
Improved Model- and View-Dependent Pruning of Large 
Botanical Scenes 

B. Neubert l, S. Pirkl , O. Deussenl and C. Dachsbacher2 

I Universitaet Konstanz, Germany 
2Computer Graphics Group/Karlsruhe Inst.itute of Technology, Germany 

{boris.neubert}@gmail.com 

Abstract 

We present an optimized prun.ing algorithm. that allows for considerable geometry reduction in large botanical 
scenes while maintaining high and coherent rendering quality. We improve upon previous techniques by applying 
model-specific geometry reduction .timctions and optimized scaling .timctions. For this we introduce the use of 
Precision and Recall (PRJ as a measure of quality to rendering and show how PR-scores can be used to predict 
beller scaling values. We conducted a user-study lelling subjects adjust the scaling value, which shows that 
the predicted scaling matches the pref erred ones. Finally, we extend the originally purely stochastic geometry 
prioritization for pruning to account for view-optimized geometry selection, which allows to take global scene 
information, such as occlusion, into consideration. We demonstrate our method for the rendering of scenes with 
thousands of complex tree models in real-time. 

Keywords: precision/recall , level of detail , tree rendering 

ACM CCS: 1.3.7 [Computer Graphics]: Three-Dimensional Graphics and Realism- I.3.3 [Computer Graphics]: 
Picturellmage Generation 

1. Introduction 

Rendering of natural scenes with vegetation as rich as in the 
real world has been a motivation of computer graphics re­
search ever since. The complex visual appearance and the in­
homogeneous structure of botanical objects makes real-time 
rendering of large scenes a cha llenging task that extends to 
thi s day. The obvious main reason is the tremendous amount 
of geometry that is needed to represent trees and plants. Stor­
ing as well as rendering such objects with full detail is beyond 
the capabilities even of modern graphics hardware. However, 
even if processing and rendering the data were poss ibl e, then 
the small sub-pixel details due to the complex geometry can 
still cause a liasi ng artefacts. 

Many different approaches have been presented to render 
trees in real-time. Most often si mple billboards or impos­
tors [SSK96] are used, or automatica lly generated billboard 
c louds [DDSD03, GSS K05] which are sets of billboards that 

better preserve occlusion and parallax effects. However, these 
representations are well suited for distant objects and trees, 
but they are typi call y over simplified and close views revea l 
the low quality. It is also not possible to achieve coherent 
shading of the scene or to adapt the level of detail smoothly 
and without noticeable artefacts due to the planar nature of 
billboards [LEST06]. 

In thi s paper we present a rendering technique for com­
plex botanical scenes based on pruning. Pruning techniques 
(stochastica lly ) reduce geometry by simp ly excluding some 
pmts of the model, for example leaves, from the rendering 
and correcting contrast and the total rendered area by scaling 
the remaining leaves [CHPR07] . We improve upon previous 
methods in several respects: 
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• We describe a view-optimized pruning instead of purely 
stochas ti c simpli fica ti on o r the geometry. Thi s allows 
us to account for global scene information, for example 

http://www.wiley.com/bw/journal.asp?ref=0167-7055


thi ck and sparse forest and occlusion from neighbouring 
trees. 

• We show that scaling of geometry after pruning should 
not be inversely proportional to the geometry reduction. 

• We formalize this by introducing Precision and Recall 
as a measure of rendering quality. Our measure does 
not consider pixel colours, but whether the right pi xels 
of a rendered object are set. We also validate this by 
conducting a user-study where subjects had to manually 
adjust the pre ferred scaling value. 

1.1. Related work 

Since the very beginning of computer graphics, rendering 
algorithms have been high consumers of computational re­
sources and memory. In general , level of detail (LOO) meth­
ods ai m at cutting down the rendering cost, mainly by reduc­
ing model detail or shading cost. Covering the huge body of 
work in this fi eld is beyond the scope of thi s paper. Thus. 
we refer to Luebke et al. 's excellent textbook [LWC' 02] and 
to the work of Orettaki s et al. [OBO' 07], which provides 
an overview over perceptually based rendering and level of 
detail in this context. 

Here we focus on geometry reduction techniques closely 
related to our work. There ex ists a variety of texture-based 
techniques, most notably impostors [SSK96] and billboard 
clouds [00S003], which have been tailored for tree render­
ing [OSSK05, LEST06] . These techniques generate di screte 
levels of detail which require special treatment to avoid dis­
tracting popping artefacts when adapting the detail , for ex­
ample using [SW08] . Oecaudin and Neyret [ON04] use 3D 
textures representing parts of a dense forest and aperiodic 
tiling to rcnder large scenes by volume slicing. However, this 
method only allows distant views, for example as used in 
Ili ght si mulat ors. They furth er ex tended thi s approach to vol­
umetric impostors [ON09], but thi s method shares the draw­
back of high memory consumption with the other texture­
based techniques. Rebollo et al. [RRCR06] describe a OPU­
friendly rendering technique for fo liage using a multireso­
lution representation obta ined from split and coll apse oper­
ations, and Oumbau et at. [OCRRII] extend this idea by a 
view-dependent measure. Both however, require additional 
memory for storing the multi resolution model. 

Because of the aforementioned limitations of these ap­
proaches, we base our method on pruning techniques. Espe­
cia ll y the si mple and crficient idea of stochas ti call y rcmov ing 
geometry makes such approaches extremely simple to use 
and implement. Stoc has ti c simplifi cat ion can be eas il y used 
with geometry representations that do not require topology 
information, such as point rendering methods. The QSplat al­
gorithm [RLOO] and sequential po int trees [OVS03] adapt the 
size of pre-positioned splats (rendered point primitives) to the 
required sampling density. Point samples can also be created 
on the Il y, 1'01' exampl e di stri buted randomly ont o surraces 
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[WFP' O I J, stratifi ed IWS()2 1 or adapti vely ISDO II . A ll these 
methods have in common that- when using fewer samples­
they preserve the total area by scaling the rendered remaining 
primitives. Klein el al. [KKF* 04 Iuscd a stochastic s impli fi ­
cation for polygonal scenes, however, the scene e lements are 
only discarded, not altered, and thus this method is only suit­
able for coarse previews. Oeussen el al. [OCS002] applied 
stochasti c simplificati on to rendering compl ex ecosystems. 
For reducing geometry they replaced the original triangles 
successively by lines and then po ints. Cook et at. [CHPR07] 
transfer thi s idea to complex geometry not restricted to point 
representations. They demonstrate simplification by pruning 
and scaling adapting not only to an object' s screen s ize, but 
also to motion blur and depth o rrield. Theirwork is cl ose ly re­
lated to ours, however, we show that the rendering qu a lity can 
be improved by cleverer scaling. An overview over various 
further techniques for rendering vegetation, such as fractal ­
based or space partitioning methods, is given by Zhang and 
Pang [ZP08]. 

2. Improved Scaling for Pruning Algorithms 

Tn this section we bri e fly recap rhe pruning and scaling 
described by Oeussen et al. [OCS002] and Cook et al. 
[CHPR07], and discuss the drawbacks of these approaches. 
Next we introduce the Precision and Recall measure for prun­
ing and scaling , and present the results of our user-s tudy 
conducted for validation . 

2.1. Area preservation and optimal scaling 

The main objective o r sim plificati on algorithms is to preserve 
the overall appearance of the rendered models while using 
Icss geometry and thus reducing rendering cost. Deussen 
et al. [OCS002] as well as Cook et ai. [CHPR07] propose a 
simpl e , and at first sight pl ausible rul e: when the geo metry is 
reduced down to a certain fraction then the remaining geom­
etry is scaled such that the total area of rendered surfaces is 
equal to the orig inal area. Cook et al. [CHPR07] denote this 
scaling factor as s = I jA, where A is the fraction of rendered 
geometry. However, the surface area that is visible after ren­
dering the remaining geometry heav ily depends on the actual 
rendered mode l. One can easily think of mode ls where a lot 
of geometry can be removed and they would sti ll cover the 
same projected area, that is the remaining geometry covers 
(almost) the same pi xels for a certain view direction . 

Stochastically pruning the geometry does not only change 
the area, but also-in particular when pruning strongly­
the depth complex ity of the rendered model. Cook et al. 
[CHPR07] account for thi s by calculating the expected visi­
ble area of a subset of randomly chosen elements of a mode l, 
and adapt the scaling factor accordingly. Our results demon­
strate an important and interesting fact: the largest decrease 
in rendering quality due to wrong scaling does not occur 
for strong, but for slight and moderate pruning, where the 
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Table 1: Ciossijicoliull uffJixels/or Precision find Recflil. 

Set Pixels that are . .. 

true positives ... correctl y set, i.e. rendered fo r the original and 
fo r the simpli fied model. 

fa lse positives . .. wrongly set, i.e. rendered onl y fo r the 
simplilkd modd . 

fa lse negatives . .. rendered for the ori ginal model, but not covered 
by the simplified 0 11(:. 

dcpth complexity co rrec li on has only littl e inAuence. In the 
nex t section , we introduce the Precision and Recall measure 
which does not on ly take the number of pi xels but also the ir 
class ificat ion into correctly set and unset pixels into account. 

2.2. p J'ecision and recall 

Precision and Recall (PR) are well -known statistical classi­
fi cations (1t" mcasures I'm exactness and completeness. They 
are widely applied in the domain of information re trieval 
and are closely related to sensitivi(y and specifi(v to measure 
the perfm mance of bin ary class i fica ti on algm ithmi;, such as 
support vector machines and Bayes ian networks [Rij79] . 

Precision is de l'ined as the rati o o I" correctly identifk d ite ms 

(true positi ves) to both correc tly and incorrectly identifi ed 
items (sum of true positives and false positives). In our case, 
when re ndering a pruned model it is the ratio of pi xels that are 
correctly set, that is they would have been rendered for the 
fu ll -deta il mode l as well , and the to tal number of set pixels. 

Recall is the qu oti ent or correctl y identified items (true 
positives) and all relevant items (sum of true positives and 
fal se negatives). Again translated into this scenario : the ratio 
of correctly set pixels and the number of correctly set pixels 
plus the number of pixels that should have been re ndered, 
but which are not covered by the pruned model. 

T hus, PR are de fi ned as (true posit ives tp, false pos itives 

fiJ and fa lse negativesfi1): 

Ip 
P =--­

tp + !p 
and 

tp 
R =---. 

tp + !n 
( I) 

Table I g ives an overview of the relevant pi xels sets, wh ich 
are shown in Figure I fo r a simple example. More fo rmally, 
we denote the set of all pi xe ls covered by the orig inal model 
as P orig, and thc set o r pixels rendcred ro r the s i mpl i fi ed 

mode l as P simpt ified and thus get: 

tp = Ip I (p E P' illlptilicll) /\ (p E Porig)} 

fiJ = I p i (p E f ' illlptilicd) /\ (p rj. Porig)} 

f i1 = Ip I ( p rj. f ,illlplil icd) /\ (p E Porig)) . 

(2) 

Precision and Recall a re re Aecling how well the s im pli ­
fi ed model is represeilling the in rormat ion-in our case the 

0, ___ 

F igure 1: (a) Dark green: pixels covered by original 
'model' . (b) Light green: pixels covered by the 'model' ren­
dered with reduced geometry and witliout scalin.g." n.o adC/i­
lional pixels are covered and IhllS only Ih e Recall value is 
aifecled. wliereas tli e Precision score remains J. (c) The sim­
plijied and scaled ' model' cOl'ers pixels lliar were 1'101 covered 
by lli e original model (redJalse positives). Dark green pixels 
are f alse negatives, lighl green. ones are true positives. 

rendered pixels- compared to the origina l model. The PR­
scores for the original model, that is rendering at full detail , 

are P = 1.0 and R = 1.0. The big advantage of PR is that 
not only the number of pi xels is taken into account, as the 
preservation of the projected area does, but PR is also sen­
sitive to whether the same pixels are covered . Thus, models 
rendered with reduced geometry that cover almost the same 
pi xels as the original model wi ll get PR-scores closer to the 

optimal P = 1.0 and R = 1.0 . 

Using PR-scores, we can now de fin e the optimal scaling 

value, sOP" depending on the fraction of rendered geome­
try, denoted as A (similar to Cook el al. [CHPR07]). The 
underlying idea of our heuristic is that one unset pi xel that 
should have been covered is as bad as a set pi xel that should 
not have been covered. Consequently, we choose s in a way 
such that we minimize the distance of the point (P(s), R (s )) 
(in the PR diagram) to the optimal PR-score at P = I and 

R = I : 

Sop, (A) = argmin j (l - P (s. A))2 + ( I - R(s . A))2 (3) 
s 

Figure 2 shows PR results fo r di fferent models, values of 

A, and scaling values s. To determine the optimal scaling, sOP" 
for a g iven tree model we equidi stant ly sample A in a pre­
processing step and compute the respective PR-scores. Dur­
ing rendering, we linearly interpolate sop, for non-tabul ated 
A-values. An interesting, but also important, property of our 
PR measure is that graphs for increasing A are ordered to­
ward s th l! llppl: I' ri ght l:Orll l:r. T hi s rdkcts th l: intuiti vl: as­
sumption that using more geometry better resembles the 
orig inal mode l. 

2.3. Experimental validation and user s tudy 

We carried out our user study with 19 subjects (both expe­
ri enccd and unex perienced in computer graphics) presenting 
all ull prunecl , full detail mode l s ide-by-s ide with a s implifi ed 
version of the same model. The subjects were asked to choose 
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Ori g inal Model 

F igure 2: Th e Precision- Recall diagram fo r dUrerent plant /'I'/odels . .li ve diflerent geometry levels A, and varying scaling values . 
An illierestillg case is Ih e Ulmus model (righl) : it does 1101 iJenefrl i i'Oll1 scaling fo r higher A-values, and scaling even lowers 
the PR-score, Ihat is the distance of the PR-coordinale to the top-right corner which represents the optimal score of P = 1 and 
R = l. 

the scaling value, for a given A, such that the appearance of 
the reduced model resembles the full -detail model as close 
as possible (Figures 3 and 4). This procedure has been done 
fo r 10 geo metry levels and fi ve di ffe rent tree models. 

The study revealed that in parti cular for litt le si mpl i fi cati on 
(A > 0.8) the user-preferred scaling values were not only 
considerably di fferent for every model, but also on average 
smaller than the scaling values computed according to Cook 
et al. [CHPR07]For smaller values of A the standard deviation 
of the preferred scaling increased considerably, however, the 

~ 
.. . . ,_ .. _. ' =0.9S 

'" -- '"""" -_ ;\ = 0.80 

~ = 0.60 

, , =0.50 

, =0.40 

,= 0.30.. 

' =03\ 

median value was typically very close to our Sopt . The large 
standard deviation can be explained by the fac t that these 
geometry levels are actually only used to render trees at large 
distances, whereas the model presented in the user study was 
rendered at fu ll size. This obviously makes it harder to judge 
the appearance of the model and led to larger deviations in 
the preferred scale value. 

Figures 3 and 5 show the results of the user study. The pre­
ferred scaling values are shown in the respective PR di agram 
in green, next to SCook and Sopt . On the left in Figure 5 the 

- Cook 
- User Median 
- OptPR d \\ s=1.0 (Full Deta il) 5= 1.1/1.15(PR/ User) 5=1.65 (Cook) 5=2.2 (User) 5=2.7 (PR Opt) 5=5.0 (Cook) 

-+---------- --4 11 00 % Geometry l 60 % Geometr .------"'2-::-0 -:c%ccG=-e-o-m- e-t-'-r -------'---', 
0.5 Prec ision 1.0 

Figure 3: Comparison. between diff eren.t scale values for Picea Abies. Red: scale value according to Cook et al. [C/-IPR07j 
SCook = I/ A. Green: user-preferred scale value (median). Blue: optimal scaling value f ound using PR-scores. Scaling does nOI 
improve the PR-scoresfor this model when more than 60% of the original geomelry is rendered . The reason is thai this model 
exliiliilS very dense geumelry. (/lid pruning dues 1701 immedialely imf!oC! lli e uverall appearance. This is also reflected in tli e 
preferred scaling values obtained ji-om the user sludy. 
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Figure 4: This screenshot shows our implementation for 
the user study: the subject is asked to adjust the scaling 
factor (for different A-values)forthe lefi model. such that the 
rendering matches the fi,tll detail rendering on the right as 
close as possible, 

values are shown in a PR diagram and additionally the scal­
ing values with respect to the different A values on the right 
For two models the lIser selected values are in general larger 
than SCook> for the Picea Abies model the user selected values 
are sma ller; in all five cases our method faithFully predicts 
suitable scaling values, 

2.4. Impact of scaling and view direction 

Precision ancl Recall are definecl in image space ancl there­
fore view-dependent measures, However, our experiments 
indicate that for natural objects, which we target in our work, 
the deviations in the measure are very small, This is becallse 

T~TT 
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i 1. i' 
! j: .L 1 

~ 

10 
2.5 

Vicw I Vicw 2 View I View 2 View 1 Vi cw 2. View I Vil'w 2 

A= 0.2 A= 0.6 

Figure 6: Comparison ofthe user selected scaling valuesfor 
two different tree models and two geometry levels (left: A = 
0.2, right: A = 0.6), For the Fagus Sylvatica model the users 
preferred larger scaling values (independent of the viewing 
direction) compared to the Picea Abies model, Besides the 
view independence the large difference in preferred scaling 
valuesfor ditferent plant models is signifi·cant and underlines 
the needfor model dependent scaling, Outliers are indicated 
as circles. and the user average as stars, 

sllch objects. for example trees, typically do not have a dom­
inant view direction but rather uniformly distributed normals 
and vcrtcx positions. This was also confirmcd by our lIscr 
study where we analysed user-selected scaling values for 
two different views of every model and geometry level (Fig­
ure 6) , For both views, the variance and mean are very close 

t 

Precision 0.1 0.2 0.3 0.4 0.5 1).6 0.7 0.& 0.9 1.0 It 0.1 1).2 1).3 0.4 O.S 1),6 0.1 0.6 0.9 1.0 It 0.1 0.2 ttl 0.4 0.5 0.6 0.1 1).8 09 1.0 A 0.1 02 03 0 .• o,~ 1).6 0.7 0.8 0.9 1.0 J.. 0.\ 0.2 0.3 0.4 0.5 1),6 0.1 0.8 I),g 1.0 It 

Figure 5: Comparison hetween user preferred scaling values indicated in green (user median .. first and third quartile), scaling 
according to cook (red) and scaling predicted by our method (blue), The A-values of the PR-diagrams (leji) are sampled with 
step size 0, I starting at A = 0,1, The diagrams on the right show the user selected scaling values for the same A-levels as on 
the lefi. Although the user pre/erred scaling vaillesfor the Picea Abies model are significantly lower than the slIggested Cook 
scaling, the scaling mlues for Salix Alha and Ulmlls Laevis are higher. 111 ai/live cases, the optimal scaling values predicted 
with our method are in close range to the user preferred values, 



(Fagus Sylvatica: seA = 0. 2, V I) = 6.89 and seA = 0. 2, V 2) = 
6.75 ; seA = 0.6, V I ) = 1.94 and seA = 0.6, V 2) = 1.8 1. The 
variance analysis (ANOVA) of the user-study data indicates 
that the hypothesis' (H 0: mean is the same for both v iews) 
can be accepted with F VI = 0.07 and FV2 = 0.62 for Fagus 
Sylvatica, and F V I = 2.66 and F V2 = 0.14 fo r Picea Abi es, 
well below the critical F-Value of F Cl'i ' ( 1,36) = 4. 11 for Q' = 
0.05. 

A very impOltant property of the PR measure, and thus for 
the application of our method, is that PR scores are invari ­
ant to rendering the models at di ffe re nt screen sizes, that is 
scaling the model without changing A. This can be ex plained 
as fo ll ows: when reducing the size of a (pruned) model it 
is more like ly that multiple triang les are projected onto the 
same pixels, and thus it is al so more likely that all pixels cov­
ered by the original model and also covered by the pruned 
one. 

2.5. Detail level selection 

Rendering complex scenes is only possible if we reduce the 
level of detail for distant trees and only render with high 
quality when trees are close to the camera. Usi ng the PR­
score fro m Secti on 2 .2, we dcfi ne the qualilY Q of a rendering 
as the distance of the PR-vector to the optimal value ( I, I): 

Q(A,.I' ) = I - )( 1 - pes , A))2 + (I - R(s. 1.))2. (4) 

"iii 
u 
Q) 

ex: 

~ Populus Trichocarpa 

0.5 Precision 

~ Acer Campestre 

1.0 0.5 Precision 

17 13 

For rendering we want to ensure that a tree at a certain dis­
tance, d, to the camera will be rendered at a given minimum 
qua lity. Thi s means that the PR-vector fo r a model rendered 
with a geometry level A(d) has to be within a certain prox­
imity to the top-right corner of the PR-diag ra m (Fig ure 7). 
That is, for rendering we need to sample and store the func­
tion A(d) to provide this desired minimum quality for a given 
d. Note that determining this fu nction takes place in a pre­
computation step for every tree model. 

There are va ri oll s op ti ons to definc minimum qu ality, for 
exampl e lelling the user defi ne a given maximum dev ia­
ti on from the optimal PR-scores and computing A(d ) accord­
ingly, To compare our method to Cook et al . '5, however, we 
determine A(d) such that the rendering qua lity of our PR­
optimized pruning and scaling matches their quality for the 
same distance d. That is, we render a model with the same 
PR-scores, but with less geometry if possible. 

This works as fo llows: Cook et al . use ACook(d) = ( I - d)2 
(w ith d normalized to [0; I]) as a simple re lation of distance 
and geometry. Rendering the model with thi s pruning yi elds 
a quality Q(A, SCook). Next, we determine the smallest Aop, 
whose rendering with the optimal scaling SOI',(Aop,) (Section 
2.2) yields equal or better quality, that is Q(Aop" sop,) 2: 
Q(A, S cook )' This compound mapping yields a Aop, and an 
associated s OP' for a g iven view distance d . Obviously this 
pre-computation can on ly be carri ed out fo r a fi nite number 
of values. Therefore, we use 10 equidi stant samples in [0;0.1) 

0 -+- Populus Trichocarpa 
0 

- Acer Campestre N 

0 
- Ulmus Laevis 

~ - - - Cook 

0 
U') 

OJ 
0 'iii N <.J _ 0 .3 

(f) 

~ 

U') 

N 

A 
Precision 0.D1 0.02 0.05 0. 10 0.20 0.50 1.00 

Figure 7: Th e .firsl Ihree uraphs show PR-vallles for three difFerent Iree models. The hlue graph sholVs th e optimal scaling 
vailles sOP" Ihe red one the standard scaling values SCook (according 10 Cook et al.) . For rendering we choose A such that we 
maintain a minimum. quality that is required f or a given viewing dislance. Th e minimum quality requirements are indicaled by 
Ihe circles centred at Ihe lOp-right corn.er of the PR diagram. As we can see, it is possible to reduce the geometry to a larger 
extend for model Populus Trichocarpa compared to model AceI' Campestre, in particularfor small values of A. Right: a log- log 
plot of scale versus Faction of remaining geometry, Ihat is A. Note that the connecled (SOPl> A) and (scook> A) lines in the PR 
diagram (Ieji Ihree plots) look very rOllgh. Th e values plotled against the geometlY level A, however, are smooth with the expected 
exponential behavior. The smootlmess is imporlant 10 avoid popping artefacts durin.g rendering. The A-values are sampled with 
0.05 step size ji'Om A = 0.1 10 0.4 and with step size 0.1 above. 
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and [0.1; 1.0), res pecti ve ly, and linearl y interpolate AOJ1[ f rom 
the stored samples. 

Figure 7 shows the mapping of distance to pruning for 
three different tree mode ls. The plots show that model (a) 
and (c) can be rendered with high quality (PR-score within 
the second circle depicted in Figure 7) even for a low value 
of A = 0.2 . For mode l (b) a hi gher A-value is required even 
fo r larger viewing di stances. T he plots of rendering with 
higher A-values reveal that model (b) and (c)" suffer stronger 
from pruning, while model (a) preserves most of the rendered 
pixels of the original model. 

3. Rendering Pr iority 

The rendering pri ority re fl ects the order in which geometry 
is removed from the original mode l with decreasing A. Cook 
et al. [CHPR07] tried to avoid correlation in the rendering 
priority between order and position, size, surface normal 
and colour as much as possible, and thus prevent disturbing 
arte facts when rendering with reduced geometry. However, 
they stated that in some cases the priority order might be 
found procedurally. In this section we will propose different 
ways to find the rendering pri ority order algorithmi call y in 
a way that ensures higher Precision and Recall values. Note 
that it is only the PR-scores that make it possible to compare 
di ffe rent prioriti zation heuri stics . 

3.1. Silhouette preservation and density normalization 

To optimize the rendering priority we need to determine 
which parts of a mode l are c lose to the boundary and will 
potenti ally be part of the silhouette, and which regions exhibit 
a high or low density of geometry. 

To thi s end. we will need to define what 
the ' boundary ' of a (botanic) mode l is. For 
this, we use impli cit surfaces that tightl y en­
close a model. They have also been used 
to generate normal di stributi ons for such 
models that prov ide more realistic and ex­
press ive illumination of foliage [LBD07]. 
Implicit surface can be generated using 
metaball s [R li 82]: first, a sct or gene rati on 
points P is chosen and an influ t:nce rad ius r i is assigned 
to every po int. As generation points we use the centre of 
lea f-trian gles and choose inl1uence radius proporti onal to the 
overall pl: nt he ight (5 % in our case). The contributi on of a 
sing le generator po int Pi E P at a po int in space, q, to the 
g lobal density functi on is defined as: 

2 2 ) 2 Di(q ) = (I - llq - pill / r; . (5) 

T he sum over the contributi ons of all p; yields the global 
density fun cti on: F(q ) = L; D;(q). An iso-surface is then 
deCi ned by a g iven iso-va lue a with F(q ) = a, and can be 

~ -a 

<0 
ci 

- Stochasti c + S cook 

- Stochastic + SOP' 
. •.... Density + Sop • 

. -.- Silhouette + Sopl 

- Combined + Sopl 

0.0 0.2 0.4 0.6 0.8 1.0 A 

Figure 8: Comparison of prioritization heuristics to pure 
stochastic ordering fo r the Ulmus model. Th e red area shows 
th e benefit ofswitchingfi'om stochastic order with. s cook to the 
combined prioritization with SOp[ . It is possible to maintain 
the quality with less geometric detail, denoted as 6. A. 

triangulated using marching cubes (see inset). To extract a 
tree 's tight hull we choose an iso-value such that a = O. 

In the following we will discuss different prio riti zati on 
heuristics based on the global density function. Again, we 
measure the quality using PR-scores. 

3.1.1. Varying density 

First, we use the global density functi on to identify regions 
of hig h geometric density within a model. Tri angles that are 
close to each other are I ike ly to be projected to the same loca­
tion in image space. Thus, removing triangles in very dense 
region lowers the probability of overdraw while still keeping 
chances high that all orig inal pixels are covered eve n without 
scaling the remaining geometry. We evaluated this guided 
geometry prioritization using our PR measure, and experi ­
ments showed that the qua lity improves for high values of 
A. For such values, there are larger vari ations in local den­
sity (Figure 8), as no, o r littl e, density contro lled pruning did 
take place. These variations obviously vanish when reduci ng 
more and more geometry priori tized in dense regions, which 
makes the density vari ati on become more uniform. When 
this point is reached, that is fo r smaller A, we switch back 
to pure stochasti c prioriti zati on. The pelf ormance increase 
due to density pri oriti zed pruning depends on the variance of 
F(q) within a model, and thus models with almost uni fo rm 
density do not bene fi t from thi s stra tcgy. 

3.2. Orientation 

As second heuristic we investigated the improvement of 
rendering pri oriti zation based on the deviati on between a 



triangle's normal and the normal on the nearest point on the 
implicit surface (denoted as a). Preserving geometry facing 
outwards, that is small a, genera ll y enforces a pixel coverage 
of the rendered model that is c loser to that of the full detail 
model. Scaling triang les that resembl e the models iso-surface 
turned out to perform well , especially for small values of A 
(Figure 8). 

Pruning triangles close to the implicit sUIface with lower 
probability, however, leads to infe rior results. Although at 
firs t sight it seems reasonabl e to preserve the silhouette, keep­
ing and scaling triang les close to the surface results in many 
fal se positive pixe ls, in parti cul ar for strong scaling with 
small A. This leads to visible artefacts and low Precision and 
Recall scores . 

3.3. Combined prioritization 

Both heuristics determine 'survival probabi lities' fo r the tri ­
angles of a model. In our implementation we use an em­
pirica lly found weighting to combine both of them, where 
the orientation heuristic has smaller impact. We choose 

P Combined = (P Si lholle!lef + P Densi ty normal ized to [0, I] and 
then sort the triang les for descending survival-probability 
(add ing a small amount of randomness) to obtain a sing le list 
representing the entire model. Simi lar to Sequenti al Point 
Trees [DVS03], we can then rende r on ly a prel'ix or the li st, 
according to A, to render a pruned model. 

4. View-Dependent Optimization 

Considering the viewing distance and thus the projected size 
of a model is of course one important aspect for choosing 
the geometry level. However, occ lusion also has impact on 
the required detail : partially occluded trees, or trees that are 
completely surrounded by others, do not contribute consid­
erably to the scene's appearance and thus should be rendered 
usi ng less geometry. In this section we show how we can 
determine occ lusion of trees at run-time, and control our 
rendering accordingly. 

For this we analyse the occlusion of each tree by test­
ing the vis ibility of a set of sample points distributed on 
its iso-surface. In princ ipl e, there are various poss ibilities to 
perform the vi sibili ty test, for example ray casting, or us­
ing some fo rm of pre-computed vi sibility information. To 
facilitate real -time rendering without pre-computation, we 
use an image space approach relyi ng on the depth buffer of 
the camera image on ly. Obvious ly, this depth buffer is not 
avai lab le before actually rende ring the geometry. However, if 
we assume smooth camera movement we can exploit frame­
to- frame coherency and test the visibility of sample points 
using the depth buffer and transformation of the prev ious 
frame. For abrupt movements, or sample points tha~ are pro­
jected outside the viewport, we conservatively assume full 

1715 

A= 1.00 A = 0.10 A = O.Ol 

A = 1.00 A= 0.10 A = O.Ol 

Figure 9: Effect of model simplification to intra-model 
colour variation: bOllndaries of large coloured regions are 
maintained even f or low detailed models (top row). Smooth 
gradations do not exhibit noticeable changes under stochas­
tic pruning, apart ji'Ol11 eff ects similar to colour quantization. 
The arrangement of small details (e.g. the red leaves) obvi­
ously clJanges, but stiLL does not cause flickerin g. Note that 
strong pmning typically occurs for distance trees. 

visibility and thus render the model s at possibly highe r detail 
than actually necessary. 

From the visibility of the sample points we then deduce 
an approximate occlusion factor for each tree. The fract ion 
f of vis ible to the total number of sample points is used to 
contro l A, in a way such that Aocel = Aopt(d) . max (f , 0.1). 
To avoid popping artefacts, we use a hysteresis function and 
smooth the A()cel-values over time. 

s. Colour Variation 

Our method is suitable for re ndering (groups of) objects that 
are aggregated from a large number of randomly oriented 
and placed geometric detail s. Typica ll y we can also assume 
a near uniform colour di stribution, or large-scale gradations, 
for botanical objects. Cook et al. [CHPR07] intentionally 
do not corre late the rendering priority order to the colour 
distribution or any other model characteristics. Apart from 
colour variation Cook et al. proposed a method to preserve 
colour contrast during simpli fi cati on. In thi s secti on, we show 
the effect of our prun ing algorithm on three different kinds 
of colour variations (Figure 9) . Although large coloured re­
gions across the objects are preserved (Figure 9, top) , smooth 
colour gradations show the effects simil ar to quantization 
artefacts, which is expected due to the geometry reduction 
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Figure 10: A scene with intentionally exaggerated high 
inter-model colour variance. Even for distant areas with a 
low amount of geometry individual tree models can he iden­
II/red (top layer). BOltom two layers: geometry distribution 
according to Opt and Cook. 

(bottom). The pruning becomes most apparent for small , ran­
domly distributed and salient detail s (red leaves in Figure 9) . 
Under strong pruning the fraction of covered pixe ls is still 
preserved, but the distribution becomes less random due to 
the sma ller number of samples (bottom right) . Note that a ll 
these artefacts become less apparent if the model is rendered 
with a size according to the geometry level. Colour variations 
between mode ls are of course preserved, as we do not prune 
across objecls, and thus indi vidual trees can still be identified 
(Figure 10). 

6. Results and Comparison 

In this section we present results of our method and compar­
isons to Cook et al.'s [CHPR07] method to assess rendering 
pe rformance, and to billboard clouds [DDSD03) to demon­
strate the benefils of our (view-dependent) pruning over 
texture-based representations. We implemented our method 
using OpenGL and performed all tests and measurements 
using an Intel Core i7 at 2.8 GHz, with 4GB of memory, and 
a NVIDIA Geforce GTX 295 GPU. 

6.1. Comparison to billboa rd clouds 

For rendering botanical models, most real-time applica­
tions resolt to a representation with relative ly few textured 
polygons recreating the original model. For video games 
these mode ls are often created manually, although billboard 
clouds [DDSD03] can be used to obtain such reduced models 
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Figure 11: Comparison of rendering a 360 ' rotation of a 
billboard clolld model (209 bill/boards) and a pruned model 
(A = 0. l2, s = 5.2) . The parameters for the latter are chosen 
to match the average quality Q of the billboard model. Note 
rhell the variance f or the billboard model is much higher. 

automatically. Note that these representations do not provide 
a 'continuous' level of detai I and switching between di fferent 
levels is prone to popping artefacts. We compared our results 
to billboard clouds by evaluating the rendering quality ac­
cording to our measure Q (Section 2.5). We observed that 
the rendering quality varies strongly with the view direction 
when using bi ll board clouds, and signifi canlly less with ou r 
optimized pruning. Figure II shows this comparison where 
the parameters of our pruning are adjusted to match the av­
erage quality of a billboard representation. Note that another 
applications of our PR-measure can be the billboard cloud 
generation itself, where it can be used to identify bad views 
for which the billboard representation needs to be improved. 

6.2. Rendering performance 

Our method allows us to render complex scenes with 5000 
tree models at interactive to real -time rates, that is 8- 25 
frames per second at a resolution of 1600 x 1200 (Figure 
12). The full -detail geometry of the scene consists of more 
than 1.3 billion vertices and renders at on ly 0 .8 frames per 
second on the same hardware, that is far from interactive 
speed . Our optimized and prioriti zed pruning, together with 
the view-dependent visibility tests reduces the number of 
vertices per frame to about 26 mi llion vertices. On aver­
age this yie lds a performance increase, compared to Cook er 
al. , of approximately 60- 70% whi le maintaining the same 
quality (determined using the PR scores) . Figure 10 shows 
a complex scene with exaggerated colour variation, individ­
uallJ'ee models can still be idenlified even for low geometry 



Figure 12: This scene consiSIS of 5000 Irees (in 10lal J.3 
billion vertices). With our optimized pruning we can render 
this scene with J 5 Fames per second when all 5000 trees are 
visible. Pruning according to Cook el al. [CI-IPR07] renders 
an image of the same quality at 9 Fames per second. 

levels (top layer). The bottom two layers visualize the colour­
coded geometry level. Although ACook is chosen depending 
on the camera distance AOpt is individually chosen for each 
tree model according to Section 2.5. Figure 13 shows a de­
tailed evaluation of a standard camera path through a scene 
with 1276 trees without culling fo llowing the equal qual ­
ity approach. Although c hoos ing an o ptimal scaling value 
with stochastic prioriti zation (S"PI> Figure 13 green graph 
and Table 2) already gives on average a 10% geometry re­
duction (choosing a lower geometry level with equal PR­
scores), additionally changing the prioritization according to 
the proposed heuristics gives an average geometry reduction 
between 17% and 40% (Table 2). Although the combined 
prioritization performs better for close views (Figure 8) fo r 

~ t-- --Jlff. 

~t-iZ~~----------------~~ 

0.1 ~ U M ~ M ~ ~ ~ w 
Position on Camera Path 

Figure 13: Pelj'ormance evaluation of different heuristics 
for a camera path through a scene with 1276 tree models 
wilhout culling (~ 63M ver!ice~). It can be seen that the sil­
houeffe based prioritization pelj'orms besl jar distant views 
(.\'Iar! and end of the camera palh). Although Ihe combined 
priorilization pelj'orms slightly beffer ill walk through cam­
era positions. 

171 7 

Table 2: Geomelry reduerion wirll 0 111' different prioritizations (Fig ­
lire / 3) compared to Cook et al. rCNPR07}. For example, the CO/1/ ­

bined hellristic requires 30 .1 % less geometry on average to render 
at rile same quality as Cook et al. 

Stochastic Density Sil houelle Combined 
+ Sopt + Sopt + Sopt + Sopt 

Avg 0.101 0.174 0.407 0.30 1 
Min 0.043 0.022 0.308 0.0 14 
Max 0.437 0.236 0.693 0.392 

most camera positions in the test scene with a mi xture of 
distant and close models the silhouette-based prioritizat ion 
performs best. 

7. Conclusions and Future Work 

In thi s paper, we introduced Precision and Recall as a mea­
sure of quality for rendering complex geometry with prun­
ing. We further improved o n previous methods by applying 
model-specific geometry reducti on and optimi zed scaling as 
well as view-optimized pruning. We evalu ated our method 
by means of a user study that indicates a considerable im­
provement compared to naive and pure ly stochastic pruning. 
However, our work also raises new questions. One interest­
ing direction of future research is to consider more than just 
correct and incorrect pixels in PR, for example by accounting 
for deviations in the normals, measuring contrast and colour 
differences, or to evaluate how visib le di fferences predictors 
can improve the measure and whether their use amortizes. 
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