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ABSTRACT

This pap er  describes w ork  tov/ard improving the quality  of c o m p u t e r -  

syn thes ized  shaded images. Current (practical) h id d en -su rface  a lg o r ith m s  

produce  an image whose precision is strictly limited by the n u m b e r  of 

p ic ture  elements. Problems caused by this limitation are d e s c r ib e d  and  

exp la ined  in the text. Other image production media such as te le v is io n  and  

screen  printing processes exhibit the same problems, but to a f a r  le s s e r  

exten t .  T h e re fo re ,  current image production media a re  s u r v e y e d  and  

com pared  to com puter-synthes ized  images w ith  a v ie w  to w a rd  es ta b l is h in g  a 

c r i te r io n  for acceptab le ’ image quality.

The  problem s to be seen in com puter-synthes ized  images are  p re d o m in a n t ly  

caused by a phenomenon known as "aliasing". Aliasing is an a r t i fa c t  o f  th e  

process of producing an irrage m a d s  of discrete dots. A well know n c u r e  fo r  

aliasing is motivated and explained in the text. The notions of sam pling  

and convolutional f iltering are introduced to assist the  e x p la n a t io n .  

Based on these techniques, an algorithm for computing the in te n s i ty  o f a 

single dot of an image is developed. The algorithm is applied to a te s t  

p a t te rn  which serves as a "worst case" rcr the problems caused by a lias ing .

The  dot production algorithm is then applied to th ree  ex tan t  c lasses of 

hidden surface algorithms: s c a n n i n g  algorithms, z - p r io r i t y  a lgor i thm s and  

z - b u f f e r  algorithms. The latter two classes make use of a p ro c e d u re  K n o w n  

as a "tiler" and the implementation of a t iler  is discussed in d e ta i l .



Some results of that implementation are compared w ith  c o n v e n t io n a l  

c o m p u te r -  synthesized images of both equivalent and doubled re s o lu t io n .

M a n y  approaches to the aliasing problem have been proposed. A  b r ie f  s u r v e y  

of the  more interesting of these approaches is o f fe red .  Each m e th o d  is 

exp la ined , eva lua ted  and compared with the approach advocated  in th is  

thesis.

An append ix  is devoted  to the problem of compensating for n o n lin e a r i t ie s  in 

the  image production httrdware. Without such comDensation, g r e y  lev e l  

d is tortions  can destroy the e ffect of measures taken to avoid a l ias ing .



CHAPTER OWE 

INTRODUCTION

THE PROBLEM

In recen t  years , it has become re la tive ly  common to see  

co m p u te r -syn th es ized  images of opaque objects w ith hidden surfaces re m o v e d .  

Until v e r y  recen tly  most of the research e f fo r t  has b e e n  p r im a r i ly ,  

concerned  w ith  h idden-surface algorithms, i.e. w ith determ in ing  w h ich  p a r ts  

of an o b jec t  are visible arid should be displayed. H o w ev er ,  it has b e c o m e  

obvious that higher quality com puter-synthes ized  shaded p ictures a re  n e e d e d  

fo r  applications which require  a realistic image.

C o m p ute r  graphics has been quite successful in solving visual p ro b le m s  

involving images which can be abstracted. Problems in e lec tro n ic  c ircu it  

design, fo r  example, can generally  be expressed in a symbolic lan g u a g e  

using easily generated  symbols. On the o ther hand, visual s im ula tors  fo r  

tra in ing airplane, oil tanker or spacecraft pilots req u ire  a h ig h ly  

realis tic  image. R easonaby  realistic images have not been hard to  o b ta in .  

H o w ev er ,  convincingly realistic images are still v e r y  ra re .  T h e  g a p  

b e tw e e n  a recognizable and a convincingly realistic image is much w id e r  

than  gen era lly  realized. Three  short, curved lines surrounded  by  a c irc le  

can be instantly  recognized as a face and tew  would complain that  it d id n ’ t
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look r ight.  On the o ther hand, e laborate  shaded pictures of faces a re  not  

as read i ly  accepted, because v iew ers  become concerned w ith  d e ta i ls .

To date ,  l ittle e f fo r t  has been put towards co rre c t ly  dep ic t ing  f in e  

details in com puter-synthes ized , shaded pictures. One reaso n  is that m ost  

c o m p u te r-syn th es ized  images have come from ra th e r  simple “sccr.e  

descriptions". A scene description is the numerical data  d e s cr ib in g  th e  

scene to be represen ted  ir the computed image. Many thought that th e  

defic iencies in com puter-synthes ized  pictures lay in the fact that th e  

scene descriptions w ere  not rich enough. However, recent images w ith  m uch  

r icher  scene description!; have demonstrated that m ajor p roblem s e x is t  in  

the  rend it ion  of fine detail. These problems characteris t ica lly  o cc u r  in  

th re e  specific situations: (1 ) along sharp edges such as found in t h e  

s ilh ouette  of an object cr a crease in a surface; ( 2 )  in v e r y  small  

ob jec ts  and (3 )  in areas of complicated detail.

All problem s associated w ith  these three situations can be t ra c e d  to  th e  

same source: since shaded pictures must be d isplayed on a f in ite  m ed iu m ,  

only  a finite resolution neod be calculated. For example, the most com m on  

disp lay , a standard television receiver, is usually designed to d is p la y  an  

image of from 3 0 0  to 8 0 0  horizontal lines. T h e re fo re ,  c o m p u te r -s y n th e s iz e d  

images w ith  5 1 2  lines are convenient.

A 5 1 2  line image requires that the intensity be calculated for e a c h  o f  

2 6 2 ,1 4 4  ( 5 1 2  times 5 12> positions on the screen w h e re  each p o s it io n  is 

re p re s e n te d  by  a fixed-si;:e dot of the proper  intensity. W hile  this w o u ld
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ap p ear  to require  a great deal of computation, most of the  dots can  be  

calculated in groups using incremental techniques. T h e re fo r e ,  th e  

com putation  per  point C3n be modest. Furtherm ore, since the  n u m b e r  of 

screen  positions is always the same, the computation remains p a r t ia l l y  

independent of the scene complexity.

Dave Evans of the University of Utah realized the  im portance  o f  th is  

independence  in the mid nineteen-sixties. Out of that insight g r e w  t h e  

shaded com puter graphics work at Utah, including a num ber of a lg o r i th m s  

which cap ita lize  on the limited resolution available for d isp lay  o f  th e  

com puted  image. However, this approach leads d irect ly  to the  p r o b le m s  

w hich  have  m otivated this thesis.

These problem s are most oasily seen along the silhouettes of o b jec ts  w h e r e  

th e re  is a sharp change in the intensity from object to b a c k g ro u n d .  A  

stra ight edge separating a light area in the image from a d a rk  o n e  w il l  

look stra ight only under special circumstances. G enera lly , the e d g e  will  

app ear  jagged. This phenomenon has been re fe r re d  to as the  " s ta irc a s e  

e f fe c t"  or the "jaggies". 3ecause of the limited resolution, an e d g e  can  

lie only along the dots which make up the image. Since the d o ts  a re  

arran g e d  on a grid of horizontal and vertical rows, if an ed g e  is n e a r ly  

but not exactly  horizontal, it cannot lie along one row  of dots. A t  so m e  

points the edge must move abruptly  from one row of dots to the  n ex t.  T h e s e  

points may o ften  be obvious in the resulting image [Fig. 1.1].

In a simple picture there  will be only a few  of these ja g g e d  e d g e s .
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H o w ever ,  the eye  emphasizes visible edges in an image and a t te n t io n  is 

d ra w n  to precise ly  those creas in which problems occur. F u r th e rm o re ,  since  

the  e y e  is far more sensitive to high-contrast than to lo w -c o n tra s t  e d ^ e s ,  

staircase effec ts  on an edjje separating a black area  from a w h ite  o n e  w il l  

be much more noticeable than those on an edge separating a g r e y  a r e a  f ro m  a 

som ew hat d a rke r  g rey  area.

If c o m p u te r-syn th es ized  images are to achieve a g re a te r  d e g re e  o f rea l is m  

it will be necessary to generate  images of a rb itra r i ly  com plicated  scenes .  

In a complicated scene there  will not only be many po ten t ia l ly  ja g g e d  

edges , but also many v e ry  small objects and details. Small o b je c ts  po s e  a 

p rob lem  similar to that of edges in l imited-resolution images b e c au se  th e y  

can get lost b e tw e e n  the dots. This phenomenon occurs because ea c h  d o t  in 

th e  image represen ts  a sample point in the scene, an in fin ite ly  small spo t  

on some surface being deplctec. The process of taking sample po ints  f ro m  a 

continuous scene is know r as "sampling". If an object is small en o u g h  to  

fit b e tw e e n  adjacent s im ple  points then it will sometimes be  m issed.  

T h e re fo re ,  a v e ry  small ooject may disappear en tire ly ;  a long, th in  o b je c t  

m ay appear in some places and not in others, giving the a p p e a ra n c e  of a 

str ing  of beads; and a highly detailed object such as a human face m ay lose  

some of its features.

In still pictures, these effects can often be ignored if the scene  itse lf  

is suff ic ien tly  distracting. M oreover, it is Often possible to f id d le  w ith  

the  descrip tion  of the scene itself, adjusting things this w a y  and th a t  to  

minimize jagged edges and missing objects. H o w ever,  in an a n im a te d
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sequence  of images these limited resolution problems become much m o r e  

obvious. High-contrast edges appear to have small armies of ante r u n n in g  

along them as the slope of the edge changes; small ob jects  and d e ta i ls  

flash on and off distractingiy; slightly larger objects app ear  to c h a n g e  

size and shape w ithout re.ason; even a simple, horizontal edge w hich  lo o ks  

f ine  in a still p icture can be seen to jump from one row  of dots to a n o th e r  

as it moves up o r  down the display.

GENERAL APPROACHES

T h e re  a re  th ree  basic approaches to correcting or p re ve n tin g  th e  a b o v e  

effec ts :

(1 )  The  first approach is simply to increase the resolution. In c re a s in g  

the  reso lution  does inceed improve the quality of the image, a l th o u g h  it  

also increases the expense of producing the image. Doubling the r e s o lu t io n  

multiplies the number of dots in the image by four, and the  n e c e s s a r y  

com putat ion  by more than «i factor of two. _

Increasing the resolution means that sample points occur more f r e q u e n t l y .  

Thus if the image remains the same size, finer details can be r e p r e s e n t e d  

and the position of edges and other features in the image can b e  

re p re s e n te d  more precisely. As a result, the jaggedness along e d ^ e s  m a y  

becom e fine enough that il won't be noticed by the casual o b s e r v e r ,  She
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size and shape changes in small objects will not be so grea t  and  a line  

jum ping from one row of dots to the next will not have to m ove as fa r .

H o w e v e r ,  no m atter how small the distance b e tw een  sample points, a p o in t  

source of light, an irf in ite ly  small, infinitely bright spot, w ill a lw a y s  

be lost. The sample points are infinitely small and th e r e fo r e  c o v e r  no 

a rea  in the  space to be represented  by an image. So an a r b i t r a r i ly  p la c e d  

point source of light has an infinitely small chance of lying in e x a c t ly  

the  same place as a f.ample point. Thus it appears  th e re  is no w a y  to  

re p re s e n t  such point sources.

Although in fin ite ly  small oojects cannot be rep rese n te d  in a f in ite  m edium  

such as the storage area of a digital computer, the point so u rc e  p r o b le m  

points out the fact that as long as the scene description (w hich  m ust be  

s to red  in a com puter) defines objects to a precision g r e a t e r  th a n  is 

allow ed  by  the display medium, the likelihood of small ob jec ts  g e t t in g  lost 

b e tw e e n  the  dots is great.

(2 )  Under certa in  conditions, the staircase effects along edges m a y  be  

lessened by blurring the final image. These conditions obta in  w h e n  th e  

size  or shape of the dots in the display is a p r im ary  cause  of the  

u ndeslreab le  effects observed. Blurring causes the in tensity  change  across  

an edge to be smoothed, making it less obvious to the e ye .  W hile  t h e r e  is 

v ir tu a l ly  no additional cost involved, b lurring cannot he lp  w i th  th e  

problem s caused by the process of evaluating the image only at s am p le  

points. Furtherm ore , the image will lose sharpness which m ay b e  b e t t e r
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re ta in ed  by  o ther methods.

O ther post processing techniques have been suggested, some of w h ich  will b e  

discussed in chapter four. It appears possible to e lim inate ja g g e d  e d g e s  

w ith  such methods. However, lost objects cannot be re t r ie v e d  and s ize  and  

shape changes in small objects may sometimes be exaggerated .

(3 )  T h e re fo re ,  a more attractive approach is to allow the in te n s ity  o f a 

g iven  dot to represent a blend of the intensities on both sides of an e d g e .  

Instead of forcing each dot to take on one intensity or the o th e r ,  a sm o o th  

grada tion  of shades can be used to avoid abrupt changes [Fig. 1 .1 ] .  A  

small o b jec t  may also benefit by being rep rese n te d  as a b lend of its  

in tens ity  w ith  that of its background. This would allow an o b jec t  to f a d e  

sm oothly  into the sunset ra ther  than to shrink to the  size of a dot and  

then  suddenly blink out. The blending is best accomplished b y  causing t h e  

dots in an image to represent finite areas from the scene des cr ip t io n ,  no t  

just in fin ite ly  small samp e points. The reasons behind this a p p ro a c h  and  

the  methods for implementing it form the bulk of chapters  tw o  and t h r e e .

The  cost of blending shades within a dot is not easy to m easu re . T h e  

blending needs to be done only w h ere  there  are high contrast edges  or sm all  

details . Thus the expense will depend on what might be called the  "v isua l  

co m p le x i ty ’’ of the picture. Visual complexity is a measure of the  b u s in e ss  

of the  image. A photograph of a crowd at a sports event would  be  h ig h ly  

complex; a photograph of a solid colored beach ball on a solid c o lo r  

background would be much less complex. Those h igh-contrast edges  and  sm all
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details w hich  attract the eye  also contribute to the visual c o m p le x i ty  o f  

the image. W orkers  in image bandwidth compression o fte n  t ry  to is o la te  

these  p a r ts  of an image since they contain the information w hich m akes  t h e  

image recognizab le .  They have found that re la tive ly  fe w  of the dots w h ic h  

make up an image contribute to the edges and small details  [G raham  1 9 6 7 ) .  

F u r th e rm o re ,  the images generated  by computer w ith p re s e n t -d a y  m eth o d s  a r e  

visua lly  much simpler than those which have been sub jec ted  to b a n d w id th  

com pression experiments. The re fo re  several times the  e f fo r t  can b e  

e x p e n d e d  to produce the dots which need blending b e fo re  the  e x p e n s e  o f  

producing  the  entire  image doubles.

ESTABLISHING A REFERENCE FOR IMAGE QUALITY

Images reprodu ced  by photography, television and printing p ro c e s s e s  a r e  

v ie w e d  e v e ry  day by hundreds of  millions of people. It is in fo rm a t iv e  to  

consider such mass-produced images in order to establish some r e f e r e n c e  

points for image quality. Most com puter-synthes ized , shaded im ages  a r e  

p rodu ced  on a digital display which, for e v e ry  calculated position in th e  

image, puts up an individual dot varying in e ither  in tens ity  (in th e  c a s e  

of cathode ray  tube displays) or size (in the case of hard copy d is p la y s ) .  

T h e re  a re  genera lly  e ither 2 56 ,  5 1 2  or 1 0 2 4  row s of dots v e r t ic a l ly  a n d  

h or izon ta l ly .  Each dot represents  a sample point on some single o b je c t  in  

the  scene description.



Figure 1.1 The cured by blending intensitiesj aggies

Slightly varied dot shapes enhance detail asFiaure 1.2

seen along tne top lip of the vase.
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A udiences in the United States have become accustomed to v iew in g  te le v is io n  

broadcast at U.S. standard bandwidtho. Under ideal c ircum stances th e  

def in it ion  of American television (restr ic ted  to the standard four  rn e g a h e rz  

b a n d w id th )  is approxim alely  equal to the defin ition of a 5 1 2  b y  5 1 2  clot 

image. H o w ever,  there  are important d iffe rences  b e tw e e n  a s ta n d a rd  

te lev is ion  d isplay and a digital display.

In th e  te levis ion procesr., the image is b roken up into c o n t in u o u s ,  

hor izon ta l  strips. There  are no such things as sample points and im a g e  

dots  along a horizontal strip. There fore , the problems caused by sam pling  

do not occur in the horizontal direction. However, the image is s am p led  in 

th e  vert ica l direction. In a sense, television takes line sam ples as 

o p p o sed  to point samples. The effects of sampling may sometimes be  s e e n  in  

te lev is ion  images, most f requently  on the outlines of people w hose  im ages  

have  been  electronically superimposed on a d if fe ren t  background  and on  

cloth ing which has a pa ttern  of just the right size, such as a t w e e d  ja c k e t  

or  f in e ly  checked shirt.

The  e f fe c ts  of sampling are not nearly as bad in te lev is ion  as in  

c o m p u te r -s y n th e s iz e d  images primarily because the te lev is ion  p ro c e s s  

sam ples areas of finite size rather than infinitesimal lines. If a 

te lev is ion  camera is finely focussed, so that a g iven h o r izo n ta l  sca n  

re p re s e n ts  a v e ry  fine line in the scene being pictured, the  r e s u l t in g  

image looks terr ib le .  Chapter two provides a more thorough e x p la n a t io n  o f  

th is  phenomenon.
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The s truc tu re  of an image made on photographic film is much d i f fe re n t  f ro m  

e ith e r  televis ion or a digital display. The image in a p h o to g ra p h  is 

fo rm ed  from small grains of random size, shape and d is tr ibu tion  w h ich  te n d  

to g a th er  in clumps on the film.

The size of the grains and the distribution of the clumps d e te rm in e  the  

reso lv ing  p o w er  of the film. The resolution of the film is not so c le a r ly  

def ined  as for television or digital displays. Because of the  ra n d o m  

dis tribution of the grain clumps there  may be no grains in some m icroscop ic  

areas Of film and v e r y  dense packing of grains and thus high re s o lv in g  

p o w e r  in o th e r  areas. As photographs are  g rea t ly  en la rged ,  th e  g ra in  

clumps become quite evident. Although the film may be capable  of re s o lv in g  

f in e r  detail,  the random clumps of grain give the image such a m o t t le d  

appearance  that finer detail cannot be isolated from the  b ac k g ro u n d .

As a rule  of thumb, standard photographic film can be e xp ec ted  to r e s o lv e  

about 2 5  line pairs per millimeter before  the graininess begins to o b s c u re  

the  image [Hunt 1975]. 01 course the resolution varies  among film t y p e s ,  

but 2 5  line pairs per mm is a useful f igure. This means that S mm film  

(w ith  a 4.4 to 5 .3  mm imag.e w idth) can usefully depict about 1 1 0  to  1 3 5  

l ine pairs. This is roughly equivalent to a 2 5 0  line digital d isp lay  w h ic h  

can, o f  course, depict 125 black and white line pairs.

Extrapolating from these figures, it appears that a 5 1 2  line d is p la y  is 

roughly equiva lent in rusolving power to 16 mm mot-on p ic tu re  film; to  

achieve an image equivalent to the resolution of 35  mm th e a tre  m ovie  film,
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a 1 0 0 0  line display would be needed; and to match w id e -s c re e n  7 0  mrn film a 

1000 line display with at least 2 0 0 0  dots per line would  be n e e d e d .

Th e se  comparisons are somewhat misleading since motion p ic ture  film im ages  

a re  seldom view ed  as still pictures. Because the  position of the  g ra in s  

making up the image changes randomly from fram e to fram e, film has a 

distinct advantage over a digital display as a medium for an im ated im ages .  

W hile  watching an animated sequence on motion picture film, th e  e y e  is a b le  

to  sum the image over several frames. As several fram es are  sum m ed, th e  

random  e ffec ts  of grain clumps tend to cancel out. On the  o th e r  hand, th e  

image is reinforced. The graininess is a source of noise, a ra n d o m  

dis turbance , while the imaj;e is the signal or message to be c o n v e y e d .  

T h e re fo r e ,  summing several frames improves the s ig n a l- to -n o ise  ra t io .  Th is  

allows the  signal, the imajje, to be perceived at a higher reso lu t io n  th a n  

in a still frame because the lessened noise allows f in e r  deta i ls  to be  

seen.

In a digital display, the limit of resolution lies in the grid  of sa m p le s  

o r  points from the scene. Since the sampling grid is regular ,  noise c a n n o t  

be in troduced  to in te rfe re  with the finer details and summing s e v e r a l  

images from  a digital display cannot enhance the image.

A com parison be tw een  digital displays and film formats d isp layed  as still  

p ic tu res  is perhaps more meaningful. Using the prev ious ly  e s tab l ish ed  ru le  

of thum b, 3 5  mm slide film with a 24  by 36  mm image area should be r o u g h ly  

equ iva len t  to an 110 0  ine display with 1 6 5 0  dots per  line. 4  b y  5  f ilm
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such as that used by professional photographers could only be matched b y  a 

5 0 0 0  line display w ith  6 3 0 0  dots per line. Of course th e re  are  som e  

p h o to g ra p h ers  who use 8  by 10 film, but the ave rage  person  ra re ly  sees an  

image of that quality.

As w ith  the televis ion process, it must be em phasized that each g ra in  in  

the  film responds not to an infinitesimal point but to a small, but f in i te ,  

a rea  in the  scene. Thus even the smallest details, though th e y  may not be  

distinguishable, have contributed to the image.

It is also instructive to look at screen printing processes. P r in te d  

images appearing  in every th ing  from new spapers  to glossy m agazines a re  all 

produced  by screen processes. In a screen process an image is re p r o d u c e d  

b y  reg u la r ly  spaced dots of ink which vary  in size and, to some e x te n t ,  in 

shape. The screen processes, there fo re , yield an image much m ore l ike th a t  

of a digital display.

T h e re  are  important d ifferences however. In a cathode ra y  tube  d ig i ta l  

disp lay , the intensity is varied  while the spot size remains the same o v e r  

the  image. In a hard-copy digital display as produced by e le c t r o s ta t ic  

p r in te r -p lo t te r s ,  xerographic printers or o ther  dot m atrix  p r in te rs ,  th e  

dot g roup  size is varied  to achieve the same effect.  An image p r in te d  

using a contact screen, how ever, uses variation not only in the  size o f  th e  

dot but also small variations in the shape of the dot. The  c h a p e  

var ia t ion s  allow the dots to bleed together in such a w a y  that th in  lines  

and o th e r  small details are favored [Fig. 1.2]. Thus a w e l l -p r in te d  s c r e c n



process image has advantages over a digital d isplay of the cam e dot  

density .  Nonetheless, the images are similar enough to make ro u g h  

comparisons meaningful.

The  coarseness of the screen used in printing is genera lly  d e p e n d e n t  on  th e  

qu a li ty  of paper used. In newspaper w ork  w h e re  the low q u a li ty  p<:per 

doesn 't  allow v e ry  closely spaced dots, a screen w ith as fe w  as 2 0  o r  as 

m any as 3 5  dots per crn may be used. Thus a 2 column p ic ture  about 1 0  cm 

square  might consist of as few  as 2C0 rows of about 2 0 0  dots ap iece .  A  

fu l l -p a g e  image on a 14 b> 21 inch page would encompass about 1 7 5 0  b y  2 6 5 0  

dots at 2 0  dots per cm or about 3 1 5 0  by 4 6 5 0  dots at 3 5  dots p e r  cm.

In m agazine w ork, g rea te r  densities of dots can be used due to the h ig h e r  

q u a li ty  paper. About 4 0  dots per cm is a common den s ity  fo r  click  

m agazines, so a fu ll -page  ;id in the ctancard 8  1 /2  by  11 inch fo rm at w o u ld  

invo lve  about 8 6 0  by 112 0  dots. Screens as fine as 120  dots p e r  cm can be  

made and used. Even with such fine screons how ever,  an a re a  of a ro u n d  16  

b y  2 0  inches would be needed to achieve roughly the  defin it ion  ava ila b le  in 

4 by  5  photographic film.

T he  characteristics of the human eye  must also be considered. U n der  n o rm al  

conditions, psychophysical measurements have shown a reso lv ing  p o w e r  of  

about 2 0  cycles per degree; maximum [Cornsweet 197 0 ,  Hunt 1975]. U n d e r  

conditions involving v e ry  high conlrast, 5 0  or 60 cycles p e r  d e g re e  can be  

d e te c te d .  H ow ever,  in shaded images which are printed or d isp layed  on a 

te lev is ion  screen, 20  cycles per degree is a reaso n ab le  m axim um .

14
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Psychophysical measurements made on cathode ray  tubes at maximum a t ta in a b le  

con tras t  ratios have shown an ultimate resolving p o w e r  of 2 5  cyc les  p e r  

d e g re e  for that equipment [Levinson 1972].

A t  close v iew ing distances of around 250rnm (1 0  inches), no m ore th an  5  

cyc les  p e r  mm. could normally be resolved. Thus at 2 5 0  rnm th e  f in e s t  

deta il  in a screen  print of about 100  dots per cm (2 5 0  p e r  inch) could b e  

seen  by  only a few  people. There  is th e re fo re  little point in m ak in g  

screens  f iner  than this for printing purposes. Addit ionally , b y  th e  

e a r l ie r  f igures for 3 5  mm slide film, an enlargem ent to a 4  by  6 inch p r in t  

w o u ld  yie ld no perceptible  graininess at a 10 inch v iew ing  d is ta n c e ,  

although some details Ccin emerge at g re a te r  enlargem ents . The p r e c e d in g  

also indicates that a 5 1 2  line digital display on a 21 inch s c r e e n  

(m e asu red  diagonally) can oe v iewed from as close as 7 or S fee t  b e fo r e  th e  

f ines t  detail can be seen. Of course there  is considerab le  v a r ia n c e  in 

visual acuity among peopie, and these figures, which c o rresp o n d  c lo s c ly  

w ith  the  author’s experience, can only be considered app ro x im ations .

A fu r th e r  re levant fact about the eye is that it can detect  a f l icke r  r a t e  

Of no g re a te r  than 5 0  cycles per second under normal condit ions. T h u s  

motion p ic ture  film displayed at 24  frames per second has to be f la s h e d  

tw ic e  per  frame to avoid flicker. Television p ictures d e l iv e re d  at 3 0  

fra m e s  a second have to be interlaced so that half of the  p ic tu re  is 

disp layed  in each of two passes to achieve an e f fe c t ive  f licker r a t e  o f 6 0  

cyc les  p e r  second.
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Fu rth e rm o re ,  the eye  retains an image for about tw o - te n th s  of a sec o n d  

[Rose 1 9 7 3 ] .  Thus in viewing motion pictures on film or te le v is io n  t h e r e  

is a constant overlap  of 5 to 7 images. This overlap  serves  to s t r e n g th e n  

th e  image at the expense of random deviations in the display miedium such  as  

grain iness in film or noise in television signals.

IN SUMMARY

T he  f igu res  der ived  in the previous section relating the  reso lv ing  p o w e r  of 

var ious  media to that of digital displays don’t p rov ide  the in fo rm a t io n  

n ee d ed  to eva luate  methods for getting rid of jagged edges and d is a p p e a r in g  

detail.  The media described avoid these problems by a llowing e a c h  dot,  

grain  or small segment cf scan line to represent the ave rage  in te n s i ty  of a 

f in ite  area  in the scene depictsd. Thus edges and small o b je c ts  a re  

b lended  w ith  w h a te v e r  lies adjacent to them in the  im age. If 

c o m p u te r -s y n th e s iz e d  images are to be compared with o ther  media, th e  im ages  

must be similarly generated, i.e. edges and small details must be b le n d e d  

w ith  surrounding parts of the scene.

By doubling or quadrupling the resolution and leaving the  v ie w e r  in a 

p r o p e r  position for viewing the base resolution, severa l dots can b e  m ade  

to m erge. Thus, blending of a crude sort can be made to occur. As s ta t e d  

abo ve ,  this sort of blending does not hslp the rep re s e n ta t io n  of v e r y  small 

Objects. Doubling the resolution, which yields four dots w h e r e  b e f o r e
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th e r e  was one, makes it possible to produce four d i f fe re n t  b lends of th e  

in tensities of two surfaces along an edge. If the reso lu t ion  is 

quadrup led ,  16 d iffe ren t blends of two surfaces can be produced. By the  

same argum ent, an algorithm which blends at the base resolution should be  

able  to produce superior pictures at the same v iew ing distance since it can  

be exp ected  to produce many more possible blends of the tw o  surfaces  thus  

m ore accurate ly  reflecting Ihe actual position of the  edge.

Because of the preceding arguments, the discussions in the fo llow ing p . ig es  

will focus on developing methods for blending surfaces w ith in  image do ts  

w hich  lie along object outlines, in small objects or in o th e r  a reas  o f f in e  

deta il .  An approach to generating images at higher resolutions w ith  on ly  a 

minimal increase in cost it explained in chapter four along w ith  o th e r  less  

accep tab le  approaches to the problem. H ow ever,  the principal e f f o r t  of  

this w o rk ,  which is discusr.ed in chapters two and th ree ,  will c o n c e n t ra te  

on achieving b e t te r  images at currently  practical resolutions.



CHAPTER TWO 

FILTERING

MOTIVATION

In the last chap te r  it was mentioned that televis ion and screen  p r in t in g  

system s o p e ra te  in sucn a way that each small area or dot in th e  f ina l  

image re p re s e n ts  a particular small area in the original scene . B y  

contrast ,  a dot in a com puter-synthes ized  image usually r e p r e s e n ts  an  

infinitessimal point on some surface in the scene description. T h e r e f o r e  a 

c o m p u te r -g e n e ra te d  dot can represent only one surface at a t im e w h e r e  

te lev is ion  and printing systems can represen t  a blend of sev era l  d i f f e r e n t  

surfaces. It is worthwhile  taking a closer look at exactly  w hat h a p p e n s  at 

the dot leve l in screen printing ar.d television.

C onsider w hat happens when a television camera is aimed at a v e r y  sm all  

w h ite  spot on a black background. An image of that spot will a p p e a r  w ith in  

the  te lev is ion  camera as a charge distribution on a plate  k n o w n  as a  

ta rg e t .  An electron  beam scans the target from top to bottom  in a s e r ie s  

of horizonta l sweeps which allow the charge to be read  o f f  as a 

continuously  vary ing signal. The camera is defocussed to d iffuse  th e  im a g e  

o f  the dot on the target. The image is d iffused over  an a rea  la rg e  e n o u g h  

to cause some charge to be read off by at least two adjacent s w e e p s  of th e  

e le c tro n  beam [Fig. 2 .1 ]
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P i (j u r e  2 . 1  T e l e v i s i o n  I m o iN S  S y s t e m

W hen  the image is displayed, the corresponding e lec tron  beam  in th e  

te lev is ion  rece iver  is defocussed sufficiently to ensure  that a d ja c e n t  

s w eep s  will overlap by an amount equivalent to the spread  of th e  d o t ’s 

image on the target.  Tne defccussuig ensures that no ceta i ls  of th e  s c e n e  

will be lost be tw een  the lines ar.d e f fec t ive ly  limits the  r a n g e  of  

frequenc ies  in the signal to those which can be t ra n s m it te d  in the  

broadcast bandwidth. T h e re fo re ,  the picture can be said to h a v e  b e e n  

f i l te re d  by  the television process.

A less obvious f iltering process occurs in screen process p r in t in g .  

Commonly, a printed itruige in a magazine or o ther  publication is p ro d u c e d  

w ith  a contact screen. A contact screen is a sheet containing a g r id  of 

small t ra n sp aren t  windows. Each window is fully t ra n sp aren t  at its  c e n te r ,  

but becomes increasingly opaque towards its edges. A p r in te d  im a g e  is
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p rodu ced  by  placing the screen in contact w ith a h ig h -c o n t r a s t  

p h o to -s e n s it iv e  material and exposing it to the desired light p a t t e r n .  

Since the  photo-sensit ive  material has an a l l -o r-r .one  c h a ra c te r is t ic ,  it 

produces a prin ted  image consisting of small dots of vary in g  size.

Because the  screen actually contacts the photo -sens it ive  m ater ia l ,  small 

deta i ls  may a f fec t  the shape of a dot. For example, a line crossing o n e  o f  

th e  t ra n s p a re n t  windows will produce a dot somewhat e longated  in th e  

direc t ion  of the line. This effect serves to enhance the d e f in it io n  o f  

deta il  in the  image (see Figure 1.2). ■

C le a r ly ,  if th e re  is a v e r /  small, bright spot in the  light p a t te r n  as it 

reach es  the screen, this spot may fall on an opaque a rea  of the  s c r e e n  

resu lt ing  in a loss of detail. There fo re ,  the light p a t te rn  m ust be  

su ff ic ien t ly  defocussed to insure that no detail in the image is lost.

W hen  a flat g re y  area is reproduced by the black and w h ite  t e le v is io n  

process, the resulting image appears solid g rey  even  on close in s p e c t io n ,  

assuming high-quality , well adjusted equipment. The ve r t ic a l ly  a d ja c e n t  

str ips  in the image are dssigned to overlap such that th e y  will sum to  th e  

same shade of g re y  at all positions. On the other hand, a color te le v is io n  

image seen at close ranj.e appears to consist of many triads of red ,  g r e e n  

and blue dots or slits. When a grey  area is reprodu ced  by  a s c r e e n  

pr in t ing  process, the resulting image is a grid of black dots on a w h i t e  

background .
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T h e re  are  rea lly  tw o  f il le ting stages in the processes just des cr ib e d .  T h e  

f irs t  f i l te r  stage involves p ro p e r ! /  defocusing the  light p a t t e r n  as 

d escr ibed  fo r  both television and printing processes. T he  second f i i te r  

stage  is m arkedly  d if fe ren t for the twc processes. In the  black and w h i te  

te lev is ion  process, the electron beam is p ro p e rly  defocussed to  a l lo w  

adjacent strips to overlap. In the printing and color te le v is io n  

processes, the image is loft in a re la tive ly  unfi lte red  state; in th is  

case, the  O bserver ’s eye  serves as the second f i l te r .  F i l te r in g  is 

discussed more thoroughly in the following section.

SAMPLING

W h e n e v e r  a continuous signal is to be represen ted  digitally  it must be  

sampled, i.e. the signal must be measured at d iscrete  posit ions. T h e  

m easurem ents  provide a digital representa tion  of the signal. If th e  signal  

and the  positions at which it is measured satisfy certa in  cond it ions , th e  

sampling th e o ry  has shown that the continuous signal can be f a i th fu l ly  

rep ro d u ced  from its digital replica [Oppenhsim and Schafer 1 9 7 5 ] .

It is important  that  the signal be filtered be fo re  sampling to in su re  that  

these conditions are met. The consequence of failing to p r o p e r ly  f i l te r  

the  signal b e fo re  sampling is a phenomenon known as "aliasing". A l ias ing  

Occurs w he n a low er frequency signal appears as an "alias" o f  a h igh  

f re q u e n c y  signal a f te r  sampling. For example, a signal w ith  a f r e q u e n c y  of
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12  cycles per  rrim., when campled at a rate of 10  samples per mm, will a p p e a r  

identical to a signal w ith a frcqu&ncy of 2 cycles per  mm. [Fig. 2 .2 ]

Fiof£ 2.2 Aliasing

T h e re fo r e ,  highly periodic images of scenes involving, for exam ple , p ic k e t  

fences  or Venetian blinds may appear, when sampled, to be made up of a f e w  

b ro a d  strips ra ther  than many fine lines. When scenes including such  

o b jec ts  a re  encountered, it is b e tte r  that the fence or blind a p p e a r  a  

uniform  g re y  if its frequency is too high to be reproduced. This can b e  

ach ieved  by eliminating the higher frequencies through a process k n o w n  as 

" lo w -p ass  filtering", i.e. the application of a filter which passes lo w e r  

f re quenc ies ,  but blocks higher frequencies.

Assuming that the proper f iltering has occurred b e fo re  sam pling, th e  

f i l te re d  signal can be faithfully  reproduced. Reproducing the  s ignal  

invo lves  representing  each sample in such a w ay  that the re p ro d u c e d  s igna l
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has no frequencies higher than the original f i l te red  signal. This can  b e  

accomplished by representing  each sample as a rectangu lar pulse and th e n  

lo w -p as s  f ilte ring  the resulting signal.

T he  resu lt  of failing to properly  filter the signal during re c o n s tru c t io n ,  

in the  two-dim ensional case, is known as "rastering". R as tering  is an  

art ifac t  of the actual structure of the final image. If the  beam  in a 

te lev is ion  monitor is incorrectly focussed, the result ing e f fe c ts  can b e  

called rastering .

R astering  appears  in many com puter-synthes ized  images w h e re  a te le v is io n  

m onitor has been driven  to produce a grid of 2 5 6  by 2 5 6  dots w hile  th e  b e a m  

is focussed for a grid of 5 1 2  by 5 1 2  dots. The individual dots can b e  

c le a r ly  seen, a condition known as "static rastering". Static r a s te r in g  is  

also ev iden t w hen  a printed image is v iew ed too closely.

"Dynamic rastering" can be seen in Figure 1.1. In this case, e le m e n ts  o f  

the  p ic ture  are not visible as long as adjacent e lem ents  a re  n o t  o f  

noticeab ly  d if fe ren t  shades. In short, static raster ing  occurs w h e r e  th e  

dot s tru c tu re  of the image is visible and dynamic ras te r in g  w h e r e  t h e  

boundaries  b e tw e e n  adjacent elements are noticeable, the  la t te r  a c o n d it io n  

d ep en d en t  on vary ing  shadus.

F igure  2 .3  shows the entire  process of low-pass f iltering, sam pling a n d  

then  reproducing  a signal. For faithful reproduction  of f re q u e n c ie s  u p  to  

1 / 2  the  sampling rate , both the pre-sam pling and final f i l te r  must b e  id e a l
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or  p e r fe c t  low-pass fi ters. Unfortunately , such p e r fe c t io n  is n o t  

atta inab le  w hen f iltering images since negative numbers are  r e q u i r e d .  

T h e re  is no such thing as a negative intensity.

The scene description frorr, which a com pu ter-synthes ized , shaded image is 

p rodu ced  is an ideal representa tion  of a tw o-dim ensional continuous s ig n a l .  

T h e  tw o-d im ensiona l signal is usually a represen ta tion  of a p e r s p e c t iv e  

t ra n s fo rm a tio n  of data which is itself a model of some r e a l -w o r ld  o b je c t .  

A h id d en -su rface  algorithm must generate a regular  grid of samples f ro m  t h e  

scene descrip t ion  and send them to a display [Fig. 2.4],

It is c lear  from  the above that the scene description must be lo w -p a s s  

f i l te re d  b e fo re  sampling. Edges on ob ject outlines in the  s c e n e  

descr ip t ion  cause discont nuities in the corresponding tw o -d im e n s io n a l  

signal. Such edges are- equivalent to a s tep -fu nct ion  on the  n e ig h b o r in g  

reg ions of the signal. A signal containing a step has in f in ite ly  h ig h  

fre q u en c ies .  By w ay  cf explanation, consider a step as p art  of a s q u z r e

A squ are  w ave  is actually a sum of sine waves of vary ing  f re q u e n c ie s .  A  

sine w a v e ,  of course, represents a single frequency. To be m ore p re c is e ,  a 

s q u are  w a v e  represents  tho following sum:

w a v e .

oo
sin(2n -  l )x  . 

2n -  1
< 1 )
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Since the  frequency  of any component of the sum is simply n tim es a 

constant, a square w ave contains infinitely high frequencies.

C le a r ly ,  any scene description containing edges will requ ire  f i l te r in g  to  

minimize aliasing problems. The most obvious results of not f i l te r in g  a r e  

th e  sta ircase effects described in the introductory chapter.  An a p p ro a c h  

to  implementing a f iltering scheme for scene descriptions is d e s c r ib e d  

la te r  in this chapter.

T he  p rob lem  of rastering or improper f iltering of the final image p r e s e n ts  

a d i f fe r e n t  situation. In the case of a cathode ray tube  d isplay, the  s p o t  

s ize  and overlap  can be adjusted to present a flat f ie ld  fo r  any re a s o n a b le  

v ie w in g  distance. The intensity across a single spot gen era lly  r e p r e s e n ts  

a gaussian distribution of the energ y  o f th e  beam. The gaussian sh a p e  o f  

th e  spot acts as a low-pass f ilte r  on th e  image [Fig. 2.4].

In the  case of a hard -copy display, t h e  spot shape has no lo w -p a s s  

characteris t ics;  the spots can be thought of as pulses of constant h e ig h t  

and v a ry in g  diameter. The re fo re ,  th e  image can be c o n s id e re d  a 

tw o-d im ensiona l pu lse-w idth  m o d u la te d  signal. This Kind of signal c le a r ly  

contains infinite ly high frequencies. The in te n s ity -m o d u la ted  signal  

g e n e ra te d  by a cathode ray tube d is p la y  also contains high f re q u e n c ie s ,  b u t  

th e ir  s tren g th  is not as great.

A lthough  p ro p e r ly  frequency-l im ited  signals cannot be produced on c u r r e n t  

displays, the situation can always be  saved b y  removing the o b s e r v e r  a
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suitable  distance from the display. As pointed out in the  in t r o d u c to r y  

ch a p te r ,  the eye  can detect only frequencies of less than a p p ro x im a te ly  2 0  

cycles per d eg re e  on such displays. There fore , the o b s e r v e r ’s e y e  w ill  

alw ays  s e rv e  as the necessary finai low-pass f il te r,  assuming th a t  e y e  is 

su ff ic ien tly  far  rem oved from the display. An in tens ity -m odu la ted  signal  

and a pu lse -w id th  modulated signal from the same source will a p p e a r  

identical a f te r  adequate lev.-pass filtering.

CONVOLUTION

Convolution is a process by which a two-dimensional continuous signal rcay  

be f i l te red .  Convolutior is basically a process which com bines  tw o  

functions to produce a third function. Formally, convolution is e x p r e s s e d  

by the following integral:

The  function G is produced, in effect, by turning the  function K a ro u n d  and  

sliding it past F. The value of G for a given value of its in d e p e n d e n t  

var iab le  rep rese n ts  the integral of the product of the functions F and H 

fo r  a particular re la tive  position o; the two. If e i th e r  F or H is z e r o  

ouside some small region, 1hen G becomes easy to eva lua te  fo r  a g iv e n  X  

since the  integral is then identical to the integral over the f in i te  bounds  

of the n o n -z e ro  portion. For the purposes of this discussion, o n ly  thor-e

F(s) • H(x-s) ds . (2)
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convolutions in which one of the functions is n o n -z e ro  o v e r  a l im ited r a n g e  

w i l l  b e  considered.

Figure 2.5 Convolution with a Box-shaped Function

As an example, consider what happens when one function is con vo lved  w'.th  

ano ther box-shaped  function [Fig. 2.5], Notice that abrup t changes in th e  

function  are  smoothed o v e *  and small w ig g le s  ironed out. Now consider th e  

resu lt  of convolving ar. i r r p u lc e  (a single n o n - z e r o  p o in t  w i t h  a f in ite  a r e a  

und er  it) w ith the function [Fig. 2.6]. Notice that the resu lt  is s im p ly  

the  function itself. For any function chosen, convolution w ith  an im pulse  

will p re s e rv e  that function. The m a g n i tu d e  of the impulse, i.e. th e  a r e a  

under it, serves  only to scale the f u n c t io n  up  or down.

C onvolut ion  w ith an impulse p r o v id e s  a convenient w a y  of f ind ing  th e  

function representing  a physical system. For example, g iven  that  a  

te lev is ion  camera causes a function to be convolved w ith  the  scene b e in g  

pictured , it would be nice to  K n o w  w h a t  that function is. If a te le v is io n
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Figure 2.6 Convolution with an Impulse

cam era  is focussed on a s :en e  closely resembling an impulse, th e  r e s u l t  

should closely resemble the function representing  the  sys tem . T h is  

function  is known as the impulse response of the system since it r e p r e s e n ts  

the  response  of the syj.tern to ar. impulse. T h e re fo re ,  the  charge p a t t e r n  

s to re d  on the target within the television cam era re p re s e n ts  th e  

convolution of the scene w ith the impulse response of the imaging s y s te m  o f  

the  camera.

In the  case of images, of course, two-dimensional convolutions a re  b e in g  

taken . Formally , a two-dimunsional convolution is expressed as:

oo
f(s,t) • h (x -s ,y - t )  dsdt ( 3 )

-oo

For a com plete  treatm ent of convolution consult [Guilleman 1 9 6 3 ]  o r  

[O ppenheim  and Schafer 197 5 ]
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As dem onstrated  earlier,  convolution with so me impulse responses  te n d s  to  

smooth abrupt changes and iron cut v/iggles. These a b ru p t  changes  and  

wiggles correspond exactly to sharp changes in intensity  across edg es  and  

f ine detail in an image. The result of such convolutions o ve r  a s c e n e  

descrip t ion  for a com puter-synthes ized  image is just w hat is d e s ire d ;  th e  

e f fe c t  of sharp changes in intensity and fine detail  is s p rea d  o v e r  a 

la rg e r  area  and thus appropria te ly  blended in the final image.

In o rd e r  to apply convolution to the production of a c o m p u te r -s y n th e s iz e d  

image, it is necessary to move the notion of convolution f ro m  th e  

continuous domain described above to the discrete realm  of d ig i ta l  

com puters . Two-dimensional discrete convolution can be  e x p re s s e d  as 

fol lows:

oo oo
g(-g) .  ^  f(m,n) • h(i-m,j-m) (4 )

m--oo n=^o

Again, since this discus£icn is co~.finea to functions of limited e x t e n t ,  

the  limits on the summations will be finite. Addit ionally ,  fo r  a 

co m p u te r-syn th es ized  image, the function G requires  eva lua tion  o n ly  at 

those values of i and j which represent dots in the final image.

APPLYING FILTERS TO COMPUTER-SYNTHESIZED IMAGES

In o rd e r  to represen t  a scsne description within a com puter  the sce n e  must
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be re p re s e n te d  in a discrete space; numbers cannot be r e p r e s e n te d  to  

a r b i t r a r y  precision within a computer and thus a continuous space cannot be  

re p re s e n te d .  However, there  is enough precision gen era lly  ava ila b le  to  

locate the details of the scene to tolerances adequate fo r  m aking a 

convincing image. Furthermore, there need be no w o r r y  of losing po in t  

sources of light since the continuous space of the  scene descrip t ion  is not 

actually  sampled, but mapped onto the discrete space. Thus each po int in 

the d iscre te  space actually represents  a neighborhood in the  con tinuous  

space. Since a discrete space is to be dealt w ith, d iscrete  co n v o lu t io n  

must be used.

C le a r ly ,  a d iscrete convolution over an entire image requires  a h o r re n d o u s  

amount of computation. In this section, an algorithm is d e s c r ib e d  fo r  

app ly ing  a f ilte r  which is separable in its independent v a r iab les  to 

approxim ation  of the scene description; the algorithm is des igned to limit 

th e  necessary  computation. Experiments' results have shown the a lg o r ith m  

to be quite e ffective  in preventing the distracting effec ts  m en t io n ed  in 

the  in trod ucto ry  chapter.

Because of the particular implementation discussed here , it is im p o r ta n t  

that the  f ilte r  be separable in its independent var iab les . Thus, if th e  

d iscre te  function H(i,j) is being considered as a possible f i l te r ,  H(i,j)  

must be expressib le  as a ptoduct of functions of i and j. Thus:

H(i,j) -  H,<i) • H,(j) <5>
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The function is applied in such a w ay that f il te ring  is done s e p a ra te ly  fo r  

the  vert ica l and horizontal directions and the results multiplied to y ie ld  

the  final values.

W ith  this restriction, the discrete convolution can be exp ressed  as:

00 00 /c\
g( ' i j ) -  2  * h,(H) * *

I—co m —oci

w h e re  G re p rese n ts  the f iltered scene description produced by  co n vo lv in g  

the  scene description, F, with the filter, H.

F u rth e rm o re ,  the function, F, can be approximated, as can any  function , b y  

rectangu lar  blocks. If the function is broken  into constant h e ig h t  

rec tangu la r  blocks, then tne function over any such block becom es a 

constant. Evaluating th e  f i l tered f u n c t io n  can be made much s im p le r  b y  

using such an approximation. The s u m m a t io n  can now be re a r ra n g e d  so th a t  

the  contr ibution  of each -ectangular b lo c k  is summed in aep e n d en t ly .  S ince  

the  value for F is a constant within a n y  such block, F can be  re p la c e d  b y  a 

series  of constants within the independent summations. T h e  function  G is 

now  approx im ated  as:

Q l _  S|__ On 5n

g(i, j)  *  Ci '  h .(i- l)  • h j( j -m )  +...+ ^  cn - h , ( i - l ) ' h j ( j - m )  . ( 7 )
l - p i  m - r i  l -p n  m»r„

W h e re  p n-qn and r n- s n represent the bounds of a given rec tangu la r  b lo ck  and  

th e re  are n such blocks making up the approxim ation to the  s c c n e
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So that Hi and Hj may be considered separate ly ,  for a g iven  re c ta n g u la r  

block, the summation can be rearranged  at follows:

d e s c r ip t io n .

This rea rran g e m e n t allows re la tive ly  easy implementation of an a lg o r i th m  

fo r  d iscre te  convolution over  an approximation of the ideal image. N o tice  

th a t  by  making the rectangular blocks a rb itra r i ly  small,, an a r b i t r a r i ly  

good approxim ation to G can be obtained.

To implement the algorithm, lookup tables must built for sum m ations o v e r  

th e  functions Hi and H j. Since H is a lw a y s  of limited n o n -z e ro  e x t e n t ,  t w o  

f in ite  tables can be built, one f o r  H, and one for H,. Each ta b le  will 

consist of entr ies which represent a partial sum across the  fu n c t io n  f ro m  

the  lo w e r  no n -ze ro  bound to some point below the upper n o n -z e ro  bou nd . To  

obta in  the  sum over the function be tw een  any tw o  n o n -z e r o  p o in ts ,  it is 

suff ic ient to find the d ifference b e t w e e n  th e  table en tr ies  for th o s e  t w o  

points [Fig. 2 .7]. With the help of lookup tables, any of the  in d e p e n d e n t  

summations (as in eq. 8 )  making up tne approximation to G for a g iv e n  i 

and j can be found w ith  four lookups, two subtracts and tw o  m ult ip l ies .

For the application of this algorithm to a c o m p u te r -syn th es ized  im a g e ,  it 

is necessary  to calculate only those values of G which re p re s e n t  d o ts  in



H(s) G(x)

G(x)

F irlre  2.7 Construction and Use of a Lax-tp Table

the  final image. Each such value represents  one position of the  f i l te r ,  H, 

o v e r  the image, F. To calculate the resulting function G, w h ich  w il l  

re p re s e n t  the intensity of the image for that oot, only that p a rt  of th e  

image lying under the non -zero  portion of the f i l te r  is c o n s id e re d .  

G enera l ly ,  only a small part of the image, approxim ate ly  the size o f th e  

minimum resolvab le detail from the proper v iew ing position, will be t r e a t e d  

fo r  each position of H over F.

In exp er im ents  conducted to cate, the non -zero  portion  of the  f i l te rs  

considered  has always been square. An implementation for a c i r c u la r ly
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sym m etric  f ilte r  has been discussed. However, the  com putational lond 

app ears  to be g re a te r  than w ith  the square filter. Each such sq u are  can  

cover  only a small segment of the ideal image; at most only a fe w  edg es  in 

the  image pass through it. So far it has been suff ic ient to a p p ro x im a te  

the  image function by fo rn in g  a single rectangular area  for each of th e s e  

edges [Fig. 2.8]. This results in only a few  summations for each dot in 

the  final image. In Chapter Three it will be shown that the sum m ations  

need  only be computed in the problem areas mentioned ea r l ie r .  T h e r e f o r e ,  

the  total computation remains within practical limits.

PART OF IMAGE COVERED 

BY NON-ZERO PORTION 

OF FILTER

‘w- v-x :.s\
V'V*V-V' Vi

i
i
i
i

^ v. *jv.>\v fi 

t e

APPROXIMATION BY 

RECTANGULAR AREA

F igure 2.8 Approximation of the Iceal Iw .g e Fwcncri
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EVALUATING CONVOLUTIONAL FILTERS

In o rd e r  to evaluate Ihe f ilte r  functions used v/ith  the  p re c e d in g  

algorithm , it is necessary to d e v e lo p  a test p a t te rn  w hich em phas izes  th e  

diff icu lties to be corrected. Any u s e fu l  test p a t te rn  must include b o th  

sh a rp  changes in in tensit /  across e d g e s  and areas of v e r y  f ine  deta i l .  In 

o r d e r  to enhance the cifficulties, a pattern  has bee n  chosen w h ic h  

g e n e ra te s  moire patterns when e d g e s  and fine detail a re  not p r o p e r ly  

re p re s e n te d .  Moire  patterns have b e e n  touted for the ir  ab i l i ty  to m e a s u re  

small variations [Oster and Nichijina 1963 ].  In this case th e y  p r o v e  

highly useful for detecting small inadequacies in the convolutiona l f i l t e r .

T he  p a t te rn  is produced by g e n e r a t i n g  a lm os t parallel sections of p a r a b o la  

using second order  differences [Fig. 2.9]. The cu rva tu res  o f the  p a ra b o ia s  

are  maximal on the l e f t  and d e c r e a s e d  to  zero  on the r ight.  In a d d it io n ,  

the distance betw een a n y  t w o  a d ja c e n t  p a r a b o la s  is d e c r e a s e d  f r o m  l e f t  to  

r ight across the pattern. T h us ,  e a c h  curve is almost, but n o t  q u i te ,  

identical to the neighboring curves. Furtherm ore, the changes are  l in e a r  

across the pattern , causing any j a g g e d n e s s  a lo n g  edges to be re p e a te d  w i t h  

slight variation from curve to curve. The effects  along group s of c u r v e s  

fo rm  elliptical patterns which are  m uch  easier to detect  than  ja g g e d n e s s  

along a single edge. Furtherm ore, tow ard  the right hand side o f th e  

p a t te r n  w h e re  the d e ta i l  is to o  f in e  to  be  resolved by th e  d isp lay , s im ilar  

p a tte rn s  are  caused by im p r o p e r  s u m m in g  of the various details  r e p r e s e n te d  

in a single image dot [Fig. 2.10].



Figure 2.9 A test pattern consisting of closely spaced 
parabolic arcs.

Figure 2.10 The test pattern synthesized on a 256 by 256 
dot grid using techniques similar to those of 
conventional hidden-surface algorithms.
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Program s exist to display the pattern  convolved with various f i l te rs .  An  

in te ra c t iv e  f i l te r  design routine allows quick design and m odification  of a 

f i l te r .  Then, the pa tte rn  can be regenerated  in a fe w  minutes fo r  v isua l  

eva lua tion . Equipment calibration routines are also included s ince  th e  

tes t  p a t te rn  sensitiv ity is great enough to make consistent ca l ib ra t io n  an  

absolute  necessity.

T h e  f igures which follow illustrate the effec tiveness  of var ious  f i l te rs  on  

co m p u te r  synthesized images displayed on a standard color te le v is io n  

monitor. In each f igure, the curve at the low er left, labeled  “f i l t e r "  

re p re s e n ts  the presampling filter. The curve  at the u p p er  le ft ,  la b e le d  

"color map" represents  the compensation curve which c o r re c ts  fo r  

n on linear i ty  in the image production and viewing systems. See the  a p p e n d ix  

fo r  a discussion of the compensation problem.



Figure 2.11 The resulting pattern when nine equally weighted 
samples are taken per image dot.

Figure 2.12 The resulting pattern when 25 unequally weighted 
samples are taken per image dot.



Figure 2.13 The resulting pattern when convolved with a roughly 
triangular filter with a base width roughly equal to 
the distance between sample points.

Figure 2.14 The resulting pattern when convolved with a roughly 
triangular filter with a base width of roughly twice 
the distance between sample points.



CHAPTER THREE 

FILTERING IN HIDDEN-SURFACE ALGORITHMS

INTRODUCTION

In th e  in trod ucto ry  chapter, specific problems in c o m p u te r -s y n th e s iz e d ,  

shaded  images w e re  outlined. The second chapter ( f i l te r in g )  d e ta i le d  a 

ap p ro ach  to these problems. In this chapter that approach is app lied  to  

th r e e  cu rren t  solutions to the h idtien-surface problem : (1 )  scann ing  

a lgorithm s in which the image is computed scan line by  scan line; ( 2 )  

p r io r i ty  algorithms in which the image is gen era ted  polygon by p o ly g o n  in  

d e p th -s o r te d  order  and (3 ) the z -b u f fe r  algorithm in which the  im age is 

g e n e ra te d  polygon by polygon without regard to order.

T h e re  has been much discission in recent years  over what to do about t h e  

prob lem s of jagged edges and disappearing details in c o m p u te r -s y n th e s is e d ,  

shaded images. Chapter Four covers some of the more in te re s tin g  id e a s  

w hich  have arisen from this discussion. A few  partia l cures  fo r  th e  

pro b lem  have been implemented. However, this paper marks the f irs t  s e r io u s  

a tte m p t to p robe  the root:; of the problem and o ffe r  improved m ethods b a s e d  

On the  fundmental nature of com puter-synthes ized , shaded images. T h e  

f i l te r in g  algorithm developed in Chapter Two has been applied to the  d e s ig n  

and implem entation of a f Itering "t i ler” for rendering  po lygons. T h e  

t i le r  is an important part of two of the three  classes of h id d e n -s u r f r .e e
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algorithms discussed in this chapter and th e re fo re  its im p lem en ta t ion  is 

accorded an en tire  section toward the end of the chapter. The f irs t  p a r t s  

of the  present chapter arc- devoted tc a m o r e . general discussion o f  th e  

application of the f iltering technique to the th re e  abo vem entio ned  cir.sses  

of h idden -su rface  algorithms.

As po inted out in the introductory chapter, cu rren t  d if f icu lt ies  in  

co m p u te r -syn th es ized ,  shaded images occur under reaso nab ly  w e l l - d e f in e d  

conditions. It is possible to isolate most of these conditions in th e  

scene description data before  the hidden-surface algorithm c o m p u ta t io n  is 

begun; certa in  parts  of th-s data can be tagged for special t reatsrient.  

Tagging the  data allows the hidden-surface routine  to o p e ra te  n o rm a lly  o v e r  

most of the image, applying the more expensive convolution te c h n iq u e s  

described  in Chapter Two only w here  necessary. The de tec t ion  m ethod  u s e d  

to decide which data is to be tagged is dependent only on the form  o f  th e  

data. T h e re fo re ,  most polygonal scene descriptions can be han d led  b y  a 

single basic method. The first part of this chapter  discusses m ethods  fo r  

tagging the data and the latter part concentrates on the use of the  t a s k e d  

data  in h idden -su rface  algo'ithms.

TAGGING THE DATA

It has been  pointed out that nearly all the difficulties in shaded tm r g e s  

a p p ear  w h e re  abrupt changes in intensity, and thus high s p o t ia l
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f requenc ies , occur. If the elements of the scene descrip t ion  data  w h ic h  

cause these occurrences can be tagged, then at least the  d i f f ic u l t ie s  can  

be localized. The abrupt ntensity changes should occur on ly  u n d e r  the  

fo llow ing conditions: along the silhouette or outline of an o b je c t ,  a long  

creases , corners  or other sharp changes in the d irection  of a s u r fa c e  and  

at the edges of colored pat:hes  on the surface.

If the Objects represented  are polyhedral in nature  then e v e r y  p o ly g o n  e d g e  

is a potentia l source of aliasing problems. On the o ther  hand, if c u r v e d  

surfaces  are  represen ted  by a polygonal mesh, shading techniques m a y  be  

used to conceal the polygon boundaries over smooth areas [G o u ra u d  1 9 7 2 ,  

Phong 1 9 7 3 ] .  There  have been a few  implementations of h id d e n -s u r fa c e  

algorithms which render curved surfaces d irectly  [MAGI 1 9 6 8 ,  Mahl 1 9 7 0 ,  

Catmull 1 97 4 ] .  This thesis, how ever, is p rim arily  co n cern ed  w i t h  

algorithms operating on polygons. The same lo w -leve l  f i l te r in g  te c h n iq u e s  

can be used for any algorithm once the exact image pos it ion  o f  h igh  

f re q u e n c y  details is known, but finding those positions is a much d i f f e r e n t  

prob lem  in algorithms applied directly to curved surfaces.

A curved  surface approximated by polygons can be made to look sm o o th  b y  

calculating intensities based on the orientation of the  su rface  a t  th e  

v e r t ic e s  of the polygonal mesh and then using in te rpo la tion  to f in d  th e  

in tensities  for the rest of the surface. The data s truc tu re  for d e s c r ib in g  

the  polygonal mesh is usually arranged so that adjacent po lygons can s h a r e  

data  w h e re  they  have common vertices. If there  is to be a sharp  c h a n g e  of  

surface  orientation  or color across a polygon border,  th e re  must be e i t h e r
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tw o  sets of vertices defir ing the edge which joins the tw o  po lygons o r  t w o  

sets of a ttr ibutes  for thoi-e vertices. It is p re fe r re d  that th e re  be t w o  

sets of vert ices  since this results in a more consistent s tru c tu re  fo r  th e  

data  and thus simpler access algorithms. T h e re fo re ,  creases  and c o lo r  

changes actually define two d iffe ren t edges e v e r  the same position. Th is  

charac te ris t ic  can be u:;ed to isolate such edges. Since the  rr.ost

noticeable  staircase effects occur on  the silhouettes of o b jec ts ,  it is 

c lear ly  necessary  to find "hose edges which lie on the s ilhouettes . A n y  

edge which lies on a silhouette must join a polygon which faces the  v i e w e r  

to a po lygon which faces away from th e  v i e w e r  ( the v e r tex  o rd e r ,  w hich  m ust  

be consistent, determ ines which w a y  a polygon faces [Fig. 3 .1 ] ) .  Of c o u rs e  

an edge associated w ith only one p o ly g o n  may also lie on the  s i lh o u e t te  o f  

an o b jec t .  In this case th e  edge m ust l ie  on a surface edge as o p p o s e d  to  

a po lygon  edge. A surface edge occurs w h e re v e r  the surface halts, t o r  

exam ple , at the edge o f  a s h e e t  o f  paper,  or a hole in the s u r fa c e

FACING UP FACING DOWN

T
Figure 3.1 Polygon Orientation

[F ig . 3 .2 ].
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Figure 5.2 Silhouette Edges and Surface Edges

To  save space, polygons feeing away from the v ie w e r  are  o fte n  d is c a rd e d  

b e fo re  the h idden-surface computations are done, in which case, s i lh o u e t te  

edges  become surface edg:5s (and there fore  belong to on ly  one p o ly g o n ) .  

This step  cannot be taken, how ever, until all the v e r te x  co o rd in a tes  h av e  

be e n  transform ed to the perspective space from  which the image is d e r iv e d .  

Thus po inters  to these discarded polygons must be nullif ied im m e d ia te ly  

p r io r  to the  start  of image generation. Creases, color changes  and  

silhouette  edges are there fo re  characteristically  com posed of ed g e s  

belonging to only one polygon. This characteristic can be used to f in d  and  

tag all such edges.

A lthough an exhaustive search could be used to find all the  ed g e s  

associated w ith only one polygon, a far more a t trac t ive  a l te rn a t iv e  is to  

add an adjacent polygons list to the data for each o b je c t ,  p ro v id in g  a 

p o in te r  to the adjacent polygon for each polygon edge. All such
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neighboring  polygons are then readily  accessible. W ith this a r ra n g e m e n t ,  a 

null po in te r  immediately indicates an edge associated w ith  o n ly  o n e  

polygon. Without the adjacent polygons list, tagging edges ad jo in in g  

polygons facing away f 'o m  the v iew er  becomes a difficult task. W ith  th e  

list, a g rap h  in which all adjacent nodes are b id irectiona lly  l inked  is 

p ro v id ed  and thus tagging silhouette edges by nullify ing a p p r o p r ia t e  

ad jacent polygon pointers is s tra ightforw ard.

The fo llow ing th re e -p a r t  polygonal data structure is used th ro u g h o u t th e  

rem ainder  of this thesis: (1 )  A list of vertices, g e n e ra l ly  w ith  six  

num bers  p e r  vertex . The six numoers serve to identify  the posit ion o f th e  

v e r t e x  and the direction of the surface normal at that position. ( 2 )  A  

list describ ing  polygons m.3de from the listed vertices. Thus each p o ly g o n  

d escrip t ion  consists of a ;hort list of pointers to the vert ic es  w h ich  m ake  

up that polygon. The vertices are arranged in the polygon list so th a t ,  

v ie w e d  from  the outside of the object, they come in cou n terc lockw ise  o r d e r .

( 3 )  A  list of the adjoining polygons across each edge of each p o ly g o n  

descr ibed  in the second list. For an example of the app licat ion  o f th is  

data  s tru c tu re  to a simple cbject, see Figure 3.3.

Having tagged all the sharp edges in the data, it is then n ec e s s a ry  to  d ea l  

w ith  the  problem  of >mail objects. It is quite possible to e n c o u n te r  a 

sharp  change in intensity .n a situation which is not caught by  th e  a b o v e  

technique . Consider the case of a cube w ith rounded corners  d e f in e d  b y  

th re e  or four polygons running the length of each edge [Fig. 3 .4 ] .  W h e n  

the  image of such a cube is large enough so that each edge po lyg o n  s p a n s



VERTICES SURFACE N D fM S
n o . Jx Y t /x Y i

1 0 5 0 0 1 0
2 5 5 0 2 3 0
3 6 4 0 3 2 0
4 8 0 6 2 1 0
5 8 0 8 2 1 0
6 6 <1 8 3 2 0
7 5 5 8 2 3 0
8 0 5 8 0 1 0

POLYGONS

NO. VERTEX LIST

1 2  7 8
2 3 6 7
3 4 5 6

1

2
3

ADJOINING POLYGONS

NO. POLYGON LIST
1 0 2 0 0
2 0 3 0 1
3 0 0 0 2

F igure  3.3 The  IK t a  Structure Ap p l ie d  to  a S i ^ ue  Ob je c t
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sev era l  dots in the final inage, no problems occur, the ro u n d ed  e d g e s  

a p p ear  rounded. However, when the cube is v iew ed  from  a c o n s id e ra b le  

distance, the  total span of the polygons may be considerably  less th a n  a 

single dot. In this ca*e , the edge will appear as jagged as it w o u ld  if  

the  cube w e re  made from the usual six square polygons. In add iton  to  

tagging unattached edge:., then, it would be wise to tag edges w h ich  span  

only  a fe w  dots when m ea s jre d  in the image space.

F igure 3.4 A Cube w it h  Rounded Corners

COMPARISON OF THREE BASIC HIDDEN SURFACE TECHNIQUES

In the  following discussior, three  basic approaches to the solution o f th e  

h idden -su rface  problem are compared in terms of their potentia l fo r  d ea lin g  

w ith  the  problems outlined above. The three  basic approaches  a r e  the  

scanning approach, the z -p r io r i ty  approach and the z - b u f f e r  a p p ro a c h .

The scanning approach invalves breaking the image into scan lines and then
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calculating the intensity for each dot in the line. A major a rgum en t f o r  

this approach is that the mage is generated  in an o rd e r  su itab le  f o r  

d r iv ing  a ras te r -scan  display device such as a te levis ion m onitor a n d  

th e r e fo r e  no interm ediate storage for the image is needed. '

In o rd e r  to p resent the im3ge in the proper o rder ,  the data must be  s o r t e d  

b y  th e ir  vertica l and horizontal positions in the image. The  usual s o r t in g  

o rd e r  is f irst vertical,  ordering the polygon edges by th e ir  u p p e rm o s t  

a p p e a r a n c e  in the image, and then horizontal, o rdering  those edg es  w h ic h  

in te rs ec t  a given scan lino by their appearance along the line [S u th e r la n d ,  

Sproul and Schumaker 1974],  The image is then gen era ted , scan line by  s c a n  

l ine, t re a t in g  in turn each segment of a scan line as de lim ited  b y  

successive edge crossings. Thus as each image dot is ca lcu la ted , all  

surfaces  contributing to that dot may be taken into account.

Since the  calculations for a given scan line are done in a single pass, all  

in form ation  necessary for the calculations must be p rese n t  during  th a t  

t ime. T h e re fo re ,  the disadvantage incurred w ith this approach  is that t h e  

6 ize  of available primary storage limits the com plexity  of the s c e n e  

descrip t ion . On the other hand, the approach has an advantage in that all 

the  data  describing the image along a given scan line is ava ilab le .  T h u s  

the  algorithm can benefit  from a certain omniscience. All s ituations c a n  

be dec ip h ered  to the limits of the resolution given by the num ber  o f  

significant digits in the data. The only limitation lies in the  t im e  

available  to compute the image. In the o ther  tw o  app ro aches  to t h e  

h id d en -su rface  problem, only part of the data is available at any g iv e n
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time.

The z - p r io r i t y  approach paints the image area by area  w h e re  each  a r e a  

re p re s e n ts  some specific piece of the scene description such as a c o n v e x  

area  of surface, a polygon or a piece of a polygon. Painting the  im age  

area  by  area  requires that some form of interm ediate s to rag e  be a v a i la b le  

to hold these areas as the image is being generated . T h e re fo re ,  z - p r i o r i t y  

algorithms genera lly  assume access to special purpose h a rd w a re  for ho ld ing  

the  p icture . This special purpose hardw are o ften  consists of a m e m o ry  

la rge  enough to hold the entire  image. In some implem entations, the  im a g e  

has been  encoded so that it can be made to fit in p r im ary  s to rag e  [N e w e l l ,  

N ew ell  and Sancha 197 2 ].  However, g reater  f lex ib il ity  can be  a t ta in e d  w i th  

a m em ory capable of individually storing the intensity of e v e r y  dot in t h e  

image.

As the cost of memory c o m js  d o w n ,  m o re  and more of t h e s e  mem ories, k n o w n  as 

f ram e buffers ,  are being built. T h e  advantage of the fra m e b u f fe r  is th a t  

the data can be destructive ly  ove rw rit ten  so that no trace of e a r l ie r  d a ta  

shows through. By w ay of contrast, analog picture s to rag e  media such as 

film or cathode ray  storage t u b e s  g e n e r a l l y  sum the e f fe c ts  of su c cess ive  

w rite s  up to the point of saturation so o ve rw r it te n  surfaces  cannot h ide  

w h at is underneath  w ithout saturating the medium.

In a z -p r io r i ty  algorithm the image is generated  w ithout re g a rd  fo r  la te ra l  

o rd e r ,  i.e. position in the image. However, in o rd er  to e f fe c t iv e ly  use  

the  fram e bu ffe r ,  strict attention must be paid to the d ep th  o rd e r in g .  All
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algorithms in this category  establish a priority  which determ ines  the  o r d e r  

in which parts  of the scene description can be w r i t te n  to the fra m e b u f f e r .  

Thus in a z -p r io r i ty  algorithm, when a tagged part of the scene d e s c r ip t io n  

must be blended, the tagged data v/ill always lie in f ro n t  of the  d a ta  

a lre a d y  w r i t te n  to that part of the frame bu ffe r .  This allows b lending  o f  

th e  c u rre n t  w ith any preceding surface to proceed on a w e l l -u n d e r s to o d  

basis.

C e rta in  problems can arise when nothing is known about the  u n d e r ly in g  

surfaces , i.e. those already w rit ten  to the bu ffe r .  For exam ple , c o n s id e r  

th e  p rob lem  of representing an edge of a cube [Fig. 3 .5 ] .  By the  p r i o r i t y  

ru le ,  the  rearm ost fact; must be w rit ten  first. As that face is w r i t t e n ,  

its four edges must be blended with the background to p re v e n t  s ta irc a s e s .  

W h en  the face on the other side of one of those edges is w r i t te n ,  its e d g e  

will also have to be blended with the background. H ow ever,  the  b a c k g ro u n d  

has a lread y  been modified by the first edge. In this situation the  p r o p e r  

solution is to a rr iv e  at a biend confined to the shades of the tw o  faces  o f  

the  cube. However, becciuse the faces must be w r i t te n  to the  f ra m e  b u f f e r  

ind iv idually  (in the general case), each face in turn  must be b len d e d  w i t h  

the  background. T h e re fo r *  the background will show through along the  e d g e  

of the  cube. The resulting image can appear as though the edges have b e e n  

accented  w ith  a pencil line. If the background is dark and a v e r y  b r ig h t  

Object is lying behind the cube edge, the bright ob ject  shows th ro u g h  a long  

a slit de f ined  by the edge.

In a p r io r i ty  algorithm , each part of the scene is w r i t te n  to the  f r a m e
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Figure 3 .5  P rx e s s in g  a Cube in  a  Z -P r io r ity  A_gorithm

b u f fe r  w ithou t  knowledge of the neighboring parts  of the  scene  or  

u n d er ly ing  surfaces. In addition to the problem  of sharp  ed g es  on  

continuous surfaces, such as the cube m entioned abo ve ,  t h e r e  a re  

am biguities w h e re v e r  two surfaces have tagged edges lying in the  sam e dot  

in the image. The underlying surface may be com pletely  obscured  b y  th e  top  

surface or the two surfaces may not actually o v e r la p  [Fig. 3 .6 ] .  

Obviously, no one blending rule can handle all possible s ituations ; at 

best,  a g iven blending rule will give incorrect results on ly  a f ra c t io n  of  

the time. For fu rthe r  discussion of this problem  r e f e r  to the  s e c t io n  

d e v o te d  to the  implementat on of z -p r ic r i ty  algorithms.

It is c lear then that the ack of information at im a g e -p ro d u c t io n  t im e,  

which is inherent in the z -p r io r i ty  approach, can cause p rob lem s. T h e  

z - b u f f e r  approach entails 3 d ifferent set of problems since not e v e n  th e  

p r io r i ty  of areas to be w r i t le n  to the buffer is controlled.
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AREA AFFECTING IMAGE DOT□
Figure 3.6 Ambiguities in Blejcing

A z - b u f f e r  is an even larger piece of memory than a fram e b u f fe r .  Not o n ly  

ts the  in tens ity  stored at e v e ry  po;r.:, but also some m easure  of the  d e p th  

to the  f irst surface. There fo re ,  surfaces can be w r i t te n  to the  b u f fe r  in 

any o rd e r  as follows: A p o in t -b y -p o in t  comparison is made to d e te r m in e  

w h e th e r  the surface being w r it ten  lies in front of or behind p re v io u s ly  

s to red  data in the same position. If it lies in front,  it is w r i t t e n  o v e r  

th e  c u rre n t  information; if it lies behinc, no new in form ation  is s to r e d  

and the  information in the buffe r  is unchanged.

This approach causes many more problems than need be dea lt  w ith  in th e  

z - p r io r i t y  algorithms. If a surface lies in front of i n f o r m a t i o n  a l r e a d y  

in the  bu ffe r ,  then the p ro b e m s  of the p r io r ity  a lgorithms can  be  

antic ipated . Furtherm ore, a host of new problems arise w h e n  th e  n e w
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surface  lies partia lly  behind what has already been s to red  [Fig. 3 .7 ] .  In  

this case the  blending information for the first surface has b e e n  lost and  

th e re  is thus no w ay  to :;mooth the resulting edge. A lthough p o s s ib le  

s tra te g ie s  exist for es:imating the lost information from  the in te n s i t ie s  

of surrounding dots, these strategies w ork  in only the  s im plest o f  

situations. Assuming available memory, a p re fe ra b le  solution w o u ld  bo to  

ke e p  the  blending informa:ion for the first surface at e v e r y  p ic tu r e  

e lem ent,  in addition to the intensity and depth. If not enough space  is 

ava ilab le  to s tore  the blending information for e v e ry  dot, a hashing s c h e m e  

based  on the image dot coordinates can be used to s tore  the in fo rm a t io n .  

As long as the image is net highly complex, the space needed to s to re  o n ly  

th e  blending information should not be impractically large.

STEP 1 SUP 2 STEP 3

Figure 3.7 Im a  Bu il d if  in a Z -fiu ra

T he  th re e  approaches to the hidden-surface problem discussed ab o ve  e x h ib i t  

a w ide  range of inforrration available during calculation of the  in te n s i ty
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of a given dot. In the scanning algorithms, each scan line is calculated  

only once and therefore all information contributing to each dot is 

available at the time the dot intensity is calculated. The z -p r io r i t y  
algorithms can always access the blending information needed so tha t this  
information may be taken into account when edges are w r it ten  in. In the  
worst case, the z-buffer loses the necessary blending information and thus 
techniques must be developed to preserve or recover the in formation in 

order to make adequate images.

IMPLEMENTATION OF A SCANNING ALGORITHM

In the previous section on tagging data, a data structure and methods fo r  
tagging problem spots in the data were explained. That data s truc tu re  is 
assumed in the discussion which follows. It is fu rther assumed tha t the  
data have been clipped to the confines of the displayable space and 

transformed to the image space. Thus all data are ready fo r  the  

hidden-surface calculations.

The firs t step in a scanning algorithm is to sort the data into the o rde r  

it appears as the scan moves from the top to the bottom of the screen. 
However, in the algorithm described below, an initial sort o rde rs  the  
polygons by depth in order to establish a global order essential fo r  la ter  
manipulations.. This algorithm allows only convex polygons. A lthough this  
restr ic t ion may seem unnecessary in view of the fact that other scanning
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algorithms do not make such restrictions, there are cases in which the  
nonrestrictive algorithms cannot properly handle smooth shading [Fig. 3 .2].  
Furthermore, non convex polygons generally appear only in hand-generated  

data, whereas in the futura most data will almost certainly be generated by  

machine-dominated method*.. To complete the argument, any nonconvex po lygon  
can easily be converted to a number of convex ones.

1

— *- SCANLINE A DEPENDS ONLY ON INTERPOLATION 
BETV/EEN VERTEX PAIRS 1-4 A\'D 1-2. VERTEX J IS NOT CONSIDERED.

— — SCANLINE B DEPENDS HEAVILY ON VERTEX 3AND T H E R E C A Y  LOOK MICH DICFERENT
than scai;lin e  A.

Figure 3,8 A Smooth Swding Anomaly

Convex polygons can intersect a given scan line in only one continuous  
segment. Therefore polygons are treated as entities throughout the  
algorithm. All polygons irtersecting a given scan line are represented by  
a block consisting of six or eight numbers representing the x -pos it ion ,  

depth and intensity for both the left and right ends of the segment. If 
transparent surfaces are to be handled, the transmittance of the surface at 

either end of the segment must also be included (the transmittance is the  

percentage of incident light which p;icsc-s through the surface).
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For the calculation of a given scan line, the polygon blocks for not on ly  

the current line, but also the preceding and succeeding lines are made 
available. As long as no tagged edges are encountered, the scan segments  
are writ ten  in order to a line buffer which keeps intensity, dep th ,  
transmittance and segment number for each dot. If both ends of a segment 
lie behind opaque parts of the same polygon, the segment is ignored.

When a tagged edge is encounterec, affected picture elements are blended by  
the fi lte r ing algorithm described in Chapter Two. To achieve the p ro pe r  
blend, the non-zero part of the filter applied must be superimposed o ve r  

each picture element in turn [Fig. 2.7]. The filters used in this w o rk  

always cover an area two picture elements square. That is, if the f i l te r  
function is centered ovor a sample point, the bounds of the non -ze ro  
portion are defined by the adjacent sample points such that the diagonally  
adjacent sample points lie at the corners of the square, non-zero area. 
Thus the polygon block list for the previous scan line determines where  a 

tagged edge enters the top of the square area while the corresponding list 
fo r the succeeding scan line determines where the edge exits at the bottom.  
From this information, the area within the square lying to the right of the  
edge can be approximated and a blending constant can be computed by the  

method of Chapter Two. The blending constant is then stored in the line  

buffe r as a transmittance.

In the case of an edge wh ch does not intersect the previous and succeeding  
scan lines because it ir. either too small or too close to horizonta l, the  
area to the right is compu:ed bated on the endpoints of the edge. The
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fo r the previous and succeeding scan lines are then used to find the  
position of the implied edge. The intersection of the two segments  
involved can be computed to high resolution for both the previous and next  
scan lines. These intersections can then be passed to the f i l te r in g  
procedure as the implied edge’s endpoints.

The preceding description illustrates that a scanning algorithm prov ides a 
number of important advartages. Since only one scan line (plus two pofygon  

block lists) is needed at any one time, all information concerning a scan  

line can be kept reacily available without exceeding the lim its of 

available storage. Therefore, since all information is available, nil 

situations can be resolved. The solution presented here is on ly  one  
approach. A different, more complicated approach can be developed around  
conventional scanning algorithms which keep an x-sorted list of edges and 
do all calculations for a given dot at cne time. The simpler approach is 

chosen here for obvious, reasons. Where it is necessary to provide more  

speed than can be obtained in this line-buffer algorithm, the x -so r te d  
algorithms are suggested.

IMPLEMENTATION OF A Z-PRIORITY ALGORITHM

In a z -p r io r i ty  algorithm a:l polygons must be ordered by depth. This  
allows the polygons to be written in order to a frame buffe r w ith  the  
assurance that overwrit ing will always occur in the proper sequence. In
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order to establish the priority, probierr.r. such as polygons which cyc lica lly  

obscure each other and polygons which intersect must be solved. Nev/ell, 
Newell and Sancha [Newell, Newell and Sancha 1972] and Sutherland  
[Sutherland 1973] o ffer solutions which involve splitting polygons until 
all priorities are resolved. Obviously, new edges created by tho sp lit t ing  

of intersecting polygons mLSt be tagged for filtering.

Since there will be less information available at the time an edge is to be 
filtered than in a scanning algorithm, certain precautions must be taken, 
particularly with regard tc abutting edges on the same surface. Using on ly  
a frame buffer, no information remains to indicate surfaces p rev ious ly  
written to a given dot; the only information available is the in tens ity .  
Therefore, other clues must be used to solve the problem of abutting edges. 
One technique is to modify the function of the adjacent polygons list 

described under the section on tagging data. Instead of using null 

pointers to indicate sharp edges and color changes, tagged pointers could  
be used. Then, the irformation about adjacent polygons, as well as the  
tagging, would be preserved.

As each polygon is written to the buffer, a bit can be set indicating that 

the polygon has been written. Thus when a tagged edge is to be w r i t ten , it 
can first be checked to see if the adjacent polygon has been w r it ten ; if 

not, all those picture elements which would otherwise be blended with the  
current polygon intensity >ire simply overwritten. Thus when the adjacent  

edge Is written, the proper blending of only those two intensities occurs.



62

Non-abutting edges, such as found on silhouettes cause no problems except  
when they fall on the same dots as underlying tagged edges. In the case 
where two tagged edges overlap, there is no correct solution because the  
frame buffer holds only an intensity which represents a blend of surfaces  
and there is no way to tell whether the underlying surface is hidden by the  

overlying surface. Therefore, the best compromise is to treat the edges as 
though they partially overlap by simply blending the overly ing in tens ity  

with the intensity already stored. If the two edges cross, the dot  
representing their intersection may have a slightly incorrect shade but no 

staircase effects can occur.

Small objects which occupy the same dot are represented somewhat 
incorrectly. Here again, there is no way to tell whether or not the  
objects overlap. Therefore, blending is always done as though small 
objects in the same dot partially overlap. As a result, small sudden  

changes in intensty can occur when two non-overlapping small objects move 
across the image together [Fig. 3.9].

OBJECTS (YXIPY SAf€ DOT OCUECTS 0CC1PY D!c"
ARE T'ESE^E TPEATED FERENT DOTS WO ARE THERE"

AS PARTIALLY OVERLAPPING FORE TREATED AS DISJOINT

Frnus 3.9 A D iff ic u lty  Involving Smu Objects
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It is clear that lack of information reduces the algorithm’s ab il i ty  to  

properly  handle adjacent small objects and unrelated tagged edges. 
However, quite acceptable images can be made with z -p r io r i ty  techniques. 

Only under the most pathological circumstances will e rro rs  be noticeab le  

and then only by experienced observers. Since the techniques fo r  
individually rendering each polygon are similar in the z -p r io r i t y  and 
Z-buffer methods, they art; discussed in the section on tilers which appears  
la ter in this chapter. .

IMPLEMENTATION OF A Z-BUFFER ALGORITHM

The attraction of a z-buffer lies in the ability to produce the polygons o r  

surfaces in a picture totally independently of each other. It can be  
re lative ly easy or difficult to properly render detail in a z -b u f fe r  
depending upon the organization of the data. Obviously if an entire ob jec t  
is rendered at once the object can be written in the same manner as in the  
scanning algorithm. Alternatively, the polygons making up the ob jec t could  
be sorted and the object written out as in a z -p r io r i ty  algorithm. In th is  

section, the general case is assumed, i.e. the polygons can be expected to  
be w r it ten  in any order. Thus the exercise here is to see how well de ta il 
can be handled when no information is available concerning other data in  

the scene description.

There is no problem blending a tagged edge if that edge is being w r i t te n
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over an underlying surface. In that case, all necessary in formation is 
available. However, when an underlying surface must be w r it ten  under an 
already written tagged edge, problems arise. In this case, the blending  
information has been lost. One solution is to store the blending  
information for all previously written tagged edges. A z -bu f fe r  genera lly  
provides a large number cf bits per image dot. Therefore, the easiest  

solution is to use some of these bits to store the firs t-surface blending  
information. In the event that extra bits are not available, a hashing  
function can be applied to access the blending information which can be 

kept in any available main storage. The use of a hashing function assumes 
that the number of picture elements for which blending information needs to  
be stored is small relative to the number of dots in the image.

When the visibil ity of a surface changes while it is being w r it ten  to  the  

buffer, the first or last dot to obscure the surface can be checked fo r  
blending information and then the two surfaces blended. Usually the  
correct intensity for the front surface can be obtained from an adjacent 
image dot. Thus the correct blend of the two surfaces is guaranteed. 

Obviously if there are more than two surfaces being blended in one im^ge  
dot, the end result cannot be guaranteed correct unless they happen to  
occur in the proper order. The problem lies in the need to b lend the  
underlying tagged edge with the background. Here again, the shade o f the  
background surface may be determined in many cases from adjacent p ic tu re  
elements. However, there is no deterministic solution, and occasional 

anomalies can be expected.
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In some cases the intensily of the firct surface will have been lost. This 
will occur where the first surface represents a very small or h igh ly  
detailed object and all involved image dote have already been blended w ith  

some underlying surface. One solution is to return to the hash-encodcd  
store and store not only the blending factor but also the intensity o f the  
fron t surface. This notion can be extended to handle an a rb itra ry  number 
of surfaces using a list for each blended picture element. Such a method  
does provide a deterministic approach to blended dots but can cause a 
severe bottleneck in processing.

Keeping a list for all blended dots offers an expandable capability. By  
enlarging the list an arbitrarily lengthy set of attr ibutes fo r  the  
surfaces involved can be kept. Problems involving abutting ve rsus  

Overlapping edges can be resolved by keeping some local relative pos it ion  
information available. It is easy to add to the list of attr ibutes to be 
kept in such a list. However, both memory space and available p rocessor  
time can be quickly exhausted by overuse of the concept.

The z -bu f fe r  shows no hope of producing properly blended image dots in all 

situations without considerable help of the kind just outlined. However,  
the algorithmic simplification and the ability to handle a rb it ra r i ly  la rge  
amounts of data for a single image (since sorting is unnecessary), may make 

the z -bu f fe r approach attractive enough to justify the e ffo r t to cons truc t  

the necessary extensions.
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Both z -bu ffe r and z -p r io r i ly  algorithms require a procedure known as a 
t iler. A tiler translates a part of tho scene description, in this case a 

polygon, into intensities for each sample point it covers. The t i le r  

described here is a simple one, restricted to convex polygons and designed  
to produce one scan line at a time.

Since polygons are restricted to be convex, each scan line intersects the  

polygon in a single segment. Therefore, to produce each segment it is 
suffic ient to establish the position and intensity of its end points and 
pass them to a shader-interpolator routine which generates the in tens ity  
For each sample point. Assuming the tiler works top to bottom, the po lygon  
is f irs t searched for its highest vertex. The vertices of the polygon are 
Known to be stored in a particular order (usually clockwise or  
counter-clockwise). Therefore, if the vertices are stored counterclockwise  
the vertex previous to the topmost vertex defines an edge which lies to the  

r ight of an edge defined by the topmost vertex and the succeeding ve r te x  

[Fig. 3.10].

Thus a left edge block can be formed, giving the attr ibutes of the le ft  
edge, and similarly for the right edge. The attr ibutes for each b lock  
would include present position, increments yielding the position at the  
next scan line, shading attributes and their associated increments. Each 
block also includes a count of the number of scan lines remaining until the  
next vertex is needed. The increments are used to update the edge b locks

IMPLEMENTATION OF A TILER
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— — TOPMOST VERTEX IS LOCATED (“ )
— •- FIRST LET EET-E BLOCK PORf-ED FROM TOPMOST VERTEX (•>) At©

SUCCEEDING VERTEX 0 )
— •- FIRST B IW  ED̂ E BLOCK PDRf€D FROM TOPMOST VERTEX (•») AND 

PRECEDING VERTEX (^)

Figure 3.1D Tiling a Convex Polygon

after each invocation of the shader-interpolator routine. When a ve r te x  is 

reached, the appropriate edge bloc* must be recalculated to re f lec t the  

attr ibutes of the next edgi*. The algorithm terminates when the next ve r te x  
fo r a block lies above the current one, when both edge blocks reach the  

same vertex or when the lowest extent of the polygon, determined by the  
bottommost vertex, is reached.

Figure 3.11 shows a flowchart for the tiler just described and figure 3.12  
extends this tiler to include a presampling filter. One important  
difference between the nonfiltering (Fig. 3.11) and the f i l te r in g  
(Fig. 3.12) tiler is that the filtering tiler does not ignore edge blocks  

with a vertical range of less than one line. In particular, an edge b lock  

which lies along the top or bottom of a polygon and thus may have  
considerable horizontal extent, must be properly filtered.

4

2
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INITIALIZE:
- mark edge blocks done
- find top vertex
- find next left vertex
- find next right vertex
- find bottom vertex

(left edge b lock done ?

No
T -

-

right edge block done ?

Yes
- find next

left vert ex
- make new

edge block

Yes

No

L
GENERATE image dots by 
interpolating between 
edge blocks

1£

INCREMENT edge blocks

1r

- find next
right vertex

- make new
edge block

Cbottom vertex reached

Yes
¥

No

F igure 3.11 D i agram for a No n -Fil t ering T iler for Co n v e x Po l y g o n s



INITIALIZE:
- find top vertex
- find next left vertex
- find next right vertex
- find bottom vertex

Figure 3.12 Diagpam for a Filtering Tiler for Convex Polygons
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A fu r the r difference lies in the way the filtering tiler handles edge  
blocks. In the non-filtering tiler, ignorable edge blocks are immediately  
marked "done" and a new edge block made. The filtering tiler, on the o the r  
hand, must keep track of <s many edge blocks as may affect intensities on a 
given line. Therefore, a queue of edge blocks must be provided fo r bo th  
the left and right sides. In practice, the length of these queues ra re ly  

exceeds two edge blocks and images can oe made with confidence using queues  

restricted to that length.

The process of filtering the left and right edges proceeds as described in 

Chapter Two. The approximate area lying to the right of each left edge in 

each intersecting filtered area is v/eighted and then added to the in tens ity  

fo r the corresponding image dot. The contributions of right edges, on the. 

Other hand, are subtracted from the intensity for the affected image dots.  
Therefore, since the final sum is the weighted area covered by the polygon,  
ve ry  small polygons are properly handled (Fig. 3.13). Figures 3.14  

through 3.17 compare the filtering tiler with conventional tilers.

Properly evaluating the differing, weighted areas resulting from possib le  
relationships among edges and the area covered by a single position o f the  
f i l te r  involves handling a myriad of special cases. Considerable care must 
be taken to implement the algorithm such that all these cases are handled  

as naturally as possible or the program quickly grows unmanageable in size 
and complexity. The fact that such extreme care is required to implement 
the above method for calculating the weighted area suggests that a s imp le r  

algorithm must be developed, if possible.
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Left Areas Right Areas Area

Figure 3.13 Left Areas - Right Areas = Area

Similarly, since the proliferation of frame buffers will tend to increase  

the importance of hidden-surface algorithms which employ tilers, fu r th e r  
research into simpler and more efficient tilers is clearly necessary.

SUMMARY

The purpose of this chaptur has been to describe methods for p re f i l te r ing  

the scene description applied to currently important classes of 

hidden-surface algorithms. A description containing the basic ideas 
Involved in deciding which parts of the data to filter and how the f i l te re d  
data can be biended in the final image has been provided.

The ideas presented in this chapter should serve as a guide for those



72

already immersed in their own implementation of a hidden-surface algorithm  
and o f  course for those with only an academic interest in the subject.  

Much remains to be done in this area; computer-generated images have on ly  
recently attained a level of realism which makes such attention to deta il 
worthwhile . However, if the computer-generated image is to reach its  
potential in visual simulation, computer-aided design and even  

entertainment, the problem:; of fine detail must be resolved.

9
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1.14 A 256 by 256 dot image comparing the filtering 
tiler with a conventional tiler.

Fiqure 3.15 The filtering tiler compared with a conventional tiler 
working at doubled resolution. Four dots have been 
averaged to give a single dot.
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Figure 3.16 Images from the filtering tiler, the conventional 

tiler and the doubled-resolution tiler displayed 
together.

Figure 3.17 The three tilers compared on a particularly difficult 
type of object, very slender, nearly horizontal 
triangles.



Figure 3.18 The non-filtered test pattern

Figure 3.19 The filtered test pattern.



CHAPTER FOUR

OTHER APPROACHES

INTRODUCTION

This chapter explores several ideas all of which promise s ign if icant  
improvement in picture quality, but none of which offers a so lu tion  as 

comprehensive as that already presented.

The following ideas are covered: a temporal scheme which explo its the  
two-ten ths of a second image retention time in the eye, a va r iab le  

resolution algorithm for making images on a high-resolution medium, severa l  

schemes for processing the image after it has been generated, a pa ir  of 
techniques dependent on analog equipment and finally, a slope-deperadent 
scheme for blending near-horizontal and near-vertical edges. Only the  last 
scheme has actually been implemented.

A TEMPORAL SCHEME

People are able to enjoy v'atching 8 mm home movies in spite of the fa c t  

that the film has only m nimal resolution. This is partly because the e ye
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Is able to integrate the image over several frames. Thus the random  
behavior of the film grain tends to be attenuated while the image, which is 
re la t ive ly  constant, is reinforced. This can be considered an improvement  
in the signal-to-noise ratio clarifying the image and reducing the e f fc c t  
of random noise due to the grain in the film.

Computer-generated images have been restricted to display on a regu la r g r id  

of dots. Therefore, in an animated sequence, the background noise is not  
random, but constant and staircases on edges are as constant as the image. 

The staircases are caused by the dot positions interacting w ith the edge  

position; when the dot positions are constant and the edge position s low ly  
vary ing, the staircases are quite apparent.

It seems clear that a better looking animated image could be obta ined by  
vary ing the position of the dots from frame to frame. Since the eye  

in tegrates over approximately six f rames, a cyclic pattern fo llow ing a 
random path about the points of a hexagon is appropriate. The hexagon  

would have to be about as large as the distance between tw o  dots  
[Fig. 4.1]. As each node of the hexagon is visited, the data in the scene  

description is shifted to compensate. Therefore, the image always s tays in 

the same place on the screon while the dot positions change.

When the dots change position relative to the data in each frame, the  
staircases along edges mist also change position with each frame. The eye  
will integrate over several positions of the staircases s ign if ican t ly  

reducing the staircase effect. On the other hand, the eye is fu l ly  capab le
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Figure 4.1 Possible Pattern for an Iw ge Dot in  Successive Fratcs

of detecting a flicker rate which would result from the 24-30  frame a 

second speed of the media. Thus, if a small object appears and d isappears  

as the dots complete a cycle of positions, flickering in the ob ject w il l 

still be noticeable.

In order to implement such a scheme, it is necessary to have contro l ove r  
the dot position. If the display device is a cathode ray tube d r iven  by  
digital-to-analog converter:; (DACs) which take more bits than needed fo r  
the resolution expected (the usual case), then it is sufficient to set the  

least significant bits sent to the DACs for each frame. However, if the 
less significant bits of the DACs cannot be set or the display device is 
t ru ly  digital, for example <i plasma panel or diode array, moving the dot 

position can only be achieved by moving the entire display. Assuming that  

the images are being photographed from the display onto motion p ic tu re  
film, it would certainly be possible to devise a mechanical sys tem  to
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re-aim the camera between exposures. However, this would only be practica l 
in a production environment where the high cost of custom-built equ ipment  
.can be amortized over a long time. Under the proper circumstances, th is  
temporal scheme for improving image quality in animated sequences c lea r ly  
has merit. The chief advantage of this scheme is that v ir tu a l ly  no  

additional computation is required. The chief disadvantage is that small 
objects will still disappear between dots and may sometimes f l ic ke r  

noticeably.

A VARIABLE RESOLUTION ALGORITHM

The major argument against increasing resolution to better represent fine  
details is the increased computation involved. If a high reso lu t ion  
display is available, it is worth trying a variable reso lu t ion  
hidden-surface algorithm. Instead of trying to calculate -an in tens ity  fo r  
each dot in the high-resolution image, an intensity is calculated on ly fo r  
eve ry  4, 9 or 16 dots. Therefore, only a small fraction of the computa tion  

is needed to produce most of the image. For areas of fine detail, the dot  
groups can be treated at full resolution. A brief description o f the  
application of the variable resolution notion to a scanning algorithm such  

as that described in Chapter Three follows.

For the purposes of this example, a display with a 2048 by 2048 dot g r id  
and an algorithm running at a 512 dot-per- line resolution are assumed.
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Thus, I I  bits are necessary to fully address the display. This means that 
all scene description data, once transformed to the screen coordinate  
system, should be kept to a precision of 11 bits. Normally, only the most 

significant 9 bits will t e  used. However, whenever an edge marked fo r  

special attention is to be processed or the frequency of edge crossings  

exceeds a certain level, indicating a detailed area, the full 11 bit 
precision will be used. Four scan lines will be produced simultaneously. 
Depending on the characteristics of the display, the four lines may be 

stored until completed or output in multiples of 16 dots.

There are two possible approaches for handling the areas which are to be 
computed to the full 11-bit resolution. Since the algorithm fo r producing  

an area of the picture at the lower resolution can be identical to that fo r  

a small, high-resolution section, a recursive routine for generating the  

image would be the simplest and most elegant approach. The other approach  
would be to write a special routine which handles only 4-dot by  4 -d o t  
images. This routine, which would be called whenever the higher reso lu tion  
is needed, can be simpler and therefore potentially faster.

It Is interesting to note that if no curved surfaces are involved, 
i.e. only t ru ly  polyhedral objects are to be shown, an extension o f the  
f i rs t approach would be s milar to Warnock’s algorithm. Thus, if the  
picture contains edges, the algorithm does a recursive call for each of  

four subpictures. If any subpicture contains an edge, its subpictures are  

processed and the chain of calls may ultimately wind down to a single  
high-resolution dot. The variable resolution algorithm can be thought o f
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as a combination of the scanning approach and Warnock’s image-space  
division approach. A two-eve l implementation has been suggested above, 
but there is no reason to exclude a 3 or 4 level implementation. The 
number of useful levels depends on the average complexity of the image. 

Obviously, if no part of the image is simple enough to be genera ted  
direc tly  at the lowest-resalution level, the algorithm must s ta r t at a 
higher resolution and fewer levels will be necessary.

Due to the relative scarcity of high-resolution displays, the fact that  

there are apparently no implementations of this or any similar scheme is 
not surprising. However, when high-resolution displays become re la t iv e ly  
common, this technique shows promise for reducing the computation requ ired  
fo r such displays, especially for images of limited visual complexity.

PROCESSING THE COMPLETED IMAGE

Several suggestions have been offered for improving the image a fte r it  has 

been generated by a hidde-t-surface algorithm. These schemes can reduce the 
staircase effect along edges and thus produce improved still p ic tu res .  
However, they cannot restore details which have been lost o r d is to r ted  by  

the hidden-surface algorithm.

The simplest of these schemes was suggested by T. L. Sancha o f the  
Computer-Aided Design Centre at Cambridge, England and is based on the  fact



82

that staircase effects *re most noticeable on high-contrast edges. 
Scanning the image, neighboring image dots are compared; neighboring dots  
are those which are either vertically or horizontally adjacent. Whenever  

the intensity of neighboring dots differs by more than a preset amount, one  

of them is changed to a compromise intensity. Of course spatial 
consistency must be prese-ved. It must always be the upper- le ft dot ra the r  
than the brighter or dimmer dot that is changed. This scheme prov ides a 
way of selectively blurring the image which may yield more pleasing resu lts  
than optical blurring.

A similar scheme involves using a very simple recursive f i l te r . The  
in tensity at each dot is computed as a weighted average of the in tens it ies  

Of the dot itself, the dot to the left and the dot above. A b r ie f  

experiment with this scherre proved unencouraging. Although the results can 
not be significantly improved over those obtained by b lu rr ing , the  
f i lte r ing scheme might provide more precise control than optical b lu rr ing .

More complicated schemes For processing the final image have been suggested  
and investigated by Lance Williams at the University of Utah. These  

schemes grow out of work oy H. Freeman [Freeman 1974] and others in image 
brightness contouring. The general idea is to follow in tens ity  
discontinuities around the image, blending dots along those d iscontinu it ies  

using a method which smooths the path of the edge causing the  

discontinuity.

One such scheme would smooth an edge by searching for places where the edge
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moves from one dot row to the next. Wherever this occurs three edge do ts  
taken in order form a right angled path. Tracing along the edge, the  

middle dot of each trio i:s noted. Subsequent trios are formed by s ta r t in g  
at the last dot in the current trio [Fig. 4.2].
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When two trios have been found, a line is constructed between the ir  mid 
dots. The position of this line as it passes between two dots is used to  
determine the shade of the dot which lies on the intensity d iscon t inu ity  

[Fig. 4.3]. This scheme may be somewhat more expensive but promises to  
completely eliminate staircase effects. •

ANALOG TECHNIQUES

Two fu r the r approaches exploit analog hardware. The first, suggested by  

Yoshio Suzuki of the Japan Broadcasting Corp. (Nippon Hoso KyoKai), is a 

scan-oriented approach; the second, suggested by Martin Newell o f  the  

University of Utah, is a post-processing idea which orig inated at the  
Computer-Aided Design Centre in Cambridge, England.

Suzuki’s suggestion depends on a low-pass fi lter acting on parts o f  a scan 
line. A low pass fi lter lends to smooth abrupt changes in a signal i.e. a 

sharp change in intensity along a scan line will be smoothed; the lowe r the  
cu t-o ff  frequency of th.» filter, the wider the smoothed area. Thus, if a 
variable low-pass filter is controlled by the slope of an edge, the p ro pe r  
spread can theoretically be achieved so that the edge will appear smooth  

when the scan lines are completed. Suzuki apparently intended to app ly  the  
idea to a real-time display. Running such a scheme at video rates sounds  
diff icult; if there are several edges on a scan line, the cutoff f re quency  
has to be changed several times during a single scan line, i.e. the  cu to f f
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frequency must be changed in nanoseconds. Although this scheme stands 
l ittle chance of being realized and even less chance of working well, it is 
an interesting one.

Newell’s suggestion involves using the analog vector generation hardware in 
a calligraphic display. If a calligraphic display is being used to  scan 
Out a raster format image, it could also be used to draw calligraphically  

those edges responsible for staircase effects. Analog vector genera tors  
can make smooth lines of any desired slope and since the in formation  
necessary to draw the offending edges is available in the scene descr ip tion  
data, the edges could be redrawn using the vector generation hardware.  
Thus the image is first written to the display in a standard ras te r format  
leaving jagged edges in the usual places. Then, polygonal edges along 

silhouettes and other features which are likely to appear jagged are 
redrawn by standard analog vector generation techniques. That is, a line 
is drawn directly between the two ends of the polygon edge with no resa rd  

fo r the raster.

By this method, staircase edges wculd be at least partially obscured by an 
Overdrawn line. It would probably be difficult to implement this technique  
without significant problems involving object outlines. If all outlines  
are traced twice by the electron beam they will appear b righ ter than the 

rest of the image. Howevor, it may be possible to compensate by leaving  

such edges darker during the raster pass. There is also the poss ib i l i ty  of 
using a display which overwrites instead of summing the signals, o r  of 

using a signal mixing device such as the chroma-key used in te lev is ion
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work. These solutions, however, involve use of expensive equipment.

THE EVANS AND SUTHERLAND SHADER

The Evans and Sutherland Computer Corp. has produced a small number of 
real-time shaded picture systems [Evans and Sutherland Corp. 1974] wh ich  

incorporate a clever scheme for preventing jagged edges. The scheme  

involves the use of two shaders, a shader being a device which produces  
individual dots for display. The information passed to the shader is 
sufficient for displaying one scan segment; an intensity and position fo r  
each end of the segment. •

Nearly horizontal and nearly vertical edges are produced by two shaders  
working simultaneously; one shacer for each of the two possible  
intensities. For example, on ed3e which moves ten dots to the r igh t fo r  

every scan line will be treated as follows: Assume the edge separa tes a 
dark grey area at the left from a light grey area at the right. Each 
shader is responsible for producing a ten-dot segment. While the le ft  
shader increments from dark grey to black, the right shader increments f rom  

black to light grey. Summing the output, dot by dot, from the two  shaders  

produces the correct blend of the two shades for each dot. The  
implementation of this scheme has produced pictures w ith admirably smooth  
edges. However, there remains considerable room for improvement.
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SUMMARY

Thi6 chapter has surveyed a few of the many ideas for "c lever" solutions to 

the problem of detail in snaded, computer-generated images. The d if f icu l ty  
with  all of these schemes is that they address symptoms rather than the  
cause of the problem. Without a technique for guaranteeing, that details  

are neither overlooked nor grossly misrepresented, computer-generated,  

shaded images will not achieve their potential for realism. ’



APPENDIX 
GREY SCALE COMPENSATION

All photographs in this paper were taken directly from the face of a 

standard television monitor driven by an Evans and Sutherland Video Frame 
Buffer. The Fr.ame Buffer incorporates sufficient memory to store 512  b y  
512 8 -b it  bytes and circuitry to scan the memory 30 times a second, 
representing each byte as a dot on the display (in this case a 19" Conrac  

television monitor). A section of hardware, known as the color map, 

converts each byte to a 12 bit value which drives the d ig ita l- to -ana iog  
converters supplying voltage to the electron beam and thereby determ ining  
the intensity of the corresponding dot on the television monitor. The 12 
bit values are kept in a table which can be updated as necessary. Thus the  
color map can be used to control the grey level response to the range of  
values expressible in the frame buffer.

An interactive system has been designed and implemented on an Evans and  

Sutherland Picture System used in tandem with the Video Frame Buffer. The  

display as seen by the user is reproduced in figures 2.11 through 2.1'4. 
The curve at the upper left of these figures represents the color map. The 
horizontal dimension is the input byte’s value and the vertical dimension  
is the value of the 12 bit output. Using this system, the color map can be 
manipulated in real time. The curve displayed on the screen is genera ted  
using a spline approximation to six control points. The control points may 

be moved using a data tablot attached to the Picture System.



89

To calibrate the system, the test pattern was displayed using a 
pyramid-shaped presampling filter (as seen in figure 2.14). The co lor map 
was then adjusted until the strength of the rnoire fringes was m inim ized  

(f igures A.1 through A.3), that is, the system is calibrated by sub jec t ive  

feedback.

To obtain an objective measure for the compensation process, a linear g re y  
scale (linear input to the color map) was displayed next to the tes t  
patte rn  and intensity readings were taker, using a Tektronix J -16 d ig i ia l  
photometer. When the test pattern showed least evidence of moire fr inges ,  
the intensity readings lay near a parabolic curve, i.e. the function g iven  
by the square roots of the intensity readings was close to linear. Th is  
result held true under a variety of conditions. At display in tens it ies  
appropria te for viewing at normal indoor light levels, the color map cu rve  

was almost linear, indicating that the display was obeying the expec ted  
square law at normal viewing intensities. At very low intensities such as 
used for figures 2.11 through 2.14 the Curve became convex upward (The  
television monitor intensity had to be lowered in order to pho tograph  it 
alongside the vector display of the Picture System). Intensity read ings  

taken at this low level indicated the same parabolic curve. D is to rt ing the  
color map to compress the dynamic range of the image yie lded sim ilar  
results.

Figures A.1 through A.3 show the appearance of the test pattern and g re y  

scale at normal viewing intensities with varying color map curves. The  
corresponding grey scale intensity readings are shown in figure A.4 along
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with  the square roots of those readings. The dynamic range of the 
photographs is not as great as that of the television monitor and the film  
adds an additional non-linear process between the ideal image and the  
viewer. Therefore, the printed images are somewhat degraded.



Figure A.l Test pattern and grey scale with linear color map.

Figure A.2 Test pattern and grey scale with convex 
upward color map.



Figure A.3 Test pattern and grey scale with concave 

upward color map.

*•
2HPVT

Figure A.4 Intensity readings for figures A.l through A.3-
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