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Abstract 

The computational needs of com­
puter graphics have always out­
stripped available resources. With 
individual images often requiring an 
hour or more to compute, and 
animated sequences comprising 
several thousand frames, the need 
fo r high-speed computation and 
efficient implementation is great. 
Until recently, the enormous 
computing requirements of com-

puter animation have been met either 
with expensive, monolithic machines or 
with networked groups of smaller ma­
chines. The advent of affordable vector 
processors provides an opportunity to 
significantly reduce the time and cost 
requi red to calculate complex images . 

After a general description of the 
process of generating high-quality 
imagery, two specific rendering algo­
rithms are presented. These algorith ms 
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represent two differing approaches to 
image computation on vector proces­
sors. The first is a traditional scan-line 
technique, and the second randomly 
samples the image in an approxima­
tion of the operation of the human 
visual system. The methods used to 
vectorize each algorithm are discussed, 
as is the application of vectorization to 
the general p roblems of computer 
graphics. 



Introduction 
The human visual system is 
enormously complex and powerful. 
We think nothing of being able to 
recognize a friend's face in a crowd, of 
reading even the worst handwriting, or 
of noticing the single item out of place 
in our crowded living rooms. The 
processing power of the human visual 
sys tem cannot be approximated by 
even the most expensive computer 
systems and may never be equalled. 

At the same time, we live in a 
minute ly detailed environment. A tree, 
for example, is not simply a sti ck 
topped w ith a green blob, but is 
instead a co mplex, twisted shape 
cove red by textured bark and bearing 
hundreds of th ousands o f uniquely 
shaped and colored leaves. 

Attempting to simulate reality with 
a computer image seems quite hope-

Rendering 
Computer images can be as simple as a 
line drawing o r as complex as images 
that approximate the realism of 
photographs. Depending upon the 
re lative complexity of the image, the 
time requi red for average computers 
can calculate it ranges form near real 
time (less than one-thirtieth of a 
second) to several days. This paper 
will consider only the generation of 
high-quality computer imagery that 
includes realistic surface shading. 
These computer pictures are made in 
three stages: the definition of data, the 
description of the scene, and the 
rendering of the image. While this 
paper is primarily concerned with the 
latter stage, some discussion of the first 
two provides a better foundation for 
the ana lysis of rendering. 

This three-stage process applies to 
conventio nal image making and 
com pute r graphics. For example, 
consider an architect who needs to 
draw a picture of a building. Fi rst, he 
must design the building; in this stage , 
he might examine b lue prints or build a 
mode l. He is me ntally constructing the 
data and re lationships that define the 
building. In the second stage, he 

less in the face of all this. Not only is 
the world so detailed and complex that 
no computer would be capable of 
representing even a single tree, but the 
human visual system is so powerful 
that missing detail is noticed immedi­
ately. 

There is hope, however. Remark­
able realistic imagery can be generated 
by computer, but the task often 
involves approximation, trickery, and 
wholesale deceit. In computer graph­
ics, the key is how the final picture 
looks, not whether it is scientifically 
correct. Even with approximation, 
howeve r, the computing needs of 
realistic imagery are immense. It is 
common for complex images to 
require hours or days to compute on 
the largest scalar machines. Vector 

decides where the viewer will stand in 
his drawing. Will he draw the building 
from the front o r the side7 Finally, he 
will actually sketch and color the 
building. In this process, he converts 
his mental database and knowledge of 
perspective into a realistic drawing. 
He may include the effect of the sun 
and other lights in his image. The 
resulting picture is an effort to realisti­
cally portray his mental image of the 
building. 

The generation of computer 
images follows these same three steps. 
The data definition stage creates a 
mathematical representation for the 
objects that wi ll be visible in the final 
image. The scene description stage 
defines the position of the viewer, the 
positio ns of the lights that will shine on 
the objects, and other parameters that 
relate to the image as a whole. Finally, 
the re ndering process converts the 
information from the first two stages 
into an image. 

The definition of the data, the first 
stage in image making, can take 
several common forms. All common 
graphical data forms use a coordinate 
system to model the shape and posi-
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architectures provide a unique oppor­
tunity to reduce the cost of realistic 
computer pictures. 

Realistic computer imagery serves 
many needs. Designers can view their 
creations without the expense of 
creating a physical model. Architects 
can design a new building, experiment 
with materials, and even view the 
building in the context of its surround­
ings. Medical researchers can preview 
operations and examine complex 
internal structures. The entertainment 
industry can transport viewe rs to 
unseen, even unreal , wo rlds through 
realistic computer imagery. 

This paper addresses the process 
of creating realistic computer pictures. 
The application of vector processing to 
the problems of computer image gen­
eration is discussed in detail. 

tion of the object in space. One of the 
simplest descriptions of an object uses 
many flat faces , called polygo ns, to 
approximate its shape and curvature. 
Representing a cube with this tech­
nique is obvious; representing a sphere 
is somewhat more difficult and is 
usually done by approximation. An 
object can be composed of many 
thousands of polygons. Each polygon 
is defined by a series of positions in 
space that form its vertices. Even 
complex objects can be described this 
way. For example, a cube has a total 
of six faces, while the sku ll (shown in 
Figure 1) has over 2000 faces. 

By definition, polygons must be 
planar and convex. These constraints 
are primarily important in the determi­
nation of the surface normal. The 
surface no rmal is a vector-of-unit 
length that is perpendicular to the 
plane defined by the polygon. For a 
convex, planar polygon , the surface 
normal is the vector cross produ ct of 
two of the edges of the polygon. The 
surface normal defines the shape of the 
object and determines shading in the 
rendering stage of the image making 
process. Nonplanar polygo ns do not 
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Figure I : Polygonal data representation shows th at the polygon has 5 vertices whl/e the skull has 1919 vertices and 2084 polygons. 

have a consistent surface normal. 
Concave polygons are difficult both to 
manipulate and to fill on the screen, 
and they reverse pointing surface 
normals depending upon which edges 
are used in the computation. Often, as 
is the case in the second rendering 
algorithm presented here, triangles are 
the only type of polygon permitted, 
since they are always both convex and 
planar. 

The polygonal mesh determines 
the shape and structure of the object. 
Another important part of the data 
determines the appearance of the 
object by describing its coloring and 
surface quality . Together, the polygo­
na l mesh and surface/ color description 
comprise the complete data definition. 

The second stage of the process co 
create an image is the description of 
the scene. Objects musts be posi­
tioned in space, and a viewpoint must 
be chosen . Each object is generally 
defined in its own coordinate system, 
with the origin at a convenient point. 
This coordinate system is called the 
object coordinate system. When 
objects are manipulated together to 
form a scene (by rotation, translation, 
and scaling), the final result is called 
Lhe world coordinate system. 

Finally, the position of the viewer 
is ch osen, as well as the focal length of 

the lens used to view the scene. Lights 
are positioned to illuminate objects in 
the scene. These parameters, together 
with the object data described above, 
constitute a comple te description of a 
scene. 

The process of rendering, the final 
s tage in the generation of computer 
images, converts this polygonal 
database and scene description into a 
picture. The rendering operation can 
be divided into four basic stages: 
transformation, hidden-surface re­
moval, polygon ti ling, and shading. 

The transformation process 
converts the scene from the world 
coordinate system to the screen 
coordinate system. Raster display 
devices are organized like a grid with a 
number of ve rtical scan lines, each of 
which consists of a number of picture 
elements or pixels. A television 
standard video image, for example, is 
640 pixels by 484 scan lines. This 
makes fo r a tota l of abou t 310,000 
individual pixels on the screen. The 
screen coordinate system uses p ixel 
and scan-line numbers to reference 
location. A perspective p rojection 
converts between the three-dimen­
sional world coordinate system and the 
two-dime nsional screen coordi nate 
system. This creates an effect similar to 
that o f photographic systems and the 
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human visual system. Perspecti ve 
foreshortening causes the projected 
size of objects to vary inve rsely with 
their distance from the cente r of 
projection (in this case, the position of 
the viewer) . 

Hidden-surface removal, the 
second stage in rendering, is the 
process of culling fro m the resu lti ng 
perspective view those su rfaces that 
are behind other surfaces (i.e., those 
that are invisible from the viewer's per­
spective). A great variety of hidden­
surface algo rithms have been devel­
oped, ranging from extremely simplis­
tic approaches that mimic the way 
artists paint to complex algori thms that 
solve the problem quickly and effi­
ciently. The painter's algorith m, for 
example, removes hidden faces by 
sorting the polygons according to their 
depth into the sc reen , then painting 
those fu rthest away first and those 
closest last. In this way, close poly­
gons obscu re, o r paint over, those that 
are fa r away, and hidden surfaces are 
invisible . The problem with the 
painter's algorithm is the amou nt of 
excess computation that is perfo rmed: 
even if it will eventually be hidden, 
each polygon is painted. 

Other hidden-surface techniques 
divide the objects and polygons unti l 
no hidden-surface problem exists. 



These "divide and conquer" algo­
rithms subdivide the screen until each 
area can be solved easily. Scan-line 
techniques, which are bound insepa­
rably to the polygon tiling process, 
sli ce polygons into segments corre­
spo nding to each scan line. These 
slices are then sorted according to 
dep th and distance across the screen. 

Polygon tiling, the third stage of 
the rendering process, is often called 
scan conversion because each 
polygon is made to fit the pixel and 
scan-li ne structure of the display 
screen. All pixels that lie inside the 
boundaries of each polygon are 
shaded appropriate ly. The efficiency 
of this ste p is important; simply testing 
each pixel on the screen against every 
polygon would result in extremely 
poor perfo rmance. Scan-line tech­
niques use the coherency of polygons 
to reduce the testing phase. This 
simply means that a convex polygon 
will intersect a given scan line only 
once and that all pixels between the 
inte rsection of the left edge and right 
edge will be within the polygon. 

Unfortunately, the polygon tiling 
process leads to a basic problem in 
computer graphics-aliasing. Aliasing 
refers to the tendency to unde rsample 
areas of high de tail. This results in a 
variety of undes irable effects. Straight 
lines that appear jagged, details that 
disappear and reappear, and thin lines 
that appear as complex moire' 
patterns are all examples of aliasing. 
Indeed, aliasing is a familiar sight on 
television; o ften, w hen a newscaster 
wears a thin-striped shi rt, it appears to 
change color and pulse as he moves 
about the screen. 

Sa mpling theorem states that the 
sampling rate must be twice the 
highes t frequency present in the 
ori ginal signal; however, practical and 
computational limitations prevent 
sampling at those rates. Thus several 
techniques exist to reduce aliasing. 

The obvious solutio n is to 
sample the image at the highest rate 
possible and then average the results 
to fit the display screen. However, 
Lhis technique is extre mely expe nsive , 
and while it redu ces the aliasing 
problem, it does not e liminate it. 
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Figure 2: The polygonal surface normal. 

Refinements of this technique only 
increase the sampling rate along edges 
and areas of high contrast. This 
reduces the time requi red to compute 
the image, but it has little effect on the 
final quality. 

For scan conversion algorithms, a 
more common anti-aliasing technique 
treats individual pixe ls as finite areas 
rather than as single points. Rather 
than de te rmine the color of an entire 
pixel by sampling the pixel at its 
center, polygons are clipped to fit the 
pixel boundaries. The area of the pixel 
covered by the polygon can be 
computed and used to determine the 
pixel 's color. This approximates an 
extremely high sampling rate but 
avoids expensive recalculations for 
each pixel. 

The shading process, the final 
stage in rendering, chooses colors for 
each pixel on the screen based on the 
properties of the mate rials being 
represented, the configuration of lights, 
and the position of the viewer. The 
simplest shaders model objects as 
perfect diffuse re flectors (such as a 
sheet of rubbe r or pieces of cloth) 
while the most complex use optical 
principles to represent the subtle 
effects of light. 

Light that s trikes an object is either 
absorbed, re flected , or transmitted. 
Absorbed light becomes hea t and is for 
all purposes invis ible . Reflected and 
transmitted light, on the other hand, 
make an object visible . Furthermore, 
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which wave le ngths of light are ab­
sorbed and which are reflected deter­
mine color. Reflected light can be 
e ither diffuse or specular. Diffuse 
re fl ection is light that is scatte red 
equally in all directions, while specular 
re flection is highly directional light 
reflected from the surface of the object. 
A simple shading model includes both 
diffuse and specular light. 

Lambert's cosine law relates the 
amount of diffusely re fl ected light to 
the cosine of the angle between the 
surface normal of the object and a 
vector to the light source. This light is 
independent of the position of the 
viewer and is usually impleme nted as 
the dot product of the surface normal 
and vector to the light source. Often , 
an ambient light "fudge " facto r is 
added to avoid the sharp contrast 
be tween light and dark caused by the 
simple Lambe rt model. Without this 
addition , images te nd to have a deep­
space "Star Wars" look, because the 
parts o f objects that face away from the 
light are complete ly black. While 
ambient light has no scientific analog, 
it represe nts the constant, nondirec­
tio nal light present in most rea l 
e nvironments. It is simply added to 
the Lambert cos ine value and prevents 
an object from being complete ly dark 
on the s ides that face away from the 
light source. 

A realistic model fo r specular 
re fl ectionca lled phong shading was de­
ve loped by Phong Bui-Tuong in 1975. 



Specular light is approximated by a 
power of the cosine of the angle 
between the viewer and reflection 
vector. The surface normal is the 
bisector of the vector to the light 
source and the reflection vector. 

Because a single surface normal is 
used to calculate the shade for an 
entire polygon, the resulting image 
appears to consist of many tiny facets 
rather than a smooth surface. While in 
some cases this is a desirable effect 
(such as a cube), surfaces are generally 
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Figure 3: Lambert shading. 

smooth and curved. To avoid facet­
ing, an accurate normal must be 
approximated across the entire surface 
of the object. If a normal for each 
vertex in the object is computed by 
averaging the normals of the surround­
ing polygons, the resulting mesh of 
normals can be interpolated across the 
surface to simulate a smooth object. 
This technique is called gouraud 
shading. 

Various rendering algorithms 
approach the four steps discussed 
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Figure 4: Phong shading. 

above differently. Most share a 
common performance characteristic, 
however: the hidden-surface removal, 
polygon tiling, and shading steps tend 
to completely overwhelm the time 
required fo r the transformation stage. 
In many cases, the hidden-surface 
solution is inseparable from tiling and 
shading. Shading is expensive because 
it is done at least once for every pixel 
on the screen and because it generally 
involves both vector normalization (a 
square root) and a power function. 

N2 

Figure 5: Gouraud surface normal shading (side 
view). 

SCAN: A scan-line z buffer rendering algorithm 
A z buffer rendering algorithm sorts all 
polygons that intersect a particular 
pixel and shades the polygons to those 
on the current scan line. The name z 
buffer refers to the state of the screen 
after the transformation step (stage one 
in the rendering process) where the x 
and y axes of the world coordinate 
system are aligned with the scan lines 
and pixels on the screen, and the z axis 
is projected into the face of the screen. 
The z depth of an object thus becomes 
a measure of its depth and is used to 
sort which polygons are closest to the 
viewer and therefore visible. 

A significant portion of the scan­
line z buffer algorithm is vectorized. 
Some parts of the process are immedi­
ate candidates for vectorization; for 
example, the transformation operations 
on the databases vectorize easily. 
However, these steps rarely account 
for more than five percent of the total 
computation time. 

The calculation and normalization 

of the object surface normals can also 
be vectorized. It is the vectorization of 
the scan-line interpolation and shading 
steps, though, that can have the most 
significant impact on the execution 
speed of a scan-line z buffer algorithm. 

Ordinarily, these three steps 
would not vectorize. As the algorithm 
proceeds down the screen, processing 
one scan line at a time, polygons are 
added to an active list on the first line 
in which they are visible and are 
dele ted when they have been com­
pletely shown. Each active polygon 
is interpolated from the previous scan 
line to the current one, and all appro­
priate parameters (such as color and 
surface normal) are interpolated as 
well. This process proceeds across the 
scan line, activating polygons until the 
color for a particular pixel can be de­
termined, and continues to the next 
line until the entire image has been 
rendered. The processes of hidden­
surface removal, polygon tiling, and 
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shading are all interleaved and insepa­
rable. These steps do not easily vec­
torize because each polygon and pixel 
is handled individually. 

On the other hand, by processing 
all active polygons for the current scan 
line simultaneously, the interpolation 
step can be vectorized. In the same 
manner, if a list of pixe l fragments is 
composed, the shading step can be 
vectorized as well. Only the hidden­
surface removal step is not vectorized. 
For convenience, each polygon is 
decomposed into a set of edge pairs 
that match left and right edges for easy 
interpolation. A complete description 
of the algorithm fo llows. 

1. Set the defaults for the scene 
and object. Read the scene de­
scription and object. 

2. Apply the world space trans­
formation to the object. 

3. Compute the surface normals 
fo r the object. 

4. Apply the screen space trans-



form to the object. 
5. Clip the remainjng polygons to 

the viewing volu me, interpola­
ting va lues as necessary. 

6. Compute the reflection vector 
and normalize the light. 

7. De compose the remairung 
polygons into edges and edge 
pairs. Since all polygons are 
convex , each right edge 
matches one left edge. 

8. Calculate interpolation values 
(start, delta) for all parameters 
associate d with the edges. 

9. Insert each edge pair into the 
appropriate y bucket. 

10. For each scan line: 
a. Add any new edge pairs that 

become active on this scan 
line to the active edge pair 
list. 

b. Inte rpo late the edge pairs 
from the top of the current 
scan line to the bottom, using 
the de lta valu es computed 
above. 

c. Decompose each active edge 
pair into a se ries of fragments 
cli pped to the pixel bounda­
ries. Calcu late the z depth of 
each fragment. 

d. Sort the fragme nts fo r each 
pixel , and discard those that 
will not be visible in the final 

scene. 
e. Shade all pixel fragments , 
interpolating the necessary 
values across the scan line . 

f. Anti-alias each pixel array 
with itself and the back­
ground. 

g. Write the scan line to the 
frame buffer. 

Steps 2, 3, 4, 8, 10b, lOe, and lOf 
can all be vectorized. Step 9, the 
insertion of each edge pair into its y 
bucket, is done only once and there­
fore need not be vectorized. There is 
one y bucket for each scan line, and 
each contains a list of the edge pairs 
(polygons) that become active on that 
line. 

Steps 10c and 10d are difficu lt to 
vectorize because they requi re a large 
series of small lists to be sorted and 
culled. Once the list is sorted, polygon 
fragments are stacked until the e ntire 
pixel is filled, and all the fragments are 
discarded. This step also requires area 
calculation for each pixel fragment and 
is d ifficult to vectorize . 

The scan-line z buffer algorithm 
was written entirely in C. The CON­
VEX vector C compiler does an 
excellent job of vectori zing the com­
plex data access methods in C. The 
Supercomputer Graphics Group at 
O hio State University p rograms exclu-

Figure 6: Scan-line skulls. This Image was computed using the scan-line z buffer algorithm. Shading 
techniques used are (Jeff to right) phong shading, lambert shading, bllnn shading (an eM/c lent version 
of phong), modified b llnn, and cook-torrance (a technique that simulates metal/le ob/eels). This 
Image required one minute of ca/cu/al/on on a CONVEX CI . 
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Figure 7: Intersection computation. Intersection 
point I Is weighted toward vertex VJ. 

sively in C, and the CONVEX vector C 
was and is the only existing vecto rizing 
version of the C language. It provides 
an extremely rugh level of optimization 
and vectorization. 

The scan-line z buffer algorithm 
provides an efficie nt vectorized 
renderi ng system fo r the productio n of 
rugh-quality computer images . It 
e njoys a greater than two-to-one 
advantage in speed over a scalar 
version. Surprisingly, the normally 
expensive shading process makes up 
less than ten percent of computation 
time on the vectorized ve rsion o f the 
algorithm. It is the sorti ng steps and 
area calcu lation that comprise the bulk 
of the execution time , because those 
steps could not be vectorized. 



SAMP: A stochastic sampling rendering algorithm 

The sampling algorithm samples the 
image plane multiple times fo r each 
pixel and averages the result to 
generate the image. However, a tech­
nique called stochastic sampling effec­
tively eliminates the aliasing problems 
expected with this kind of solution. 

The human visual system avoids 
aliasing by converting to noise the 
signals beyond its sampling rate . 
Small details are indistinguishable. 
This is because human visual receptors 
are randomly distributed rather than 
being arranged on a grid. Aliasing, a 
direct result of sampling on a regular 
grid, is therefore avoided. 

To mimic this behavior in a 
rende ring algori thm, moving the 
samples around randomly simulates 
the human visual system. This distri­
bution, called a Poisson disk, converts 
to noise the frequencies above the 
sampl ing limit. 

Moving samples around on a 
regular grid is calledjittering and 
results in a much simpler algorithm 
than the scan line . Because the image 
plane is sampled at a single location, 
the hidden-surface problem is reduced 
to determining which polygon face is 
on top. All other polygons are disre­
garded. Polygon fragments need not 
be computed, and polygons are not 
clipped to pixel boundaries for area 
calculation as in the p revious algo­
rithm. The anti-aliasing process is 
applied uniformly across the entire 
sampling g ri d. 

This algorithm can be almost 
enti re ly vectori zed. As before, the 
transfo rmation process and the compu­
tation of surface normals vecto rize 
easily. However, in this case, no 
sorting is done and most steps vec­
torize di rectly. 

1. Set the defaults for the scene 
and object. Read scene 
description and object. 

2. Apply the world space transfor­
mation to the object. 

3. Compute the surface normals. 
4. Apply the screen space trans­

formation to the object. 
5. Compute the reflection vector 

and norma]jze the light. 

6. Discard back-facing polygons, 
polygon-bounding-box infor­
mation. 

7. For each scan line: 
a. Build a list of polygons that 

can intersect the pixels in 
the current scan line. 

b . Load the background color 
into the scan line . 

c. Compute the intersections. 
d. Prune the tests that did not 

intersect. 
e. Sort the remainder by depth 

fo r each pixel, discarding ail 
but those on top. 

f. Shade the remaining pixels . 
g. Reconstruct the remaining 

inte rsections into the current 
scan line . 

h. Write the scan line to the 
frame buffe r. 

Step 7a can take several fo rms. 
The goal is to produce a list of poly­
gons within the boundaries of each 
pixel and may affect the pixel's color. 
The efficiency of this step de termines 
the algorithm's efficiency. If no 
polygons are missed, the resulting 
image will be correct. The simplest 
technique is to list every polygon for 
every pixe l. A small refinement 
computes the bounding box fo r each 
polygon and only includes those 
polygons whose bounding box con­
tains the current pixe l. 

In step 7c, each pixel point is 
tested aga inst the list o f possible 
polygons, and a series of factors is 
computed. These facto rs late r deter­
mine the values of the surface normal 
and othe r parameters at the intersec­
tion point. The inte rsection test uses a 
property of the cross product-for a 
triangle, the cross product of the edges 
at each vertex is the same. The cross 
product of a vector formed by the edge 
and a vector formed by the included 
vertex and the intersection point is also 
computed fo r each vertex. By dividing 
this number by the edge cross product, 
three factors are computed, one for 
each vertex. These numbers always 
sum to one and give the effect of each 
vertex on the inte rsection point. This 
computation is the heart of stochastic 
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sampling and vectorizes completely. 
Step 7d prunes the intersections 

that failed. These will have one or 
more factors that are negative. Next, 
invisible intersections are discarded, 
and what remains is a list of pixels to 
be shaded. This list differs from the list 
derived from the scan-line method. 
Because each intersection has had the 
three factors computed, finding the 
surface normal is merely a matter of 
averaging the three vertex surface 
normals using the factors. The same is 
true fo r color and other shading 
information. This makes the shader 
both simplisti c and completely vec­
torized. Finally, the reconstruction 

Figure 8: Using the sampllng renderer, a 
corduroy texture Is mapped onto the skull's 
surface normal. II was computed In about ten 
minutes on a CONVEX CI. 

process is also vectorized. This results 
in an algorithm that is almost e ntire ly a 
vector process. 

Stochastic sampling gene rates 
anti-aliased images with as litt le as 
three times oversampling. It is not as 
fast as scan-line, but it can be moved 
to new machines and architectures 
more quickly. Also, difficult tech­
niques such as motio n blurring and 
shadows are easier to impleme nt. 

Improving the polygon selection 
crite ria o f step 7a makes the algorithm 
even more efficient. The simple 
ve rsion of the algorithm used a 
bounding-box test to compose a list of 
possible intersections. Tests indicate 
that as the complexity of the image 
increases, the percentage of correct 
guesses decreases rapidly. By improv­
ing the selection test, you can increase 
the speed. 



Conclusions and Future Work 

Affordable vector processors such as 
the CONVEX offer an excellent 
solution to the enormous computing 
requirements of computer graphics. 
Because so many graphical tasks are 
repetitive and because they are so 
often applied across the entire image 
plane, vecto ri zatio n is a natural 
operation. 

Experience indicates, however, 
that machines such as the CONVEX 
have mu ch greater impact on the 
qu ality of graph ics than on the speed 
of production. As is so often the case, 
use rs simply increase the complexity of 
the ir work until the avai lable resources 
are strained . We are used to the "ten­
minu te rule" in which high-quality 
imagery always requires ten minutes 
per image, regardless of the available 
computer p owe r. When moving from 
a slow, scalar processor to the CON­
VEX, users simply add more detail, 
texture, and objects to increase the 
rendering time to ten minutes. Why ten 
minu tes? Perhaps because it represents 
the maximum time users are willing to 
wait for an image to calculate . Images 
that require longer than ten minutes to 
calculate are best done in a batch 
mode rather than interactively. It 
seems likely that even with a machine 
an order of magnitude more powerful 
than a CONVEX, images will still 
require about te n minutes to compute. 
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One unfortunate side effect of 
vecto ri zation is memory consumption. 
Because vectorization requires that 
data be prepared in blocks for process­
ing, it is very easy to tend towards 
large tasks that include huge arrays for 
data storage for vectorization. Without 
a large physical memory, this can lead 
resulting loss of efficiency. The 
simplest solution is to purchase more 
memory. Because the CONVEX 
system can accept a Gbyte (or two in 
some systems) of physical memory, 
users are more likely to run out of 
swap space long before they exhaust 
the physical memory expansion . This 
is an expensive course of action, 
however. 

The CONVEX system is unique 
because it provides true virtual mem­
ory and page swapping. Users on 
Cray® X-MP systems suffer because 
the Cray provides neither virtual 
memory nor swapping of any kind. 
Tasks are limited to small memory 
models and must use some form of 
internal data swapping, such as writing 
temporary files, to reduce their mem­
ory consumption. 

Because the sampling renderer 
was designed to be highly machine 
independent, a flexible memory model 
was required. A solution had to 
provide o pportunities for vectorization 
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but also allow the program to run on 
extremely memory-limited hardware. 
The solution lay in the unit that was 
used for the original vectorization- the 
scan line. When the algorithm was first 
written, all vectorization was based on 
processing a single scan line at a time . 
Little notice was given to the actual 
size of the resulting array; the decision 
to vectorize on scan-line boundaries 
was one of convenience rather than 
plan. By writing the algorithm to 
divide each scan line into some 
number of pieces and to operate on 
those as the fundamental unit of 
vectorization, significant memory 
savings were made. In addition, the 
algorithm is configurable. For a large 
memory machine, scan lines are not 
divided; while for smaller machines, 
scan lines can be divided until memory 
consumption is appropriate . 

The Computer Graphics Research 
Group at the Ohio State University 
received its CONVEX Cl in late 
summer of 1986. We have consistently 
written our code in C, and the CON­
VEX operating system is both efficient 
and robust. We are developing a 
number of new applications, including 
extensions to the algorithms discussed 
here as well as new techniques. The 
vector architecture of the CONVEX 
provides us with an excellent research 
platform for computer rendering. 
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