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ABSTRACT

For years, the users of visual systems, in both the military and
commercial worlds, have made a plea to the developers to significantly lower
the costs of those visual systems. Then, in a second breath, they have
continued to demand high visual fidelity. Not surprisingly., the trend .amang
visual system developers has been to provide more capabilities for higher
cost.
effort has been made to lower costs, while still maintaining the features most
egsential and effective for training tasks, buring the highly selective
process of determining system features, some capabilities, such as smooth
shading, eolor blending and transparencies, were seriously questioned. Other
capabilities, such as texture, scene detail management, resolution, dynamic
coordinate systems, and reasonable image quality. remain high on the list.
The paper describes how the essential features were incorporated in a highly _
cost—effective design with surprising flexibility and modularity. Painstaking ~

efforts were made to optimize the hardware efficiency, making use of custom,

semicustom, and commercial VLSI.
a parallel processor architecture in the geometric processor—-a departure from
the traditional pipeline approach. The architecture provides system
capabilities ranging from low-cost, night-only operation to high—resolut:r.on,
daylight scenes rivaling the current high-end systems. All of this can be
contained in a single card cage per channel. The challenge of the visual
users has been met. B ) . R
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Some time ago, Evans & Sutherland
Computer Corporation and Rediffusion
Simulation determined that the time was
right to develop the next generation of
NOVOVIEW visual systems. with the
exciting possibilities now made possible
by VILSI and other new technologies, in
combination with the experience gained
with the NOVOVIEW and CT' products., it
was desirable to offer a new family of
visual systems.

The user community has continually
made the plea for Ilower cost visual
systems. We have heard those pleas. We

have also heard the ecually loud demand

for higher capabilities and fidelity.
We realized from the beginning that
current capabilities and features could
not be reduced; in fact, we well knew
that we would have to increase capabili-
ties. However, we have made a conscious
effort to keep the 1lid tightly screwed
down on cost. In this development, it
wasn't the goal to surprise the market
with new advanced features, but rather
provide a carefully selected set of
well-proven features at a reduced cost.
The resulting product 1line has become
known as SPX.

SELECTING THE CAPABILITIES

With this overall goal well
established, i1t was no easy task to
determine what the capabilities for the
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enumerating all of the features of the
current NOVOVIEW product 1line. These
systems have provided very realistic
night and dusk scenes for training in
most of the commercial airlines as well
as some military applications. The
realistic night scenes  were made
possible by the use of calligraphically
drawn light points. It was felt that
the new system should include this
capability. The highly specialized and
calibrated visibility and environmental
effects should also carry over. Other
features were also evaluated relative to
thelir effectiveness. Nearly all of them
must be included in order to meet the
FA2Z Phase II and Phase IIT requirements.

After considering the current _ fea-
tures, the door was opened Yo sugges—
tions for additional enbancements. _The
suggestions came pouring in. It seemed
the list would never end.
Some of the suggestions seemed beyond
reach, almost frivolous; but many had
great wvalue.

Although all of
cannot  be enumerated in

_the design goals
this short

paper, a few of the most important ones
should be  mentioned. Texture was a
must. Expanded capability for moving
objects was high on the list. Increases

in~ image quality and resolution seemed
necessary.
very modular and flexible in order to
cover a wide variety of needs. With the
increasing need for larger and more
detailed models, the effective capacgity

The system would need to be



of the system must be large. Here, it
was known that wvery significant gains
could be achieved by providing better
data base management and scene culling
early in the computation process.®*
Such techniques would not only increase
the system capacity, but increase the
effective display capacity by ensuring
that each polygon and 1light processed
and drawn is an effective part of the
scene. And in considering large models,
the process of creating these data bases
would need to be streamlined so that the
models remain affordable.

However strong the pressures and
temptations were to get carried away in
including everycne's wishes, one over—
riding requirement remained strong: keep
the cost under control.

If selecting the requirements was
difficult, implementing them within the
cost constraints was aven harder.
Although the system regquirements were
established early in the development,
their solidification was tied to the
actual hardware and software design.
Designs were optimized--several times.
VLSI, both custom and commercial, was
exploited. New packaging methods were
examined and implemented where  appro-

priate. Capabilities were re-—examined.
Software programs and tools were
developed. Gradually the obstacles

yvielded; the results were rewarding.

The next sections of the paper
describe the major parts of the image
generator, thelr architecture and
capabilities.

REPLACING THE GENERAL PURPOSE COMPUTER

Traditiconally, wisual systems have
included general purpose computers at
the front—-end of the image generators.
These computers have ranged anywhere
from a small minicomputer to a fairly
large and powerful super mini. The
general purpose computer c¢ontributes
significantly to the cost of the system,
and has become so0 ingrained in <the
vizual system, that many commercial and
military regquirements documents spend
considerable effort specifying the
attributes of the computer.

As visual systems have been devel-
oped, the use of the front-end computer
has undergone significant changes.
Early systems actually performed major

portions of the standard graphics algo— -

rithms in the computer. However, as
system capacities have increased, more
and more of the graphics algorithms
have, of necessity, been committed to
special purpose hardware. In many of
the latest systems, very few, if any, of
those algorithms are performed in soft-
ware. In fact, many additional tasks,
such as special effects algorithms, are
now being performed by special purpose
hardware.

With many of these tasks off-loaded
to. the special purpose hardware, the
computer, during the actual simulation
process, acts primarily as an interface
device. It serves as the Iinterface to
the _host computer, interfaces the disk
to the environment data memory, provides
overall system control and executes some
special effects programs. For thése few
highly specialized tasks, the guestion
can be asked: "Why require a general
purpose computer?” Additionally, the
super mini usually has a powerful (and
slow) operating system, complete with
extensive file mapnagement, multi-user
software, and a whole set of unneeded
capabilities which drive up the cost of

- the system and sit idle during the

simuelation task.

Most of the raw computation and
interface capabilities can be contained
in a handful of cpmmercially available
VLSI chips including microprocessors,
DPMA centrollers, serial and parallel
interfaces, and memory. The SPX system
makes use of .a single-card, front-end
processor based arcund the Motorola
68000 microprocessor. The capabilities
of this card are highly suited to host
computer and mass media interface tasks,
while providing adequate computation and
system control functions. The card pro-
vides a standard SCSI interface to 8
variety of. cost effective mass media
devices such as Winchester digks and
tape streamers. Ethernet has been

selected as the host interface, pro—-

wviding sufficient speed at low cost. If
more front—end g¢apabilities are needed.
additional Multiprocessor (MP) cards can
be inserted to operate in a parallel
processing mede.

In an  off-line mode, the Multi-
~processor ward can support full data
base development capabilities as well as
system diagnostics and maintenance
“functions. Again, the cost effective-
ness of the system is increased. .

EFFICIENCY THRCUGH OBJECT MANAGEMENT

- - One of the major goals of the devel-

opment is to provide for an increase in
system capacity as well as an increase
in the apparent polygon capacity of each

channel. This would require a front-end

processor which would provide for. cull-
ing scene detail which was out of the
figeld of view or too distant to be of
value to the scene, and submitting to
each channel only the data most likely
to appear in that channel. Through

early scene management, each Geometric

Processor and Display Processor can
spend its energy processing data base
elements which will “appear on the dis—
play rather than wasting time processing
elements which will eventually be re—
jected anyway. o -

A small set of bardware, called the

.Object Manager (OM), was designed to.

perform five basic functions. First, it

provides large area data base management

1’!



by traversing the hierarchical data base
structure and retrieving from disk those
scene elements which are close enough to
the eye point that they hawve the poten—
t+ial of appearing in one or more of the
visual channels. Second, the OM sorts
through the same structure and creates a
list of the objects, in highest to low-
est visual priority order. Third, it
provides level-of-detall management so
that cbjects can be displayed with less
detail when they appear at far distances
and increase in detall as they get
nearer. Fourth, it provides for object
instancing, where objects need  be
modeled only once in the data base, but
can be repestedly used throughout the
scene. Finally, =~ each potentially
visible object is tested against. each
channel's field of view té see if the
object is in a given channel.

Some portions of these functions
deal with system issues which are inde-
pendent of the individual channels.
Other portions are channel dependent.
We had the option of designing a system—
general management section or placing
individual object managers In each
channel. The decision was made to place
small management units in each channel.
This configquration has several advan—
tages. It allows the management func-—
tion to expand as channels are added.
It alsc gives significant £lexibility to

system configuration, offering offset
eyepoints or multiple independent eye-
points.

THE GEOMETRIC PROCESSOR

The basic functicns to be performed
in the Geometric Processor (GP) are
fairly universally understood. This is
the section of the image generator which
performs vector  translations, vector
rotations, polygon clipping, and per—
spective division. The need exists for
a set of hardware which can perform
large numbers of these calculations in a
wvery short time. Previous NOVOVIEW
systems_ had performed many of these cal-
culations wusing bit-serial arithmetic
circuits arranged 1in a pipeline archi-
tecture. Such an architecture is low
cost and also lends itself well to high
speed VLSI implementation.

Bnother approach to performing the
GP algorithms is to use parallel_ arith-
metic ecircuits in a pipeline fashion.
This approach offers greater throughput
than the bit serial appreoach, but
usually at c¢ommensurate cost.

The SPX design team analyzed the
pipeline approaches, only to repeatedly
find that they suffered from three basic
problems. The first is that there are
inefficiencies associated with process-—
ing a mixture of entities which reguire
different amounts of time to compute.
For example, light points can usually be
processed more rapidly than ~polygons.
However, if lights and polygons are

intermixed, the lights c¢an flow through
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a multistage pipeline no faster than the
slowest polygon. . This variance in com-
putation between different elements c¢an
be smoothed by placing FIFO0 buffers
between the various stages. Again, the
cost goes up. The second major problem
is that pipelines have difficulty being
sufficiently flexible to perform a large
number of varied algorithms. Third,

" pipeline architectures do not lend” them—

selves to eXpansion. It ig difficult,

short of duplication, to increase their

throughput.

Graphies for simulation requires
much more than the traditional algo-
rithms such as translations, rotations,
clipping and perspective divisions. In
the wvisual system, the hardware should
process many special effects such as
rotating and _flashing 1lights, curved
strings, directional illumination char-
acteristics, VASI systems and a variety
of other special cases. Special texture
functions are also reguired, and wvisi-
bility effects add to the tasks. L

In order to provide the flexibility
and modularity desired, the SPX engi-
neers decided. in faver .of ah alternatée
to the pipeline approach. It employs &
number of independent processor sets,
each capable of bperforming all of the
required algorithms. Figure .1 1illus=
trates how SPX uses multiple copies of.
an arithmetic ©processor card which
contains high speed arithmetic and logic
elements connected to. a _data memory.
The entire structure is 32 bits wide,

providing sufficient accuracy to elimi-.

nate most floating point operations. A
writeable control
the on-card control to heold the algo-
rithmic c¢ode  for _ all geometric and
special purpose functions. Several
cards operate independently, but _ in
parallel, to provide sufficient through-
put. Additional cards may be added as
system needs require. This non-pipeline
approach provides efficlent use of the
computation elements, almost limitless
algorithm flexibility, high throughput,
and expansibility.
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Figure 1. Geometric Processor
Block Diagram
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THE DISPLAY PROCESSOR

The real struggle in developing a
cost effective visual system came in the
Display Processor area. The Display
Processor is that portion of the image
generator which follows the Geometric
Processor and actually forms the pizel
elements to be drawn by the display
device. _Many architectural approaches
were examined, and the one finally
chosen uses an area processing algo-
rithm. This appreach produces superiocr
quality images and polygom counts which
inerease nearly exponentially with pro-
cessing time. It was first developed by
Evans & Sutherland? and forms the
basis of the CI5 and CTé systems. This
approach has subsequently been used by
other visual system manufacturers.

When the area processing archi-
tecture was first considered for SPX,
its size was almost overwhelming, since

the minimum amount of hardware which
must be  in place to make the approach

work seemed very large. The real
challenge was to define the smallest
complement of Thardware which could .

process the entire screen area several
times each field with sufficient resc-
lution to give excellent image gquality.
In order to reduce the cost of the hard-
ware involved, each capability and
algorithm of the Display processor was
carefully examined. In contdining
costs, it would be necessary to limit
capabilities to those felt to be the
most essential.

As the development progressed and
each area was examined, it was dis-
covered . that some advanced features
required surprisingly 1little hardware.
A good example was the transparency
feature. With the area processing
architecture, transparencies come with
the territory. A similar situation
arose with variable amounts of  anti-
aliasing capability. It was supposegd
that a savings c¢ould be realized by
reducing the amount of antiallasing,
particularly in the low-end night/dusk
configuration. However, it was
that the capability would cost more to
take out than to leave in. Thus, all
configurations of SPX will provide image
quality identical to that of CTs. -

On the other hand, the amount of
hardware reguired to perform the inter-
polations necessary for smooth shading,

celor Dblending and the traditional
distance related. fog was significant.
After careful consideration _of the.

actual use of smooth shading in many.
applications from the CT5 Visual System,
it was decided that smooth shading could
be eliminated, and the system would

still maintain the capability to offer

effective training in almost all areas.
Fog was a more difficult problem. It
can't just be eliminated! The_ process
of determining the distance to

vertex of a pelygen  and then

interpolating across the interior of the =~

polygon was expensive., especially when

_found

each
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~objects
. algorithm,
-of the

_calculating seVveral pixels in parallel.
One

alternative was  to 1implement an
algorithm which would scan the fog
correctly for the ground plane, and then
fog 3-D objects on an object by object
basis. All polygons of a given object
would receive the same fog value. This
approach would probably be better than
prior systems of this class, although it
wouldn't give very good results on large
like mountains. During the
struggle ~“to define the ©best  fog
a new approach was discovered
(or rediscovered) which paralleled many
computations necessary for
texture. This approach, which has been
implemented. in SPX,  provides distance
related fog for all polygons and lights

. in the scene and varies smoothly across

polygon interiors. 1Its beauty lies in

the fact that much of the hardware
necessary for its computation provides
simultaneous input to the texture
section. =

Since texture |has already been
mentioned, it is appropriate to discuss
it  here.  When  texture was first

implemented at Evans and Sutherland in

" the SP3T system, its computation was
simplified due to the use of rolied
raster. It also, of necessity, was

restricted to the ground plane or planes
lying parallel to the ground plane,
Since SPX would no lTonge¥ use rolled
raster, the more complex algorithm would
need to be implemented. Once the
algorithm was expanded to handle the
case of unrolled raster, it was a
straightforward addition to  provide
texture on polygons of any oriemtation.

8P3T provided four texture patterns
with many different combinations of all

four patterns possible on each polygon.

The most useful combinations of patterns _

involved combining only two patterns at

a time. The database designers also
- gxpressed a need £or more patterns.
Thus in SPX, more patterns will be
available; but, in the interest of re—

each polygon <an

ducing hardware cost,
two—

specify only the more effective
pattern combinations.

consideration was the number of polygons
and lights which should be processed by
the visual system in order to provide
effective training. With the area pro-
cessing architecture, the number of
polygons which can be drawn increases

~rapidly with small gains in processing

power or time.

. The temptation 1is to go to the
extreme in polygon <counts. However,
polygon and 1light counts impact the

relationship. 8evéral of the low <Cost
visual systems have provided very effec-
tive training with 200 to 450 polygon
capacities. Ofttimes these
referred to the total polygons being
submitted to the image processor, while
many fewer were actually drawn. With
good data base management, level of

geometrig processor in a nearly linear

numbers
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detail management, and . scene element
culling based on disgtance and individual
channel fields of view, the effective
polygon capacity can increase many fold
without actually increasing GP and DP
capacities. In addition, the advent of
texture significantly reduces the need
for large numbers of polygons to define
the ground scene. With these factors in
mind, the polygon capacity of SPX was
set at about 500 displayed polygons in
each channel. This polygeon count is sig—
nificantly less than that of the top-end
visual systems, but probably five to ten
times higher than the effective count of
systems of this class. Remember, SPX
was designed to provide effective
training at much lower cost.

Point lights also_ play a large role
in training simulation. Calligraph—
ically drawn lights have always given
superior performance than raster drawn
lights. For effective nighttime and low
vigibility take off and landing train-—
ing, the small, high contrast calli-
graphic lights are preferred. The new
architecture provides for the eoption of
calligraphic 1lights 1in addition to
raster lights. If the calligraphic
option 1is removed, all lights will De
integrated into .the raster structure.
The display drivers are capable of
driving either caliigraphic displays or
raster scan displays.

A further reduction in Display Pro-
cessor hardware came from the incorpor-
ation of custom and semicustom VLSI. A
conservative estimate revealed that the
custom and semicustom VLSI in the Dis-
play Processor reduced the size of the
design by 35 percent. This, of course,
does not count the use of commercial
VLSI,

SYSTEM FLEXIBILITIES

The 8PX system is much more than a
single system; it is a family of wvisual
systems ranging from a quality low
resolution, monochrome system, to a

powerful high resolution system which

will rival even the high-end systems.
Figure 2 shows a block diagram of the
basic structure of the SPX system. It
shows the channel expansion capability,
where each channel processor contains an
optional Object Manager, a Geometric
Processor, and a Display Processor.
Each system can be expanded to include
up to eight channels. Within certain

constraints, individual channel . pro— |
cessors belonging to a system may be
configured differently. Notice that

multiple Multiprocessor cards can Dbe
added to - the system to accommodate
special user needs. MKultiple disks, and
other mass storage devices are also
possible.

Each Channel Processor is housed in
a single backpanel which is prewired to
accept all hardware options. Thus,
systems originally configured as low-end
systems can easily be expanded by simply
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Figure 2. SPX System Block Diagram

System

expanded &hree-channel system 1is pack-
aged in only twe 19-inch cabinets,
excluding terminals and displays.

The hardware Object Manager itself
is an option. The standard low-end
system will not be eguipped with an OM,
but will rely on the Multiprocessor card
to perform limited data base management.
. hardware OM can be added to provide
additional capabilities., ° All _larger
systems require a2 " hardware Ohject
Manager. : T

Geometric Processor cdpacity can be
expanded simply be adding more Arith-
metic Processor cards, As «cards are
added, the system automatically expands
to use the additional cards; neither the
software or any other part of the hard-
ware Teeds configuration changes %o
accommodate the new cdrds. On the other
hand, the systém can operate. with
degraded performance in the event an
Arithmetic Processor card fails. In -
addition to the f£lexibility of adding
more cards, the programmable nature of
the card offers future flexibility.

The Display Processor hardware ig
modular in the following siz areas.

1. Resolution is modular in three
basic steps, ranging from about
one quarter to three guarters of =

‘'z million pixels at S0Hz oper-—
ation. . o T
2. BSurface rendering can be either
monochrome or-full color. T
3. Surface ¢texture is an option
which can be included in  both
the low-end and high—end con-,
figurations. T

4. Landing light lobes can be added
or removed. oo



5. Calligraphic 1light capability is

a plug-in option (provided the

displays are compatible).

6. The 1image gemerator can _be
interfaced to a nuber | of
different types of displays and
projectors, including calli-
graphi¢ and raster scan displays.

Figure 3 is a block diagram of a
minimum configuration Display Processor.
A channel of this c¢onfiguration could
provide monochrome scene simulation such.

as might be required for sensor
simulation.
I FOG
FROM »] GEHERATOR
GEOMETRIC
PROCESSOR
—I—b nn;aouv
DUAL FIEL] DISPLAY
Burren - [* iNtERFACE f—P

[

Figure 3. Minimum Configuration
Display Processor

AREA
o] PROCESSOR
L

Figure ¢ shows a maximally c¢on-
figured system, complete with full
color, texture, calligraphic lights.,

landing light 1lobes and high capacity
and resolution. Many possible config—
urations lie between the minimun and
maximum configurations.

TEXTUNE
i GENERATOR

1 | g———mmny.
*  ros_ || =
_— .| GENERATOR N v
GEQMETRIC DISPLAY
PROCESSOR DUAL FIELD ol piseLay
—re—— BUFFER [ |veseace —
= d
™ Lasnins _|_’
LIGHTS l
CALLIGRAPHIC
CIGHT BUFFER

AREA
PROCESSOR

Figure 4., Maximum Configquration
Display Processor
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.possible.

] In addition to flexibility provided
by hardware configquration, many system
parameters such as raster scan stan—
dards, gamma correction functiomns, etc.
are stored in RAM and can be modified to

. suit a particular user.

CONCLUSION

The SPX family of wisual products is
the result of a conscious effort to
provide an efféctive wvisual simulation
training device at the lowest price
Great efforts have been made
to simplify the architecture and then
implement it efficiently through state
of the art technology. The photographs
in Figqure 5 give some indication of the
image quality and fidelity attainable
with SPX. Its modular architecture will
provide the f£flexibility to meet the

majority of visual system needs.
Further, since the SPX architecture isg
similar to that of CT5 and CT6, addi-
tional growth can come from future
exchanges.
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Figure 5. Scenes Representative of Those Produced by SPX
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