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ABSTRACT

In order to meet user requirements. tradecoffs are made in the implementation of the four
functions (scene management, prioritizaticn. geometric processing. and video processing) that
comprise a digital image generation system of the sort used for flight training. This paper
discusses how different approaches to image generator architecture affect the features
apparent to the user. Among the architectural variations discussed are programmable versus
pipelined geometric processing, and four variations of vldeo processor (scanline,
reverse-priority-ordered frame buffering, priority-ordered frame buffering, and distance
buffering). The architectures are compared with respect to system cost, overload
sensitivity. and the implementation of anti-aliasing, texture, and translucency features,
among others. Understanding the tradeoffs involved will help designers and users better meet

the requirements of a tralning task.

SPECIFICATION AND DESIGN OF IMAGE GEMERATCRS

Visual image generatots are used to .
synthesize scenes which respond in real time to,
typlcally, control inputs of a pilot in a flight
simulator. The image generators discussed in
this paper use digital electronics to generate
signals to drive a raster display, usually a
cathode ray tube or a light valve projector.
Because the displayed scene must cespond
interactively to the control lnputs, new images
must be generated 30 to 60 times per second.
This requirement, together with the regquired
resolution and scene detail of the images., leads
to the development of image generators which are
large, complex electronic systems.

The functions performed by the image
generator in making a scene may be grouped into
four categories: scene management.
prioritization, geometric processing, and video
processing. The scene management function is the
process of collecting the mathematical
descriptions of the objects to be used in the
scene, a process which usually starts by data
retrieval from a disc storage device.
Prioritizatjon is the determination of which
objects may occlude other objects-in the
generated image; roughly speaking, higher
priority objects are closer to the eyepoint than
lowar priority objects. Geometric processing is
the conversion of the mathematical descriptions
of the three-dimensional data base cbjects into
two-dimensional descriptions associated with the
coordinates of the display. Video processing
comprises all of the remaining steps needed to
define the image at each picture element of the
displdy, including the gecmetric subdivision of
faces into pixels, detalled occlusion, and the
generatlon of video signals for the display.

There is no single conventional architecture
for implementing the four categories of
functions, -although there are a limited number of
approaches presently in use. The situation with
respect to image generator architectures may he
contrasted with that of computers, for example.
in which nearly all of the systems produced are

refinements of one basic architecture. Having no
conventional architecture for image generation
systems is & situation with implications for both
the user and the designer.

Ideally. the user would not need to know how
system functions are implemented. Instead. the
user might prefer to just know the features of
the system. 1l.e., what the system does. not how
it does it. Unfortunately, performance limits in
present image generators are too great to permit
a simple specification like “images shall be
indistinguishable from the real world", and every
attempt to write a specific detailed
specification runs the risk of using terms or
concepts which are inapplicable to the
architecture and set of features of a particular
design. For cxample, specifying the capability
of a system to produce edges will run into
problems in systems :designed with limits on a
polygon basis. or which make use of texture or
curved surfaces.

From the desigrner's viewpoint, the situation
would be simplified if there were simple common
measures of pecformance.  In the real situation.
there are innumerable tradeoffs among:
architectures and features. The “correct®
tradeoffs depend upon the intended application.
Every product designer must be aware of the
requirements of the intended user of his product,
but the complexity of the product and the
subtlety of the tradeoffs make this task
especially difficult in the case of lmags
generatocs.

This paper discusses some of the fundamental
tradeoffs involved in designing an image
generator to provide certain features to meet the
usetr's needs. To limit the scope of the
discusslon, only the top level of image genetator
design 1s discussed. and then for only a
restricted number of the most popular
variations. The features discussed are limited
to a few of the most architecturally interesting,
but include both image related features, such as
capabilities for textured and translucent objects
in the scenes., and application related features.
such as system cost and overload conditlons.
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SCENE MAMAGEMENT AND PRIORITIZATION

System Functions

Scene management and prioritization
functions are often performed concurrently in a
general purpose computer, but the functions are
distinct. The image generation for simulation
begins with an eyepoint position and direction of
view provided by another computer in the
simulator system. The first step in naking the
image is to select the objects that might be in
view from that viewpolnt, and this selection
process is the basic scene management Functiosn.
Scene management is pecformed continually as the
viewpoint changes, and the differences betwesen
successive viewpoints are usually so slight that
the computation requirements and data bandwidths
are within the capacity of conventional
minicomputers. Similarly, the priority relations
among objects which determine occlusion also
change slowly in many applications, so it is
convenient to run -the prioritization algorithms
in the general purpose computer as well.

The prioritization function is distinct from
occlusion. Two objects have a priority
relationship if one may potentially occlude the
other, i.e.. 1f every line of sight from a given
viewpoint will strike the high priority object
before the lower priority object whenever the two
happen to overlap -in the view. Orclusion is the
precise determination of which parts of each
oblect are vistble given the priority-
relationship. If the objects interpenetrate or
mutually overlap no priority relationship of the
sort described will exist., Consequently, image
generators which depend upon priority algorithms
to establish priority relationships must use data
bases meeting special conditions. These
conditions usually end up requiring that all
objects be subdivided into convex pieces.

Systems using priority algorithms usually
have an architecture which feeds the results of
the priority algorithm into the video processing
{Fig. 1). - The video processor' takes the
two-dimensional descriptions of the objects, as
produced by the gecmetric processor, and uses the
prlority order to determine on a picture element
{or finer) basis which portions of the objects
should be displayed.
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Figure 1. Conventional organization of
image generator functions.

An alternative, however, is to have the
prioritization performed in the video processor
along with occlusion (Fig. 2). Conceptually,
this approach is straightforward; for each
picture element the video processor must decide
which face is closer to the viewpoint and then
perform occlusion accordingly. The distance
sorting approach removes the restrictions on the
types of objects in the data base that are

imposed by prlority algorithms, and it does away
with the priority algorithm execution.. Despite
the conceptual simplicity and flexibility of
distance sorting, the cost of the high speed
hardware required to do operations on each
picture element. and problems with picture
quality and translucency effects, limit the
application of the technique.
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Figure 2. 'Prioritization performed with
video processing in a distance buffered
atchitecture.

if a priority algorithm approach is
selected, there are circumstances when the
processing speeds of conventional minicemputers
may be lnadequate. Ordinarily, objects change
ptiority slowly as the viewpoint moves in the
data base. Moving objects in the data base
complicate the situation because they must be
prioritized not only with respect to each other.
but with respect to the fixed objects. In
additlon to running the priotity algorithm more
frequently, the real time softwate may have to
builld mathematical planes to. separate moving
oblects from fixed objects, Separating planes,
or other mathematical structures used by the
priority algotithm, are ordinarily built off-line
for the fixed data base. Altogether, increased
processing requirements may require a more
powerful computer or special purpose hardwaie to
execute the algorithms.

Scene management functions may also tax the
capacity of minicomputers. oOrdinarily, the
viewpoint changes relatively slowly, as
determined by the motions of the vehicle being
simulated. Consequently, lists of data
potentially in wiew can be updated rather
slowly. If the vehlicle can turn rapidly or
rotate, 1t 1s usually not a serious problem to
expand the potentially viewed area to include a
wider margin. Even expanding to the whole sphere
of view may only require a few times as much data
as the actual displayed portion. However, new
developments in display technology make it
possible to concenitate the scene detail in an
“area-of-interest" where the person under
trainlng is looking. The ultimate in area- . _
of-interest displays is an eye-tracked system,
where scene detail is concentrated in the high

_resolution portion of human vision. This

approach aveids wasting image generation capacity
on portlons of the scene only peripherally in
view, but it also means that scene management -
must be performed at rates compatible with the
very high slew rates of the eye. BAs with
prioritization, this implies either a more
powerful computer or specialized hardware, or
both.

CEOMETRIC DRCCESSING

In order to show objects which appear
perspectively correct from any viewpoint,
processing must start with a data base
representation which gives a three-dimensional
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nodel of the obiect to be depected. Most
conventionally, the representation uses vertices
in tectangular {X,v.z) coordinates to build
polygonal faces and polyhedral cbjects. but the
surfaces could be described by equations of
curved surfaces or by more general recursive
functions. However represented in the data base.
geometric processing is performed to transform
the objects intc two-dimensional representations
in the coordinate system of the display screen.
The steps in this preocessing typically include
translation and rotation, illumination,
perspective division, clipping (to the screen
boundaries}, and computation of parameters needed
for later shading and texturing of the surfaces.

There are two basic apptoaches to deometric
processor design: special putpose pipelined
hardware or general purpose programmable
hardware. Until very cecently. the only feasible
method of achieving the required throughput was
to build pipelined hardware specifically for the
task, perhaps with some microprogrammable
processes enbedded in the design.- The pipelined
approach achieves very high throughput, but the
design is complex and expensive to modify. A
more general computer approach is now just
bhecoming feasible with parallel processing and
the use of high performance VL3I computing
elements. Because the development of general
purpose computing elements is supported by a
broad market and the image generator matkst is
comparatively small, the economics of the
programmable approach will probably become more
favorable with respect to custom pipeline deslgns
as time goes on. In addition, there is the
inevitable trend to more complex geometric
processing algorithms to support a greater
variety of image features. This means more
programming rather than more custom hardware when
the programmable approach is adopted.

The geometric processing problem is ideally
sulted to parallel processing because the image
is built of hundreds or thousands of independent
objects. Neonetheless, the computational
requirements are formidable, requiring roughly 20
million floating point operations per second and
perhaps 50 million bytes per second of input and
output. Considering just the arithmetic
operations, about 150 of the most advanced
microprocessar arithmetic units would have to be
kept busy to perform the calculations. Spreading
the load evenly among SO manhy processSors posSes
many problems, but the approach is near the
borderline of feasibility for devices as
expensive as image generators.

Whether programmed or done in specilal
hardware, thete are distinct possibilities of
merglng scene management and prioritization
functions into the geometric processing hardware
structure, and one of the design tradeoffs in
doing sc is the flexibility of making changes
versus the efficlency of processing. ({This is
evident within the software realm itself, as
well., The trend is definitely away from writing
scene management software in assembly language
and towards coding in high level languages. The
loss in-execution efficiency i1s now more than
compensated by increased flexibility and
maintainability.)

Near the videc processing end of the
geometric processing, the principal design
tradeoff is in regard to system bandwidth versus
load management ability. Image generators often
drive more than one display. so it is natural to.
dedicate hardware to each display to ptovide
parallelism in the computations: However,
whenever hardwate 1s dedicated to a display. the
system will have soue susceptibility to overload
in ocne channel while there is spare capacity in
another. an obvious inefficiency. ' At some point
in the system, the bandwidth of generated data
beccmes too great to permit interchange among
processors, but the exact point 1s a design
decision. One logical point to make the division
is after geometric processing. but the split
could be made earlier, in the middle of geometric
processing. The point in the system after
clipplng to window boundaries is another logical
peint for the split. 1In general, systems

" dividing the data streams earlier will avold

design problems of high data bandwidths within
the machine, but at the expense of less
efficlency and greater overload susceptibility.

VIDEQO PROCESSING

A genercal purpose computing approach may be
considered for geometric processing., but video
processing, with requirements hundreds of times
greater, is safely in the domain of special
purpose hardware for the foreseeable future.
High processing and data bandwidth requirements
are inherent in the generation of 30 million
pixels per second per channel, the result of
subdividing the displayed faces into picture
elements. Each picture element is described by
three color components which in turn are affected
by smooth shading, atmospheric haze fading,
translucency (which will show the colors of
underlying pixels), anti-aliasing (which
"smooths" edges). and a variety of other effects.

Scanline Architectures

tne of the original approaches to dealing
with so much processing was to perform the

- gperations a scanline at a time in synchronism
- with the raster display of the scanlines. This
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approach is now well documented and has been used
by most of the image generator manufacturing
companies. . [1]

In order to generate the data for a given
line of the display. the objects {or the edges of
pelygonal faces forming the objecis) must first
be sorted to find those intersected by the line.
The beginning and end of each face on the line is
then determined, and occlusion performed using
the previously computed prioritization. The
visible pleces of polygons are then converted to
picture elements and displayed.

It might seem that the sorting process would
he a principal drawback to the technique, but it
actually is not. The sort is implemented in
hardware that suppotts many simultaneous
comparisons, so that the N log N growth of
sorting times associated with the sequential
sorting of random arrays does not apply. In
fact, the prirncipal disadvantage is that the



entite processing operation is synchroncus by
line, and hence the processing overload condition
will be driven by the single most complex
scanline in the scene.. Consequently, a scene
which is sparse overall may nonetheless overload
the system because time spent on a complex line
cannot be made up later on empty lines,

Buffering two or more scanlines alleviates
the problem by allowing the generator te run less
strictly in synchronism with the display. Once
it becomes economically feasible to buffer a
whole screen, a family of “frame buffered"
architectures becomes possible that offers other
advantages in addition to the elimination of
scanline overload.

Beverse-Prioglty-Ordered Writing

Rather than £ill scanlines one at 2 time
from the top of the screen, a frame buffer allows
construction of the picture in-a number of
different orders, unrelated to scanline
position.  The most conceptually simple is the
so-called "painter's algocithm" in which faces
are converted to pixels and written into the
buffer in reverse-priority-order., i.e. the lowest
priority faces are written first and then
overwritten by higher priority faces to
accomplish occlusion. For example, the sky would
be written fiest, followed by the ground plane,
distant objects, and finally close objects.

Note that to accomplish occlusion by this
method it 1s necessary to generate every pixel of
avery face, regardless of whether or not any
pertion of a particular face is visible on the
screen. - Thus 1f there are a million pixels in
the display, several times that number of pixels
may have to be generated. depending upon the
amount of occlusicn in the scene. Consequently.
although the gencration of the pixels is
stralghtforward, a great deal of fast hardware
will be requited, and the system may be subject
to overload under a non-intultive condition of
total pixel area written.

Prlority-Ordered Writing

The overload due to total writing can be
partially cured by changing to the less
straight forward scheme of writing the highest
priority objects first. In this method 2 mask
must be built to keep track of the portions of
the screen written during the course of
processing. By reference to the mask, which
could actually be built hierarchically with . .
blocks of bits cotresponding to the pixels of the
display, succeeding faces can be checked for
occlusion and portions skipped over as
appropriate. System complexity is increased in
that additional legic is required for the masking
and skipping,; but the efficiency is also
increased. The processing of shading, fading.
texturing, and the like is avoided on occluded
- pixels in favor of the simpler masking and
skipping operations. If the skipping and mask
updating can be accomplished much faster than the
processing of displayed pixels, then the system
will be very robust with regard to overloads.

Distance Buffering

Both priority-ordered and reverse-priority-
ordered writing depend upon a separate
prioritization process to support the videc
processing. Prioritization can be performed
concurrently with videc processing by expanding
the dept of the frame huffer to hold the distance
to the picture element in addition to its coleor

components. The objects may then be computed in

any order and the distances to new picture
elerents compared to those previously written.

At the end of processing, the surfaces closest to
the viewpoint at each pixel will be represented
in the buffer.

For computational convenience, the existance
to a plane parallel to the screen plane may be
used instead of the true viewing distance, and
the reciprocal of the distance can be used in
memory rather than the Qirect function. "Systems
ate called "Z-buffered" rather than distance
buffered when the distance to a plane is used.

Z~buffering has the great. advantage of o
solving the priority problem, but it has several
other drawbacks. Like reverse-priority ordered
writing, every picture element must be computed,
even the ones ultimately occluded. The frame
buffer must be enlarged to store the distance
function., a disadvantage that diminishes as
memoty becomes cheaper. But the most sericus
disadvantages lie in the difficulties with
anti-aliasing and translucency. implementations.
which are discussed in the next section.

IMAGE GENERATOR FEATURES

The features of a system are the elements of
its specification. These elements include
overload propertles and other applications
related characteristics, and the image quality
and types of visual effects that can be
produced. There are. dozens of visual effects
that can be itemized in an image generator
specification, ranging from color propertles to
the genetation of landing light illuminaticn
effects. For present purposes it is sufflcient
to discuss a few of the important features that
have an architectural impact upon the system.

image Content

antl-aliasing. Allasing problems originate from
attempting to determine the display of an entire
pixel based upon a single sample point within the
pixel, or from too few sample points within the
plzel. The symptoms of aliasing ln an image are
stairstepped edges. thin lines broken intc dotted
lines, and discrete rather than continuous motion
as objects undergo transitions from scanline to
scanline when the scene changes.

Solutions to the aliasing problem involve
either the sampling of many points within the
pixel and possibly adjacent pixels, and then
combining the peints in a weighted average to
cbtain the picture element color and intensity.
or treating the image analytically with a similar
combination of weighted areas in the picture
element .
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_ Translucency.

There are translucent objects,
particularly smoke and clouds, that enhance some
gencrated scenes. However, the principal use of
translucency is to facilitate the change in the
level of detail of object models. . To save
capacity. slmple models can be used for objects
in the distance and then replaced with more
detailed models as they become closer. A
translucency capabllity allows a smooth
transition among the models. thereby permitting
later transitions without the distraction of a
sudden replacement.

Texture. Texture 1s a modulation of the surface
of a generated object using a hardware genrerated
or stored pattern. The intensity of the surface
is usually varled pseudorandomly to give a

. greater sense of depth and apparent motion in the

image. Surface parameters such as color and

. transiucency can be modulated in addition to
intensity te provide a great range of effects.
An intetesting speclal case of texturte is the
reproduction of digitized photographs. perhaps
including translucent regions., to add realism to
the generated scene (Fig. 3.)

ke yam

Figure 3,
texture effects,

An image with translucency and

Smooth Shading. Image generators designed to
work with polygons can provide an illusion of
smoothly curved surfaces. by shading the objects
as if they were curved. The smooth variation of
intensity used for smooth shading can be extendesq
to smooth variation of color or translucency in
the same manner in which texture was extended for
these parameters.

Curved Surfaces. <Curved surfaces may be
approximated by polygons, but special hardware
can alse be provided to generate the surfaces
from a few parameters. Because polygon
processing is so straightforward. especially in
video processing, it is debatable whether less
hardware is needed to directly generate complex
curved surfaces rather than generating them by
polygons, but curved surfaces clearly provide for
a more compact data base representation of
objects that are inherently cutrved.
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Medular Construction.

System Features

The remarks tegarding the variety of visual
effects also apply to the profusion of other
system features. Three of the most important are
discussed here.

Overioad Resistance. All systems have finite
processing capacity, but all of the elements of
the system should be well balanced so there are
ne critical bottlenecks. fThe capacity of the

- system should be as large as possible within the

cost constraints, and there should be graceful
overload and recovery characteristics.

Presently, there is no .
cholice but to make image genetators large and to
some degree complex, but many of the problems of
large systems can be minimized if the
architecture is highly regular. The "modularity”
of a system may be quantified as the ratio of the
number of circuit cards in the system to the
nunber of types of cards in the system. High
medularity is desirable because it helps
production economy. simplifies tralning of
maintenance personnel, and minimizes the spare
parts requirements. The greater the modularity
number, the greater the benefits.

ABnother reason for desiring a highly regular
architecture is that it eases the transition to
increased use of large and very large scale:
integration. The development of custom
integrated circuits is more easily amortized if
they are used repeatedly within the system.

Configurability. Designing an image generator
from scratch is too lengthy and expensive a
process to be undertaken for evecy new

‘applicaiion. Consequently., it is desirable to

design systems which are adaptable in terms of
capacity and features so as to fit as wide a
range of applications as possible. ' This also
provides a growth path for the user should his
requirements change.

Making a system reconfigurable by capacity
is generally more consistent with high modularity
than making it reconfigurable by feature.
Nonetheless, features which involve substantial
amounts of hardware, such as curved surface
generation, are candidates for design as options.

ARCHITECTURE CONFLICTS WITH FEATURES

Obstacles

Some architectures lend themselves better to
the implementation of certain features than do
others. Rarely are the obstacles theoretically
insurmountable, but practical system cost and
complexity may be unacceptable unless a clevec
innovation is found to resolve the potential
Incompatibility. The resolution of .the problem
may take the form of a restriction of the system
capability. the use of an approximate rather than
exact nethod, or, ultimately, the exclusion of
the feature in favor of others more compatible
with the architecture and more important in the
intended application.
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Scanline Architectures

The major problem of scanline architectures
iz the intersection overlead problem previously
discussed. There are other, more minotr, problems
related to the maintenance of a stack. of
scanstripe segments and the resolution of
overlaps and translucent objects in the stack.
The algorithms for resolving all of the occlusion
analytically on a subpixel basis lead to complex
hardware.

Nonetheless, a very general technique for
"modularizing" a video processor architecture
applies. If work is to be shared among
processors, it is better to share it by
alternating among pixels or scanlines than to
subdivide the screen into regions. The loading
is much more likely ta be even if the load is
shared as suggested. 1In the scanline
architecture, it is better to have, for example,
one processor do the odd scanlines and the other
the even scanlines (in a field) than to have one
do the right half and the other the left half of
the screen. If the screen is dedicated by
halves, an overload may occur if the scene
caomplexity, pechaps the airport in a flight
simulation, happens to fall predominately in ocne
half.

The reverse-prilority-ordered writing problem
of having to write every pizel. whether ‘occluded
or not. is partially offset by the relative
simplicity of the approach. General translucency
is implemented straightforwardly by mixing a
pertion of the underlying color and intensity
with the new object. Anti-aliasing can be
performed by accounting for the fraction of the
area in the picture element heing covered. and
mixing according to the fraction:; the
anti-aliasing can be done over a larger
convolution base with a weighted function if
required.

The most difficult problem with this method
arises from occlusion not being performed on a
subpixel basis. Consider a mountain made of
green poloygonal faces silhouetted against a
bright sky. The sky would be written first into
the buffer, then one green poloygon, and then a
matching adjacent pelygon. The two polygons
should mect on an internal edge so as to occlude
the sky compleiely below the top of the
silhouette, However, when the first of the
mountain polygons is written, the fractional
pixels on all the edges will be blended with the
background color. the sky. The adjacent green

-polygen will then ke blended with edge pixels

having a sky-colored component already included
in those pixels. The net effect 1s that a thin
line of sky will appear along the internal edges
of the moupntains.

One approach to curing the problem is to tag
internal edges when they are first written into
the buffer so that the first internal edges will
completely overwrite the edge pixels rather than
blend. However., there are cases of vertices and
thin edges where there is more than one internal
edge in the pixel. In addition. the internal
edges of translucent objocts must pick up the
background color., sSo there are more special
cases. Overall, the tagging schemes are at best
complicated.

24

Priority-Ordered Writing

To perform priority-~ordered writlng with
anti-allasing, ccclusion must be performed on a
subpixel basis. One way of keeplng track of the
subpixels 1s to keep a “"bed of nails", a bit map
with each bit corresponding to a subarea of the
pilxel. If the bit is set 1t means that the
corresponding nail has been covered: initially
all the bits are set to zero. . Only one set of
color components need be maintained for the whole
pixel, with additions made as the nails are
filled in. This solves the internal edge problem
for opaque faces.

Translucent faces now cause a potential
problem, however, because we must decide what to
do with the nails when a translucent face is
written. If we set the nails for a translucent
face, the nails will not be available for the
correct occlusion of underlying opague faces that
will be written later. If we don't set the nails
for translucent faces. then the internal edges of
transparent faces (which might be almost 100%
opague} will not be anti-aliased correctly. 1In
any case. a separate translucency factor will
have to be stored. adding to the nails and color
components already needed for each pixel.

The algorithm to treat the problem of top
down translucency ls somewhat more tractable than
the problem of internal edges in teverse-priority-
ordered writing. The bed of nails is a basic
mechanism for detecting internal edges in any
combination without having precomputed tags.
Nonetheless, there seems to be no petrfect
solution under all combinatlons of multiple
overlays of translucency and internal edges.

Note that the presence of translucent
objects also diminishes the overlcad resistance
of priority-ordered writing. 1If all objects were
opague, only pixels intersected by visible edges
of surfaces would receive more than one
contribution requiring a write cycle. A total of
one plus the Intersected fraction times that
screen size would have to be generated to make a
frame. The fraction of edge pixels is small ,
{less than 0.3) so the total amount of processing
(assuning skip over is negligible) iIs quite
predictable. Translucency adds a potentially
large and variable amount of writing to the
precessing, considering a cloud or smoke puff
covering the whole screen. Some restriction aust
be placed upon the amount of translucency in the
scene to protect the system from such overloads.

Distance Sorting

Z-buffered architectures have difficulties
with anti~aliasing and translucency implementa-
tions. To. correctly occlude and suppress
aliasing in the image. operations must be
pecformed on a subpixel basis. Since the
distance sorting is performed on discrete sample
points, the straightforward approach would be to
adopt sorting on a subpixel basis. To accomplish
this, the distance and .color components of each
subpixel must be stored. The expense of generat—
ing and storing the information for more than one
or two subpixels seems prohibitive with present
technology. s$o it .seems that Z buffered systems
must be relegated to applications where image



quality is not important, or where the required
resolution is low. A possible approach to
improving the image quality is to store the Z
data analytically for small blocks of the screen.
but this would require sophisticated processing
algorithus.

Translucency presents the problem of storing
a number of overlaying faces that cannot be
resolved until the entire scene is built.
Building the stack of data at each pixel 1s
prohibitively expensive. so translucency camnot
be handled within the normal structure of the
system. Rather than abandon the feature
entirely, it is possible to separately pricritize
the translucent objects and add them after the
rest of the scene has been built. It is easiest
to add the translucent objects in reverse-
priority-ordec, with the additional step of
checking distance for ccclusion of the objects by
previously written opaque faces. The translucent
faces will have the same intermal edge problems
as ordinary reverse-priority architectures.

CONFLICTS AMONG FEATURES

Textured Translucent Surfaces

Any operation which must be perfoemed on
each picturc element will require additionatl
pipelined hardware, and it will therefore tend to
be expensive to implement. This is true for
operations such as smooth shading, smooth
coloring. and haze fading, but texture is
especlally expensive because the computations are
more complex. To save texture hardware it would
be desirable to only put texture on visible
pixels. For example, a Z buffered system could
save a pointer to the texture mapping plane
equation for each sample point which could be
used along with the stored Z data to computle the
texture modulation just prior to display. There
would be some defect in the anti-aliasing of edge
pixels. but no worse than the reqular Z buffered
images. Slmilar schemes can be worked out with
other architectures.

The addition of translucency complicates
matters. With the possibility of overlapping
textured translucent faces, texture must be
generated prior to the frame buffer input and the
expense must be borne. To allow use of texture
generation upon output in a system with
translucency. resttictlons must be placed upon
the use of texture. One possibility is to
prohibit the use of texture on translucent
surfaces and to store an attenuation factor for
the texture modulation on the underlying
surface. Bnother approach is te only allow
translucency for model switching and to keep the
outlines of the cbjects similar so that a texture
may be applied using the Z value from elther
model: no texturce is allowed on models that may
be switched completely out.

Prioritization of Curved Surfaces

There are several problems in. integrating
curved surfaces into the clted architectures.
General curved surfaces have concave features
that are difficult to prioritize by methods other
than Z buffering. A restriction to convex pleces
solves this problem, at a significant loss in
generality.

If a large curved surface, such as a terrain
representation, must be subdivided for any
reason, there will be a problem in matching the
edges of the curved patches when the patches must
change to different levels of detail. This can
be avoided by restricting level of detail changes
to small curved features added on top of
underlying surfaces. However, this will limit
switching effectiveness and also generally
require the computation of the intersection of
the two curved surfaces, a much more complicated
requirement than bounding the surfaces by planes..

SUMMARY AND CONCLUSTONS

This paper has discussed two geometric
processing architectures and four video
processing architectures in the context of a half
dozen or so image generator features. Each
architecture has strong and weak points as
summacized in Table 1.

hrchitectuce Strengths Weaknesses
Pipelined Ceomettic Throughput Inflexibility.
Processor complexity
Parallel Programmable Flexibility, Throughput
Geometric Processor modulacity '

Scanline Video
- Processor meory
Reverse-Priority

Videc Processor

Requires little

Easy translucency

Seanline overload,
priority-overload

Internal edge
occlusion

Priority-Ordered overload Translucency implementation.
Video Processor resistance large memotry requlred -
bDistance Sorting Easy Aliasing. .
Video Processor prioritization translucency implementation

Table 1. Image generator architecture characteristics.
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For any paiticular application. the
strengths and weaknesses must be weighed. For
example, 1f data base flexibility is important
but image quality is not important. the distance
sorting architecture. 1s suggested. On the other
hand, every architecture has weaknesses. The
designer does well to identify the weaknesses as
early as possible. and to do the best possible to
minimize them through lnnovative design or
appropriate operational restrictions. Users
should find out what the weaknesses are and
assess those weaknesses in the light of the
application requirements.

For high performance £light simulation. the
author's opinion 1s that within the next two or
three years, teduced costs of processors and
memories will make a parallel programmable
geometric processor with a priority ordered video
processor the architecture of choice. This
conclusion is based upon the belief that overload
resistance and image quality ate extremely
ipportant in this application. The disadvantages
of translucency appear tractable with clever
design, and in any case translucency is a feature
with specialized application where sone
limitations can be accepted.

More generally., an important theme of this
paper is that image generator design must deal
with a set of features that must work together.
Features new to the art such as photographic
texture or curved surfaces must be combined with
all the other features required to make a system

that meets a given set of requirements. Users
should therefore approach innovative features
with some skepticism; the tradeoffs must be
understood to find out if they meet the user's
requirements. : -
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