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Abstract:

This paper gives an overview over current methods for visibility calculations from a point. We will evaluate the
different methodsto see how well they are suited for computer game applications, and we will describe current
solutions that have been implemented in hardware. In the last section we will describe some practical examples
that have actually been implemented in computer games.

1.) Introduction

Visibility computations have become a very important field of research in the last years, and without the
advances in these fields modern computer games would not look as impressive as they do today. We will start
our paper with a brief description of what visibility is, and make some definitions that are important in the
description of the algorithms following this section.

When rendering large and complex models, the graphics hardware is mostly driven to the limits of the rendering
capacity. Memory bandwidth and triangle rendering speed still can not cope with the amount of data that is fed
through the rendering pipeline. Much of this effort isin vain though, because mostly we can only see parts of the
actual model. The rest is either not in our field of view, is occluded behind other objects, or the vertices are on
the rear side of an object and thus not visible. What visibility computation does is to determine which objects,
and which vertices on such an object are visible and which are invisible. Once they have been identified as
hidden, they can be removed from the rendering pipeline, and rendering speed is increased.

We can distinguish three different classes of visibility classifications.

The exact visibility set:

Thisisthe set of all polygonsthat are partly or completely visible
The approximate visibility set:

This set includes most of the visible polygons, but also some hidden ones.
The conservative visibility set:

This set includesall visible polygons, and maybe some hidden ones too.

Determining the exact visibility is very intensive in terms of computational power. Furthermore, it is difficult to
design a fast algorithm that is exact and still robust. The methods we will describe are mostly conservative
visibility methods, which allows us to use simplifications in some areas. Some methods can also be modified to
calculate the approximate visibility set, which can lead to enormous speedups. Especialy in games we can
sometimes accept that minor details, that should actually be visible, remain invisible.

There are two main different methods to approach visibility problems in computer games, depending mostly on
the game setting, and thus on the type of geometrical data present.

Visibility froma region:

Thisis akind of visibility calculation that is mostly used for indoor settings, making use of the limited viewing
possibilities between rooms. The rooms are termed cells, and doors between these cells are called portals. In a
precomputation step the data is analysed for the potentially visibile set (PVS) from al positions in a single cell.
Thisis done for al cellsin the data set. Current implementations in games use mostly precomputed level datain
the final product, as precomputations are too time-consuming (up to several hours, and often needing manual
interference) to be done after the loading of alevel. Games like Quake and Unreal fall into this category. One of
the benefits of this method is that it is very efficient, and that other things, like radiosity and shadows, can often



be calculated in the same procedure, once the process is started out of the level editor. The main drawback is the
€normous memory consumption.

Visibility froma point:

This method is mostly implemented in real-time, but sometimes parts are precomputed too. Visibility is
determined from the current viewpoint only. These methods are widely used in applications like racing games,
sports games, beat-em-up's, platform games and sometimes in real-time-strategy games. We will focus on
visibility from a point in this paper.

2.) Visbility from a point

There are 2 different categories of methods when it comes to point-visibility. Calculations in image-space and
those in object space. Current methods have started to use the best of both worlds as we will see.

Furthermore we will judge the different methods in terms of their efficient use of coherency.

I mage-space coherency
Object-space coherency
Temporal coherency

Another quality criteria for these methods is if they support occluder fusion, which means that the method takes
the effects of multiple occludersinto account. An example for occluder fusion would be a hill that may be visible
behind a skyscraper if we just examine this one building. But the hill may actually be hidden behind the
complete block of buildings, which consists of multiple occluders. A method that does not support occluder
fusion would mark the hill asvisible.

We have selected four different methods that we will describe, two in image space, and two in object space.
There are more algorithms, and we present a list of these, along with a brief description, for those further
interested, below. Comparing all existing methods is beyond the scope of this document, a survey about other
methods can be found in [Coh00]. We have selected those that are most important for computer games for a
closer description.

2.1.) Methods overview

Methods using occluder synthesis:

LOD-algorithms are used for occlusion synthesisin [And00].
Directional discretized occluders (DDO). [Bern00]

M ethods using geometric methods:

Coorg and Teller present a method in object-space that explores the visibility relationship between two
objects [Coorg97]. A related method is shadow frustum culling [Hud97] and shadow volume BSP tree
culling [Bitt9g].

Hierarchical view frustum culling (HVFC) isawidely used object-space method. [Assa00]

Hierarchical back-face computation (HBFC) is another object-space algorithm that can be effectively used.
[Kumar99]

Prioritized-layered projection (PLP) is method that calcul ates the approximate visibility set. [KIos00]

M ethods using graphics hardware / occlusion maps:

The hierarchical Z-buffer (HZB) is amethod that computes OC in image and object space. [ Greene93]
Hierarchical occlusion maps (HOM) are also used in image and object space for fast OC. [Zhang97]
OpenGL-assisted OC describes another image-space method. [Bartz98]

Occluder shadows are targeted for effective rendering in urban environments [Wonka99]



Of these listed methods we have chosen the HZB and HOM as effective solutions that support hardware
acceleration for the image-space category, and HVFC and HBF as the most widely used object-space algorithms.

2.2.) Visibility methodsin image-space

Hierarchical Z-Buffer (HZB) [ Greene93]

The hierarchical Z-buffer isan improvement to the classic Z-buffer. While the classic approach only made use of
image-space coherence, this new method also makes use of object-space and tempora coherence. We will
describe the three main sections below:

Object-space oct-tree:

The scene is arranged in a classic oct-tree to allow for object-space coherence. We start by inserting the whole
scene into a cube, which is then subdivided in 8 cubes, and so on. Our entire scene is now enclosed in
hierarchically sized cubes.

We can use this gructure to use view frustum culling (VFC) to remove the oct-tree nodes from the pipeline that
lie outside our viewing frustum.

Image-space Z-pyramid:

The hierarchical Z-buffer arranges the Zbuffer in a pyramid of Z-buffers, where the one with the finest
resolution lies at the bottom, and the one with the coarsest at the top (See Figure 2 for an occlusion map pyramid,
which uses a similar type of hierarchy). While constructing this pyramid four values of the underlying buffer are
combined to calculate the new value as follows: The new value will be the one Z-value of these four which is
furthest away. If an object lies behind our new coarse Z-value, it is guaranteed that it will be behind all four
values which led to this new Z-value.

Now we begin to check our oct-tree bounding box nodes against the finest Z-buffer level where the size of one
Z-value covers our bounding box in screen space. If we find that the scan-converted cube lies behind our Z-
value, then we can remove the bounding box and all contained geometric data from the pipeline immediately. If
it is found to be visible we have to recursively test the child bounding boxes to prove that the box is hidden
behind the pixel of this Z-buffer. If we continue like this we will in the end either prove that the entire oct-tree
node is hidden, or we will find avisible pixel.

There are some difficulties with this method. First if we imagine a polygon lying exactly in the centre of our
largest bounding box, we will always have to proceed to the finest level because the polygon will always lie in
more than one octree node. The solution to this is either to clip the polygon in question, or to associate it with
multiple cells.

Another difficulty is that once the cells become increasingly small the examined polygon may be bigger than the
cell, and thus we have to find the nearest Z-value of a part of the vertex, which can be very time consuming.

A solution and simplification of this algorithm is to test against the nearest Z-value of the entire current polygon,
evenif only apart of it isenclosed in the current cell. The consequence isthat the test is no longer definitive, but
if werevert to classic scan-conversion if we fail to prove the polygon is hidden, we can avoid errors.

Temporal coherence can be achieved with the following method. In the next frame we start rendering all oct-tree
cells that were visible in the last frame, and initialise our Z-pyramid with these values. Because our viewpoint
will not have changed much, the Z-buffer test will be much faster. After rendering of the new frame, we update
the temporal coherencelist.

What is important about the HZB algorithm is that it relies on a graphics hardware extension to query if a node
or polygon is visible or not. Until recently graphics hardware did not provide any means to get information out
of the Z-buffer, so it was not really possible to implement a full HZB in a game. The most recent proceedings on
thistopic are presented in section 3.

In section 4 we will show how parts of this method can be used in computer games nonetheless, even if not all
required features of the original algorithm are at our disposal.



Hierarchical Occlusion Mapping (HOM) [Zhang97]

Similar to the HZB, HOMs rely on image-space and object-space coherence. Contrary to the HZB though,
overlap and depth testing is done in two different buffers.

The occlusion test is performed in two steps: Construction of the occlusion maps, and occlusion culling using the
constructed maps. The very first step is once again VFC using the oct-tree structure. The hierarchical occlusion
maps are built in succession.

Figure 1: HOM graphics pipeline (From [Zhang97], p6)

HOM s use an occluder database to store potential occluders, which are selected in terms of size and position.
These occluders are rendered in pure white on a black screen, and the rendered pixels represent the opacity of
these occluders. In analogy to the HZB we construct an OM pyramid by scaling and filtering the occlusion maps.
The results are levels of occlusion maps with coarser resolution, and greyscaled opacity values. (Light grey
means that there is a lot of geometry in this screen-space area, dark grey that very little scene data exists).
Furthermore the depth information of the occluders is stored in a separate depth estimation buffer, where the
furthest Z-value of the corresponding bounding box is used along with its bounding screen-space rectangle.

What makes HOM interesting is that conventional texturemapping hardware can be used to filter and scale the
initial occlusion map and thus to create the OM pyramid. We just have to use our OM as atexture, and set the
texture-filtering parameters so that the hardware does correct bilinear filtering of the four contributing pixels.

Figure 2: Occlusion maps hierarchy (From [Zhang97], p8)



A potential occludee is tested by projection of its bounding box onto the screen and testing against the HOM
level where the size of one pixel roughly represents the same screen-space size. If the box is not behind a fully
opaque region then we can not cull this box. Similar to the progression with the HZB we continue testing
recursively through the hierarchy to detect occluded elements. What we can see here is that this method supports
approximate visibility if we do not test against pure white, but a lower grey threshold - This will result in small
errors in visibility, but for some applications like fast games this might be acceptable, and lead to significant
speedups.

Once potential occlusion has been detected we have to find if the object isin front or behind our occluders, as
the hierarchical occlusion maps do not store any depth information. We can use the information in our depth
estimation buffer to determine this.

Selecting a suitable set of occluders from the occluder database (this has to be done each frame), can be very
complicated, in fact, selecting the optimal occluders is the visibility problem itself. We can perform a simple
selection by choosing our occluders according to their size, redundancy (some objects cause the same occlusions,
like a clock on a wall, for example), complexity (very complex objects cause longer processing time) and z
position.

Benefits of HOM are the use of existing hardware, and (as with the HZB) occluder fusion. Due to the large
overhead HOM is not used much in games, especialy if we have a look at recent hardware improvements
(Section 3.) . The development of scenery in games, which is growing increasingly complex, could mean that
HOM will become an interesting option in the future.

2.3.) Visibility methods in object-space

Hierarchical View Frustum Culling (HVFC) [ Assa00]

View frustum culling on bounding boxes can be done in two different ways, either to perspective transform the
bounding box to the perspective coordinate system, or to test the bounding box against the planes of the viewing
frustum. HVFC chooses the latter approach.

Aswith the methods described above, HV FC uses multiple combined tests to speed up the classic VFC. Thefirst
step is to use a bounding box to test intersection into our viewing frustum. We can reduce the test to an
examination of two points. These two points of the bounding box form the diagonal that is most closely aligned
with the view frustums plane normal. (See Figure 3.).

Figure 3: HVFC, intersection test.

If the outer point is inside the frustum, then the whole box is inside, if the inner point is outside, then the whole
box is outside. For the rest we must assume intersection, and mark the volume as visible.

Additionally, we can make use of plane coherency: If an object was on the left side of the frustum, and we rotate
our view to the right, we can conclude that the object will still beinvisible the next frame.

View frustum testing can be accelerated even more if we divide our frustum in octants. Once we have
determined in which octant our bounding box is located, we only have to test against the three outer planes of
this octant. Furthermore masking can be used once we have determined that a bounding box is inside a plane:



For the remaining tests of the BB children the tests for this plane can be masked and do not have to be
performed.

Hierarchical Back-Face Culling (HBFC) [ Kumar99]

HBFC groups polygons into clusters to accelerate the traditional back-face culling algorithm. One of the main
drawbacks of the original approach was that the test had to be performed for each single polygon. If we can
perform the test on groups of polygons, a significant acceleration is to be expected.

HBFC defines regions behind groups of polygons (Front region, back region and mixed region). If a cluster faces
into the back region, then all vertices in this cluster are facing to the back region. If the cluster faces to the front
region, all vertices face towards the front region. If the cluster is found to face towards the mixed region, some
single vertices face to the front, and some to the back.

If we arrange the clusters in a hierarchical manner, BFC computational costs are reduced significantly, as only
those clusters that face towards the mixed region need to be examined recursively.

{a) Bunny (372 clastems)

Figure 4: Clusters on a geometric model (represented by the same colour). (From [Kumar99], p7)

Polygons are assigned a cluster because of physical proximity, and proximity in the normal space.

3.) Occlusion Culling Hardware

We will give afeature overview in terms of visibility calculations on existing gaming platforms:
PC/Mac/Unix
Two big names dominate the PC hardware accelerator market: Nvidias GForce graphics chipsets and ATI's
Radeon. Another architecture is a development by HP [CunnQ0], but this has no importance in the gaming
industry other than to function as a model for future development. At the moment current games can not use
any of the methods that have been developed by HP.

GeForce 2 occlusion features:

Z-buffer [RogZ], W-buffer (Linear Z-Buffer) [RogW].
Back-Face Culling



GeForce 3 occlusion features [TomO0]:

Z-Buffer

Lossless Z-Compression: 4:1 reduction of memory bandwidth

Parts of a hierarchical ZBuffer (called Z Occlusion culling): An absolutely new feature is that the
application can request a Z-occlusion query from the hardware. This feature makes a client-side HZB a
possible solution for a GeForce application.

Back-Face Culling

ATI Radeon occlusion features [MoreQ0]:

Z-Buffer
L ossless Z-Compression: Similar to the GeForce 3 approach.

Parts of a hierarchical Z-Buffer (called Hyper-Z technology): Contrary to the GeForce 3 ATI does not
support occlusion queries.

Fast Z-Clearing: Clearing the Z-Buffer is accelerated by a proprietary method.

Back-Face Culling
X-Box
The X-Box uses Nvidias GeForce 3 graphic chip.
Playstation 2

Z-Buffer
Playstation 1

Back-Face Culling in 2D using the GTE (Geometry transfer engine).
Dreamcast
Segas Dreamcast uses the NEC Power-VR2 Chip, which uses a completely different approach (Infinitive
Planes) to render primitives. Instead of rendering single vertices, polygons are rendered by using their
bounding planes. This makes sure no pixel is rendered twice, thus removing the need for the Z-buffer. More
details can be found in [SegW].

Gamecube

Z-Buffer

4.) Examplesand Conclusions

We will now evaluate the presented methods, especially in terms of support of existing hardware, and we will
have alook at implementations in games.

Implemented methods:

On the PC platforms occlusion calculation aside from portals and PV'S has only little acceptance. Games mostly
rely on view frustum culling, and leave the rest to the 3d-hardware. Only in some very special cases does
occlusion culling pay off. If we take a look why the industry shows slow acceptance it is due to four main
reasons.



a) Level of detail (LOD): While the original scene may contain thousands of polygons, the scene that is
actually passed to the rendering pipeline is reduced significantly. Car models that consist of 2000 polygons
are reduced to a simple box if they are just far away enough, as algorithms in games use a more aggressive
scheme for LOD than standard rendering applications. Under these circumstances it is faster to render those
few polygons which could be occluded instead of spending processing time with occlusion detection.

b.) Scenery: Often occlusion culling does not bring the desired speedups because the scenes are constructed
modular or in some other specific way. Areas that would be visible are not dis played, because they have not
been loaded yet. An example for this would be an area behind a hill that is loaded while passing through a
valley and vice versa. While we are in one valley, the scenery in the other valley is simply not in memory.
(This applies especially to older consoles with limited memory capacity). Another method that is used in
some racing games: The course datais stored in akind of hose, where we always know what will be coming
next. Only the next few segmentsin this hose are rendered, so there is not much need for occlusion culling.

c.) Lack of large occluders: In many games the potential occluders are not large enough in comparison to the
occludees. Occluders are often human figures, cars, ships, and so on. The scenery in the background is very
large, and thus the occluder only occludes afew polygons on the background.

d.) Lack of time: Games are developed on a tight budget, and only the most biggest companies can afford
programmers that delve into experiments that may work or may not. Most others have to stick to methods
that are proven to work, and are fast and easy to implement.

On the other hand there are games around where occlusion culling can be a great benefit. Urban scenarios like
cities are a good example. Buildings can be reduced to bounding boxes and can be tested against a coarse
software Z-buffer for example. And we would also like to remark that all conclusions above do not apply to
indoor games that can indeed gain alot of speed through PV S calculations.

An interesting product in this context is Surrender 3D's dPVS, formerly known as Umbra, a visibility and
occlusion culling library for PC, Dreamcast and PS2. The manual, which can be downloaded freely has a very
interesting overview section about visibility algorithms [Aila01].

Most new hardware features for visibility calculations are implemented in a way that the programmer has no
access or control over them. Methods like Z-buffer compression speed up the game without the need for
additional programming. The only exception to this is the Z-buffer query supported by the GeForce 3, but this
has proven to be too slow to allow a complete implementation of the HZB algorithm. The future will show if the
GForce 4 or the Radeon successor will support this query fast enough for HZB to become a standard method.

Processing speed:

The game industry does only partly consist of the PC platform. Consoles like the Playstation 1, the N64 and
othersare still abig part, and they often do not have the processing power for complicated visibility calculations.
Especially on these consoles view frustum culling and back-face culling are the most widely used methods. A
method that can be used sometimes is a technique related to HBFC. The surface-normals of the vertices are
stored into an 8bit integer, and thus can be grouped if these coarsely quantised normals are equal. If one
polygon fails the test, al others that have the same surface normal are discarded. This can lead to flickering, but
in fast moving environments, it can be an acceptable drawback.

Related topics:

Other fields like radiosity, volumetric lights and shadow calculations will also benefit from work in the area of
visibility computation, as they also relate to visibility from one point to another.

Conclusion:

Visibility computation will definitely become more important in the future of games, due to the growing
complexity of current products. Nevertheless, due to the deadline pressure on development teams, programmers

would be happy to have occlusion culling implemented in hardware that requires only little additional
programming.
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