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Abstract. W e presen t a new metho d for in tegrating hierarc hical lev els

of detail (HLOD) with o cclusion culling. The algorithm re�nes the HLOD

hierarc h y using geometric criteria as w ell as the o cclusion information.

F or the re�nemen t w e use a simple mo del whic h tak es in to accoun t the

p ossible distribution of the visible pixels. The tra v ersal of the HLOD

hierarc h y is optimized b y a new algorithm whic h uses spatial and tem-

p oral coherence of visibilit y . W e predict the HLOD re�nemen t condition

for the curren t frame based on the results from the last frame. This al-

lo ws an e�cien t up date of the fron t of termination no des as w ell as an

e�cien t sc heduling of hardw are o cclusion queries. Compared to previous

approac hes, the new metho d impro v es on sp eed as w ell as image qual-

it y . The results indicate that the metho d is v ery close to the optimal

sc heduling of o cclussion queries for driving the HLOD re�nemen t.

1 In tro duction

In teractiv e visualization of complex mo dels comprising millions of p olygons is

one of the fundamen tal problems in computer graphics. In order to ac hiev e in ter-

activ e rendering of suc h mo dels, the amoun t of pro cessed data has to b e substan-

tially reduced. Lev el-of-detail metho ds allo w aggre s s iv e reduction of the amoun t

of data sen t to the GPU at the exp ense of sacri�cing image qualit y . P articularly ,

hierarc hical lev el-of-detail (HLOD) metho ds pro v ed capable for in teractiv e vi-

sualization of h uge data sets b y precomputing lev els-of-detail at di�eren t lev els

of a spatial hierarc h y . HLODs supp ort out-of-core algorithms in a straigh tfor-

w ard w a y , and allo w an optimal balance b et w een CPU and GPU load during

rendering [1 ].

An orthogo na l approac h of reducing the amoun t of rendered primitiv es is

o cclusion culling [2 ]. Occlusion culling metho ds aim to quic kly cull the in visible

part of the mo del and render only its visible part. In order to ac hiev e this task,

most recen t metho ds emplo y hardw are o cclusion queries (HOQs) [3 ,4 ].

The e�ects of HLODs and o cclusion culling can b e e�ectiv ely com bined [5 ,6 ].

Moreo v er , it w as sho wn that HOQs can also b e used to driv e the HLOD re�ne-

men t [7 ]. In this case, the o cclusion queries allo w more aggre s s iv e culling of the

HLOD hierarc h y , further reducing the amoun t of rendered primitiv es. Ho w ev er,
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due to the latency b et w een issuing a HOQ and the a v ailabilit y of its result, the

direct use of HOQs for re�nemen t criteria causes CPU stalls and GPU starv ation.

In this pap er w e in tro duce a no v el tra v ersa l algorithm for HLOD re�nemen t

driv en b y HOQs. The algorithm minimizes CPU stalls and GPU starv ation b y

predicting the HLOD re�nemen t conditions using spatio-temp ora l coherence of

visibilit y . As a result, it pro vides substan tial sp eedup o v er previous metho ds

while main taining comparable image qualit y .

2 Related W ork

Rendering v ery large mo dels has receiv ed serious atten tion in recen t y ears.

Among other tec hniques, HLOD-based metho ds pro v ed e�cien t for handling

these datasets. HLOD systems either use p olygonal represen tation of LODs [8 ],

p oin t-based represen tations [6 ], or a com bination of b oth [9 ]. They commonly

emplo y a scr e en sp ac e err or (SSE) to driv e the HLOD re�nemen t [8 ,5 ]. As an

alternativ e, Charalam b o s [7 ] prop osed the virtual multir esolution scr e en sp ac e

err or (VMSSE) whic h also considers the degree of o cclusion.

Occlusion culling metho ds are another p opular tec hnique for handling large

mo dels [2 ]. Recen t metho ds emplo y HOQs mainly due to their e�ciency and

simplicit y . The main goal of the recen t tec hniques is to cop e with the latency

b et w een issuing the query and a v ailabilit y of its results as w ell as reducing the

n um b er of issued queries [3 ,4 ].

The com bination of o cclusion culling and discrete LODs w as addressed b y

Andújar et al. [10 ], who in tro duced the concept of har d ly visible sets . In the con-

text of view-dep enden t LOD El-Sana et al. [11 ] prop osed c el l solidi ty values with

the same purp ose in mind. Gob etti et al. [6 ] presen ted a metho d for in tegrat-

ing hardw are o cclusion queries in to an HLOD-based system. This metho d cop es

with the query latency b y using temp oral coherence as prop osed b y Bittner et

al. [3 ]. It do es not, ho w ev er, exploit the results of HOQs for driving the HLOD

re�nemen t.

Charalam b o s prop osed a di�eren t metho d whic h also in tegrates o cclusion

culling in to an HLOD-based system, and it additionally exploits the results of

HOQs to driv e HLOD re�nemen t using the VMSSE [12 ]. In order to minimize

the e�ect of latency of HOQs, this tec hnique p erforms sev eral simpli�cations,

whic h ma y degrade the visual qualit y as w ell as the p erformance of the resulting

algorithm. Moreo v er , these e�ects are more noticeable in the case of scenes with

higher depth complexities [12 ]. In this pap er w e fo cus on these problems and

prop ose an optimized metho d for e�cien tly sc heduling the o cclusion queries,

whic h impro v es b oth the running time as w ell as the visual qualit y compared to

the previous metho ds.

3 In tegrating HLODs and HOQs

This section o v erviews the problem of in tegrating HLODs and HOQs, and brie�y

describ es previous approac hes . W e �rst describ e the visibilit y-based tra v ersa l of
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an HLOD hierarc h y and then w e fo cus on the computation of the visibilit y-based

HLOD re�nemen t criterion.

3.1 Visibil i t y-Base d HLOD T ra v ersal

The HLOD algorithm recursiv ely tra v erses the hierarc h y starting at the ro ot

no de. A t ev ery tra v ersed no de it ev aluates a r e�nement c ondition . If this con-

dition indicates that the no de should b e re�ned, the tra v ersa l con tin ues with

the c hildren of the no de. Otherwise, the tra v ersa l terminates and the LOD as-

so ciated with the no de is rendered. The set of no des where the re�nemen t stops

forms the fr ont of termination no des . The re�nemen t condition commonly uses

the SSE, whic h corresp o nds to the pro jection of the mo del space error on to the

screen [8 ,5 ]. The SSE for the giv en no de is compared to a user-de�ned threshold

giv en in pixels ( � ), kno wn as pixels-of-err or [5 ].

The HLOD algorithm can b e impro v ed b y in tegrating o cclusion culling in to

the tra v ersa l of the hierarc h y . Firstly , w e can cull no des whic h are completely

in visible [6 ]. Secondly , for visible no des w e can use the results of HOQs in the

re�nemen t condition. This can b e ac hiev ed b y using the VMSSE [12 ,7 ], whic h

mo dulates the SSE using the result of the HOQ.

By using the VMSSE w e can reduce the n um b er of rendered primitiv es. Ho w-

ev er, the HLOD re�nemen t b ecomes dep enden t on the result of the HOQ, whic h

is not readily a v ailable at the time when the re�nemen t criterion is ev aluated,

due to the latency b et w een issuing the HOQ and the a v ailabilit y of the result.

W aiting for the result of the query w ould cause a CPU stall and in turn a GPU

starv ation. A w a y to cop e with this problem is to predict the result of the HOQ

and use the predicted v alue in the ev aluation of the re�nemen t condition. If the

prediction w ere p erfectly correct, w e w ould only stop the re�nemen t where it

w ould ha v e b een stopp ed if the result of the query had already b een a v ailable. A

simple prediction metho d whic h uses the pro cessing order of the no des has b een

prop osed b y Charalam b o s [12 ]. Ho w ev er, this prediction is rather simplistic and

inaccurate, leading to t w o main dra wbac ks: (1) When the prediction is to o con-

serv ativ e, more no des get re�ned and in turn more primitiv es are rendered, (2)

when the prediction is to o aggr e s s iv e, the no de is rendered, but the same no de is

then also re�ned when the result of the query is a v ailable. That means that the

re�ned c hildren are rendered together with their paren t, whic h can cause visual

artifacts.

In order to cop e with this problem, our new algorithm predicts the re�nemen t

condition based on the criteria determined in the previous frame. The prediction

is used to decide whether to immediately re�ne the no de or stop the re�nemen t,

or dela y the decision till the result of the query b ecomes a v ailable.

3.2 Virtual m ulti res o l uti o n screen space error

The classical HLOD re�nemen t criterion is based on the SSE whic h b ounds the

error of pro jecting the simpli�ed geometry on to the screen. The SSE only con-

siders the distance of the ob ject from the viewp oin t, and disregar ds the o cclusion
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of the ob ject. Ho w ev er if the ob ject is largely o ccluded, w e most lik ely do not

p erceiv e subtle details in the remaining visible part of the ob ject. This suggests

that the computed SSE could b e reduced if o cclusion is considered [10 ,7 ].

In this pap er w e use a mo di�cation of the VMSSE prop osed b y Charalam-

b os [7 ]. This metho d ev aluates the r elative visibili ty � , whic h is the ratio of

uno ccluded pixels to the n um b er of pixels an ob ject pro jects to. The n um b er of

uno ccluded pixels is computed b y an HOQ, while the n um b er of pro jected pixels

is calculated analytically .

The metho d presen ted in [7 ] used the relativ e visibilit y � to scale the SSE

linearly . Ho w ev er a simple linear scaling of SSE migh t lead to visual artifacts

b ecause it do es not tak e the p ossible distributions of visible pixels in to accoun t:

F or larger relativ e visibilit y , it is lik ely that larger visibili ty windows app ear,

whic h mak e error s due to decreased LOD lev els more p erceptible. A prop er w a y

for handling this issue w ould b e to analyze the distribution of visible pixels in

conjunction with visual masking analysis. Ho w ev er b oth tec hniques w ould b e

to o costly for ev aluating the HLOD re�nemen t criterion in real time. A simple

mo del whic h aims to re�ect the p ossible clustering of visible pixels w as prop osed

in [13 ]. It assumes that the lik eliho o d of larger visibilit y windo ws to app ear is

prop ortiona l to relativ e visibilit y � , and therefore mo dulates the SSE using a

sigmoid bias function B (� ) (see Figure 1-a):

V MSSE = Bs;t (� ) � SSE; (1)

where the bias Bs;t (� ) is a function of � with user-de�ned parameters s and t .

t 2 [0; 1] is the movable turn over p oin t and s 2 [0; 1] is the smo othness . The

closer the mo v able turn o v er p oin t t is to 0, the more conserv a tiv e the SSE mo d-

ulation is, i.e. the SSE will b e mo dulated strongly just if only a few uno ccluded

pixels exist. The smo othness parameter s linearly in terp olates b et w een � and the

unsmo othed sigmoid. P articularly , if s = 0 then the sigmoid function b ecomes

equal to relativ e visibilit y ( � ).

Fig. 1. a) Sigmoid bias function B s;t (� ) used to compute the VMSSE. In the cy an

region ( � � t ) the function pro vides aggressi v e scaling, while in the blue region ( � > t )

the scaling is rather conserv ativ e. The s v alue is used to con trol the smo othness of

the curv e. b) Candidates for up date of the fron t of termination no des. In red w e sho w

no des for whic h re�nemen t has stopp ed for all its c hildren. In blue w e sho w no des one

lev el b elo w the termination no des
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4 Coheren t HLOD culli ng algorithm

This section describ es the prop osed HLOD culling algorithm. W e �rst describ e

the complete tra v ersa l algor ithm and then w e fo cus on its crucial part, whic h

predicts the HLOD re�nemen t condition b y using temp oral coherence.

4.1 Visibil i t y-based HLOD tra v ersal

The aim of our new algor ithm is to p erform e�cien t tra v ersa l of the HLOD

hierarc h y while using visibilit y information to driv e the HLOD re�nemen t. A

naiv e algorithm w ould issue an o cclusion query for ev ery tra v ersed no de, w ait

for its result, compute the re�nemen t condition, and decide whether to descend

the hierarc h y . W aiting for the result of o cclusion is costly as it stalls the CPU and

in turn causes GPU starv ation. Our algorithm solv es this problem b y predicting

the re�nemen t criterion using temp oral coherence of visibilit y . When pro ceeding

from one frame to the next, it is most lik ely that re�nemen t will stop at the

same set of no des where it has stopp ed in the previous frame. The exceptions

are when re�nemen t is shifted up or do wn from the curren t lev el of the no de due

to a c hange in its VMSSE.

Our coheren t HLOD culling algorithm pro ceeds as follo ws: w e start the

tra v ersa l of the HLOD hierarc h y at the ro ot no de. A t eac h tra v ersed no de, w e

predict the re�nemen t condition for the no de based on the re�nemen t conditions

and the results of o cclusion queries from the previous frame (the prediction will

b e describ ed in detail in the next section). The prediction indicates one of the

follo wing actions: (1) r e�ne , (2) stop re�nemen t, or (3) delay the decision to the

momen t when the visibilit y of the no de for the curren t frame is kno wn.

In case (1), the c hildren of the no de are tra v ersed b y putting them in the

priorit y queue. In case (2) and (3), w e issue a HOQ for the no de and put it in

the query queue. In case (2), w e also render the geometry asso cia ted with the

no de immediately and stop the re�nemen t. In case (3), w e dela y the pro cessing

of the no de un til the result of the HOQ b ecomes a v ailable in the query queue.

The decision is then made using the up dated information ab out the visibilit y of

the no de: If the no de is in visible, it is culled. If the VMSSE is lo w er than the

threshold, re�nemen t stops and the geometry of the no de is rendered. Otherwise

the re�nemen t con tin ues b y inserting the c hildren of the no de in the priorit y

queue.

The new tra v ersa l algorithm is outlined in Figure 2. Note that the di�erences

to the tra v ersa l algorithm of Gob etti et al. [6 ] w ere colorised. Also note that the

function CalcSSE() computes the no de SSE [8 ], whic h is a quic k op eration.

4.2 Predicting the HLOD re�nemen t condition

The crucial part of the new metho d is the prediction of the re�nemen t condition

based on the relativ e visibilit y . As stated in the previous section, the prediction

suggests either re�ne, stop, or dela y . Let us �rst analyze the consequences of

these actions for the tra v ersa l algorithm:
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Priorit yQueue.Enqueue(hierarc h y .Ro ot);

while : PriorityQueue.Empty() _ : QueryQueue.Empty() do

while : QueryQueue.Empty() ^ (R esultA vailable(QueryQue u e .F r on t ( ) ) _
PriorityQueue.Empty() ) do

no de  QueryQueue.Dequ eu e() ;

visiblePixels  GetOccl usi o nQueryResult(no de);

if visiblePixels > 0 then

PullUpVisibilit y(no de);

�  visibleP ixels=BBoxP ixels (node) ;

no de.bias  B s;t (� ) ;

VMSSE  no de.bias* CalcSSE(node) ;

no de.stopRe�nemen t  VMSSE � � ;

T ra v erse(no de);

if : PriorityQueue.Empty() then

no de  Priorit yQueue.Dequeue();

if InsideViewF rustum(no de ) then

stopMo de  PredictRe�nemen t(no de);

no de.stopRe�nemen t  : (stopMo de=Re�ne);

no de.visible  false;

no de.lastVisited  frameID;

if no de.stopR e�ne men t then

IssueOclussionQuery(no de);

QueryQueue.Enqu eu e(n o de);

if : (stopMo de=Delay) then

T ra v erse(no de);

T ra v erse(no de);

if no de.stopR e�ne men t then

Render(no de);

else

Priorit yQueue.EnqueueChildren(no de);

Fig. 2. Coheren t HLOD Culling

� R e�ne . The c hildren of the no de are tra v ersed immediately . No HOQ nor

rendering is p erformed for the curren t no de. If it turns out that the prediction

w as to o c onservative (it actually migh t ha v e stopp ed for the curren t no de)

w e end up rendering more geometry than necessary .

� Stop . An HOQ is issued and the no de is rendered immediately . When the

result of the query is a v ailable w e compute the VMSEE of the curren t no de.

If the prediction w as to o aggr essive , w e ha v e to con tin ue b y tra v ersing the

c hildren of the no de. Note that in this case w e end up rendering geometry

of (some) c hild no des o v er the geometry of the paren t no de, whic h increases

the rendering cost and can also lead to visual artifacts.

� Delay . In this case w ait for the result of the query to decide on the re�nemen t

condition. Th us for a no de whic h w as dela y ed and for whic h re�nemen t
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should ha v e stopp ed w e ha v e induced a latency in passing its geometry to

the GPU.

F rom this analysis w e designed a prediction tec hnique whic h aims to minimize the

n um b er of incorrect predictions b y assuming coherence of the fron t of termination

no des. It primarily aims to predict either r e�ne or stop conditions with high

accuracy . If w e exp ect a stop condition, but with lo w er con�dence, the predictor

returns delay . W e also return delay for no des whic h ha v e b een previously in visible

and th us w e exp ect the re�nemen t will terminate without rendering the geometry

of these no des. The main idea of the prediction is to estimate the VMSSE b y

com bining the SSE of the curren t frame with the c ache d bias v alues from the

previous frame:

V MSSEest
i = SSEi � biasi � 1 (2)

The prediction w orks as follo ws (see also the pseudo co de in Figure 3):

� No de was invisible in the pr evious fr ame . In this case the prediction returns

delay .

� R e�nement stopp e d for the no de in the pr evious fr ame. W e calculate V MSSEest
,

and if it is still b elo w the threshold, the predictor returns stop . Otherwise,

a signi�can t c hange in the no de visibilit y has o ccurred and the predictor

returns r e�ne .

� The no de was r e�ne d in the pr evious fr ame, but r e�nement stopp e d for al l

its child no des. In this case, the no de is a go o d candidate for pulling up

the termination fron t (see the red no de in Figure 1-b). W e v erify this b y

�rst c hec king whether re�nemen t for all c hildren w ould still stop in the cur-

ren t frame based on their estimations V MSSEest
. If an y of these indicates

con tin ue re�nemen t, then the predictor returns r e�ne . Otherwise, since the

no de itself do esn't ha v e a cac hed bias v alue, w e appro ximate biasi � 1 for the

no de b y taking the a v erag e cac hed bias from all c hildren. If the resulting

V MSSEest
is ab o v e the threshold, the predictor returns r e�ne . Otherwise

the predictor returns delay .

5 Results and discussion

W e implemen ted the prop osed algor ithm using C++ and Op enGL under Lin ux.

The HLODs use an o ctree with a single discrete LOD p er no de consisting of

ab out 2000 triangles. W e used the quadric error metric [8 ,5 ] to construct the

HLODs and to deriv e the mo del space error s . F or e�cien t cac hing of the geom-

etry on the GPU�, w e emplo y ed v ertex bu�er ob jects. The measuremen ts w ere

p erformed on t w o scenes with di�eren t depth complexities. F or all tests w e used

a resolution of 640* 4 8 0 pixels and the error threshold � = 1 . The tests w ere

ev aluated on a PC with In tel-Core 2 Duo (2.4GHz) and n Vidia GeF orce 8800

GTX.
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if : (no de.lastVisite d=fr ameID-1) _ no de.visible=false then

return Dela y;

if : no de.stopR e�ne men t then

candidateT oShiftUp  true;

forall child 2 no de.childr en do

if : child.stopR e�nement _ : (child.bias* CalcSSE(child ) � � ) then

candidateT oShiftUp  false;

if c andidateT oShiftUp then

if A vgBias(no de.childr en) * CalcSSE(node) � � then

return Dela y;

else if no de.bias* CalcSSE(node) � � then

return Stop;

return Re�ne;

Fig. 3. F unction P redictRef inement (node)

5.1 T ests

W e ha v e used t w o scenes with middle and high depth complexities, resp ectiv ely

named as sc ene 1 and sc ene 2 (see Figure 5). F or eac h scene w e ha v e designed

a session represen ting t ypical insp ection tasks. Dep ending on the tra v ersa l algo-

rithm and the metric used to re�ne the hierarc h y , w e ha v e ev aluated the follo wing

scenarios :

� Bool : the hierarc h y w as tra v ersed with the coheren t culling algorithm v ersion

of Gob etti et al., [6 ] (see Section 2). F or this metho d w e used the SSE metric

for HLOD re�nemen t, i.e., HOQs w ere used as if their result w ere b o olean.

Note that this con�guration giv es the ideal image qualit y for our tests.

� SW(B ) : the hierarc h y w as tra v ersed with the hierarc hical stop-and-wait

metho d referenced in Bittner et al. [3 ], using VMSSE to re�ne the hier-

arc h y . (B) stands for using the Bs;t (� ) bias to compute VMSSE. Note that

this con�guration giv es the ideal n um b er of no des to b e dra wn when using

VMSSEs.

� Simp(B ) : the hierarc h y w as tra v ersed with the coheren t HLOD culling al-

gorithm prop osed in [12 ] using VMSSE to re�ne the hierarc h y .

� Coh(B ) : the hierarc h y w as tra v ersed with our new coheren t HLOD culling

algorithm (see Section 4) using VMSSE to re�ne the hierarc h y .

5.2 Sp eedup

Figure 4 sho ws the whole sequence of dra wn no des together with the frame rates

for the t w o scenes. All scene statistics ha v e b een summarized in T able 1.

It can b e seen that our new prediction algorithm signi�can tly reduces the

n um b er of dra wn no des compared to b oth Bool and Simp(B ) , whic h also trans-

lates directly in to higher framerates. The main reason for the reduction of dra wn
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Fig. 4. Dra wn no des and frame rates for the test scenes

no des with resp ect to Bool w as the use of VMSSE instead of SSE within re�ne-

men t conditions. The sp eedup obtained b y using the VMSSE is clearer p erceiv ed

in scenes with higher depth complexit y in whic h the sa vings in n um b er of dra wn

no des are greater. The reduction of n um b er of dra wn no des with resp ect to

Simp(B ) follo ws from the tigh ter appro ximation of the ideal n um b er of no des

to b e dra wn, whic h relies on the metho d to appro ximate the VMSSE bias. The

compariso n to SW(B ) sho ws that our new approac h is within 1% from the ideal

n um b er of no des to b e dra wn, whereas the Simp(B ) metho d dra ws up to 25%

more no des. It is also w orth noting that the precision of Simp(B ) dep ends on

the scene depth complexit y: it b eha v es p o orly in scenes with higher depth com-

T able 1. Statistics for the test scenes. DN is the n um b er of dra wn no des, RARN is the

n um b er of no des that once rendered in a giv en frame need further re�nemen t within

the same frame and D is the n um b er of no des dela y ed for rendering. FPS is the n um b er

of frames p er second, and Sp eedup is the relativ e sp eedup of Coh(B ) with resp ect to

the giv en metho d. All presen ted v alues are a v erages o v er all frames

Stats

sc ene 1

ful l r esolution mo del � 5M 4 0s
numb er of HLOD no des � 12k

sc ene 2

ful l r esolution mo del � 12M 4 0s
numb er of HLOD no des � 21k

Scenario DN RARN D FPS Sp eedup DN RARN D FPS Sp eedup

Bool 217 - - 169.9 1.13 468.5 - - 92.9 1.40

SW(B ) 181.4 - - 47.3 4.04 302.1 - - 68.2 1.91

Simp(B ) 200 5 - 173.6 1.10 377.8 4.3 - 105.4 1.23

Coh(B ) 183.3 0.1 4.7 191.6 - 303.9 0.4 4.2 130.2 -
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plexities (scene 2), whereas the new metho d handles this t yp es of scenes v ery

w ell.

The only source for visual artifacts inheren t in the tra v ersa l algorithm (as

opp osed to the VMSSE calculation) is the case when there are some no des that

need to b e re�ned ev en though they ha v e already b een rendered in the same

frame (RARN). F ortunately , unlik e for Simp(B ) , for Coh(B ) w e ha v e found

this v alue to b e alw a ys negligible. The reason is that our dela y strategy for the

no des where the stop re�nemen t condition is predicted to b e shifted up e�ec-

tiv ely minimizes RARN. A dditionally , the RARN reduction is ac hiev ed without

hindering p erformance: the a v erag e n um b er of no des that are dela y ed for ren-

dering out of the total n um b er of dra wn no des for the t w o scenes are only 2.56%

and 1.39%, resp ectiv ely .

5.3 Image qualit y

W e ha v e measured the di�erence b et w een the �nal ideal image obtained b y Bool
and the one obtained b y Coh(B ) b y randomly selecting 20 frames of eac h in-

sp ection sequence and computing the p eak signal-to-no is e ratio di�erence ( psnr ).

This measure has b een traditionally used as an estimator of the distortion in tro-

duced b y compression algorithms [14 ] and corresp o nds to the ratio of the p o w er

of a particular signal and the corrupting noise. The a v erag e and standard devi-

ation psnr v alues (luminance ( l ) and c hrominance ( Cb and Cr ) comp onen ts of

the colors, rep ectiv ely) for the 20 frames are: l = 42:84� 3:22, Cb = 67:04� 3:68
and Cr = 56:2 � 3:65 for scene 1; and l = 35:51 � 1:4, Cb = 59:34 � 1:55 and

Cr = 48:69� 1:58 for scene 2. The fact that psnr > 30 for all color comp onen ts

indicates that the prop osed metho d practically do es not alter the �nal image

qualit y [14 ].

T o emphasize the in�uence on image qualit y caused b y Coh(B ) , for eac h no de

in the fron t w e ha v e colored the geometry from blue to magen ta to red according

to the sev erit y lev el of the mo dulation in tro duced b y the bias: blue represen ts

regions of the mo del where the mo dulation is w eak, magen ta represen ts regions

where the mo dulation is mo derate and red represen ts regions where the mo du-

lation is strong (see Figure 5). Note that the use of Coh(B ) atten uates the bias,

i.e., the stronger the bias is, the less lik ely it is that the no de is actually visible

(see the last column in Figure 5). On the other hand, whilst in Simp(B ) the

app earance of visual artifacts is common, in Coh(B ) w e practically eliminated

this problem (see the �rst t w o columns in Figure 5 and also the accompan ying

video).

5.4 Summ ary of results

The results sho w that the prop osed metho d is sup erior with resp ect to the previ-

ous state-of-the-ar t metho ds b oth in the framerate as w ell as in the image qualit y

obtained. In comparison to the metho d of Gob etti et al. [6 ] ( Bool ), the reference

solution for image qualit y measuremen ts, w e obtain a sp eedup of 1:13 � 1:4,
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Fig. 5. T est scenes: selected frame of the visualization sequences when using Simp(B )
and Coh(B ) . The last column corresp onds to a visualization (from the user viewp oin t)

of the in tro duced mo dulation of the no des selected to b e dra wn due to the VMSSE

bias ( B s;t (� ) ) in Coh(B ) . The small frames in the �rst t w o columns corresp ond to a

detail in the scenes to sho w the p ossible app earance of visual artifacts due to RARN.

Mo dels courtesy of Standford Graphics Group.

whic h is signi�can t, while the visual qualit y of our metho d do es not incur a p er-

ceiv able p enalt y . In compariso n to the metho d of Charalam b o s [7 ] ( Simp(B ) ),

the sp eedup is ab out 1:1 � 1:2. Ho w ev er, that tec hnique sho ws frequen t visual

artifacts whic h migh t not b e acceptable in w alkthrough or insp ection applica-

tions, and whic h the new metho d a v oids. Therefore, the prop osed solution is

qualitativ ely sup erior while still managing to b e faster.

6 Conclusions

W e ha v e presen ted an algor ithm to in tegrate HLOD and o cclusion culling. The

main con tribution is that the algorithm closely approac hes the optimal set of

primitiv es to render while a v oiding visual artifacts exhibited b y previous meth-

o ds. W e demonstrate signi�can tly impro v ed p erformance when compared to pre-

vious approac hes . The main idea is to exploit temp oral coherence and mak e use

of the visibilit y information returned b y hardw are o cclusion queries to deter-

mine the simpli�cation degree of no des. The metho d also has a straigh tforw a r d

implemen tation.
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