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1. Introduction

This technicd report describes an investigation duing
the spring semester of 1999 at New Mexico State University to
improve red-time cmputer graphics. Spedficdly, the focus is
the bad clipping plane and the repercusgons of its removal. Of
primary concern is the task of polygon count reduction (referred to
simply as 'paygon reduction), of which several methods are
examined. Also of paramourt importance is the relationship
between the bad clipping plane and the dhoice of a method for
visual surfacedetermination. Discussed in detall is the technique
of Z-buffering (also called depth-buffering).

The objedives of the investigation were twofold; first
and foremost to discover whether the impetus for a badk clipping
plane muld be diminated, and secondto explore and estimate the
effedivenessof different methods of compensating for the ebsence
of the badk clipping plane. If the badk clipping planeis eliminated
from the rendering process it is crucial to consider how this
affeds the visual surface determination (VSD) algorithm. The
reason is that as £ene wmplexity increases in red-time graphics
applications, the VSD agorithm "very rapidly bewmmes the
limiting factor in rendering realistic worlds." [ABRASH, 765]

2. Background
2.1 Graphics Pipeline

The basic goal of computer graphics (at least for the
purpose of this discusson) is to acarately represent logicaly-
defined, continuos, threedimensional scenes on a discrete, two-
dimensiona medium. In order to uncerstand most computer
graphics algorithms, it is best to consider them within the context
of the rendering pipeline. The pipeline oncept is a very
convenient and attradive way to visudize (and Jtimately
implement) graphics operations. The major stages of a genera
rendering pipeline are shown in Figure 1. [FDFH, 867]

First of al, aprimitiveis smply a mnstituent part of the

scene, defined either mathematicdly or logicdly (via an organized
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data structure) such that its disposition within the scene can be
derived. A common primitive is a convex polygon.

A rudimentary pipeline could consist of as little & the
projedion and rasterization stages. These two stages perform the
key functions in the aedion d an image. The projedion stage
esentialy eliminates the third dmension by projeding the scene
onto a projedion dane positioned in front of the viewpoint, or
center of projedion (Figure 2). The rasterization stage makes the
conversion from a ntinuows mathematicd description to a
discrete pixel map.

The transformations stage dlows for the viewpoint to
asaume diff erent angles and locations within the 3D scene. Visua
Suface Determination (VSD) is $hown as a single stage, when in
aduality there ae numerous places within a pipeline where VSD
In fad,
determination algorithm that will be discussed (Z-buffering) takes

related adivities occur. the particular surface
place within the rasterization stage. At the very least, though,
three-dimensional volume dipping would occur in the VSD stage
as it's siown. Volume dipping is just the process of removing
primitives from further consideration becaise they are locaed
outside the aurrent field of view (FOV), which certainly qudifies

3D
3D Primitives —p| Transformations Lighting Rasterization » 2D Image
v F N
Visual | Projection
> Surface Transformations

Determination

(& 2D clipping)

Figure 1
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as visual surfacedetermination. Of course, the red difficulty in
visual surface determination involves identifying primitives that
are inside the FOV, but can't be seen duwe to ocdusion. At any
rate, pipelining the rendering processis an efficient approach to
deding with the many complicaed processes that have to occur to
generate a redistic two-dimensional representation o a three

dimensional scene.

2.2 Z-buffer Algorithm

Having covered the bare-bore fundamentals of
computer graphics, it is aso prudent to review how a basic Z-
buffer algorithm works. In short, Z-buffering is a very flexible
method with low computational overhead bu a stegp requirement
for physicd memory. A buffer is creaed that is equal in extent to
the wlor buffer (or frame buffer), i.e. large enough to have an
entry for eadh pixel in the final two-dimensional image. For
example, an image of dimensions 800 x 600 pxels would require
aframe buffer with enough memory for 480,000 color values, and
a Z-buffer with enough memory for 480,000 depth values. These
buffers are not necessarily equal in memory size, as a wlor value
and depth value ae unrelated in size  Stored in this Z-buffer are
the depth values of the visible projected primitives.

The method poceals as follows. The Z-buffer is
initialized to the value that corresponds to the furthest possble Z
value (a depth beyond which primitives are not rendered). The
color buffer is initialized to the badground color. As primitives
are transformed, projeded and clipped in order to be rasterized to
the fina image, the depth values of the vertices are retained.
When a pixdl value is ready to be written to the wlor buffer at a
given location, the Z-buffer algorithm is executed (Figure 3):

1.) The depth value currently in the Z-buffer at the
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Only the adual vertices of the primitives will have a
spedfied Z comporent, but a Z comporent is needed for every
pixel within the rasterized image in order to dothe comparisons.
This obstade is overcome by interpolation wsing planar coherence,
where the diff erence between the Z values of two vertices are used
to cdculate a incremental Z for that primitive, which is smply
added to ead Z value & the projeded primitive is traversed in
two dimensional space. [ANGEL, 280]

Thus, at any given time, the Z-buffer contains the depth
values for the dosest element that's been projeded upto that time,
for every pixel in the image. For this reason, the Z-buffer
algorithm is gedfied as having image-predsion, as oppced to
object-precision[FDFH, 668]

A VSD agorithm with objed-predsion performs objed-
to-objed comparisons prior to rasterization. Naturdly, this
requires the use of more cmplicaed techniques to cdculate
intersedions and such, and it is not guaranteed that eat pixd in

the final image represents the primitive that is actually visible.

specified pixel's location is compared to the depth value3. Motivating Problem

of the new pixel.

2a.) If the old value is closer to the viewer than the new
one,then no change is made to either the color or
depth buffers.

2b.) If the new value is closer, however, then it replaces

3.1 Back Clipping Plane

The impad that a badk clipping plane has on the
performance of rendering interadive outdoar scenes is very
positive. Theimpad that it has on image fidelity is very negative,
and the purpose of this investigation is to determine if that

the old Z value and the new color replaces the old colon€dative impad is avoidable. Ultimately, the ideais to show that

at the same location in the frame buffer.

there is no longer a need for the badk clipping plane, that
techndogies and methods exist which make the bad clipping

plane obsolete altogether.
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A bad clipping plane is used to construct a view
frustum (volume), which bound the threedimensional area that
defines the aurrent field of view. This frustum is used to do
volume dipping onthe set of primitives for a scene (seeFigure 4).
Any primitive (polygon, for instance) that lies outside this view
volume is not included in any successve processng stages. Of
course, that's appropriate for primitives that truly lie outside the
field of view. Anything behind the viewpoint (i.e. in front of the
front clipping plane) is considered to be behind the viewer and is
trivially rejeded. Those primitives that are locaed too far to the
left, right, above, or below the view volume can't be seen either, so
no harm is done by eliminating them.

However, when primitives are discarded becaise they
are located behind the badk clipping plane, a nasty side dfed
manifestsitself. Consider that such primitives are a¢ualy visible
(assuming they are not ocduded) because they are, in fad, inside
the field of view. The obvious consequence is that the rendered
image does nat include objeds that ought to be there. That is
inconsequential if the viewer doesn't know those objeds are
missng. Thus, the red problem occurs when the image is
rendered within an interadive, or at least red-time animated,

application.

3.2 Real-time Applications

The dipping planes of the frustum are bimoda in
nature, meaning that whatever isn't on ore side of the plane is on
the other. Thus, as primitives crossthe boundxry of the dipping
planes, due to movement of either the observer or the objed, they
simply appea (or disappea) in the next rendered image. Thisis
acceptable for al of the other clipping planes because the viewer
isn't aware of what's outside the field of view. But when oljeds

enter or exit the frustum through the bad clipping plane, the

effed is extremely unredistic: they just popinto or out of view, in
an areawhere the viewer was adrealy looking. As a result, the
viewer becomes aware that the objed was, in fad, missng, either
from the previous image or the subsequent one.

For example, consider a terrain scene. In ore image a
hill or similarly large objed is clipped by the bad plane, and then
in the next image the view volume has moved just enough to
include the front of the hill and so there it is, a hill where there
was nore before. The objed does nat have to be large for the
effed to be undesirable, either. Anything that would cover more
than a few pixelsif it was rendered is going to be naoticed when it
suddenly popsinto or out of view. Thisis the problem with bad
clipping planes. The obvious lutionis to simply get rid of the
back clipping plane.

4, Choose a VSD Algorithm

After all, there is nothing that absolutely prevents the
removal of the badk clipping plane. There ae severa reasons that
it might be inadvisable, which will be aldresed shortly, but
there's no reason it can't be dore. This is where Z-buffering
comesinto play. With the badk plane gone, the VVSD agorithm of
choice is definitely Z-buffering, and for several reasons.

The fad that Z-buffering
algorithm is one of the things that make it so attradive for this

is an image-predsion
stuation. Withou a bad plane, there will be a much higher
polygon (primiti ve) court per frame, which has two consequences.
First, a VSD agorithm with ojed-predsion must do ohjed to
objed comparisons, and the number of comparisons <des
propationaly with an incressed pdygon court. It might also
neel to do model to model comparisons, where a model is a
colledion d poalygons treaed as a single objed. Objed-objea

comparisons are typicdly much more @mplex and time
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consuming than the dementary pixel to pixel comparison that
occurs with Z-buffering. [FDFH, 650]

The second significant advantage of Z-buffering is that
primitives can be @rredly tested for visibility in any order. The
primitive list does not have to be presorted in any way before
processng. Presorting is not something an application would
want to perform for large outdoar scenes with no badk clipping
plane. A small change in the view paosition a angle could result
in the incluson d a large subset of primitives at a depth
completely unrelated to the average depth of the previous st of
visible primitives. In addition to being fairly complex and
impredse, sorting is at best an O(NlogN) agorithm (for N objeds)
and thus is generally best avoided.

5. Complications
5.1 Too Many Polygons

The purpose of the badk clipping plane, and redly all of
the dipping planes, is to reduce the number of primitives that
must flow through the entire rendering pipeline. Processng
primitives is very costly (in terms of clock cycles) and so much of
computer graphicsinvolvesidentifying things that dorit have to be
dore. Pushing a palygon that ultimately will never be seen, all
the way through the pipe is mething that doesn't have to be
dore. That's why FOV clipping is dore. The incentive for the
presence of a back clipping plane @mes from the fad that many
scenes have so many polygons that even just the set of visible ones
istoo many for ared-time rendering pipe. A bad clipping plane
reduces this «t. In fad, the depth of the badk clipping plane is
often a variable parameter cdled 'visibility' which the user can
ater to tune performance (a speed vs. fidelity tradeoff). True
visibility would imply the absence of the back clipping plane.

One very nice onsequence of using a bad clipping
plane is that the standard deviation d the @urt of polygons that
must be fully procesed for any given image is boundd. The
fixed view volume typicdly only holds © many palygons, and so
the dfea of changing the view from an area of low polygon
density to ore of high pdygon density is reduced by the bad
clipping plane. If the planeis absent, changing the view to a high

density area ould increase the paygon court by several orders of

magnitude. This would be detrimental to a real-time application.
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5.2 Z-buffer Aliasing

There ae severa disadvantages inherent in the use of Z-
buffering, disadvantages that could very well foil any attempt to
eliminate the badk clipping plane. The bad plane is there for a
reason, and it is imperative to consider the mnsequences of

removing it. The first disadvantage of Z-buffering exists whether

or not a back plane is present, but is exacerbated by its absence.

The Z-buffer typicdly has entries of 16 a 32 hts in
length. This bit depth determines the range of possble Z values
that can be stored in the buffer. For example, if the vaues are
stored as (unsigned) integers, the range of a 16 kit Z-buffer entry
is simply:

0<2Z< (2%-1) or 0 < Z< 65,535
The implication d this range is that if the Z vaues of the three
dimensional vertices excedl this range, then dliasing is introduced
into the projedion pocess That is, two padnts with different Z
values in threedimensional space which projed onto the same
pixel in the wlor buffer might map to the same Z-buffer value,
preventing correct visibility comparisons.

In other words, the Z-buffer predsion is finite,
determined by its bit depth, and this predsion could very well be
lessthan the predsion that results from the scae/granularity ratio
in the 3D scene mordinates. Thisislikely to be the cae when the
sceneis an expansive, outdoar environment, or if "objeds defined
with milli meter detail are positioned a kilometer apart." [FDFH,
671 This diasing in the Z-buffer is metimes cdled "Z
fighting”, becaise two vertices with dstinct depth values are
fighting for the same Z-buffer value.

The diasing can perhaps be avoided entirely via the
badk clipping plane. If for every frame, the scene is trandated so
that the viewpaint lies at the origin, and rotated so that the view
vedor lies parallel to the Z axis (as is often dore), then the view
volume will be entirely in either the paositive or negative haf Z
plane. The alvantage of this is that if a bad clipping plane is
used, then there is a bound onthe maximum Z value that need be
stored in the Z-buffer. For a 16 bt Z-buffer, the bad plane muld
be placed such that any point with a Z value greder than can be
expresed in 16 hts is automaticdly rejeded duing volume

clipping, and thus no aliasing is possible.



5.3 Z-buffering and Performance Degradation

The second dsadvantage of Z-buffering stems from the
fad that it is an image-predsion algorithm. The visible surface
comparisons take place during the rasterization stage, after
projedion, since the mmparisons must be dore & the pixe
resolution. While this makes life (and rendering) easier in severd
ways, it also has an unfortunate consequence.

Every primitive that passes the FOV clipping (which is
dore regardless of which VSD agorithm is used) must be
procesed by the pipeline up to the rasterizaion stage. So while
Z-buffering avoids the overheal in the ealy stages that would
acompany objed-predsion algorithms, it causes additiond
loading in the later stages. In particular, lighting, projedion, and
2D clipping must occur for a larger primitive set, since the Z-
buffering does not eliminate ocduded oljeds until after these
stages. Normdly, this is an accetable wnsequence of Z-
buffering because there is a badk bound onthe view volume,
hence a effedive bound onthe poygon court for any given

frame.

6. Aliasing and Z-buffer Size

As dated above, the finite predsion d the Z-buffer
introduces diasing which may or may nat be dleviated by the
badk clipping plane.
aliasing shoud be aldressed. The amourt of diasing that occurs

Certainly, if the plane is removed, the

depends on the proximity of objeds to eat other. If depth values
have 32 fits, and Z-buffer entries are only 16 hts, then the least
significant two bytes of the depth value may be truncated when it
is gored in the Z-buffer (depending on the mapping used). Thus,
aliasing occurs when two pdnts that map to the same pixel have a
differencein projedion dstance of lessthan 2'°. Figure 5 shows
an example of 8 hit depth values diasing in a4 hit Z-buffer. If
the Z-buffer algorithm canna resolve a omparison kecaise of
aliasing, then neither the Z-buffer or the wlor buffer are updated
(to avoid the memory writes). The risk is that polygon, (in the
example of Figure 5) is procesed first, thereby filling the Z-
buffer and color buffers with its values. Then, whenever
polygon, gets processed, its values are discaded becaise it
aliases onto pdygon,, and theincorred polygonisrendered in the
image. So the fad that the primitives are processd in esentialy

random order is also at the root of aliasing.
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The kneejerk solution to the problem is to increase the
bit depth of the Z-buffer until it's sufficient to contain the range of
the scene mordinate values themselves. That has been the solution
adopted by many applicaions, even with the presence of the back
clipping plane. In fad, for large scenes, the wordinates can be
kept in floating point format and the Z-buffer itself holds the
depth values in floating point (usualy 32 ht, single predsion).
This olves the diasing problem, but it seems like an inefficient
solution.

shoud na be ignored. The total size of a typicd Z-buffer can

For one thing, the size requirements of the Z-buffer

range anywhere from, roughly, IMB to "M B, depending on the bit
depth and image resolution. Figure 6 shows the buffer sizes for
the full spedrum of image resolutions, for several depths from one
to eight bytes.

The last few resolutions are just extrapolated using the
common 43 ratio. They represent resolutions likely to be used in

the nea future, and so the acompanying buffer sizes represent the

Zbuffer Size vs. Resolution
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future requirements for Z-buffering applicaions. Many red-time
rendering applicaions today are drealy running at aresolution o
128x1024 Asthe dart shows, at the higher resolutions a 32 kit
Z-buffer can reguire & much as 18 MB. A 64 bt Z-buffer could
concevably require over 35 MB! At these sizes, just the ad of
initializing the Z-buffer between frames becmes a performance

concern.

6.1 Ideas about Antialiasing

Instead of merely matching the Z-buffer predsion to the
scene @ordinate predsion, perhaps a benefit could be had from
utili zing anonlinea mapping from scene depth to Z-buffer depth.
This involves adjusting the concept of Z-buffer space.

Consider a 16 Wit Z-buffer. Ead entry is capable of
containing any of 2 distinct values. Is that enough to
differentiate between every projeded pdnt in the visible scene?
The temptation is to say 'no, particularly when those points use a
32 kit floating-point representation. However, if the 2'° values are
not alocaed linealy acording to depth, then they might very
well be enowgh to maintain the desired level of visua fidelity.
The question kemes whether or not there ae more than 2
distinct points that get projeded orto a given pixel in the mlor
buffer (if no two pdnts ever projeded orto the same pixel, then
there'd be no need for even a single bit of depth precision!).

The average number of polygons that projed onto a
pixel is referred to as the image's depth complexty. [FDFH, 871
Even if the depth complexity is more than 2'® paints, is there a
acceptable level of diasing, if it came with a mgjor reduction in
the space requirements for the dgorithm? How would an
algorithm asdgn the Z-buffer values, if not linealy, to minimize
aliasing artifacts?

One posshle method involves masking the 32 Gt

floating point representation o a depth value. The single
precision IEEE floating point format is as follows:
e7 €0 M22 Mo
| s |exponent]| mantissa |
1 8 23

A 16 bt value could be had by simply combining the 8 hits of
exporent with the most significant 8 bits of the mantissa.  This
would involve one multiple bit right-shift operation and ore

masking bitwise AND operation. [This algorithm would probably
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have to be implemented in hardware or handed by a graphics
processor to be feasible.]

What are the implicaions of using such a mapping
method? The least significent 15 Lts of the mantisa ae
discarded, which reduces the granularity of the depth. The nature
of floating point representation causes less granularity anyway.
Asthe exporent increases, the dfedive resolution d the mantisa
isrepededly deaeased by a power of 2. At very large exporents,
the resolution o the mantissa is extremely low; at a range of 2%
the least significant digit represent§>2

With ony 8 hits of significance, at what distance does
the depth value no longer have sufficient resolution to doacarrate
depth comparisons? If the units are assumed to be virtual meters,
then the scheme loses the aility to resolve & the one meter
resolution for any depth beyond 511 virtual meters.

Thisvalueisobtained by first asuuming a mantissa value
with the most significant 8 hits st to ore. The least significant
digit of the mantissa that is retained in the Z-buffer is mis. To
maintain a one meter resolution, the exporent must be lessthan or
equal to 8 to ensure that mys never represents anything greder
than 2. Thus, the maximum depth value is 1.11111111x 25, or
511 (the IEEE format uses an implicit leading bit, set to ore, for
normalized numbers).

The implication is that any objed beyond 511 meters
canna be orredly tested for visibility against any other objed
within ore meter. A more likely requirement for visual quality isa
resolution o 1/8 or 1/16 o a meter. This brings the limit of the
16 bit scheme to as close as 63 or even 31 meters .

A software modd of this algorithm was implemented
and exeauted multiple times with 100 milli on comparisons of
random depths. The average percentage of incorred comparisons
(due to diasing) was 0.0015%. This would effed lessthan 30
pixels on a 1601200 image. Of course, all it would take is
severa large, parallel, overlapping polygons with small depth
differences to expose the risk of severe visibility errors.

It isworth naing, however, that while this sheme does
not seem feasible for outdoar environments, it could be very well
suited for indoa scenes. Such scenes might have enough inherent
visibility limits that 63 a 31 meters would be sufficient. If so, the

use of Z-buffer entries made of 8 hits of exporent and 8 hits of



mantissa would result in a 50% deaease in the size of the Z-
buffer.

6.2 Increasing Speed

Attempts to control aliasing are not without merit, and if
away could be foundto reduce the memory requirements for the
Z-buffer, that would be nice but the biggest concern, of course, is
spead. To be fair, there ae residual side dfeds of reducing the
sizeof Z-buffer entries that cen increase performance  Comparing
shorter values is going to be inherently faster than comparing
longer values, particularly when the Z-buffer agorithm is
implemented in accéerated hardware devoted to 3D, which is the
case more often than na. Also, if the Z-buffer takes lessmemory,
that frees up more of the faster, premium, video memory for other
uses, as well as reducing the time required to initialize the Z-
buffer after ead frame is drawn. Unfortunately, these increases
are minimal. Remember that the ultimate objedive is to solve the
problems that result from the removal of the badk clipping plane.
The biggest problem is the tremendous increase in size of the view
volume, and thus in the number of primitives within the FOV for
any given frame. Just how big is that increase? The aswer
requires a few cdculations, obvioudly, and is the most important

step in determining the feasibility of eliminating the back plane.

7. Geometry Calculations

The aiticd first step is to cdculate the volume of the
view frustum, with and withou abadk plane. The equation for the
volume of the view frustum is derived from the faa that the

volume of any cone, pyramid or otherwise, is determined by the
formula V=%hB, where h is the height of the mne and B the
area of its base. [LH, 391]

V, = %(de‘ - p3)tan2(%)

Where @ is the field of view angle, d is the distance of the badk

eg. 1

plane from the viewpoint, and p is the distance of the projedion
window from the viewpoint (seeFigure 7). Looking ahea, it will
also be necessary to cdculate the aeaof the 'ground cross £dion

of the frustum (the shaded area in Figure 7):
A, = (d2 - pz)tan(%)

As the bad clipping plane is moved further away, the value of d

eq. 2

increses. The ideais to remove the bad plane entirely, which
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would theoreticdly make d approach infinity. Thisisnat the case,
however, as there is a logicd upper bound ond. One caana
redly completely remove the badk plane. There will, in essnce,
always be abad planelocaed at the maximum Z value. Consider
that even with no tadk plane explicitly impaosed, a depth value
can't be greaer than the upper limit of the data type used for the
coordinate system. In ather words, if coordinates are represented
as 32 ht floating point numbers, then there dfedively is a
clipping plane & 3x10°® which is the largest value that can be
expressed in 32 hit floating point notation. If the wordinates are
interpreted as being in meters, then the largest floating point
distance is roughly three trillion times the size of the known
universe. For most applications, this is excessive.

There is, fortunately, a more pragmatic fedive bound
on the depth, which stems from the fad that most 3D scenes do
not encompass the known universe. An ambitious terrain scene
might contain as much as 100 km?® (10 km x 10 km). Thus, a
maximum depth might be 10 km, or 10* m (for 1m resolution).
This <ene-dependent depth limit will be denoted as dax. Now, if
the badk clipping plane is removed, the two previous equations for

the volume and area become:
meax = %(dmaxg - pa)tanz(%) aq 3

A, = (dmax2 - pz)tan(%)

Now expressons for the increase in bah frustum volume and

eq. 4

ground area that results from removing the bad clipping plane

can be derived (equations 5, 6).

AV, = 4(d,,* - d°)tan*(g) ea5
DA = (dp,” - d?)tan(g)  ea.6

The incluson d the ground (or virtua-ground area in this

discusson may be monfusing. It is necessary in order to estimate

Figure 7
7




the adual number of polygons, which is much more interesting
than just the anourt of area ad volume (the bove ejuations can
be thought of as being expressed in virtua-meters cubed and
squared, or vihand vrA).

In order to get an adua count of poygons, it is
necessry to make some asumptions abou the density of
polygons per scene aea ad volume. Obviously, these parameters
are going to be extremely scene dependent. Imagine a scene
locaed in the vaauum of outer space The polygon density is
likely to be extremely low. A 3D scene in ouer space atualy
represents a scenario very conduwive to the removal of the badck
clipping plane. The relative distances are large enough, to be sure.
Also, there is no excuse for using fog or other atmospheric tricks
to dampen the dfea of the dipping plane. There ae no buldings
or mourtains or other terrain to ocdude large anourts of the
visible primitive set. Under such circumstances, the bad plane
could perhaps be diminated withou having to seriously address
the pitfall sthat come with it. For that very reason, the focus of the
investigation is on more eathly scenes: expansive outdoar worlds
with lots of open terrain.

8. Polygon Densities

The presence of aterrain mesh, or grid, will acount for
a large percentage of the polygons within the scene. This is the
reason for cdculating the groundareawithin the viewing volume.
If the groundareais known, and the resolution d the terrain mesh
is known, then it's possble to estimate avalue for the number of
terrain polygons inside the view volume.

Asaime that a terrain mesh will have aresolution d x
coordinate units (vm). For every vm? there will be (2/x?)
polygons (triangles). This terrain density will be referred to as
Serr, and hes units of polygons per vim?.  The number of terrain
palygonsin afrustum with no kad plane is expressd in equation
7.

Jtarpb = 6terr (dmax2 - pz)tan(%) p0|ygonS eq. 7

The other source of palygons within a scene is from the
models. These might be buildings, bridges, vehicles, trees,
animals, soldiers, etc.. Unfortunately, there is a tremendows
amourt of variability in bah the number and detail of the models.
While that variability makes it more difficult to estimate the

polygon court, it's extremely advantageous to developers becaise
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it dlows for scdability and flexibility acording to a given
system's performance capabilities.

Models can range axywhere from extremely low detail
of adozen or so pdygons, to excdlent detail of over 1000 @ even
2000 pdygons. The first step is to addressthe number of models
in the scene. This will be referred to as the model density, dimod,
and hes units of models per vm®. Next, the detail of the average
model is designated as Bmax, Which has units of polygons per
model. The polygons contributed to the view volume from models

is then:

0 mod BmaVs
= 0 o B max (%(dmax3 - p3)tan2(%)) polygons eq. 8
Equation 8 d@s not yet represent the true polygon count
that comes with removing the badk clipping plane. Insted, it is
an expresson simply for the number of polygons inside the view
volume based on the volumetric polygon density of the scene.
There ae several other fadors that must be acourted for before
the red effed of eliminating the bad plane is apparent. To begin
with, the number of polygons expressed in equation 8 shoud be
divided by two. The reason is that if aterrain mesh is presumed to
be present, there will likely only be models on a above the
Instead of
dividing by 2, however, it will be assumed that the model density

terrain, within the top helf volume of the frustum.

dnod is really based on the effective volume of the frustum.

9. Back-Face Culling

Next, there is a technique of reducing the number of
polygons in the view volume. This technique is cdled back-face
culling, and it exploits the assumption that everything in asceneis
an enclosed volumetric object.

If every model isa solid pdyhedron, and al of its faces
have been defined so that their normals are direced ouward from
the palyhedron, then it follows that only the faces whase normals
point towards the viewpoint are visible. All other faces (thase
whose normals point away from the viewpoaint) are ompletely
ocduded by the rest of the modedl (seeFigure 8). The sides of the
objed that are represented with ddted lines are bad-fadng

polygons and would be rejected.
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If the scene has been transformed as described
previoudly, so that the viewpoint is at the origin and the view
vedor is pardlel to the negative Z axis, then the test for back-
fadng palygons reduces to a sign test for the Z coordinate of eah
polygon's normal. This results in an excdlent tradeoff. So much
so, in fad, that it is well worth the dfort to add faces to a model
where necessry to insure that they can orly ever be visible from
one side.

For the sake of simplicity, it will be aamed that the
models in the hypotheticd scene ae basicaly symmetric ebou all
three xes. This implies that regardless of the orientation o the
model to the viewpaint, only haf of the modd's polygons will be
visible. [FDFH, 664 That reduces the ntribution o model
polygons by 50%, athough its effed will be parameterized as
Cmod-

The dfed of badk-face ailling on the anourt of visible
terrain pdygons is not so dramatic, only becaise the aaumption
of symmetry is not imposed onthe terrain as it is on the average
model. While terrain is not adualy a solid pdyhedron, it can be
interpreted as a giant solid pdyhedron, as long as the viewpoint is
not allowed below the terrain mesh. Terrain with lots of elevation
differences would benefit from bad-face alling much more than
terrain that is relatively flat. A conservative estimate of the dfed
of badk-face allling onterrain might be 10% reduction, but for the
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sake of the cdculations it will be parameterized as Cerr (Cierr = 0.9
for a 10% reduction).

Bad-face alling is in esence an algorithm for hidden
surface removal more than it is a VSD agorithm, in much the
same way as is FOV clipping. Both of these methods ease the
burden onthe true VSD agorithm, as well as on the rest of the
pipeline. Anything that shortens the list of polygons that must
flow through the pipe is a boon to performance.

The epressons for the number of both terrain and
model polygons that result from the removal of the bad plane ae

now as follows:

Terrain: Cterréterr (dmax2 - pz)tan(%) pO|ngnS €q- 9

Models: Cmémﬁm(% (dm3 _ p3) ta,]z(%)) pdygors eg. 10

10. Counting Polygons
Equations 9 and 10represent the polygons that must be
procesed, if the bad clipping plane is removed and no dher

steps are taken. An example calculation follows.

Let: (©] =60
Omax =1x1d vm (10 km)
d =1000 vm
p =0.2 vm
B =2x10? polys/vnt (10 vm grid)
Smod =5.0 x 10 models/ivm
(500 models/kr)
Bmax =500 polygons/model
Crmod =0.50 (50% reduction)
Cierr =0.90 (10% reduction)

For the above parameters, the totals are shown in Table 1.
Those numbers bea excdlent testimony to the
importance of the bad clipping plane, and for the daunting
problem of how to compensate for its removal. For the given
parameter values, removing the badk plane means processng over
858 times as many polygons! For this example, the models are
acourting for the mgjority of the palygons. Seleding a higher
resolution terrain mesh or lower detail models would alter this, of

course. Even with a bad plane, the palygon count is amost

Polygon Totals with and without the back plane
Back Plane present? Terrain Polygons Model Polygons  (Models) Total Polygons
YES 10,392 55,556 (222) 65,948
NO 1,039,230 55,555,556 (222,222) 56,594,786
Table 1



66,000 pdygons; a number which would bring many systems to a
grinding halt. Of course, if it did, the bad plane would just be
moved closer, or other parameters would be aljusted, generally
resulting in a lower quality image. [Note: current commodity
hardware graphics accéerators can process between 6 and 9
million triangles per second, which corresponds to between
200,000 and 30Q000 triangles per frame & 30 fps.] Contrasting
66,000 to the palygon court of over 56 million withou a bad
plane makes the idea of maintaining interadive frame rates for
scenes with no badk plane seem absolutely ludicrous. However,
there ae several steps to take, and severa charaderistics left to
exploit, that will narrow that gep between the polygon court with

and without a back plane.

11. Variable Level of Detail

Perhaps the most eff edive step to take is to implement a
variable level of detail system. Variable level of detail (VLOD) is
based on the fad that the importance of a model's detal is
inversely propartional to the model's distance from the viewpoint.
In ather words, it's fairly inefficient to render an Abrams M1 tank
with 1000 pdygons if its postion is kilometers from the
viewpoint.

The idea then, is to adjust the number of polygons that
congtitute eab model depending on the model's proximity (and
other parameters sich as eeal and priority). A model extremely
close to the viewpoint can be rendered in dl its glory; a mode
some distance avay can safely reduce its detail, and a model far
away but still visible can abandon quite alot of detail so long asiit
retains its defining shape and color.

The dfed of such a scheme on a view volume with no
badk plane is very beneficial. Just how beneficia is dependent on
the way in which the model detail is sded. Obvioudy, the
biggest benefit will be derived from models that have avery high
maximum polygon court to start with. The potential deaease in
polygons for such modelsis much higher. Also, the granularity of
the scding is important. If there ae only two passble levels of
detail, then the distance a which the detail shift occurs needsto be
farly close to reg the benefit. This could result in an
unaccetable degradation o visua quality. The more levels of
detail available for the models the better, athough a tradeoff will
and the

likely exist between the granularity of detail

Hostetler, NMSU

implementation overheal asciated with establishing the detail

for each frame.

11.1 Continuously Variable Level of Detail
The ideaof variable level of detail has been aroundfor
awhile, and hes ®en incanations using static levels, or discrete
resolution.  This causes a 'poppng effed’ when the mode
switches from one fixed level to the next. Only very recently has
the VLOD concept been extended to use a ontinuows range of
resolution, where the detail can be ajusted on a per-vertex basis
(vertex-level resolution).
1998 the Cadliforniabased Sven

Tedchndogies annourced its Multi-resolution Geometry (MRG)

In  January,

techndogy.
Multi-resolution Mesh (MRM) techndogy. Examples of both
MRG and MRM show models with over 2000 pdygons sding
down to fewer than 100 pdygons and maintaining excelent visual
fidelity. [INTEL][SVEN]

The use of continuows VLOD techndogy certainly

In March, 1999 Inte Corporation annourced its

seans appropriate to the problem at hand, but its effed must be
meaured in terms of a reduction in pdygons inside a view
volume with nobadk plane. For the purpose of this investigation,
only depth will be used as a fador for detail seledion; model
spea and piority will not be considered, but it is important to
note that their inclusion would further lower the fina polygon
court. It will be cnvenient to creae anew stage in the graphics
pipeline for the VLOD agorithm. An updited pipeline that more
spedficdly represents the pipe & it has been dscussd is $own

in Figure 9.
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There ae only a few parameters that determine the
effead of a VLOD agorithm. The first of these is the depth
difference between when maximum detail is used and when
minimum detail is used. Certainly, models will have maximum
detail when they have avery close proximity to the viewer. For
the sake of cdculations, the depth for maximum detail will be
zero. That alows the depth dfference to be expressed solely as
the depth at which models resolve to the minimum level of detail.
The depth of minimum detail will be denoted as d,q (4 for lowest
detail). Any mode further away than diy will default to its lowest
detail, which cen save alarge anourt of model processng time
during the detail resolving stage. A single depth comparison
could then presumably prevent a huge percentage of the models
from having to be tessellated.

This minimum detail depth might be viewed in the same
light as the bad clipping planeis today: effedive but undesirable.
A lessegalitarian approach would be to scde the minimum depth
individualy for eacy model, based onthe sizeof its boundng box,
the idea being that a visualy larger model would ned to retain
more of its detail at larger distances than would a smaller model.
The dgorithm assumed for this discusgon, however, will adopt
the simpler approach of a fixek}.

A very important thing to redizeis that the model detail
will truly be continuowsly variable, so that from one frame to the
next only smal changes in eah mode will be necessry
(excluding scenarios like distance warping). In most interadive
3D applicaions, there is a tremendows amournt of tempora
coherence caused by the faa that both the view position and view
diredion experience very small deltas from one frame to the next.
Continuows VLOD will benefit from this temporal coherence, as it
will only be necessry to insert or remove relatively small
numbers of vertices between frames. Another excelent benefit of
implementing a VLOD stage into the pipe is that all of the models

will be scded, nat just the ones that would namally be behind the
bad clipping plane. The use of VLOD will reduce the polygon
count for models in the entire range of depth values.

The other important aspea of a VLOD algorithm is the
rate of detail reduction. A simple gproadc, and the one assumed
for this discusson is to reduce detail linealy in propation to
distance Alternatively, an exporential reduction rate would result
in a lower average detail for the models, while still reserving the
highest levels of detail for close distances. For linea reduction,
the rate & which pdygons are removed from models is expressed
as the maximum polygon court minus the minimum polygon
court, divided by the minimum detail distance Of course, this
rate will be different for eadcy model, but as before, the average

model can be used to simplify the situation. The equation is:

_ (ﬁmax _ﬁmin)

r polygons
detail

vm
dld

eq. 11

Bmin isthe average polygon court for models at their lowest detail .

The VLOD effect can now be incorporated into equation 10.

z(g)gga‘@(d'd3 B ps) E
B’ =)

where B =3 (B~ Buin) * Brin =2(Brec + Brn)

Modd PAlygOrs=3 G, 0 pppq ta & 12

The example from Table 1 is extended with the following new

parameters:
dig =500 vm
Brin =50 polygons/model

The new totals are shown in Table 2.

The previous difference between the two model palygon
courts was 555 million. The new difference from Table 2 is
abou 5.5 million pdygons. The murt difference is a fador of
100 down from 858 That's a remarkable improvement, but the
differenceis obvioudly still 5.5 milli ontoo much, if equal polygon

11
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courts are the measure of success(terrain is being ignored for the
moment). There is one more way to tighten the grip onthe set of

model polygons.

12. Scaling to insignificance

The ideabehind VLOD is that as models get further and
further away from the viewer, their detail becomes lessand less
important. The reason that the detail becomes lessimportant is
that the models cover an increasingly smaller areain the final 2D
image & their distance increases. If this ideais extended to its
logicd conclusion, it beacomes obvious that for models beyond a
certain distance not only does their detail become unimportant,
but whether or not they are rendered at dl is irrelevant. This
happens only when perspedive projedionis used in the rendering
process, as opposed to parallel projection.

Perspedive projedion creaes a virtua vanishing paint,
which makes objeds sde inversely propartiona to their distance
from the viewpoint (Figure 2).
discrete pixelmap, the smallest individua element that can be

Since the final 2D image is a

rendered is a single pixel. Once amode has been moved far
enough from the viewpoint that the size of its projeded image is
lessthan a single pixel, there is no sense in processng the model.
It has been scded into insignificance  With no kadk clipping
plane, it stands to reason that many model polygons can
nevertheless be diminated from the pipe becaise their parent
model is too far away to be of significance.

The depth at which amodel projeds to an arealessthan
one pixel obviously depends on the virtual size of the model itself.
The major objedion to a bad clipping plane is that it eliminates
models and pdygons that did not scde into insignificance for a
particular frame. In order to avoid this, it is necessary to evaluate
ead model on an individua basis. This can be acomplished by
creating a bounding box for each model.

Thereis dready a neal to have aboundng box for eah
model, for the purpose of 3D volume dipping. For ead frame,

the square of the distance from the viewpoint to the center of the

Polygon Totalsincorporating Model VLOD
Back Plane present? Terrain Polygons Model Polygons  (Models) Total Polygons
YES 10,392 55,556 (222) 65,948
NO 1,039,230 5,558,681 (222,222) 6,597,911
Table 2

boundng box is cdculated (to avoid a wstly square root) and
used with the small est dimension o the boundng box to seeif the
projeded areawould be lessthan ore pixel. Thus, the larger a
model is, the further away it can be and till get rendered (with
fewer polygons, thanks to VLOD). The smallest dimension d the
boundng box is used so that the dgorithm errs in favor of
performance If models are used which have drasticdly different
dimensions in eah of the three &es, a more mplicaed
approach can be used to select which dimension to scale.
An attradive fedure of thistest isthat it is performed at
the model level. The number of modelsin a sceneis much small er
than the number of polygons, and anything that eliminates an
entire model with little overhead is amost certainly worth
implementing. It is for this very reason that the 3D volume
clipping is performed first on models as sngle entities using their
boundng boxes. Only models whose boundng boxes intersea
the dipping planes have their constituent polygons evaluated for
volume dipping individually. For the same reason, the test for
scding to insignificance shoud occur very ealy in the pipe,
before the 3D transformations and VLOD stages. This way, only
thase models that have a high enowh size/distance ratio get
transformed and tested against the FOV. Then, only those models
that are inside the frustum get processed by the VLOD agorithm,
and orly the polygons exiting the detail resolving stage get tested
for bak-face alling. After the aulling stage, the surviving list of
primitives has been drasticdly reduced, and the only polygons
remaining in the pipe that won't ultimately be seen are those that

are occluded. The updated pipeline is shown in Figure 10.

12.1 Effect of Scaling to Insignificance

In order to determine how much the new scding test
will reduce the palygon court for the example it is necessry to
estimate the diff erent types and sizes of models in the hypotheticd
scene. The parameters used upto this point have been indicaive
of alarge outdoar environment with a moderate density of high-

detail models. For the sake of argument, it will now take on the
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more spedfic form of atadicd battlefield environment. The types
of models within the scene ae aamed to be military in nature.
The two major classes of models are vehicles and personrel. This
division lends itself well to the task of incorporating the éfeds of
the scding test into equation 12 The percentage of models that
are vehicles is designated as m,q,, and the percentage that are
infantry is mjx. Since only two types of models are mnsidered,
the sum of those percentages shoud equal one. The two separate
parameters will be used instead of aratio to fadlit ate the inclusion
of additional model typesif desired. Typicd values for myg,
and m;; are dou 10% and 9%, respedively. [MCCOY] The
vehicles and infantry units will ead have aboundng box (a aibe
for simplicity) with dimensions 08,& andS;;.

In order to cdculate the distance & which the projedion
of a mode is less than ore pixel, the resolution d the find
viewport windov on the screen must be known. Again for
simplicity, a square viewport windowv will be assmed. Its
dimension (in pixels) is denoted as S,,. The dimension (in 3D
coordinate units) of the projedion pat (that part of the projedion
plane formed by its intersedions with the dipping planes) must
aso be known. It is expresed as S,, and hes the following
equation:

S,, = 2 ptan(%) eq. 13
Again, p is the distance from the ceiter of projedion to the
projedion pane, and © is the angle of the field of view. The
equation for determining when a model projeds lessthan a pixel
is shown in equation 14:
O O
> e ey
Op?s,.’0

(ons) > (o) Hoot

Siod iSthe dimension d a model's boundng cube, and d,,.q is the

eq. 14

distance from the viewpoint to the center of the boundng cube. If

equation 14 evaluates true, then d.g is large enowgh that the
model will projed an areathat covers lessthan ore pixel in the
viewport windov. This minimum distance for a model will be
expressed adyin-

The next step is to cdculate how many of the models
would fail this test, and thus how much the polygon court can be
reduced. Obviously, thisis very scene dependent, and extremely
variable within the scene itself. The number of models that fail
could be dl or nore. Keeing with the previous cdculations,
though, the average scenario is used, meaning that the models are
The

straightforward solution is to add up the number of model

asamed to be eenly distributed within the scene.

polygons in the frustum volume for ead type of model. Instead of

a single model density, there is now one for each model type.

Cmod i (Vdmi 5m0diBavgi + \/dmini 5modiﬁmini ) eq 15

=1
Where:
n = the number of different model types;

Vg, = %(dms - p3) tanz(%);

=3 (drrin3 —d, 3) tar’ (%);

OpS,, U

dmin = Shod %?:p%;
Bavg :%(Bmax +ﬁmin);

The @ove euations assume that d,,, > dig and that dya > diin-

Vi,

Note that it is very easy to alow dig, Bmax and PBmin to vary for
eah moded type, adthough that won't be dore in the following
cdculations. Ancther iteration o the example can be exeauted,
incorporating the new parameters.

=10%

= 90%

Myen

Min
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Sien =5 vm
Sinf =1 vm
S =1000 pixels

Using these parameter values, along with the previous values for
all other parameters, the distance a which infantry models sde
into insignificance is 866 vm. For vehicle models, d,, = 4330
vm. Notice that d,,, for the infantry models is adually lessthan
the distance to the dipping plane (866 < 1000. This means that
fewer infantry models will be processed when the scding test is
incorporated. This benefits performance Conversaly, d.,, for the
vehicle models is well beyond the dipping plane. This verifies
that vehicles which shoud be visible in the image ae not being
rendered when the badk plane is used. This demonstrates the
compromise asciated with setting the distance of the bad plane.
Asthe distanceincreases, more of the smaller models get included
than is necessry, degrading performance As the distance
deaeaes, more of the larger models get excluded than is
necessary, degrading fidelity. The updated pdygon courts are
shown in Table 3.

The number of model polygons that must be processd
when the bad clipping plane is absent is now less than the
number when the plane is present. There is a 7.3% deaease.
This is espedaly impressve mnsidering that 8.7 times as many
models are being rendered (1,934 vs. 222). All of these ae

models that are inside the FOV and visible, except for occlusion.

That concludes the dfort to reduce the number of model
polygons. Up to this point, the terrain pdygons have been
ignored. Can similar reductions be atieved in their numbers as

well?

13. VLOD for Terrain

Thefirst step to reducethe terrain pdygonsisto apply a
VLOD dgorithm to the terrain mesh, in much the same fashion as
was dore for the models. Terrain tessllation is atopic that seems
to have garnered much less attention from reseachers than has

model tessllation. The reeason is, presumably, that esentialy
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every 3D applicaion uses models, while only asmall subset uses a
terrain mesh. Also, the badk clipping plane is used amost
indiscriminately to lower the polygon court, and if that isn't
sufficient, the resolution of the terrain grid can just be lowered.

Lowering the terrain grid resolution (increasing the
effedive grid increments) adually resamples the terrain deta,
which obviously results in the loss of terrain detail; a less than
ided solution. A more intelligent approad is to redize that, as
with models, certain circumstances make some of the terrain
samples unimportant. A variable level of detail algorithm can
asss the relevance of ead sample and either eliminate or retain
the sample, on a frame by frame basis. Thiswould lower the grid
resolution only over the aeas of the mesh where it was acceptable,
where accetability was derived from scene parameters and
threshold variables set by the user or application.

It is likely that the original resolution d the terrain grid
would represent the maximum detail level, and samples would
only be dther removed or retained. However, a more ambitious
VLOD algorithm might also have the aility to interpolate
between samples for the purpose of inserting additiona points in
the mesh, effedively increasing the detail beyond the original
level for certain aress. This would involve extra mmputational
overhead, but it might be necessary where the origina terrain
detail is too coarse.

One method d applying VLOD to aterrain isto use a
simple depth-based reduction, where the resolution is sded
purely as a function o the distance to the viewpoint. A more
rigorous method is the one used by Lindstrom et al., which is the
VLOD algorithm upon which the eample will be based.
[LKRHFT] This agorithm takes into acount the angle of
incidence between the view vedor and the terrain pdygons, as
well as the slope of adjacent polygons to determine if they can be
merged into larger polygons. The terrain mesh is treded
hierarchicdly, and the reduction processis reaursive, maximizing
the polygon reduction for ead frame. As with the model VLOD
algorithms, the state of mesh reduction from ead previous frame

Polygon Totalsincorporating Scaling Test (dpmin)
Back Plane present? Terrain Polygons Model Polygons  (Models) Total Polygons
YES 10,392 55,556 (222) 65,948
NO 1,039,230 51,478 (1934) 1,090,709
Table 3
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is used as the basis for the next frame, so the process is
incremental in neture, gredly reducing the cmputation time for
each frame.

The dfediveness of the terrain VLOD agorithm
described by Lindstrom et al. is mewhat dependent on the
charaderistics of the terrain being rendered. Valeys, ridges,
mourtains, plains, etc. dl affea the amournt of polygon reduction
that occurs. Results from [LKRHFT] are derived from a terrain
scene that encompasses a wide variety of those geographicd
fedures in order to amortize their effed. Their scene has a 60°
FOV, a 2x2 meter terrain resolution, and roughly 13 million
polygons inside the view frustum. In order to adopt the reduction
ratio oktained undx those @ndtions, the hypotheticd terrain
used for the example thus far will be aswumed to have similar
geographic feaures. It is aso necessary to increase the terrain
polygon court to approximately 13 milli on. This is accomplished
by changing the grid resolution to 3x3 meters, which results in
12.8 milli onterrain pdygons. Thedifferencein grid resolutionsis
inconsequential as long as the polygon courts are roughly
equivalent. The 10x10 meter resolution will be retained for the
control case with a back clipping plane at 1000m.

The VLOD algorithm is parameterized by an error
threshold value, A, which affeds the fidelity of the final image.
The threshold represents the maximum visible geometric (linea)
error (in pixels) allowed between any origina projeded pdygon
pair and the merged projeded pdygon. [LKRHFT, 4] To
ill ustrate, a value of A=0.0 resultsin only coplanar palygons being
merged, A=1.0 results in reduction with virtually no perceptible
changes from frame to frame, and A=4.0 would cause ecdlent
reductions whil e still being extremely faithful to terrain fedures.
[LKRHFT, 8] For this example, A=2.0 is used in order to make
the example further coincide with the mndtions of the results
described by Lindstrom et. al. For A=2.0, the reduction ratio is
approximately 13001 (averaged over 3,000 frames with varying
viewpoints). [LKRHFT, 9] Applying this reduction to the terrain
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court with no tad clipping plane (1,039230) results in a new
terrain pdygon court of 8,882 polygons! The new totals are
summarized in Table 4. After al the dust has ttled, the dfea of
eliminating the bad clipping plane is an 8.5% decrease in the
number of palygons. That deaease even comes after changing the

terrain resolution from 10x10 to 3x3m for the one case!

14. Results

Of course, the 8.5% deaeae in pdygons isn't the
whole story. The benefits of eiminating the badk plane ae
numerous! First of al (based onthe example) there is a 771%
increase in the number of models that are processed. The most
dramatic advantage, though, is the fad that the dfedive viewing
distance ca be increased by at least a fador of 10 (dya/d). The
overall effed of these benefits is that when something is supposed
to be visible in a rendered image, it is.

The disadvantages of the steps taken to alow this vast
improvement in visual fidelity come from computational overhead
asociated with ead of the new methods introduced. The scding
test can be dore with only 5 additions, 5 multipli cetions, and ore
comparison per model (3 additions, 3 multiplicaions for the
distance formula, and 2 more multiplicaions in order to do the
comparison). The information onthe model VLOD algorithms is
scace but both the MRM and MRG techndogies imply a
negligible overall impad on rendering times, considering the time
savings gained from not processng the polygons that are removed.
The same can be said for the terrain VLOD agorithm developed
by Lindstrom et al.

The important thing to nde is that al of the dgorithms
discused are implemented as dages at the front end o the
graphics pipeline. Their benefits are then also measured in terms
of reduced load onthe very costly stages at the other end o the
pipe. Typicdly, lighting, rasterization, and Z-buffering are the
potentia bottlenedks in the pipe. These stages ded on the pixel
level (except lighting which is just plain complex), and so the

extra overhead at the model and polygon levels is acceptable.

Polygon Totalsincorporating Everything
Back Plane present? Terrain Polygons Model Polygons  (Models) Total Polygons
YES 10,392 55,556 (222) 65,948
NO 8,882 51,478 (1934) 60,360
Table 4
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Recdl that Z-buffering was identified as the only
appropriate visible surface determination agorithm for a scene
with no lad clipping plane. It beas repeding that the reason Z-
buffering is the best choiceis becaise it operates at the pixel level.
It is an image predsion agorithm, and so is placel rea the end o
the pipeline, once d the objeds have been resolved to pixels.
Stages at that end o the pipe can basicdly be oblivious to the fadt
that the badk clipping plane is gone, and that the ealy stages are
deding with significantly more objeds. Any other VSD agorithm
(any objed-predsion agorithm), must also ded with the increased
number of objeds. From the example, that can amourt to 87
times as many models. (A terrain grid is inherently depth sorted,
and ogiondly can be drawn using a derivative of the painter's
algorithm if it's chegoer to do s0.) So it is the fad that these
polygon reduction methods are gplied ealy in the pipeline that
makes Z-buffering not only feasible under such circumstances, but

almost unavoidable.

15. Recommendations

This investigation has centered around a mathematica
model which seems to do a fair job d determining the dfed of
removing the bad clipping plane, offset by the gplicaion o
severa polygon reduction methods. It would be most interesting
to adualy measure the visuad quality, effediveness and
performance danges of the scenario within the @ntext of an
adual 3D application. To doso would reguire a applicaion that
isdesigned to hande large outdoor scenes, uses Z-buffering as the
primary VSD algorithm, and for which the source ®mde is fredy
available, well documented, and modularized.

The dgorithm for scding to insignificance would be
simple to implement, requiring only a single parameter for ead
model (the size of the boundng cube). The terrain VLOD
algorithm presented in [LKRHFT] is described in enough detail to
alow implementation. The model VLOD agorithms discussed
here ae both privately licensed techndogies, preventing an easy
and low cost implementation for the purpase of experimentation.
If it could be managed, however, a graphics engine with full
implementations of these methods would undouledly reved

additiona advantages and dsadvantages of not only eliminating

the back plane, but of the polygon reduction methods as well.
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16. Conclusions

The use of a bad clipping plane for dynamic 3D scenes
has been, and continues to be, a very simple, efficient, effedive,
and common technique for improving performance Its use
imposes arestriction onthe redism for rendered scenes, however.
True visibility is saaificed as an acceted consequence for the
level of performance neaded to maintain red-time 3D animation.
Image fidelity has had many other feaures saaificed in the name
of performance These includes things such as a true third
dimension, colored lighting, locdized lighting effeds, true (32 Lt)
color, multi ple resolution texture mapping, transparency, etc.. The
last few yeas, however, have seen ead of these feaures finaly
incorporated into real-time 3D graphics.

The purpose of this investigation was to determine
whether or not true visibility coud be alded to that list of
redaimed feaures. The aswer seems to be a resoundng
‘probably’.  There now exist several clever but intuitive methods
for offsetting the penalty associated with eliminating the badk
clipping plane. The offset can easily be 100%, dthough na
always, and so situations where true visibility is a priority must be
evaluated on an individua basis. The eample cdculations
provided were derived from very spedfic parameter values and
resulted in an 85% deaesse in the primitive list. These values
may or may not be representative of those for any given
application.

Moderate changes in the values used to cdculate the
polygon courts can produce adeaease or increase in the polygon
total of greaer magnitude that was obtained in the example. The
intent of the investigation was to be faithful to the derived model
and let the dhips fall where they may. The scene parameter values
that were used were chosen because they are thought to be typicd.
Figures 11-13 demonstrate the relationships of some of these
parameters to the polygon counts.

 Figure 11 shows the total polygon count when the

distance to the back clipping plane is increased along

with the distance for minimum detail.

« Figure 12 shows the model polygon counBgs: is

increased, for different methods of choosBag,.

« Lastly, Figure 13 shows terrain polygon counts for

different combinations of terrain reduction ratio and grid
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resolution (approximate extrapolations from

[LKRHFT]).
Suffice to say that the procedure and the model are very
susceptible to scene dependencies. Like most endeavors in
computer graphics anaysis, a cetain amourt of risk is asumed
when addressing anything as 'average'.

Ultimately, though, it appeas that the badk clipping
plane is just abou obsolete. The alvent of affordable, extremely
powerful, commodity 3D graphics procesors has ushered in a

new era of computer graphics. Today's graphics accéerator
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hardware is dowly absorbing the responsibiliti es for one stage
after ancther of the rendering pipeline. This has freed up system
resources and procesor time that were normally committed to low
level adivities like rasterizing and doubbe-buffering. These
liberated resources fadlitate the aldition d newer, high level
algorithms such as the polygon reductions methods discussed
here. The doa seems to be open for applicaions to forego the

back clipping plane and achieve true visibility rendering.
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Model Polygons
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Terrain Polygons

Polygon Totals (terrain) vs. Terrain VLOD Reduction Ratio, Grid Resolution Pairs[]
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