maps.  

2 P R I O R  W O R K  

Most  commercia l  3D graphics  systems are based  on D R A M  
Z-buffers. Unt i l  very recently,  a lmost  all reasonable  cost 
sys tems (less t han  $100 000) ras ter ized polygons one pixel 
a t  a t ime,  wi th  read-modi fy-wr i te  cycle t imes  of approxi-  
ma te ly  one micro-second.  Coupled  wi th  geomet ry  t rans-  
form sys tems capable  of processing no more t han  10 000 
t r iangles  a second, such sys tems t ake  many  seconds or even 
minutes  to  draw complex scenes containing large numbers  
of small  t r iangles .  This  is so even though  most  modern  
sys tems include some form of VLSI suppor t  [2, 13]. Re- 
cent ly announced  sys tems employ para l le l i sm to ras ter ize  
polygons several  pixels a t  a t ime [14]. But  as deta i led  in 
Append ix  A,  the  pixel  wri te  efficiency does not  scale lin- 
early, and  overall  per formance  is increased by less t han  an 
order  of magn i tude .  

To get a round  the  Z-buffer wri te  l imi t ,  a number  of mas-  
sively para l le l  VLSI  sys tems have been  proposed.  Most  
have an a r ray  of intel l igent  pixel processors,  th rough  wlfich 
edges of polygons  are broadcas t ;  each pixel  processor  ex- 
amines  the  polygon geometry,  and  sets i ts pixel color to 
the  polygon ' s  color if the  po lygon  bo th  contains  this  pixel  
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and has a closer Z value than  any other  polygon previously 
conta ining this pixel.  

One of the  first such sys tems is Fuchs '  P ixe l -P lanes  sys tem 
[5, 11]. Here a processor  is ded ica ted  to each pixel in the 
d isp lay  screen. The  advantage  is t ha t  any  n-s ided polygon 
can be rendered  in cons tant  t ime,  wi thout  regard  to i ts area. 
The  d i sadvantages  include the  re la t ively large amount  of 
t ime t aken  to  enter  the  geomet ry  for each polygon ( tens 
of microseconds) ,  and  the  large amount  of silicon required 
(several  t housand  chips for 1024 × 1024). 

The  SLAM arch i tec ture  [4] combines a s ta t ic  R A M  for 2D 
pixel s torage with  a 1D run- length  pixel fill hardware  unit  
on the  same cus tom IC. This  is like a Pixel -Planes  chip 
wi th  t ime mul t ip lexed  pixel fill hardware .  Whi le  this  re- 
sul ts  in be t t e r  silicon density,  the  improvement  is still not  
large enough to  make 1024 × 1024 72-bit pixels prac t ica l ,  
and is b e t t e r  su i ted  to l imi ted  pixel  dep th  2D appl ica t ions .  
Othe r  d i sadvantages  include the need to slice up geomet ry  
into  1D runs  outside the  SLAM chips, and render ing t ime  
complex i ty  l inear ly  p ropor t iona l  to the  height  of a polygon.  

The  Super-Buffer  [6] dispenses wi th  the 2D a r ray  concept ,  
and  uses a single scan line of pixel processors.  This  finally 
reduces the  number  of rep l ica ted  cus tom chips to  a reason- 
able count ,  bu t  adds  the  requi rement  to  pre-sor t  and  buffer 
all polygons  by  the i r  first act ive scan line in the  d isp layed 
image.  The  render ing t ime is p ropor t iona l  to the  height  of 
the  t r iangles ,  and  (as in the  SLAM system) the  d a t a  for a 
given po lygon  mus t  be  externa l ly  sequenced and entered  re- 
pea t ed ly  in to  the  chips unt i l  the  polygon has been rendered.  
Nishizawa et al.[lO] descr ibe another  VLSI imp lemen ta t i on  
of this  concept .  

The  l ight ing model  is also an i m p o r t a n t  issue. Most  high 
speed ha rdware  implementa t ions  rely upon  simple l inear  in- 
t e rpo la t ion  of color be tween vertices.  More comprehensive 
l ight ing model  computa t ions  have not  been in t eg ra ted  into  
the  VLSI  solution.  

The  sys tems discussed above all associate  processors wi th  
pixels; an a l t e rna t ive  is to associate  processors wi th  poly- 
gons. Many  ear ly flight s imula tor  archi tec tures  had  an ar- 
ch i tec ture  of the  l a t t e r  form, as well as an unpubl ished  sys- 
t em of Cohen and Demetrescu.  Our  sys tem fits into this 
category.  

3 T H E  T R I A N G L E  P R O C E S S O R  
C O N C E P T  

The  key concept  is t ha t  of the Triangle Processor, a pro- 
cessor ded ica ted  to the  ras te r iza t ion  of a single t r iangle .  A 
number  of these processors are connected in series to form a 
triangle pipe, into which a ras ter  ordered  s t r eam of "blank"  
pixels is fed. Each  Triangle  Processor  is responsible  for one 
t r iangle  in the  image.  If a received pixel falls wi th in  the  tri- 
angle, the  processor  may  subs t i tu te  t r iangle  specific data ;  
otherwise the  pixel is passed along un-al tered.  

Each Triangle  Processor  contains  the  value of the  normal  to 
the  surface and  Z dep th  at each ver tex of the  local t r iangle ,  
and  also color da ta .  I t  genera tes  point  samples  of these 
values for each pixel  pos i t ion  within the  t r iangle  by bi- l inear  
in te rpo la t ion  be tween the ver tex  values. 

Triangle  Processors  are designed only to overwri te  received 
pixels t ha t  are fur ther  back  in Z than  the in t e rpo la t ed  Z 

value for the i r  local  t r iangle .  Thus  the  t r iangle  pipe imple-  
ments  t r iangle  ras te r iza t ion  with  dep th  sort.  

Tr iangle  pa r ame te r s  are  loaded  by sending d a t a  down the  
t r iangle  p ipe  in special ly marked  packets  between scan lines 
of  "b lank"  pixels.  They  are loaded  into  the  first avai lable 
Triangle  Processor  encountered .  

A Triangle  Processor  can only handle  one t r iangle  at  a t ime,  
bu t  since most  t r iangles  cover only a re la t ively  small  por-  
t ion of the  image~ it is not  necessary tha t  a Triangle  P r o -  
cessor r ema in  a l loca ted  to  a single t r iangle  for the  whole 
image.  W h e n  the  las t  pixel  in a t r iangle  has been rendered,  
i ts  processor  becomes avai lable for re-use wi th  another  tri-  
angle, whose pa r ame te r s  may  be loaded any t ime after  the  
current  scan line. Thus  during the  processing of an image,  
a single Tr iangle  Processor  may  be used to render  a number  
of t r iangles  which do not  overlap in the  y direct ion.  

Because of the  ex t remely  deep pipel ining,  the  processors  
at the  end of the  pipel ine  are  opera t ing  several  t housand  
cycles beh ind  those at  the  front .  Thus  at  any  poin t  in 
t ime,  the  p ipel ine  contains  pixels f rom several  different scan 
lines, as well as the  packets  of new t r iangle  d a t a  sandwiched  
between them.  Using the  same pipel ine  for loading the 
new t r iangle  d a t a  as well as ras ter iz ing solves the  p rob lem 
of synchroniz ing the  loads to  the  different processors in a 
very e legant  manner .  

4 T H E  N O R M A L  V E C T O R  S H A D E R  

Figure  1: Nine rounded  cubes wi th  s imple envi ronment  
mapping .  

To comple te  the  render ing  process,  a shading  pipeline ap- 
plies a l ight ing model  to  the  s t r eam of normal  vector  val- 
ues and  o ther  d a t a  f rom the  t r iangle  pipe.  This  second 
pipe is comprised  of "Normal  Vector  Shader"  (NVS) chips, 
which suppor t  a full mul t ip le  l ight  source Phong  i l lumina-  
t ion models which is app l ied  independently to each pixel.  
Since the  m a j o r i t y  of polygons  are only a few pixels across, 
a lgor i thms such as tha t  of Bishop and Weimer  [1], which 
take  10 pixels pe r  scan line to  b reak  even, were deemed too 
slow. The  rea l i sm of the  image  is fu r ther  enhanced by also 
in te rpo la t ing  the  v iewpoint  vector  to each pixel wi th in  the 
NVS chips,  as can be seen in the  reflection of the  environ- 
ment  in F igure  1 ( rendered at 1280 × 1024). This  technique 
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Figure  2: Block d i ag ram of the  GSP-NVS system. 

avoids the  "flat flash" p rob lem associa ted  with Phong shad-  
ing of flat surfaces by  p lana r  l ight sources. 

5 S Y S T E M  O V E R V I E W  

We now descr ibe  a complete  graphics  sys tem based  on 
"graphica l  signal processing" wi th  "normal  vector  shading" 
(GSP-NVS) ,  which achieves a processing ra te  of one mil l ion 
t r iangles  pe r  second. A block d i ag ram of the  overall  sys tem 
is shown in Figure  2. Up to  the  Y-buffer, the  processing 
is fair ly conventional ,  a l though the  computa t ions  mus t  be 
per formed at  a ra te  of several mil l ion t r iangles  pe r  second. 

A d isp lay  list  runner  (DLR) ex t rac t s  geometry  and display 
commands  f rom the memory  of the host  works ta t ion .  The  
D L R  handles  viewing ma t r ix  manipula t ion ,  s imple subrou- 
t ine jumps ,  picks, bound ing  box  tests ,  mode bi t  se t t ings,  
and  so on, bu t  passes t r iangle  and line s troke (vector)  com- 
mands  to  the  next  s tage  Without in te rp re ta t ion ,  keeping the  
overhead to  a min imum.  

The  t ransform,  clip, and  se t -up  stage (XTC)  performs the 
usual  calculat ions  on tr iangles and vectors.  The  resul t ing 
448 b i t s  of "pre-d iges ted"  t r iangle  d a t a  are then  passed 
to the  Y-buffer.  A much higher  t h roughpu t  (near ly  a Gi- 
gaflop) t h a n  pas t  systems is required here to suppor t  the  
rest of  the  archi tec ture .  

The  Y-buffer is organized as 1024 (or more)  l inked lists,  
one for each scan line on the  display. The  Y-buffer input  
process accepts  t r iangles  from the XTC,  sorts t hem into  
bins indexed  by  their  first act ive scan line number ,  and 
holds t hem in D R A M  storage unt i l  all of the  t r iangles  in a 
given f rame have been buffered. Then the ou tpu t  process 
feeds these t r iangles  in to  the  t r iangle  pipe for ras te r iza t ion ,  
bu t  now in scan line order.  

The  Y-buffer also sequences the  raster iz ing within the  tr i-  
angle pipe .  F i r s t ,  d a t a  represent ing all the  t r iangles  tha t  
become act ive on the  current  line are  sent in to  the  t r iangle  
pipe. Then  the  Y-buffer sends (1280) "blank" plxels for 
one scan line into the  t r iangle  pipe.  This is repea ted  for all 
the  scan f n e s  in the  f rame (1024). 

The  t r iangle  p ipe  accepts  the  t r iangle  da ta ,  and  converts  
the  "b lank"  pixels in to  a s t r eam of ras ter ized (and dep th  
sor ted)  pixels in scan line order ,  as descr ibed above. Once 
the d a t a  for a t r iangle  has been entered  into  the  pipe,  i t  will 
r emain  lodged  in a Tr iangle  Processor  somewhere within,  
wi thout  need for any add i t iona l  control,  for as many  scan 
lines as the  t r iangle  is tal l .  

The  NVS pipe takes the  ras ter ized ou tpu t  of the  t r iangle  
pipe,  and  converts  the  surface normal  vector  pixels to  RGB 
pixels.  These  are finally s tored in an RGB frame buffer 
pr ior  to  d isp lay  on a CRT. 

6 S Y S T E M  P R O P E R T I E S  

The  G SP-N V S sys tem has several  advantages .  The  amount  
of silicon required by the cus tom render ing pipel ines is re- 
alistic,  and  indeed is less t h a n  needed elsewhere in a bal-  
anced system.  This  is pa r t ly  due to  the  compact  layout  of 
the  Tr iangle  Processor  cell, al lowing as many  as ten  t r ian-  
gle processors  per  ( inexpensive)  chip. The  ha rdware  is not  
res t r i c ted  to  any fixed size image  for ou tpu t .  

To a first approx ima t ion ,  the  ras te r iza t ion  t ime for a com- 
plete image  is the  t ime t aken  to load all the  t r iangle  da ta ,  
plus the  t ime  to send th rough  a screen-full of  pixels. Thus  
in many  normal  cases, the  ras te r lza t ion  t ime  is independent 
of the  sizes of the  t r iangles .  The  load t ime is short ,  because  
each t r iangle  need only be en te red  into  the  p ipe  once, and 
special care has been taken to make  this en t ry  as fast as 
possible (8 cycles of 50as).  The  t ime to send pixels in to  the  
pipe is also very small ,  at  50ns per  pixel. Typica l  load  t ime 
might  be  20% of the  ras te r iza t ion  t ime.  

There  are  some disadvantages .  As is the  case wi th  the  
Super-Buffer ,  a Y-buffer is required to pre-sort  the  geom- 
etry. Unlike the  processor-per -p ixe l  archi tectures ,  geome- 
t ry  overflow is possible if too  many  tr iangles are act ive on 
the  same scan line. This  is not  a fundamenta l  l imi t ,  as 
the  pixels can be  passed th rough  the  t r iangle  p ipe  mul t ip le  
t imes,  effectively increasing the  number  of Triangle  Proces-  
sors available.  

7 T R I A N G L E  P R O C E S S O R  
I N T E R N A L  A R C H I T E C T U R E  

The  feasibi l i ty  of a machine  wi th  a processor  pe r  t r iangle  
is dependen t  on such processors being re la t ive ly  inexpen-  
sive. We have designed a complete  Triangle  Processor  in 
full cus tom CMOS VLSI,  using less than  25000 t ransis-  
tors; p r o t o t y p e  chips conta in ing one t r iangle  processor  have 
been fabr ica ted ,  t es ted  and shown to be fully opera t iona l  at  
expec ted  speed.  Modern  VLSI  densit ies allow upwards  of 
t en  such processors  to  be  ins tanced  onto a single die; fur- 
thermore ,  as VLSI  densi t ies  increase,  addi t iona l  Triangle 
Processors  can be added  to the chip wi th  l i t t le  effort and 
without modify ing  the chip pin-outs .  Because these chips 
are made  to be  di rect ly  wired toge ther  in a l inear  p ipe  (wi th  
no suppor t  chips required) ,  upwards  of 1 000 Triangle Pro-  
cessors occupy less t han  a square foot of PC boa rd  space 
(assuming 8 processors per  chip  in 1.2~ technology).  

F igure  3 shows the  ex te rna l  d a t a  flow between ind iv idua l  
Triangle  Processor  chips, and  the in terna l  d a t a  flow be- 
tween Triangle  Processors  wi th in  the same chip. The  z 
pixel loca t ion  is local ly genera ted  wi th in  each chip by  the  
G-uni t ;  consequently,  this  value does not  have to  be passed 
between the  chips, reducing the  pin count.  Another  fac tor  
of two reduc t ion  in pin count is ob ta ined  by  double  clocking 
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Figure  3: Ex te rna l  d a t a  flow and  in terna l  organiza t ion  of 
the Tr iangle  Processors  chip. (Note  tha t  only 30 d a t a  input  
pins are needed for the  60 signals shown, as the  pins are 
double  clocked.) 

the  I / O  pins*, enabl ing the  Triangle Processors  and  NVS 
chips to be housed in 68-pin leaded  chip carr ier  packages.  

Each  Tr iangle  Processor  is b roken  down into  a number  of 
funct ion uni ts ,  also shown in Figure  3. Each unit  opera tes  
on a different componen t  of the  pixel value flowing past .  
The  X channel  p ropaga tes  the  24-bit fixed point  number  in- 
d ica t ing  the m loca t ion  of the  current  pixel. The Z channel  
also p ropaga tes  a 24-blt  fixed point  number ,  represent ing  
the  z dep th  genera ted  for the  current  pixel. The  18-bit N 
channels (N=, Nu, and Nz) p ropaga te  the  in te rpo la ted  (de- 
normal ized)  surface normal  vector.  The  M channel  prop-  
agates  the  assoc ia ted  "mate r i a l  index" ( informat ion about  
color and  o ther  t r iangle  surface proper t ies) .  The  processor  
control  uni t  in te rp re t s  the  c o m m a n d  ins t ruct ions ,  which se- 
quence the  loading of ini t ia l  values and incrementa l  pa ram-  
eters  in to  the  funct ion uni ts ,  and  control  the  ras te r iza t ion  
of the  image.  

7 . 1  T h e  X - U n i t .  F igure  4 shows the  X-uni t ,  
which in te rpo la tes  the  poin ts  where the  edges of the  tr i-  
angle cross each scan line in turn .  Before the first scan line 
on which the  t r iangle  is active,  m coordinates  of the  left 
and  r ight  edges of the  t r iangle ,  and  y- increment  values are 
loaded.  At  the  end of each scan line, the  X-uni t  u p d a t e s  
the  left and r ight  z coordinates  by adding  the y increment ,  
thus  ob ta in ing  the  coordinates  where the  edges cross the  
nezt  scan llne. 

Also, a counter  is decremented;  when the  counter  goes neg- 
at ive,  e i ther  the  current  t r iangle  has expired,  or one of the  
edges has reached a ver tex.  In the  former case, the  t r iangle  
processor  becomes passive,  and  awaits  the  next  packet  of 
new t r iangle  d a t a  to arr ive.  If a ver tex  has  been reached 
on one of the  edges, new ini t ia l  and  incrementa l  values axe 
set for t ha t  edge, and also a new counter  value, f rom local 

* Data is transferred on both rising and falling phases of the clock, 
using each pin twice per clock cycle. 
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Figure  4: Schemat ic  of the  X-uni t ,  used to t rack  left and  
right edges of t r iangles ,  re la t ive  to the  current  scan line. 

z_ in  z_out= 

F igure  5: Schemat ic  of the  Z-uni t ,  used  to in te rpo la te  and  
compare  Z dep th  values. 

r 
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r 

Figure  6: Schemat ic  of the  N-uni t ,  used to  in te rpo la te  sur- 
face normal  vectors.  

backup  registers .  W h e t h e r  it is the  left or r ight  edge which 
changes d i rec t ion  is known at  se t -up  t ime,  and  ind ica t ed  
by a t r i angle  " type"  bi t  in  the  da.ta in i t ia l ly  loaded  for the  
t r iangle .  

The  X-uni t  cont inuous ly  compares  the  pixel m coord ina te  
(which increases on each incoming pixel) wi th  the  m posi- 
t ions of the  left and  r ight  edges of the  local  t r iangle  on the  
current  scan line. (The  values of z are genera ted  by  a sin- 
gle G unit  on each chip, and  are then  p ipe l ined  th rough  all 
the  X-uni t s  on t ha t  chip.) Other  uni ts  of the  processor  are 
s ignal led whenever  the  current  p l x d  falls wi th in  the  local  
t r iangle .  
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7.2  T h e  Z - U n i t .  Figure  5 shows the Z-unit  sch- 
emat ic ,  which in te rpo la tes  the  z dep th  in b o t h  x and y 
direct ions across the  t r iangle.  The da t a  loaded  for a t r ian-  
gle before the  scan line on which the t r iangle  first becomes 
act ive is the  in i t ia l  z value,  and also x- and  y- lncrements .  
At the  s ta r t  of each scan line, the z value is s tored in the  
l e f t  register .  On every pixel clock cycle, the x- increment  is 
added  to the  current  z value,  in te rpola t ing  t r iangle  surface 
dep th  from left to  r ight  across the  image. At  the end of 
each scan line, the y- increment  value is added  to the  s tored 
z value f rom the  l e f t  register ,  and  this is used for subse- 
quent x - in te rpola t ion  on the  next  scan line. In this  way, 
the  z dep th  at  each pixel in the  t r iangle  is computed .  

Note  tha t  the  in te rpo la t ion  is across the  entire scan line, 
regardless  of where the  t r iangle  is ac tual ly  active. This  
saves having to ac t iva te  the  in te rpola t ion  par t  way through  
a scan line, wi thout  affecting the  in te rpo la ted  value within 
the  t r iangle  in any way*. 

Each Z-unit  compares  the  z value input  f rom the  preceding 
Triangle  Processor  to t ha t  locally computed .  W h e n  the  
current  pixel falls wi th in  the  local  t r iangle (as de te rmined  
by the X-uni t ) ,  and when the z depth  of the  local  t r iangle  is 
less than  tha t  for t r iangles  computed  by  preceding Triangle 
Processors for thls  pixel,  the  local t r iangle  "wins",  and will 
be visible in the  image (unless some other  t r iangle  la te r  
in the  pipel ine subsequent ly  wins over i t) .  For a winning 
t r iangle ,  the  in t e rpo la t ed  z dep th  at  this  pixel is p ropaga t ed  
to the  next  Tr iangle  Processor  in the pipeline;  otherwise,  
the  previous best  z from the  preceding Triangle  Processors  
will be passed  forward  unchanged.  

If a pixel is unc la imed by  any t r iangle ,  the z value is unde- 
fined, and  is usual ly set to the  back  cl ipping plane value.  

7.3 T h e  N - U n i t .  Figure  6 shows a schemat ic  of 
an N-unlt .  Three  such units  N~, Nv, and N= are used to 
in terpola te  the  surface normal  vector  N over the  tr iangle.  
Before the  t r iangle  becomes active, an ini t ia l  N vector  is 
loaded,  along wi th  x- and  y- increments .  The x- increment  
upda tes  the  N vector  across each scan fine, while the  y- 
increment  upda te s  the  N vector  at the  end of each scan 
line, jus t  as in the  Z-unit .  The  ou tpu t  mul t ip lexer  selects 
the  local ly  in t e rpo la t ed  N normal  vector  if the  local tri-  
angle plxel "wins",  and  is to be subs t i tu ted;  otherwise the 
input  N normal  value from the  previous bes t  t r iangle  is 
p ropaga ted .  

The  value in te rpo la ted  is the  normal  vector  to the  surface of 
the  winning t r iangle  at  the  poin t  center  of the  current  pixel. 
Implement ing  the in te rpola t ion  in this fashion ensures tha t  
all t r iangles  are  uniformly sampled  and avoids a number  of 
al iasing ar t i facts  and  'tholes" in the  image.  

7.4 T h e  M - U n i t .  The M-uni t  latches the  9-bit  
ma te r i a l  index of the  local  t r iangle  during load  t ime.  At  
each pixel,  the  inpu t  mate r ia l  index is p ropaga ted ,  unless 
the  local  t r iangle  wins, in which case the  s tored mate r ia l  
index is subs t i tu ted .  

* Small triangles having large curvatures have very large increment 
values; this is not a problem~ as we simply subtract enough from the 
initial values allowing for the overflow wrap-around which may occur, 
so that the value is correct within the area of the triangle. 

7.5 C o m m a n d s .  The  Triangle  Processor  control  
uni t  sequences the  N, Z, X, and  M-uni ts  in response to 
commands  received v ia  the  c omma nd  d a t a  bus. Only nine 
commands  are needed: 

R E S E T  Global  reset.  Force all Triangle Processors to 
s ta te  f r ee .  

E N A B L E  Global  enable.  Set the enable bi t  in all Triangle 
Processors.  

IDLE No opera t ion .  Used to pad  processing. 

N E W  Header  of an eight word packet  of new tr iangle  
da ta .  

SOL Star t  of line. Used to mark  an eight word 
header  s ta r t ing  ras te r iza t ion  for each line. 

EOL End  of line. Used to t e rmina te  ras ter iza t ion  of 
each line. 

R A Z  Ras te r i za t ion  command.  Represents  a back- 
ground pixel to  be processed.  

RAZD Ras te r iza t ion  c omma nd  with  data .  Represents  
a pixel previously c la imed by some tr iangle.  

E X T  Ex te rna l  commands .  Normal  Vector Shader  
commands  and other  user defined non-Triangle  
Processor  commands .  

7.6  A d d i t i o n a l  F e a t u r e s .  

• The  Triangle  Processor  includes suppor t  for simple 2 x 2 
"screen-door" t ranslucency.  

• Line s trokes can be displayed efficiently by  convert ing 
t h e m  to para l le lograms (a special  case of a t r iangle  wi th  
para l le l  sides, wi th  the  poin t  cut off p remature ly ) .  

• Because the  f ixed-point  bit  posi t ion is external ly  se- 
lectable ,  the 24-blts of accuracy in x and y values allow 
a large var ie ty  of screen address ranges.  Note tha t  the  
in ternal  registers and d a t a  pa ths  of the  Triangle  Pro-  
cessor chip have a few more bi ts  t han  the width  of the 
d a t a  pa ths  off-chip, to ma in ta in  in te rpola t ion  accuracy, 
while keeping the p in-count  down. 

• A number  of features  faci l i ta te  tes t ing of the  chips. 
These  include the abi l i ty  to map  out defective proces- 
sors, which can reduce the cost of bui lding the chips, as 
those wi th  some fabr ica t ion  defects are still  usable.  

8 S I M P L I F I E D  L I G H T I N G  M O D E L  

The  GSP-NVS l ight ing model  is s imilar  to  tha t  used in most 
software based  polygon display systems,  but  is more sophis- 
t i ca ted  than  any o ther  video ra te  hardware  systems to date.  
Most  high speed graphics  systems only apply  the i r  l ighting 
model  a t  the  vert ices of polygons,  obta in ing  an RGB value 
for each vertex.  These  color values are in te rpo la ted  across 
the  face of the  polygon (Gouraud  shading).  We apply  our 
full Phong  fighting model  to each pixel,  for inherent ly  su- 
per ior  shading.  Our  "Normal  Vector Shader"  (NVS) chips 
implement ,  in silicon, all in ter ior  shading methods ,  and  full 
l ight ing and dep th  cueing equat ions,  as specified by  the 
P H I C S +  proposa l  [15], except  point  and cone l ight  sources. 
Five p lanar ,  colored l ight sources are s imul taneous ly  sup- 
po r t ed  at full speed.  

25 



SIGGRAPH '88, Atlanta, August 1-5, 1988 

Given as input  the  un-normal ized  surface normal  vector  
N ' ,  and the in te rna l ly  in t e rpo la t ed  un-normal ized  view- 
point  vec tor  V t, we first compute  re-normal ised values N 
and  V ,  and also a reflection vector  R :  

N r V I 
N - -  x / ~ "  V - -  V / ~ _ ~ ,  R = 2 ( N . V ) N - V .  

F rom these  values,  the  R G B  color is computed :  

i = 5  

R G B  = ~ [ ( N .  Li  + l a i ) m c  + ( a .  L,)  ~'1 le , .  
i = l  

Here Li~ lei~ and la i are the  normal  to,  color of, and  ambient  
componen t ,  respect ively,  of the  i ~h l ight source, and  m e  and 
sp are  the  color of, and  specular  power of the  ma te r i a l  under  
i l lumina t ion ,  looked-up  wi th  the  ma te r i a l  index of the  pixel.  
The  square root ,  power  function,  and  specular  reflection 
coefficient (not  shown) are imp lemen ted  v ia  on-chip ROM 
tables .  I t  is beyond  the scope of this  pape r  to  descr ibe all 
the  detai ls  of the  full l ight ing model~ which include dep th  
cueing, in tens i ty  of specular  i l luminat ion ,  bui l t - in  simple 
environment  m a p  ( including reflections - as seen in F igure  
1), and  hooks for t ex tu re  maps~ shadows,  and local  l ight  
sources.  

9 L I G H T I N G  M O D E L  C H I P  

The  i l lumina t ion  pipe of the  GSP-NVS sys tem consists of 
16 ident ica l  NVS chips, wi th  p in-outs  i d e n t i c a l t o  the  Trian-  
gle Processors  chip. Each is capable  of apply ing  the  ent ire  
five l ight source l ight ing model  to  a single pixel (surface 
no rma l  vec tor  N I + dep th  z + mate r i a l  index M )  in 16 
clock cycles. Round  robin  scheduling enables the  16 chips 
in the  pipe to shade a s t r eam of pixels at the  full clock rate .  

In te rna l ly  the  NVS chips are heavi ly  pipel ined,  and in fact  
take  64 clock cycles to shade each pixel.  However, four pix- 
els can be at  various stages of shading at  the  same t ime,  
provid ing  the  16 clock cycle t h roughpu t  per  chip. F igure  
7 d isplays  the  special ized vector  funct ion uni ts  of the  NVS 
chip, which are  the key to the  efficiency of the  NVS pipel ine  
(two bi l l ion mul t ip l ies  per  second with 16 chips).  They  al- 
low for efficient a rea  layout ,  as well as simplif ied scheduling. 
An  a l te rna t ive  to  bui ld ing a cus tom l ight ing model  engine 
would be to  use a general  purpose  DSP chip. However,  
such chips typ ica l ly  conta in  only a single scalar  funct ion 
uni t ,  and  for a given area  of silicon, will tend  to be at  least  
an order  of magn i tude  slower than  our cus tom chips. For  
example :  the  DSP32 chips employed  in the  Pixel  Machine 
[9] ind iv idua l ly  run  at  10 mil l ion mul t ip ly -adds  per  second, 
and  it would take  at least 200 of these chips (wi th  several  
suppor t  chips each) to  pe r fo rm the  equivalent computa t ion .  

10 T R I A N G L E  P I P E  O V E R F L O W  

The  previous  discussion has assumed tha t  there  were a suf- 
ficient number  of Tr iangle  Processors  to handle  all the  tr i-  
angles act ive on a pa r t i cu la r  scan line; in o ther  words,  no 
overflow. Our  s t ra tegy  for dealing with  overflow is to al- 
ways detect  it  before i t  occurs.  This  allows us to spli t  the  
p rob lem into two tasks:  overflow detec t ion  and overflow 
correct ion.  

For detect ion,  we must  know the number  of Triangle Pro-  
cessors in the  f r ee  s ta te  at  any t ime.  To this end,  the 
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Figure  7: Block d i a g ra m of the  Normal  Vector  Shader  chip, 
d isplaying the  in te rna l  funct ion units  and  the i r  (simplified) 
in terconnect ion .  

Y-buffer  keeps a f r ee  counter  and  an a u x i l i a r y  table .  The  
f r ee  counter  represents  the  number  of Tr iangle  Processors  
known to be f r ee  ( in i t ia l ly  all of them) ,  and the a u x l l l a r y  
tab le  records  the  number  of Tr iangle  Processors  scheduled 
to become  f r ee  on a pa r t i cu la r  scan line. Wheneve r  a new 
t r iangle  is to be entered  into  the  pipe,  the  f r ee  counter  is 
tes ted:  if it  is zero, the  t r iangle  is not  entered,  and over- 
flow processing commences;  otherwise,  the  counter  is decre-  
men ted ,  showing one less free Tr iangle  Processor.  W h e n  a 
t r iangle  is successfully en te red  into the  pipel ine,  the  scan 
line on which tha t  t r iangle  ends is compu ted  (by adding  the  
height  of the  t r iangle  to the  current  scan line number) ,  and 
the  en t ry  in the  a u x i l i a r y  tab le  corresponding to  tha t  line 
is incremented .  After  each scan line has been processed,  the  
free counter  is i nc remen ted  by the  a u x i l i a r y  tab le  en t ry  for 
the  current  llne, represent ing  the  number  of Triangle  Pro-  
cessors somewhere  wi thin  the  pipe tha t  have jus t  become 
f r e e .  

W h e n  an overflow condi t ion  is de tec ted ,  the  first ac t ion is 
to s top enter ing new t r iangles  in to  the  pipe,  as there  are no 
free Tr iangle  Processors  wai t ing  for them.  The  overflowed 
t r iangles  are left in the  Y-buffer for a second render ing  pass,  
while process ing continues for t r iangles  a l ready  in the pipe; 
the  resul t ing  pixels are s tored in the  RGBZ buffer, along 
with  thei r  assoc ia ted  z dep th  values,  which will be used to  
merge la te r  passes.  Subsequent  scan lines may  or m a y  not 
also overflow, depend ing  upon the  local  t r iangle  popu la t i on  
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growth.  At  the  end of the  frame some of the  t r iangles  have 
been rendered  into the  RGBZ buffer, while the  r ema inde r  
are still wai t ing in the  Y-buffer. Another  pass is made ,  
ras ter iz ing some or all of these overflowed tr iangles;  the  z 
values genera ted  by  the  pipel ine  are compared  with  those 
s tored in the RGBZ buffer from previous passes,  the  pixel 
wi th  the  nearer  z value being s tored  in the  buffer as a result .  
This  is r epea ted  as many  t imes  as necessary to  ras ter ize  all 
the t r iangles  in the  Y-buffer. 

Whi le  it  appears  tha t  the  machine  will t ake  a factor  of two 
hit  if even one t r iangle  overflows~ and l inear ly  more for each 
addi t iona l  pass required,  such is not the  case. Overflows 
tend  to  be  localized to a few areas. Hence, the  second 
pass need not ras ter ize  an ent ire  f rame of pixels,  but  only 
those scan lines touched  by  overflowed tr iangles.  Sys tem 
simulat ions  have s ta t i s t i ca l ly  va l ida ted  this~ showing tha t  
small  overflows t end  to  increase ras te r iza t ion  t ime by less 
than  20%. Large overflows imply  large numbers  of input  
t r iangles ,  and the  ex t ra  ras te r iza t ion  passes are over lapped 
by  ex t ra  X T C  compu ta t ion  t ime.  

One must  have enough Triangle Processors in the  sys tem 
to m a t c h  the t h roughpu t  of the  XTC section. For  non- 
pa thologica l  d isp lay  l ists,  there  is a balance  po in t  where 
the  t ime t aken  by  the  X T C  to deliver the  t r iangles  will al- 
ways exceed the  t ime taken  by the to ta l  ras te r iza t ion  pro- 
cess, including mul t ip le  overflow passes.  This  is because 
bo th  t imes grow approx ima te ly  l inear ly in the  number  of 
t r iangles  to be processed.  As a specific example ,  at  one 
mil l ion renderable  t r iangles  per  second, the balance poin t  
is on the  order  of one thousand  t r iangle  processors.  The  
balance  po in t  also places an upper  bound  on the  required 
size of the  Y-buffer, l imi t ing costs. 

In  suppor t  of mul t ip le  rendering passes,  the  Y-buffer uses 
a servoing control  a lgor i thm tha t  balances overflows of the 
t r iangle  pipe,  the  Y-buffer storage,  and the XTC.  For  dis- 
p lay lists small  enough to be rendered  at f rame ra tes  (in 
o ther  words,  no overflows), the  Y-buffer double buffers 
frames of t r iangle  da ta .  For larger  display lists,  the  Y-buffer 
switches into single buffer mode m and  after a high wate r  
mark ,  sets the  t r iangle  pipe to raster izing,  even though the 
X T C  is stil l  delivering t r iangles  for the  current  frame. The  
assumpt ion  here is tha t  mul t ip le  passes will be required,  so 
the  Y-buffer becomes a quant ized  F I F O  between the XTC 
process and the  t r iangle  pipe.  Deta i led  sys tems s imulat ions  
have shown this  approach  to  be  viable and capable  of sus- 
ta in ing  full performance.  

11 A N T I - A L I A S I N G  

Whi le  everyone is for ant i -a l ias ing,  few wish to pay  large 
amounts  ex t r a  for it .  Thus  versions of the  Triangle Proces-  
sor wi th  c i rcui t ry  to  generate  pixel percent  coverage d a t a  
were re jected as too  inaccura te  when high qual i ty  was re- 
quired,  and  too  expensive when only speed was desired.  

The  single sample  per  pixel model  used by the  Triangle  
Processors avoids a number  of smooth-surface  aliasing ar t i -  
facts  in previous ha rdware  implementa t ions .  This  accuracy 
allows high qual i ty  ant i -a l iased images  to be p roduced  by  
a variety of oversampling techniques.  

Wi th in  the  sys tem,  there  are two general  ant i -a l ias ing hard-  
ware suppor t  features .  Where  speed is essential ,  the  sys tem 
computes  960 × 1280 images,  and then averages blocks of 

2 × 2 pixels in rea l - t ime to NTSC video. W h e n  accuracy 
is required,  a s tochas t ic  sampl ing  is ob ta ined  by  fi l tering 
toge ther  mul t ip le  renderings of the  same d isp lay  list,  but  
f rom sub-pixel  j i t t e r s  in viewpoint  posi t ion.  By using a 
24-bit  pe r  color componen t  accumula to r  frame buffer, as 
many  different p seudo- random samplings  can be summed  
toge ther  as desired.  Wi th in  each pass the pixel sample  po- 
sit ions are coherent  wi th  each other ,  making  the technique 
somewhat  more res t r i c ted  t han  software implementa t ions  
of s tochas t ic  ant i -a l ias ing [3]. 

F igure  8: Demons t r a t i on  of ant i-a] iasing technique.  The  
image is of a fan of cylinders of r andom thickness,  in the  
range of 0.6 to  1.6 pixels in width.  

F igure  8 d isplays  an example  of this technique.  The d a t a  
base is a fan of cyl inders  of varying thickness,  f rom 0.6 to 
1.6 pixels in width.  The  lef tmost  image  is a single sampl ing  
with  no ant i -al ias ing,  rendered  at 256 × 96. The upper  right 
insert  is a b lowup of a po r t ion  of this.  The middle  image 
is the  result  of 16 pseudo-s tochas t ic  samplings  weighted by 
a Gauss ian  low-pass  filter. To the  right is the  correspond-  
ing blowup of it .  This  technique was also employed in the  
making  of F igure  1. Other  techniques based  on s tochast ic  
sampl ing  may  be implemen ted  on a GSP-NVS system using 
var ia t ions of this  approach.  

12 S O P H I S T I C A T E D  E F F E C T S  

Historically,  hard-wi red  graphics  has impl ied  l imi ted  ren- 
dering models;  general  purpose  machines  have had  to  be 
used to  get  most  of the  recent  improvements  in graphics  
a lgor i thms.  Whi le  machines such as the  P ixa r  [8] and  the  
Pixel  Machine [9] seem to cross this  line, at  hear t  they  are 
bui l t  on top  of general  purpose  processors.  W i t h o u t  graph-  
ics specific VLSI,  the  speeds are only fast re la t ive  to full 
general  purpose  computers .  The intent  of this  section is 
to show how simple enhancements  of the  GSP-NVS sys tem 
can suppor t  some very sophis t ica ted  options~ at  speeds or- 
ders of magn i tude  faster  t han  exist ing hardware .  One way 
or  another ,  such sophis t ica ted  opt ions  will emerge in hard-  
ware systems of the future.  

Texture  mappings environment  mapp ing ,  and shadowing 
can all be imp lemen ted  in a re la ted  fashion. Each re- 
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quires an addi t ional  f rame store, and  hardware  for a num- 
ber  of t r ans format ion  functions to generate addresses for 
this store from rendering information.  The d a t a  ou tput  
from the store forms addi t iona l  l ighting model  input  pa- 
rameters .  These processes must be combined with mult iple  
ant i -a l ias ing passes to sample the  da t a  properly.  

Texture  mapping  requires an auxil iary t ex tu re  map  frame 
store,  s toring the desired texture(s)  at mul t ip le  levels of 
resolution.  Three  in te rmedia te  values a, b, and c, der ived 
from the values of the t ex tu re  addresses at the corners of 
the  t r iangles ,  must  be in te rpo la ted  across the  faces of t r ian-  
gles. The  final u , v  t ex tu re  map  addresses are obta ined  by 
performing a perspect ive  division: u = a / c ,  v = b / e .  The 
tex tu re  m a p  of the  appropr ia t e  resolut ion is chosen as a 
funct ion of the  local scale, and can involve a fi l tered combi- 
na t ion  of two scales [7]. The  three addi t ional  in terpola t ions  
can be per formed by a second tr iangle pipe in paral le l  with 
the  first,  in te rpola t ing  a, b, and c in place of the surface 
normal  vector.  An a l te rna t ive  is to make two passes using 
a single t r iangle  pipe,  once for normals ,  and then  once for a,  
b, and  c, buffering the ou tpu t s  unti l  needed.  The  u ,  v image  
is sent as a s t ream of addresses for the  tex ture  frame store,  
resul t ing in an RGB pixel s t ream to be sent in to  the  NVS 
pipe in place of the  R G B  color indexed by the mate r ia l  tag.  

Envi ronment  mapp ing  requires the  vector  computed  as the  
reflectance of the  v~ewpoint vector  by the surface normal  
vector.  This  value is genera ted  wi thin  the  NVS chips as 
par t  of thei r  normal  processing,  and  a mapping  function 
converts this  vector  into an environment  map  address.  A 
simple mapping  function is u = t an  -x R ~ / R , ,  v = R=. 
The RGB ou tpu t  from the environment  map  is then  aver- 
aged into  the  results  of the  regular  l ighting model  computa -  
t ion,  wi th  a mixing factor  p ropor t iona l  to surface reflectiv- 
ity. ( Indeed,  a simplified version of environment  mapp ing  is 
implemented  within the  NVS chips for simple color ramps,  
as seen in Figure  1.) 

For shadows,  the  vector  from each light source to  the  sur- 
face must  be computed  for each pixel. These vectors are 
used to genera te  addresses in to  p recomputed  dep th  buffer 
tables  conta ining the max imum dis tance to which the  l ight 
source reaches in each direction.  A comparison of the length 
of the  vector  wi th  the  s tored value is used to enable or dis- 
able each l ight source at  each pixel in the regular  l ighting 
model  computa t ion .  (Reeves et  al. [12] discuss dep th  buffer 
shadowing with  anti-al iasing.)  

Since these look-up process for texture ,  environment  map-  
ping and shadowing involve r andom pixel addressing,  the  
full pipeline ra te  of the machine will not  be sustained.  How- 
ever, wi th  complex images,  the  rendering stage normal ly  
requires mul t ip le  passes, balancing the t ime taken for the 
table  accesses which are only performed once per  ou tpu t  
pixel.  

1 3  S I M U L A T O R S  

The  development  of a set of s imula tor  tools was t ight ly  cou- 
pled with  the  evolut ion of the GSP-NVS archi tecture.  The 
s imulators  span the range from a high level s imula t ion  fast 
enough to create  short  video test  sequences, to  a low level 
t rans i s to r  by  t rans i s to r  s imulat ion of the cus tom graphics 
chips. All  of these s imulators  main ta in  the same numerical  
precision as the  real  hardware .  We used the s imula tors  to  
verify the  a lgor i thms,  and  also to generate  the performance 

numbers.  All  the  color images in this paper  were genera ted  
by the high level s imula tor ,  from very complex d a t a  bases. 

Of course, the u l t ima te  s imulat ion is the  real silicon. An 
incrementa l  approach to  the  VLSI layout  was taken,  wi th  
individual  funct ion units fabr ica ted  as separa te  test  chips. 
This allowed each unit  to be fully verified in silicon as the  
design progressed.  Test  pa t t e rns  for the design fragments ,  
and for a complete  Triangle Processor,  were genera ted  by 
the software s imulators .  

1 4  P E R F O R M A N C E  

The GSP-NVS concept  and family of VLSI chips can be 
used to  bui ld  a var ie ty  of high performance graphics  sys- 
tems. We have been designing such a sys tem capable  of sus- 
t a ined  render ing of one million tr iangles per  second. This  
sys tem uses twenty  40-Megaflop f loating point  chips wi th in  
the  t rans form and clip subsys tem to process 1.6 mill ion 
tr iangles per  second, ensuring adequa te  th roughput  at  the 
t r iangle  p ipe  after  various overheads.  The  display region is 
split  into left and r ight  halves,  each with i ts  own 20MHz 
t r iangle  and  NVS pipes.  This effectively halves the  to ta l  
t ime taken  to  load tr iangles and raster ize pixels. Thus  tri-  
angles are loaded at  200ns each, and then the whole region 
is rendered  at  25ns per  pixel. The Y-buffer allows t rans-  
format ion  and ras te r iza t ion  to be 100% over lapped most of 
the  t ime.  

F igure  9 shows a compara t ive ly  simple scene genera ted  by 
a s imulat ion of the GSP-NVS system. The  d a t a  base used 
contained 24784 t r iangles ,  of which 11327 were visible. 
Rendered  at a resolut ion of 1280 × 1024, the  1.25 mil l ion 
pixel image would be genera ted  in less t han  one twenti-  
e th  of a second. Note tha t  the  t r iangle  load t ime was less 
than  5% of the  to ta l  frame t ime,  indica t ing  tha t  the sys tem 
was running  at  only a quar te r  of its capacity.  Simulat ions  
of larger  display lists involving mul t ip le  t r iangle  p ipe  over- 
flows have shown render ing t imes to scale almost  linearly. 
More aggressive uses of addi t ional  rendering pipes  can lead 
to processing ra tes  upwards  of five mill ion tr iangles per  sec- 
ond. 

1 5  C O N C L U S I O N S  

We have descr ibed a highly paral le l  3D graphics architec- 
ture  based upon a pipel ine of VLSI chips, which overcomes 
the frame-buffer  D R A M  access bot t leneck present in all 
of t oda y ' s  general  commercial  systems.  Our  archi tec ture  
achieves at least  an order  of magni tude  increase in render-  
ing ra te  over previous systems,  so tha t  much more complex 
scenes can be rendered in a reasonable  t ime.  A fur ther  pipe- 
line of dedica ted  l ight ing model  chips enhances the  real i ty  
of the  ou tpu t  wi th  no loss in speed. 

An addi t iona l  improvement  in speed over present  systems 
is achieved by  decoupl ing the t ransformat ion  process from 
the render ing process using a large buffer; this  keeps bo th  
processes running  in paral le l  for the ma jo r i ty  of the  t ime.  
The  archi tec ture  has been tuned  to suppor t  the s ta t i s t ica l  
mix of geomet ry  encountered  in real  appl icat ions,  ra ther  
than  simplified benchmarks .  

Our  sampl ing model  is buil t  on a ma themat i ca l ly  sound 
basis,  s imilar  to tha t  used in ray-cas t ing  techniques.  This  
avoids a number  of al iasing ar t i facts  and  holes inherent  in 
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F igure  9: Example  of 1280 × 1024 20Hz frame ra te  perfor- 
mance.  

many  o ther  polygon fill a lgori thms.  I t  also allows the sys- 
t em to be ex tended  to suppor t  a number  of sophis t ica ted  
render ing techniques;  for example  we have a l ready simu- 
la ted  a form of s tochast ic  ant i-al iasing.  

I t  is no longer sufficient to  concentra te  on only a single 
aspect  of the  3D graphics  problem;  we believe tha t  to ob ta in  
significant improvements  for real appl icat ions,  the ent i re  
render ing process mus t  be balanced from display list to  
photon.  GSP-NVS represents  our a t t e m p t  to advance the 
s ta te  of  the  ar t .  
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A W H A T ' S  I N  A T R I A N G L E  ? 

The  GSP-NVS sys tem suppor ts  the RISC pr imi t ive  of 3D 
graphics:  the  t r iangle .  For  our sys tem to suppor t  non- 
uniform ra t ional  B-splines (NURBS) as a pr imit ive,  they  
would have to be tessel la ted into tr iangles at ex t remely  high 
speed, in excess of one mil l ion tr iangles per  second. The  
computa t iona l  overhead of doing this to complex objec ts  
was considered too high. The  majo r  p roblem with  bui lding 
hardware  to direct ly  tessel late  NURBS is dealing with the  
t r imming  curves. 

As is the  case wi th  many  o ther  complex computa t iona l  sys- 
tems,  there  is great  confusion in benchmark ing  the perfor- 
maaace of 3D display systems.  There  are many  assump- 
tions: wha t  percent  backface reject ion?,  clipping enabled? ,  
what  l ighting model? ,  area  of polygon?,  what  is a poly-  
gon? Typica l ly  the  benchmark  represents  a "never to be  

Figure  10: Example  of complex mechanical  CAD object .  
Satel l i te  da t abase  courtesy of NASA 3PL. 

exceeded" performance number .  The  benchmark  for a par-  
t icular  sys tem usually consists of ident ical  polygons which 
are sized such tha t  the  t rans format ion  and cl ipping t ime ex- 
act ly  equals the  polygon pixel fill t ime. This  is reminiscent  
of s imilar  "creat ive" benchmarks  of identical  length  vectors 
tha t  were used to benchmark  vector  stroke displays  20 years 
ago. They provide very l i t t le  insight as to  where and how 
much to improve the  per formance  of 3D display systems.  
Thus,  one of the  first tasks  of the  GSP-NVS projec t  was to  
create  some more realist ic benchmarks .  
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Figure  11: Percentage  of t r iangles and t r iangle  area  for the  
cubes in Figure  1 sor ted by  the area  of the t r iangle.  

Figure  1 d isplays  an image of nine rounded  cubes, formed of 
9 x 956 tr iangles,  of which 3 986 were non back-facing and 
were rendered.  The  tr iangles in this  figure ( rendered at  
480 × 484) were grouped  by their  displayed area  i a to  three  
categories~ as shown in the  char t  in Figure  11. In  each 
category,  the  left bar  shows the  relat ive n u m b e r  of t r iangles  
in the  group, while the  right bar  shows the  relat ive area 
cont r ibu ted  by  tr iangles in tha t  group. The  three groups 
roughly  correspond to three  classes of polygons:  a few large 
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ones (the flat faces of the cubes), a number  of long thin ones 
(the rounded edges), and a large number  of very small ones 
(the rounded corners), of which many  are sub-pixel in size. 
While this scene was somewhat artificial, experiments with 
a number  of other objects f rom real mechanical CAD data  
bases bore out similar results. This chart gives part  of the 
reason why real world applications typically run at least 
two to  four times slower than the theoretical peak rate of 
the graphics system. The activity of the t ransform and cllp 
section is proport ional  to the height of the left boxes in 
each group, while rasterization activity is proport ional  to 
the height of the right boxes. For any given triangle size, 
typically only one of the two processes is active. Thus  most 
polygons are either t ransform bound  or polygon fill bound,  
resulting in significant idle time for the other process. This 
is responsible for nearly a factor of two reduction is speed 
over the "perfect" case. Additional reductions arise f rom 
idle rasterizat ion cycles due to long chains of triangles tha t  
are back-facing or outside the clipping window, as well as 
overhead for start ing a new triangle, moving to the next 
scan line, et cetera. 

An increase in graphics performance is more likely to cause 
users to display more complex objects,  ra ther  than the same 
objects faster. This is the so-called "four second" rule. Fig- 
ure 10 (1280 × 1024) displays an extremely large CAD ob- 
ject (by present standards).  It represents a 70 000 triangle 
simplification of a 1 000 000 triangle satellite. Two trends 
appear  in this and other  similar objects tha t  we have exam- 
ined: realistic background environments will almost always 
cover every pixel in the frame at least once; and more de- 
tailed, more complex objects will involve large numbers of 
small polygons.  Furthermore,  the mid-size polygons tend 
to be long and very thin, bordering on sub-pixel. From 
statistics of these objects we have concluded that  pixel fill 
architectures using n × m block write schemes wl]l be less 
effective than might be assumed. We simulated a number 
of different block sizes, applied to the data base of Figure 1 
(without ground pattern), and the resulting write cfficicn- 
cies are given in Table 1. 

Total Write Efficiency 

Block Size Pixels wri t ten/cycle 
1 × 1 0.69 
2 × 1 1.04 
2 × 2 1.57 
4 × 1 1.41 
4 x 2 2.22 
4 × 4 3.10 
8 × 4 4.04 
8 × 8 5.27 

Table 1: Efficiency of various parallel write architectures. 

The statistics are only for rendered triangles. The 1 × 1 
number  is less than unity because of triangles not con- 
raining valid sample points on every scan llne. All these 
numbers would be even lower if back-facing and clipped 
triangles were to be counted.  
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