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Abstract - A novel output sensitive real-time rendering'Mad€ Space Sizé if0[27xv , whereris the average

algorithm local Z-buffering for the large complex scenes iscene depth complexity angl is the screen window size
presented in this paper. A naive algorithm is proposed ah the rendering. The Z-buffering algorithm is goad
first based on decomposing a large complex scene intorandering low depth complexity scenes rather trergel
low-depth complexity scene and a large depth complexigomplex scenes because of its minimum Z-value rsprti
by computing a partition plane in the view space. The lownechanism. Although some sophisticated hardware
and high depth complexity scenes are visualized by Zechniques have been proposed to decreMe by

buffering and ray casting respectively. This naive ; ; ; .
algorithm works well for densely occluded scenes. Thocclusmn culling algorithms, these hardware teghes

€an improve the graphics pipeline throughputs Hilt s

naive algorithm is refined by a series of acceleratiorhave difficulty in interactive visualizations of rige
algorithms from different point of views. The accelerationComplex scenes [1,2]

algorithms include the selectively lazy ray casting, object-
oriented ray casting and a coherence based octree traverse In additional to the hardware acceleration techey

algorithm .The final !ocall Z-buffering a'gof'thm req8s o categories of real-time rendering algorithms dze
the least preprocessing time and can achieve satlsfacto%und in the large complex scene rendering: visbil

speed-up averagely in the reaktime rendering of IargPf:ulling algorithms and scene approximation based

pomplex. lts performance can grow  up with therendering algorithms. The first type of algorithfosus on
improvements of the CPU and GPU capacities. removing invisible objects to decrease numberiahgles
sent to the graphics pipeline. According to thefedént
spaces where the occlusion culling computing cotealjc
i visibility culling algorithms can be further clasd as
1 Introduction image/object space algorithms, including the celbdul
Recent progress in graphics hardware technologiespstential visible set (PVS) algorithm [3], hieraicd Z-
still facing the challenges from real-time rendering of théuffer algorithm (HZB) [4], hierarchical occlusiomap
increasing scene complexity of the large complex sceng$iOM) [5], cPLP conservative prioritized layered
The large complex scenes are large geometric data sptejection (CPLP) [6,7] and occluder shrinkireg al[8,9].
from the traditional compute games, virtual environmentsthe second type of algorithms focus on approxingatire
scientific visualizations and the new bioinformatics areamput scenes by a corresponding reduced/simplified
[1,2]. A large complex scene is generally a scene with gieometric data set, which is less expensive toaetithn
least 3 million triangles and average depth complexity 1%he original scene, to reduce the pixel numbergepted
These scenes are organized by objects and each objetdQ . The level of detail method (LOD) and point based
consists of a set of triangles. There are relatively largendering belong to this class. For the more detail
variances of triangle sizes in a large complex scene andiaformation about these algorithms, we suggestrétfated
least 90% primitives are hidden in rendering. For examplegviews and papers on this topic [11,12]. Althoubbse
a virtual city with 30 million triangles is a typical large proposed interactive rendering approaches did great
complex scene. improvements on the real-time rendering of largmgiex
scenes, they still share some of following weakn{si
The interactive rendering bottleneck from such scenesich that algorithms need a large amount of pregssiog
is largely due to the fact that most graphics cards and ARds need customized hardware support to real-time
employ the Z-buffering algorithm or its variants in thevisualization. Some approaches even can not gusgdhée
visibility computing. The Z-buffering algorithm is an conservation in the visibility or just can apply $pecial
input-sensitive algorithm and its complexity grows linearlyscenes [1, 14].

with the scene complexity; that i(S +|Q)) . Here|s| is
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. . . . S We believe an efficient real-time rendering algori
the scene size am is the image space size, which is theOf large complex scenes must have the following
total number of projected pixels generated by mto)g characteristics. 1) It should be an output seresitiv
primitives into the image spa€e. The lower bound of the algorithm; that is, its computational complexityvigakly



dependent on scene complexity; 2) Its preproogsstage employed to decide if a triangle intersects withaats in
should be light-loaded. 3) It can get commonly Edé our octree building. It is faster than the defaniétngle-box
graphics hardware support rather than special aghds;is  overlap testing algorithm [13,14]. There are foliogy five
easy to implement and can apply to different caiegaf steps in the real-time stage.

scenes. 1. Conduct the hierarchical view frustum culling by
traversing the octreel to collect leaves in the
In this work, we present an output sensitive teaé current view frustum.
rendering algorithm called local Z-buffering renider 2. Compute a partition plane =z, in the view space

(LZB) according to these criteria. The LZB rendgriis

o i to partition the input scerg into two disjoint
based on the scene decomposition in the view spade

scenes:s=g_,US,- SceneS,, ands_ are a low

following multi-passing rendering. In the scene

decomposition, the scene in the view frustum is and high depth complexity scene respectively.
decomposed as a low depth complexity / a near-gigane 3. Conduct the local re_ndering: employ the Z-buffering
S...r» and a high depth complexity / a far-view scefg to render the near-view scege. .

to be shaded.

5. Cast rays from the unfinished pixels to render the
primitives are more likely invisible than thoseSp,,. The far-view scens,

far *

imagel ., of the scen&,,is obtained by the local A partition plane is a “good” plane if the scegg, is a
rendering; that is, the Z-buffering is employedeader the  |ow depth complexity scene and its imagg, contributes
primitives inS,,,. The local rendering is similar to the . n more pixels than the imagg of the far-view scene
selected occluder rendering to compute the finest . ) N
hierarchical occlusion map in the hierarchical oswn I the final rendering]l ., | >>|I | - There are two ways
map method [5]. However, the graphics hardware sHpp to set a partition plane in the view space: acstaad-hoc
Z-buffering, lighting and texturing. Moreover, th@age and a dynamic approach. In the ad-hoc approachpltme

| .or Obtained from the local rendering is a partialiyrect z= z,, can be reasonable set at the 15% to 25% depth

image rather than the finest occlusion map in tf@WH  position in the view frustum because a large comptene
The imagd (,, of the sceneS,,, is computed by rendering a has at least 90% hidden primitivGthe ad-hoc approach is
potential visible list (PVL) through the Z-buffegn The equivalent to setting a small view frustum inclugliall
potential visible list can be quickly computed biyet Pprimitives in thes . We found the partition plane would

selectively-lazy ray casting and object-orientegtcasting  get closer to the near plane with increase of teme size
accelerated by the coherence based ray-octreerseave[14]. In the dynamic approach, the coarse rayirgds
algorithm. The LZB algorithm performs well for the ysed to decide the partition plane. A set of umifigr
general large complex scene rendering. In the ne¥barse-sampled pixels on the screen window conthect
sections, we present the naive LZB algorithm arsd itray casting to compute the distance, the ray lergtithe
optimization: the final local Z-buffering rendering nearest surface for each ray. The average distamt®sen
algorithm. as the location of the clipping plane and it is nthe
transformed into the corresponding distance in \tieav
2 A naivelocal Z-buffering a|gorithm space. This approach can get a better partitiomepla
because the coarse ray casting probes the nearémstes
The basic idea of the naive Local Z-buffering ds t |ocations. It is unnecessary to compute the pantiflane
employ the Z-buffering to render the low depth cé®ly  for each frame. The frame coherence can be exgltie
scene and the ray-casting to render the high deptBysing the partition planes in the previous frames
complexity scene. This idea aims at taking advantdghe
“good features” of Z-buffering and ray-casting atths, Z- The naive local-Z buffering can work well for the
buffering is good at rendering the low depth comitfe densely occluded scenes which are special kindargé
scene and ray-casting has the built-in occlusiolingu  complex scenes. The densely occluded scenes dai
mechanism to reject the hidden objects after SpEI@NG.  from interior architecture models, office modelsiaome
city models [14]. In a densely occluded scene, rthar-
The naive LZB consists of a preprocessing stage ajjew scene image is very close to the final scerage due
real-time stage. In the preprocessing stage, ae®dt is  to generally available large occluder; that is, e casting
built to organize the input triangles in the sc8neThe  takes only a light workload to compute the far-visgene
termination condition in the octree building is theimage and the local rendering takes the majoritgeeing.
maximum depth of the tree and the maximum primitiverigure 1 shows a densely occluded scene with 522,41
number in each leaf node. To accelerate the prepsod. triangles with the average depth complexity 15. The
Moller 's triangle-box overlap testing algorithm isaverage Z-buffering rendering is 0.69 second are th

automatically selected occluder set $y, where the




average naive LZB rendering time is 0.37 secondr&hebit is set for each primitive before it is recordadhe PVL
partition planes are computed by the coarse ragingas to remove the duplicated primitive identificationmbers.

with frame coherence. However, the naive algorithay

not work well for the general large complex scenes

obviously due to the large amount of overhead fram
casting and following shading.

Fig. 1. A densely occluded scene with 572,412 gfies

3 Thelocal z-buffering rendering

To compute the local list for a ray r emanated
from the pixelp, we just find the first ray-triangle hit for

the rayr rather than test all triangles associative with th
ray path. A ray path is a set of octree leavestisad by a
ray until the ray visibility status is resolvechete is either
a found nearest surface in an octree leave orteosiection
occurrence between the ray and the octree. Inatherhy
casting, if there is a ray “hit” happen for a tigdain a leaf
node for a ray, the ray-triangle intersection test
terminates and all the primitives associative tbavés
traversed byr and current leaf are recorded in the local list
| . The potential visible list rendering is to usee ti-
buffering to render all the primitives in theVL The
rendering results are just the image of the fawvie
scenes, . It is easy to see that the computing in the lazy

casting consists of CPU base¥L finding and GPU based
PVL rendering. Thus there is general hardware sugport
the lazy ray casting compared with the classicaasting
and its performance can “grow up” with the CPU &R

In this section, we improve the naive local Z-technology.

buffering algorithm from four aspects:
hardware support, fast potential visible list idigimng,
empty pixels removal and fast ray transverse. Taey
corresponding lazy ray casting, selectively lazyaasting,
object-oriented ray casting and coherence based
traverse algorithm. The final version local Z-buiife
algorithm is the integration of all these improverse

3.1 Thelazy ray casting

It is reasonable for us to turn to the possiblelvare
support to accelerate the ray casting in the nBE such
that it can handle general large complex sceneedh
time. For this purpose, we propose the lazy rayirgas
The idea of the lazy ray casting is to decomposectassic
ray casting into two parts: potential visible lfistding and
the potential visible list rendering. In the laayrcasting,
software is only responsible for finding the poiaintisible
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Fig. 2. The idea of the lazy ray casting

How much “saving” can we get from the lazy ray

primitives list PVL) for the far-view scene. The nearestcasting compared with the classic ray casting? fswar

surface identification and shading for all unfireshpixels
in the ray-casting are left to the graphics hardwérat is,

this question, we compare the complexity between tw
approaches. Suppose there are total n trianglédseimay

sending thePVL to the graphics pipeline and using the Zpath of a ray, there will be n ray-triangle intetsen
buffering to render th®VL. Figure 2 indicates the idea of computing in the classic ray casting. However,rtheber

the lazy ray casting method.

In the PVL computing, a local list is maintained for

of ray-triangle intersection testing in the lazy asting is
n/2 averagely and n in the worst case. Actuallymiany
large complex scene rendering experiments, theréigshit

each ray-casting pixgl to hold the identification numbers happens in the first several leave transverse dmed t

of a set of the potential visible primitives. Thet ®f the
potential visible primitives contains the nearestface /
the first-hit triangle for the ray emanated frone tpixel.

exhaustive search case is a rare case [14]. Thelerity
for a rayr in the classic ray castingris, +c,. Herec, is

the average process cost to finish one triangleictwh

The PVL is the union of all the local lists where eachincludes the octree traverse and ray-triangle $ettion

triangle identity is only counted once. Actuallysemdering

testing time, anct,is the average shading cost for a pixel,
which is related to the shading models used in the



rendering. The lazy ray casting has the averageplaxity

In the lazy ray casting stage, the ray-triangle

05[ng +c,n. Here ¢, is the average cost to render eachntersection testing starts from the first occlydee largest

triangle by Z-buffering whose order is in the rarigE® to

triangle associative with the current leaf nodehére is an
intersection occurrence for a local occluder, die t

10™ according to different graphics hardware [2].griangles associative the leaf node will be recdrifto the

Obviously, the average saving from the lazy rayticgss

PVL Then the leaf is marked as a visible node. On the

050nc, +¢, —c,n and it is related to CPU speed and GPlbther hand, if there is no intersection (“hit”) ween a ray

capacity in the host machine.

3.2 Sdectively lazy ray casting

In the lazy ray casting, the worst case to firgl [dcal
list for each ray is to test all the primitives @siative with
the leaves in its ray path. How can we avoid thestvoase

and the pre-selected local occluders in a leaf, the
intersection query between the ray and other tten@n
the leaf will be skipped. The the identificationnmoers of
triangles associative with the leaf will be recatde the
PVL. Then, the leave point is computed for the rayhim
leaf node and the ray-triangle intersection queily ke

conducted for the local occluders in the next laatl the

to decrease thieVL finding time? In this section, two local visibility status of the ray is resolved.

occluder selection methods are proposed to acteléra

PVL finding. The first is called static local occluder

selection which is to build a@ctree-oin the preprocess.
The second is called is a dynamic local occludirctien,
which selects local occluders dynamically accordinga

Compared with the original lazy ray-casting, thegist
local occluder selection decreases the number
intersection tests and increases the size of thenpal
visible list (PVL). The approach works very well in the

of

measure called visibility. Two methods can also bscenes where there are large triangles spanningy man

integrated together to speed-up ML finding.

The reason, why the worst case occurs in the lstal
finding, is because that all primitives are treat@iformly
regardless of their different sizes and normal ddioas.
These factors are important measures to determihate
visibility probability of each primitive. Thus theay-
triangle intersection testing has to be conducted &l
triangles associative with a ray path even if thisrao
intersection for the ray with any triangles. Itdear that

leaves in the corresponding octree. The octreet ol
such scene sometimes is an ill-balanced tree. Higility
status of a ray won't be known until the all triéemytested
in the ray path. Actually, the large triangles eeal local
occluders for in th®ctree-o Because the ray-triangle test
is only conducted for the local occluders in eaciree
leaf, the average ray traverse time decreaseslyafge
such “selective mechanism”. According to our
implementation, the number of the average ray-gf@n
intersection query dropped dramatically for 5 odels

such a uniform testing mechanism is by no means aelected in eacB®ctree-oleaf with maximum 150 triangles

efficient approach to resolve each pixel visibilgyatus
because these measures are not involved in thiziaagle
testing. To resolve a pixel visibility status fastthe lazy
ray casting, we introduce the local occluder salact

The static local occluder selection just considbe
size of a primitive as a measure to decide thebiityi
probability of a primitive. It is obvious that th@imitive

method. The idea of the local occluder selectiors wanormal also play an important measure to decide the

inspired by the general occluder selection in tigect
space [5,7]. The local occluder selection is a ctisie

visibility probability of a primitive. Because thiistance of
primitives in a same leaf node to the viewpoinglisiost

method, which only tests those most likely visiblesame. Under this case, the distance may not play an

primitives (local occluders) to resolve the rayilvigy
status quickly. Such a selective ray triangle seetion
testing mechanism leads to the selectively lazycasting

method (SLR). There are two SLR methods according t

how to select the most likely visible primitivestet static
and dynamic local occluder selection.

The idea of the static local occluder selectiortois
select the local occluders for each leaf in theegcbuilt in
the preprocessing; that is, build an Octree-o:eactwith
local occluders. In the Octree-o building, oneseveral
local occluders are selected in each leaf nodedsing

important role in determinate the visibility proliéap of a
primitive. Thus we define a measure called vidipikio
measure the visibility probability of a primitieas

visibility = -vinlarea(p ) Q)
The v is the view direction and is the primitive normal
andarea(p)is the area of the primitive. It is easy to ses th
the primitive visibility depends on the inner pratiof —v
and primitive normal and the primitive size. Théptives
in a same leaf node with larger visibility valuedlvioe
mostly likely to be hit by a ray for a given viewpb

triangles according to their areas. The extra mgmor

demand for building an Octree-o is just severakdyio
record the local occluder identification numbefihe time
consuming in building an Octree-o is same as nglch
general octree [14].

The idea of the dynamic occluder selection inlézy
ray casting can be sketched as follows. A hasibility for
each leaf node is set according to the averagegtaaarea
size in each leaf and a preset valuewafi (for example-
v-n=0.5). In the actually ray shooting, the visibilitglue of



each triangle is computed dynamically. If the vilgipof a
triangle is greater than the base visibility, thg-triangle
intersection testing will be conducted for the rgée.
Otherwise, it will be skipped and the visibility tfe next
triangle will be computed. If there is a candidaiangle
hit by a ray, the leaf will be marked as ‘visiblehe
identification numbers of all triangles in the leafe
recorded in the finalPVL and ray-intersection testing
terminates. However, if there is no intersection dt the
selected candidates, the triangles in the leaf reodestill

Computing the projection of each OBB can get smalle
object projection area on the screen. But it asksem
preprocessing time. In our implementation, we mojae
AABB of each object in the view frustum on the sreln
the computing of an AABB projection, it is unneaaysto
compute projections of all vertices. On the othandy the
projection of the base point of the AABB is compulitt
first and then the projections of the other vediacd the
AABB are computed by adjusting the correspondirfged$
[5]. The projection of an AABB is a simple convex

recorded in thé®VL and ray-triangle intersection test goespolygonp,,,, with possible 4, 5 or 6 sides, which are

to next leaf node until the ray visibility statug ©

resolved. Compared with the static occluder siglecthe
dynamic selection can get more accurate estimatého
visibility probability of a triangle. But it will dpend on the
scene properties. In some scenes, if there ige lammber
of larger triangles existed, the performance ofdizgamic
occluder selection is not as good as the statidudec
selection. In the implementation, a hybrid versminthe

two local occluder selection approaches is employed
certain number of local occluders are pre-seleatethe

Octree-oand the visibility is computed for each occluder t

filter the occluders with low visibility values.

3.3 Objected- oriented ray casting

Although the selectively ray casting (SLR) candfin
the potential visible listRVL) for the far-view scene,_ in

the local Z-buffering, it still faces the followintempty
pixel problem”. The image of a large complex scenen
a densely occluded scene, may just shade a rekatnadi
pixel set on the screen most pixels are just erpptgls,
where no triangles in the scene are projected @seth
pixels for certain viewpoints. For some empty pixiel the
selectively lazy ray casting, they can be “rejettiedthe
first several octree level traverses because tligerao
intersection for their rays with any triangles retoctree.
However, for some empty pixels between the image afe
neighbor objects, the octree traverse may reackdbpest
leaves before knowing their visibility statusesslbbvious
that these types of empty pixels bring more oveathiedhe
ray-triangle intersection testing and increase R size
potentially. In the local Z-buffering rendering, ethray
shooting overhead from these empty pixels will @ase
linearly with increase of the image resolution [14]

To decrease the overhead from these empty pixels

its minimum level in the local Z-buffering rendeginwe
introduce theobject-oriented ray castinOOR). The basic
idea is just casting rays from the unfinished mixehich
are in the projection area of the objects in theent view
frustum rather than casting rays for all unfinisipiels on
the screen. In the OOR, the projection of an objecthe

screen can be approximated by the projection of its
corresponding axis aligned bounding box (AABB) o
object oriented bounding box (OBB) [5] on the saoree

corresponding to 1, 2 or 3 face visible cases [Id]decide
if an unfinished pixel is in the projection regiom,
bounding box for each projection is computed on line at

first. If the unfinished pixel is in the bounding»B,, then

we query if the pixel is in the,,,, a convex polygon with

maximum six sides. This query can be computed in
dynamically and there are many real-time algorithims
decide if a 2D point is in a convex polygon in twmputer
graphics literature.

The completeness of the ray shooting in the Q©OR
indicated by counting the number of objects in ¢herent
view frustum instead of counting the unfinishedgiéxon
the screen. That is, ray shootingabject-orientedrather
than pixel-oriented where the ray casting processing is
considered finished if the visibility status of tlast pixel is
known. In theobject-oriented ray castinghe ray casting
stage is considered complete if the visibility ssabf the
last pixel in the projection area of the last objec the
current view frustum is resolved. Considering ¢hare
overlap regions on the screen for the objects & view
frustum, a two dimensional Boolean matrix maintédirte
record if an unfinished pixel in the projection iy of an
object having finished ray shooting. If the pixeash
conducted ray shooting, its corresponding maskeveduhe
Boolean matrix is set true. The pixel won't be itwaa in
any ray shooting although it will be located inrajpction
of another object. Figure 3 indicates the idethefobject-
oriented ray casting.

Object oriented ray shooting

s |

ray just cast in the projection of the AABB of objects

p Fig. 3. The object-oriented ray casting



The object-oriented ray casting can be integratelhe final local Z-buffering consists of the intetiwas ofo
with selectively lazy ray casting to accelerate tt@ve the acceleration techniques of naive local Z-birfeefrom
LZB. That is, conducting the AABB projection foreth following aspects. The selectively lazy ray cagtin
objects in the current view frustum but behind plagtition  provides the quickPVL finding and general hardware
plane to find the interested regions on the scteeshoot support for ray casting; the object-oriented rapticg
rays. ThePVL for the far-view scene is computed by thedlecreases the overhead from empty pixels in the ray
selectively lazy ray casting and sent to the grephipeline shooting and the coherence based ray-octree teavers

to be rendered by Z-buffering. algorithm optimizes the top-down octree traverstharay
casting stage. The LZB algorithm is an output desesi
3.4 Coherenceray-octreetraverse algorithm with respect to the scene complexity &indl

image resolution. The detailed cost-model analysisl
The current ray-octree traversal algorithm in theyroof can be found in the [14].

selectively lazy ray casting is a standard top-dtnamerse,

which is by no means an efficient octree travers ; ;
algorithm. We give a coherence based ray-octreersa 2 Rende”ng EXpe”mentS
algorithm to exploit the “sub-frame coherence” lire tray

shooting.

If we see the “image” of each pixel is a sub¥fea
there is some frame coherence [4,6] between the é@m
this pixel and the color from its neighbor pixeo the
images of two sub-frames are similar or same, wicih
also be explained by the image coherence [4]. Alingrto
such sub-frame coherence, we expect the ray péttieeo
rays emanated from neighbor pixels are same otasinti
we keep a cached ray path, which records the ray
traverse information, for a ray emanated from thevipus
neighbor pixel. On the other hand, for a ray emeth&tom Fig. 4. A generated virtual city with 1.8 M triaesl
the current pixel, we just test if its first intecsion in the
octree is in the first leaf node in the cached paghl, . If

We give the following rendering experiments éstt
. o the performance of the LZB algorithm. The firstdering
the answer is t_rue, then a leave point is compatuijtr_we example is from randomly generated densely occluded
same query will -be conducteq for the next hodehe L virtual city with 1,822,260 triangles (Figure 4h& general
cached ray path; if the answer is not true, a ”e'ghborhOOdZ-buffering rendering needs 1.76 seconds averayelthe
search is conducted for the current ray path nodd the improved LZB just take 0.34 second for averagelysad
host leaf node or an empty leaf node for the caidid 40 viewpoints along a circular view path. The seton
point. If the neighborhood search fails, the staddap- rendering example is an assembling scene with 3I®m
down search octree traverse is taken to find a hode. triangles from the UNC power plant model [16]. We
When the visibility status of a ray emanated fréva pixel sample 120 viewpoints along a circular view pathttin
is obtained, the cached ray pdthis updated for its next rendering, the LZB rendering achieves average 13 FP

neighbor. Although there are many delicate ways teompared with the average 6.2 FPS under Z-buffering
conduct the neighbor search in an octree, we deaketthe rendering.

popular H. Samet 's approach since it requiresntoch

processing time and memory storages [15] In ouhate In the second rendering experiment, we want to
the neighbor search just finds the sibling leavest re “prove” the output sensitivity of the LZB. A seriesf
very easy to locate in the real time and no preesto Scenes, which are scenes scene triangle numbes fram
information required. We call the ray-octree traeer 18,000 to 3.8 million, are taken from the UNC powéant
method as the coherence based octree traverserdimgo model [16]. We check the LZB and Z-buffering
to our implementation, the coherence based octeeerse performance related to the following rendering rees :
algorithm achieves at least 50% optimization thae t image complexity, occlusion rates and scene depth
general top down octree traverse algorithm of theiton  complexity by sampling 40 viewpoints in a circuldew

plane is set around 30% in the view frustum avedygdd].  Path. The image complexity is the number of pr@ject
pixels in the image spa€k ; the occlusion rate measures

35 The final version local Z-buffering "W many pixels are occluded in the image space e
. . scene depth complexity is approximated by the ratithe

rendering algorithm image complexity and final image resolution. Frohe t
rendering results in Figure 5, we can see thatldiB is

weakly dependent on the image complexity, the @iotu
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