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Abstract: We present a new parallel occlusion culling algo- include primitives that are either not in the field of view or
rithm for interactive display of large environments. It uses aback-facing or are occluded by other objects or their projection
cluster of three graphics processing units (GPUs) to computés less than a few pixels on the screen. In practice, view frus-
an occlusion representation, cull away occluded objects andum culling is used routinely and level-of-detail (LOD) based
render the visible primitives. Moreover, our parallel archi- techniques are being increasingly used to discard primitives
tecture reverses the role of two of the GPUs between succesthose projection is smaller than a few pixels on the screen.
sive frames to lower the communication overhead. We haveowever, no simple and general solutions are known for oc-
combined the occlusion culling algorithm with pre-computedclusion culling. Most of the earlier algorithms for occlusion
levels-of-detail and use it for interactive display of geomet-culling fall into two categories. Some of them are specific
ric datasets. The resulting system has been implemented amal architectural or urban environments and not applicable to
applied to large environments composed of tens of milliongeneral environments. The more general approaches either
of primitives. In practice, it is able to render such modelsrequire specialized hardware, extensive pre-processing or the
at interactive rates with little loss in image fidelity. The per- presence of large, easily identifiable occluders in the scene. In
formance of the overall occlusion culling algorithm is basedfact, performing exact visibility computations on large, gen-
on the graphics hardware computational power growth curveeral datasets is considered expensive, and hard to achieve in
which has recently outperformed the Moore’s Law for generalreal-time on current graphics systems [ESSSO01].

CPU power growth. _ _ Given the complexity of occlusion culling for general en-

Keywords: Interactive display, parallel rendering, occlusion vironments, different parallel approaches based on multiple
culling, cluster computing graphics pipelines have been proposed. However, they ei-
1 Introduction ther make assumptions about the environment or user’s mo-

Many applications of CAD, virtual reality and simulation- tion [WWSO01] or are based on shared-memory multiproces-

based design generate large datasets composed of miIIionsEqr' multi-pipeline graphics systems [BSGM02] such as SGlI

primitives. While graphics processing units (GPUs) have beeff¢2lity Monster, which are quite expensive. On the other
progressing at a fast rate, the complexity of these models a and, there are many advantages of using a parallel occlusion

pears to be growing even faster due to the advances in mo —””I'Ing algonthlm based ?]n ?omm(t))(ljw hardware (f:omponents.
eling systems and acquisition technologies. As a result, it i& 21OWS US to leverage the favorable price-to-performance ra-
a major challenge to render these datasets at interactive raté9, ©f PC graphics cards. Moreover, the recent cards including

i.e. 20 frames a second or more, on current high-end graphicdle NVIDIAs GeForce family or ATI's Radeon family have
systems. een progressing at a rate higher than Moore’s law and it is

Given the complexity of these models, different ap-relatively simple to replace or upgrade them.

proaches have been proposed for faster display. At a broddain Results: We present a new parallel occlusion culling al-
level they can be classified into: gorithm that uses a cluster of three GPUs. The first two GPUs

) ) N ~are used to compute an occlusion representation and cull away
e Parallel Rendering: These algorithms utilize multi- objects that are not visible from the current viewpoint based
ple processors and graphics pipelines. Different algoon that representation. The third GPU renders the visible ge-
rithms based on shared memory multi-processor systemsmetry by selecting an appropriate level-of-detail. Moreover,
or clusters of PCs have been proposed. the roles of first two GPUs are switched between successive
frames to reduce the communication overhead. As compared
to earlier image-space occlusion culling algorithms, our ap-
during each frame. Thev are based on view frustu roach has lower bandwidth requirements and is able to cull
li 9 del simolificati y lusi li i higher percentage of occluded primitives. It uses multiple
culling, modef simplinication, occlusion culling etc. GPUs in parallel and doesn't require high-end CPUs for in-

Most of the parallel rendering algorithms are based on sortteractive performance. Its overall performance is based on the
first or sort-last based approaches [MCEF94] or some hybri@raphics hardware computational power growth curve which
combinations. They allocate the primitives among muliplenas recently outperformed the general CPU power growth
graphics pipelines. However, their performance varies basegtrve based on Moore’s Law.
on the distribution of primitives in the model, the underlying  The overall rendering algorithm is general, automatic and
hardware as well as the communication bandwidth. applicable to large models. It makes no assumption about
The polygon flow minimization methods attempt to avoid model representation or distribution of primitives. The com-
rendering the primitives that are not ultimately visible. Thesebination of view frustum culling, occlusion culling and levels-

e Polygon Flow Minimization: They attempt to minimize
the number of primitives sent to the graphics processo
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of-detail results in a bounded set of primitives that need to  Algorithms for general environments can be broadly clas-
be rendered. In practice, it is almost independent of the inpusified based on whether they are conservative or approxi-
model size. We have implemented the resulting algorithm on aate, whether they use object space or image space hier-
cluster of three PCs connected via Fast Ethernet. We demorarchies or whether they compute visibility from a point or
strate its performance on two large environments: a Power region. The conservative algorithms compute ploéen-
plant model with more thaih3 million triangles and a Double tially visible set(PVS) that includes all the visible primi-
Eagle tanker with more tha® million triangles. tives, plus a small number of potentially occluded primitives
Organization: The rest of the paper is organized in the fol- [CT97, GKM93, HMC97, KS01, ZMHH97]. On the other
lowing manner. We give a brief overview of previous work hand, the approximate algorithms include most of the visi-
on parallel rendering and occlusion culling in Section 2. Secble objects but may also cull away some of the visible ob-
tion 3 describes our parallel occlusion culling algorithm andjects [BMH99, KS00, ZMHH97]. Object space algorithms
addresses bandwidth and latency requirements. In Section #jake use of spatial partitioning or bounding volume hierar-
we combine it with pre-computed levels-of-detail and use itchies; however, it is hard to perform “occluder fusion” on
to render large environments. We describe its implementatioacenes composed of small occluders with object space meth-
and highlight its performance on two complex environmentsods. Image space algorithms including the hierarchical Z-
in Section 5. Finally, we highlight areas for future research inbuffer (HZB) [GKM93, Gre01] or hierarchical occlusion maps
Section 6. (HOM) [ZMHH97] are generally more capable of capturing
occluder fusion.
Z Rdat,ed Work ) ) ) It is widely believed that none of the current algorithms
In this section, we give a brief overview of previous work on can compute the PVS at interactive rates for complex environ-
parallel rendering and occlusion culling algorithms. ments on current graphics systems [ESSSO01]. Recently, three
2.1 Parallel Rendering different approaches have been proposed to improve their per-

: . . These include region-based visibility algorithms,
A number of parallel algorithms have been proposed in th ormance P ; . :
literature to develop rendering algorithms on shared-memor ?ae ﬁifcgaridgﬁlrﬁg_sbiisegr;@bI“ty queries and using multiple
systems or clusters of PCs. A sorting classification of dif- P pp p e )

ferent approaches for parallel rendering has been describétd3 Region-based visibility algorithms

in [MCEF94]. Some of the recent work on rendering largeThese algorithms pre-compute Vvisibility for a region of
geometric datasets has focused on using PC clusters. The§'§ace to reduce the runtime overhead [DDTP00, SDDSO00,
include techniques to assign different parts of the screen tQyws00]. Most of them work well for scenes with large or
different PCs [SFLS00] as well as distributed algorithms forconvex occluders. Nevertheless, there is a tradeoff between
scalable displays [HBEHOOQ]. Other cluster-based approachege quality of the PVS estimation for a region and the memory
include WireGL, which allows a single serial application t0 gverhead. These algorithms may be extremely conservative or

drive a tiled display over a network [HE®1] as well par-  not able to obtain significant culling on scenes composed of
allel rendering with k-way replication [SFLO1]. The perfor- small occluders.

mance of these algorithms varies with different environment N .
as well as the underlying hardware. Most of these approach?s4 Hardware visibility queries
are application independent and complimentary to our paralleh number of image-space visibility queries have been added
occlusion algorithm that uses a cluster of three PCs for interby manufacturers to their graphics systems to accelerate vis-
active display. ibility computations. These include the HP occlusion culling
Parallel algorithms have also been designed for volumextensions, item buffer techniques, ATI's HyperZ extensions
rendering [GP93] and ray tracing. These include interactiveetc. [BMH99, KS01, Gre01, MBH02]. All these algorithms
ray-tracing of volumetric and geometric models on a sharedpropose using the same GPU to perform visibility queries as
memory multi-processor system [PM99]. A fast algorithm  well as render the visible geometry. As a result, only a fraction
for distributed ray-tracing of highly complex models has beerof a frame time is available for rasterizing the visible geome-
described in [WSBO1]. try. If a scene has no occluded primitives, this approach will
2.2 Occlusion Culling slow down their performance.

The problem of computing portions of the scene visible from2-> Multiple Graphics Pipelines
a given viewpoint is one of the fundamental problems in com-The use of an additional graphics system as a visibility server
puter graphics, computational geometry and computer visiorhas been used by [WWS01, BSGMO02]. The approach pre-
It has been well studied for more than three decades and sented by Wonka et al. [WWSO01] computes the PVS for a
recent survey of different algorithms is given in [COCSO01]. region at runtime in parallel with the main rendering pipeline
In this section, we give a brief overview of occlusion culling and works well for urban environments. However, it uses
algorithms. The goal of such algorithms is to cull away prim-the occluder shrinkingalgorithm [WWSO00] to compute the
itives that are occluded by other primitives, and thereforeregion-based visibility, which works well only if the occluders
not visible from the current viewpoint. In practice, these al-are large and volumetric in nature. The method also makes
gorithms only cull away a subset of the primitives not visi- assumptions about the user's motion.
ble from the current viewpoint and are different from hidden- ~ More recently, Baxter et al. [BSGMO02] have used a
surface removal algorithms that compute the visible surface. two-pipeline based occlusion culling algorithm for interactive
Many occlusion culling algorithms have been designedwalkthrough of complex 3D environments. The resulting sys-
for specialized environments, including architectural modelgdem, GigaWalk, uses a variation of two-pass HZB algorithm
based on cells and portals [ARB90, Tel92] and urban datasetnd combines it with hierarchies of levels-of-detail. It uses a
composed of large occluders [CT97, HWME@7, SDDS00, shared-memory architecture and has been implemented on a
WWS00, WWSO01]. However, they may not be able to ob-SGI Reality Monster and uses two Infinite Reality pipelines
tain significant culling on large environments composed of aand three CPUs. In Section 5, we compare the performance of
number of small occluders. our algorithm with GigaWalk.
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3 Parallel Occlusion Culling

In this section, we present the parallel occlusion culling algo-
rithm. It utilizes multiple graphics processing units (GPUS)
and hardware-based visibility query. Our parallel architec-
ture involves using three GPU’s, where two GPU's are used
to generate an occlusion representation and perform occlu-
sion culling based on the representation, respectively, while
the third GPU is used to render the visible geometry.

3.1 Occlusion Representation and Culling

An occlusion culling algorithm has three main components.
These include:
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Figure 1: System Architecture: Each color represents a separate
GPU. Note thatGPU; and GPU, switch their roles each frame
cwith one performing hardware culling and other rendering occlud-

ers. GPU3 is used as a display client.

2. Compute an occlusion representation.

3. Cull away primitives that are not visible based on the o
clusion representation.

e Hardware Culling (HC): Enable the occlusion query
state on the GPU and render the bounding boxes of the
scene geometry. Query for the result and send the visible
nodes to other two processes. Moreover, we disable mod-
ifications to the depth buffer while performing the tests.

Different culling algorithms perform these steps either explic-
itly or implicitly. We use an image-based occlusion represen-
tation, as it is able to perform “occlusion fusion” on possi-
bly disjoint occluders [ZMHH97]. Some of the well-known
image-based representations include HZB and HOM. But we
don't use these hierarchical representations, because the cur, Render Visible Geometry (RVG) Render the visible
rent GPUs do not support these hierarchies in the hardware. nodes for the current frame.
Many two-pass occlusion culling algorithms rasterize the oc-
cluders, read back the frame-buffer or depth-buffer, and buildEach of these tasks is performed using a separate GPU for
the hierarchies in software [BSGM02, GKM93, ZMHH97]. each frame. The output of OR and HC is used by other pro-
However, reading back a high resolution frame-buffer orcesses. The depth buffer computed by OR is used by HC to
depth-buffer, sayi024 x 1024 pixels, can be slow on PC ar- perform the occlusion queries. Moreover, the visible nodes or
chitectures. Moreover, building the hierarchy in software hagprimitives computed by HC are passed onto the RVG (to be
additional overhead and introduces additional latency in theised for the current frame) and OR (to be used for the next
pipeline. frame). A key issue in the design and implementation of such
We use the hardware-based occlusion queries that are ban architecture is to minimize the communication between dif-
coming common on current GPUs. These queries scarferent process. Moreover, each of these tasks is performed in
convert the specified primitives (e.g. bounding boxes) to deparallel.
termine whether the depth of any pixels is affected. Different In our architecture, we use a GPU to perform occlusion
gueries vary in their functionality. Some of the well-known queries for the current frame, another GPU to generate occlu-
occlusion queries based on the OpenGL culling extension insion representation by rendering occluders for the next frame
clude the HPOcclusionQuery, and the NVIDIA OpenGL and the third GPU to render the visible primitives for the cur-
extension GLNV _occlusionqueny?. These queries can some- '€nt frame. We circumvent the problem of transmitting the
time stall the pipelines while waiting for the results. As a re-0cclusion representation (OR) from GPU generating OR to
sult, we dedicate one of the three GPUs to only perform thes&PU performing hardware cull (HC) tests by “switching” their
queries during each frame. roles between successive frame as shown in Fig. 1. For exam-
Our algorithm uses the visible geometry from fraies an P, GPU, is performing HC for frame and sending visible
approximation to the occluders for frame- 1. The occlusion ~N0des toGPUs (to be used to compute OR for frame- 1)
representation implicitly corresponds to the depth buffer afteNdG PUs (to render visible geometry for framig For frame
rasterizing all these occluders. The occlusion tests are pet-T 1 GPUs has previously computed OR for frame- 1. As

formed using hardware-based occlusion queries and the sy@-"eSultGPUs performs HC and/PU, generates the OR for
tem involves no readbacks. rame: + 2 andG PUs displays the visible primitives. In this

) case(GPU; andGPU, form a “switch”.
3.2 System Architecture GPU, 2

. : . .3 Bandwidth requirements
In this section, we present the overall architecture for paralle this section. we discuss the bandwidth requirements of our
occlusion culling. Our algorithm uses three GPUs connected’ ™" lon, We discu wi qui u

; - ~System. In our implementation, we map each node of the scene
;8&?%?13 tggrc\#?uﬂnl_iﬁé\l é'srgess:png;l{Jesppr)(e)(r:fg;? the fOIIOV\”ngby the same node identifier across the three different PC’s. We

transmit this integer node identifier across the network from

« Occlusion Representation (OR) Render the occluders SPY performing HC to each of GPUs performing OR and

to compute the occlusion representation. The occluder
for framei + 1 correspond to the visible geometry from
frames.

1http://oss.sgi.com/projects/ogI—sample/registry/HP/ochummxt
2http://oss.sgi.com/projects/ogI-s.ample/registry/NV/ochu:q'(mry.txt
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RVG if it is visible. This has the advantage over sending the
node geometry as it requires relatively smaller bandwidth. So,
if the number of visible nodes ang, then GPU performing
HC would need to sendin bytes per frame to each of OR and
RVG client. Heren refers to number of visible objects and not

visible polygons. We can reduce the header overhead by send-
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ing multiple integers in a packet - however this incurs somegorithm would be applicable even if all the GPU's are on the
latency due to buffering. The size of camera parametefd is same PC and this would reduce the latencies involved in send-
bytes and therefore, the bandwidth requirement per frame img nodes and camera’s over network.

8(nh/b) + 3(72 + h) bytes, where is the size of header in 3 g Reliability

e T e Eahacacis The Gorreciness and conservaivity of ur algortn is deper-
required iSnhf/b+ 216 f + 3hf ' dent upon the reliable transmission of camera parameters and
: the visible nodes. Our system is synchronized based on trans-
3.4 System Latency mission of an end of frame (EOF) packet. This requires us
A key component of any parallel algorithm implemented us-to have reliable transmission of camera parameters from GPU
ing a cluster of PCs is the network latency introduced in termperforming HC to GPU performing RVG, Also we require re-
of transmitting the results from one PC to another duringliable transmission of node ids and EOF from GPU perform-
each frame. The performance of our system is dependent ang HC to each of GPUs performing OR and RVG. We used
the latency involved in receiving camera parameters by th@CP/IP to transfer data across the network, as it provides a
GPU performing HC and the GPU generating OR for the nexteliable transfer mechanism.
frame. There is also a latency in sending camera paramete ; ;
from GPU performing HC to GPU performing RVG. More- ® !nteractlve Display . . .
over, there is latency involved in sending the visible nodedn this section, we present our approach to interactive display
across the network to RVG and OR. We handle the Iatenc?f large environments based on the occlusion culling algo-

problem in receiving the camera parameters by the GPU pefithm described above. In particular, we integrate with pre-
forming HC using the switching mechanism. computed static levels-of-detail (LODs) to render large envi-

ronments. We represent our environment by a scene graph
= described in [EMBO1]. In addition, we store the bounding
GPU. . . . .

O Grty box of each node in the scene graph, which is used for view
frustum culling and occlusion tests. We pre-compute levels-
of-detail for each node in the scene graph and also compute hi-
erarchical levels-of-detail HLODs for each intermediate node
in the scene graph [EMBO01]. Each LOD and HLOD of a node
in the scene graph is associated with an error deviation met-
ric that approximately corresponds to the Hausdorff distance

e B W Catera Receives Thread _ between the original model and the simplified object. At run-

Camera cambuffer[1] amera cambuffer(1] Camera i+2 . . . .
time, we project this error metric to the screen space and com-
pute the maximum deviation in the silhouette of the original

: - object and its LOD. Our rendering algorithm uses an upper

Display Geometry PRpE ey bound on the maximum silhouette deviation error and selects

el | [t | e the lowest resolution LOD or HLOD that satisfies the error
bound.

Render Occluders
For Frame i+2

Camera Receiver Thraad
Camera cambuffer[1]

Hardware Cull
For Frame i

Camera Receiver Thread
Camera cambuffer{1]

Clamera GrabLatestCam ()

Camera CrabLatestCam ()

Clamera GrabLatestCam £) Camera GrabLatestCam ()

i »

Figure 2:System Overview: Each color represents a separate GplJiardwareCull (Camera *cam)

with GPU, and GPU, forming a switch and>PUs as the display |1  queue = root of scene graph

client. Each ofGPU; and GPU, have a camera-receiver thread |2  disable color mask and depth mask
and receives camera parameters when the client transmits them due  while( queue is not empty)

to user’s motion and stores them in a camera buffer of size one. Th¢ do

GPU performing OR grabs the latest camera from this thread as the; node = pop(queue)
camera position for the next frame. Notice that in this design, theg visible= OcclusionTest(node)
GPU performing HC doesn't have any latency in terms of receiving; if(visible)
the camera parameters. 8 if(error(node)< pixels of error)
Let G PU; andG PU, constitute a switchGPU; performs |9 Send node to OR and RVG
HC for framei andG PU, generates OR for frame+ 1. For | 10 else )
framei + 1, GPU; generates OR for framet+ 2 andGPU, |11 push children of node to end of queue
performs HC for frame + 1. We note that sinc& PU, has |12 endif
already rendered occluder geometry for frame 1, it al- |13 end if

ready has the correct camera parameters for performing H&! enddo
for framei + 1. As a result, there is no additional latency
in terms of HC receiving the camera parameters. HowevelALGORITHM 4.1: Pseudo code for Hardware cull (HC). Oc-
the GPU performing OR requires the camera-parameters froglusionTest renders the bounding box and returns either the number
GPU performing RVG. This introduces some latency in termspf visible pixels or a boolean depending upon the implementation of
of receiving the camera parameters. However, since HC reduery. The function error(node) returns the screen space projection
quires time to perform Hardware Cull tests before transmittin@r\‘;irsi‘gléhsi;;gewg‘étoeufgauts'fetirt‘einogg't:ﬂg% itr?g?ttrr]%tlljéczltgfvcﬁi?hbﬁr
the first visible node to GPU performing OR, this latency is ' . L9 X . .
usually hidden. We reduce the latency in transmitting camer eeds to be rendered. A detailed explanation is provided in section
parameters from HC to RVG by sending them in the begin- "
ning of frame. Figure 2 illustrates the basic camera transfer ) .
routines between the 3 GPU's. 4.1 Culling Algorithm

There is some delay introduced by the network. This in-At run-time, we traverse the scene graph and cull away por-
cludes the protocol dependent buffering delays and the hardions of geometry that are not visible. The visibility of a node
ware level transfer delay. It is important to note that the al-is determined by rendering its bounding box against the oc-
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clusion representation and querying if it is visible or not. Itscene graph which are determined as visible by the HC and
is important to note that the visibility of a bounding box is a renders them at the appropriate level of detail. Also, the dis-
very fast way of rejecting geometry which is not visible. If the play client transmits the camera information to the GPU's in-

bounding box of the node is visible, we test if any of the LOD volved in SWITCH based on user interaction. The colormask
or HLOD associated with that node meets the error-bound exand depthmask are set to true during initialization. The algo-
pressed in terms of pixels of error deviation in the silhouetterithm for display routine is shown in Algorithm 4.3
If a LOD or HLOD is selected, we send the node to the GPU

performing OR for the next frame as well as the GPU perfornf  Receive camera from HC

ing RVG to render the node at the appropriate level-of-detaily  set the camera parameters

If the node is visible but none of the HLOD associated with3  clear depthbit and colorbit of framebuffer.

it satisfy the simplification error bound, we recurse down thes  intid=end of frame +1 ;

scene graph and apply the procedure recursively on each node. while(id!=end of frame)

On the other hand, if the bounding box of the node is not vis6  do

ible, we do not render that node or any node in the sub-treé id=receive node from HC
rooted at the current node. The pseudocode for the algoritk® crje(;rder(ld, camera);
is described in Algorithm 4.1. 10 egnd i?

4.2 Occluder Representation Generation

In this section, we describe our algorithm to generate the 0CALGORITHM 4.3:  Algorithm for the display routine for GPU
clusion representation. At run-time, if GPU performing RVG performing RVG

is processing for frame grab camera for framé+ 1 from
RVG and clear its depth and color buffer. Set the camera p T

rameters for frame + 1. While we receive nodes from GPU %5 Opt|m|zgt|ons o . oo

performing HC, we render them at the appropriate level of deYVe now describe the optimizations in maximizing the perfor-
tail. An end-of-frame identifier is sent from HC to notify that mance of our algorithms. The following are the optimizations:

no more nodes need to be rendered for this frame.

e Multiple Occlusion Tests Our culling algo-

4.3 SWITCH Algorithm rithm performs multiple occlusion tests using
We now describe the algorithm for “switching” mechanism GL_NV _occlusionquery and this avoids immediate
described in Sectiors. The two GPU'’s involved in the readback of occlusion identifiers, which can stall the

SWITCH toggle their roles of performing HC and generating pipeline. More details on implementation are described
OR. We use the algorithms described in sections 4.1 and 4.2 insection 4.5.1.
to perform HC and OR respectively. The pseudocode for the

resulting algorithm is shown in Algorithm 4.2. e Visibility for LOD Selection: We utilize the num-
ber of visible pixels of geometry queried using

1 if GPU is generating OR GL_NV _occlusionquery in selecting the appropriate
2 camera=grabLatestCam() LOD. Details are discussed in section 4.5.2.
3 endif . .
4 Initialize the colormask and depth mask to true. 4.5.1 Multiple Occlusion Tests
5 if GPU s performing HC Our rendering algorithm performs several optimizations to
6 Send Camera to RVG improve the overall performance of the system. The
7 else /*GPU needs to render occluders */ GL_NV _occlusionquery on Nvidia GeForce 3 and GeForce
S eng:fear the color and depth buffer 4 cards allow the pré)grammﬁr to exlecute n|1ultipl_e OCCwSiOI‘I

queries at a time and query the results at a later time. We can
1(1) ﬁgémeig%ngﬁg?rgfggnggers traverse the scene graph in a breadth first manner and perform
12 HardwareCull(camera) all possible occlusion queries for nodes at a level. This would
13 Send end of frame to OR and RVG result in a higher performance. Note that certain nodes may
14  else /* Render occluders */ be occluded at a level and they are not tested for visibility.
15 int id= end of frame +1 ; We then query the results and determine the visibility of each
16 while(id!=end of frame) node. Therefore, if; is the list of nodes at leveélwhich are
17 do ) being tested for visibility and pixels of error criteria, we gen-
18 id=receive node from HC erate the list; ;, to be tested for level 4 1 by pushing the
%8 enéeé‘ger('dv camera); children of a node: € L; only if its bounding box is visible

and it doesn’'t meet the pixels of error. We use an occlusion

g% ﬁ'gp'fu is performing HC identifier for each node in the scene graph and exploit the par-
23 do OR Tfor next frame allelism available in GLNV _occlusionquery by performing

24  else multiple occlusion queries at each level.

25 gofHC for next frame 4.5.2 Visibility for LOD Selection

26  endi

The number of visible pixels of a bounding box of a node

. . - . provides an upper bound on the number visible pixels of its
ALGORITHM 4.2: The main algorithm for the GPU’s forming eometry. The GLNV _occlusionquery occlusion query also
the switch. Note that we send the camera parameters 10 the RVigrng the number of pixels visible when the geometry is ren-
client at the beginning of HC (on line 6) in order to reduce latency. dered. We compute the visibility of a node by rendering the
. bounding box of the node and the query returns the number of
4.4 Render Visible Geometry visible pixels corresponding to the box. If the number of visi-
The display client receives the camera from HC and sets ible pixels is less than the pixels of error specified by a bound,
for the current frame. In addition, it receives the nodes ofwe don't traverse the scene graph any further at that node. This
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(a) Double Eagle tanker renderedatpixels of error (b) Powerplant rendered &0 pixels of error

Figure 3:Both the models are rendered Hi — 20 frames per second on a Nvidia GeFort&PU at1024 x 1024 screen resolution.

_ Average FPS Pixels of Number of Objects
Pixels of | SWITCH | Distributed | Gigawalk Model Error SWITCH | GigaWalk | Exact Visibility
Model Error GigaWalk PP 10 1557 2727 850
PP 10 10.0 6.2 5.6 DE 20 3313 4036 1833
DE 20 11.5 4.85 3.50

Table 3: Comparison of number of objects rendered to the actual
Table 1:Average frame rates obtained by different acceleration tech-number of visible objects by the two implementatidd&.= Double

niques over the sample pathPS= Frames Per SecondE = Dou- Eagle Tanker modeRP = Power Plant model
ble Eagle Tanker modePP = Power Plant model
Pixels of Number of Polygons (in0%) Z-buffer. All the interprocess communication is handled
Model | Error | SWITCH | GigaWalk | Exact Visibility using the shared memory.
SE %8 (1)?&2?) %%ggg 8%28 e Distributed GigaWalk: We have implemented a dis-

tributed version of GigawWalk on two high end PC’s with
Table 2: Comparison of number of polygons rendered to the actual Nvidia GeForce 4 GPUs. One of the PC’s serves as the

number of visible polygons by the two implementatid&.= Dou- occlusion server implementing OR and occlusion culling

ble Eagle Tanker modeRP = Power Plant model in parallel. The other PC is used as a display client.
The occlusion culling is performed in software similar

additional optimization is very useful if only a very small por- to GigaWalk. Interprocess communication between PCs

tion of the geometry is visible and the node has a very high  is done using TCP/IP stream sockets.

screen space projection error associated with it.
) We compared the performance of the three systems on two

5 Implementation and Performance complex environments: a coal fired Power Plant (shown in Fig
We have implemented our parallel occlusion culling algorithm3(b)) composed of 3 million polygons and 200 objects, and
on a cluster of thre@.2 GHz Pentiumi PCs each withk GB @ Double Eagle Tanker (shown in Fig. 3(a)) compose#i2of
of RAM and a GeForce Ti 4600 graphics card, running linux million polygons and 27 thousand objects. Figures 4(b) and
and connected via )0 Mbps switched ethernet. 4(a) illustrate the interactive performance of our algorithm on

The scene database is replicated on each PC. Commuril-reasonably complex path for Powerplant and Double Eagle
cation of camera parameters and visible node ids betweemodels respectively. We have also compared the performance
each pair of PCs is handled by a separate TCP/IP strea@f occlusion culling in terms of the number of objects and
socket. Synchronization between PCs is maintained by sengolygons rendered and the number of objects and polygons
ing a sentinel node over the node sockets to mark an end &&xactly visible. Exact visibility is defined as the number of

frame(EOF). primitives actually visible from a given viewpoint. It is deter-
We compare the performance of our implementationmined upto the Z-buffer resolution by drawing each primitive
(SWITCH) with the following implementations: in a different color to an “itembuffer” and counting the num-

ber of colors visible. Figures 5(a) and 5(b) show our culling
e GigaWalk: It is a fast parallel occlusion culling system performance on the Double Eagle Tanker model. The average
which uses two IR2 graphics pipelines and three CPUspeedup in frame rate for the sample paths is shown in Table
[BSGMO02]. OR and RVG are performed in parallel on 1. Tables 2 and 3 summarize the comparison of the primitives
two separate graphics pipelines while occlusion culling isrendered by SWITCH and GigaWalk with the exact visibility
performed in parallel using a software based hierarchicafor polygons and objects respectively. As the scene graph of
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the model is organized in terms of objects and we perform visifcreo1] N. Greene. Occlusion culling with optimized hierarchical z-buffering. In
bility tests for objects (not polygons) as primitives, we observe BEHOO gCM SH'GGRhAPH ?OUS SiNﬁ TtItEhS O'EJ'?JB'“TY& fﬂnn-ll anrahan. Di
a discrepancy in the ratios of number of primitives rendered td 1 Greg Humphreys, lan Buck, Matthew Eldridge, and Pat Hanrahan. Dis-

A N tributed rendering for scalable displays.Sopercomputing2000.
the exact VISIbIIIty for ObjeCtS and polygons. [HEB‘*‘Ol] G. Humphreys, M. Eldridge, I. Buck, G. Stoll, M. Everett, and P. Han-
5.1 Bandwidth Estimates rSthGagl'?XIVDIlr—ieZ%I_OzlA scalable graphics system for clusteéPsoc. of ACM

In our experiments, we have observed that number of Visibl@c+97] 1. Hudson, D. Manocha, J. Cohen, M. Lin, K. Hoff, and H. Zhang. Accel-

objectsn typically ranges in the order a0 to 4000 depend- erated occlusion <I:uIIing using shadow frustaPhoc. of ACM Symposium

: : on Computational Geometrpages 1-10, 1997.

Ing upon scene Comple.XIty' If we render atmaGframes per [Jac88] V. Jacobson. Congestion avoidance and corirot. of ACM SIGCOMM
second (fps), header size(for TCP, IP and ethernet frame) pages 314-329, 1988

is 50 bytes, buffer sizé is 10, then we require a maximum [Kso0] J. Klowoski and C. Silva. The prioritized-layered projection algorithm for
bandwidth of39 Mbps. Hence, our system is not limited by visible set estimationlEEE Trans. on Visualization and Computer Graph-

. L ics, 6(2):108-123, 2000.
:he available bandwidth on standard ethernet. However, due {Rso1; J. Klowoski and C. Silva. Efficient conservative visiblity culling using the
he variable window size bufferlng in TCP/IP [\]a088], we ex- prioritized-layered projection algorithnlEEE Trans. on Visualization and
perience network delays under TCP. With UDP, the networl<LMBH+02] ;"E”‘?terG’agh'8°57(4)'f6:‘379' 2201/" o a3 g .
iynifi inhi . Meissner, D. Bartz, T. Huttner, G. Muller, and J. Einighammer. Gen-
plelays are Slgmflcantly |OW9I’, bU.t does ”‘?t guarantee reliabil eration of subdivision hierarchies for efficient occlusiongculling of large
ity and correctness of our occlusion algorithm. polygonal modelsComputer and Graphic2002. To appear.

F : [MCEF94] S. Molnar, M. Cox, D. Ellsworth, and H. Fuchs. A sorting classification of
5.2 Limitations parallel renderinglEEE Computer Graphics and Applicatigr(@):23-31,
1994.

Our parallel occlusion culling algorithm introduces a frame , § el aranhics and | it with
latency due to multipass rendering.This does not decrease tHEo & Belne a0 B o o Goy eractivity with the
frame rate as the second pass is performed in parallel. Ho

. . . F-’MS+99] S. Parker, W. Martic, P. Sloan, P. Shirley, B. Smits, and C. Hansen. Inter-
ever, it introduces an end-to-end latency and is best suited for active ray tracingSymposium on Interactive 3D Graphid999.

latency-tolerant applications. [SDDS00]  G. Schaufler, J. Dorsey, X. Dctiecgret, and F. Sillio?. Conservative visibil-
In addition, a distributed implementation of the algorithm e 53t hoog. <xended projectiofsoc. of ACM SIGGRAPH
may suffer from network delays, depending upon the imple{srLo1]  R. samanta, T. Funkhouser, and K. Li. Parallel rendering with k-way repli-
mentation of network transmission protocol used. However, cation. IEEE Symposium on Parallel and Large-Data Visualization and
. S - raphics .
our approaCh IS general and is mdependent of the L’mderlymgFLSOO] R. Samanta, T. Funkhouser, K. Li, and J. P. Singh. Hybrid sort-first and
networklng protocol. sort-last parallel rendering with a cluster of PEsirographics/SIGGRAPH
. workshop on Graphics Hardwarpages 99-108, 2000.
6 Conclusions and Future Work [Tel92] S.J. Teller.r\lﬂsilﬂlity Computations in Denskelly Occluded Polyheral Envi-
We have presented a new parallel occlusion culling algorith ronments PhD thesis, CS Division, UC Berkeley, 1992.

. . . . ¥ SBO1] |. Wald, P. Slusallek, and C. Benthin. Interactive distributed ray-tracing of
using multiple GRUS for.renderlng massive r_nodels at interac- highly complex models. IRendering Techniquepages 274-285, 2001.
tive rates. In particular, it uses three GPUs in parallel and repvwsoo) P Wonka, M. Wimmer, and D. Schmalstieg. Visibilty preprocessing with
verses the role of two of the GPUs between successive frames. occluder fusion for urban walkthroughs. Rendering Techniquepages

. . 71-82, 2000.
We have |Ilustrated the performance of the .algorl_thm on tWO[WWSOH P. Wonka, M. Wimmer, and F. Sillion. Instant visibility. Rroc. of Euro-
complex environments and demonstrated its efficiency with graphics 2001.
two fast paraIIeI occlusion culling imp|ementations_ [ZMHH97] H. Zhang, D. Manocha, T. Hudson, and K. Hoff. Visibility culling using

. hi hical lusi roc. of ACM SIGGRAP 7.
There are many avenues for future work. These are main terarchical occlusion mapgiroc. of ACM SIGGRAPHL99

related to network communication between different GPUs.
A low latency network implementation is highly desirable to
maximize the performance achieved by our parallel occlusion
culling system. We are working on implementing the system
using Myrinet which is a low latency network implementa-
tion. We are also interested in exploring other low latency
implementations like ATM. Finally, we will like to apply our
algorithm to more complex environments.
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Figure 4:Frame rate comparison between SWITCH, GigaWalk and Distributed Gigawaflkatx 1024 screen resolution.
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Figure 5:Comparison with exact visibility between SWITCH, GigawWalk and Distributed GigaWadkpakels of error atl024 x 1024 screen
resolution.
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