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Abstract Procedural models for terrain texturing can be
. . . .used to create completely artificial, yet realistic
Surface textures of high resolution and quality, e"landscapes In this paper we propose means to
ther acquired from aerial or satelite imagery O mimic real terrain textures (leftimage in the teaser)

compuited using procedural models, are crucial fOBy guiding a procedural model with real-world data.

photorea_llistic terrain rendering. Prpcedural mod-We incorporate further geographic input data in ad-
els provide a CO'T‘PaCt repr_esentatlon and can IO&“ltion to elevation data, namely rainfall, solar radia-
evaluated at run-time. In this paper we present a

. o : Iﬂon, and temperature (center images in the teaser).
exten_S|on fo an existing, GEU-frlendly _procedurz_al.l.he terrain surfaces visible in a georegistered satel-
texturlng model, such that it can be fitted Se_m"lite image are classified and the geographic precon-
automatlcal_ly to real-world data. In order t_o N" ditions for their appearance are estimated. This in-
crease realism and to account for geographic CON G mation can be used to reproduce the input tex-
ditions, we also include temperature, solar radiatioqure with the advantage of a compact procedural de-
gnd rainfall distributions—simylated or modgled us'Scription (right image in the teaser). Using a model
ing measured data from gaging stations — into th hat can be evaluated at arbitrary resolutions, we can

reproduction process. The original surface textur(;;llso render close-ups of the terrain by adding pro-

is no longer required for rendering: instead a NeW.oqural detail.

texture of arbitrary resolution is synthesized at run- This paper is structured as follows: in Section 2

time. In addition to the compact procedural modelWe give an overview over related and previous

we storedel_evatlon ddlata, anyvlvz?/ required forr]_thg tter\'/vork and Section 3 gives an introduction to geo-
rain rendering, and low-resolution geographic da agraphic considerations for realistic terrain texturing.

We ShO\.N result; of our m(_etho_d appliedto acomparsection 4 recapitulates the basics of the procedu-
atively little cultivated region in Central Asia. ral model which serves as a starting point for this
. work. Section 5 describes our texture reproduction
1 Introduction by guidance of the procedural model followed by
Surface textures of high resolution and quality areesults and conclusions in Section 6.
crucial for photorealistic terrain rendering. Basi- .
cally they can originate from two sources: either2 Previous Work
they are acquired as real-world data, e.g. from satebPiverse caching and compression strategies have
lite imagery, or they are created from the input ele-been developed to deal with huge amounts of pre-
vation data using appropriate procedural models. litomputed or acquired texture data. Two approaches
both cases the memory consumption of the acquiredith hardware support aipmapgSGI] (on SGI's
or precomputed textures can be tremendous if gredmfiniteReality) andS3 texture compressio(see
viewing distances or high surface detail for closee.g. [Mic02]) supported by all contemporary graph-
views is provided and therefore adequate impleics hardware. Other solutions to this problem are
mentation strategies have to be applied to achievsolved on the software side using adequate caching
interactive rendering. or paging strategies: typically a large terrain is rep-



resented by a quadtree-like data structure and theg. As these topics are not closely related
required texture (resolution) for each visible node igo this work, we direct the interested reader to
determined and the appropriate texture is loaded dnt t p: / / www. vt er r ai n. or g which is a valu-
generated. Examples for this technique have beeable source of links and information.

presented among others by Blow [Blo98, Blo0Ob]

and Ulrich [UIr02]. 3 Geographic Considerations

Howeve_ar, in various settings, it is no_t possible_ tOApart from efficient computation, the quality of a
use acquired real-world data for terrain rer]de“ngprocedural model depends mainly on the realism it
It may be t_hat the texture re_solutlon_ Is t00 low forachieves. Those procedural models taking terrain
closg-up VIEWS or that the images |.nclude humarfeatures into account so far only consider terrain el-
housing or agriculture although undisturbed, natuy, -ion and slope (e.g. the Terragen [Fai05] model).

ral scenes are to be rendered. Apart from that, it ig, propose to include additional, geographic in-
t data, e.g. temperature, solar radiation and rain-

often the case that storage or transfer of the textureg‘l
Il, into the procedural model. This enables us to

is not desirable — then, procedural models can b
used to compute textures. steer a procedural model such that it reproduces a

Many texturing models, mainly those often usedgiven input texture. This is not possible when re-
in computer games and other interactive applicagarding only input elevation data, as terrain surfaces
tions, are computationally rather cheap but lack reand particularly vegetation also depends on other
alistic appearance. For example procedurally prefactors. The geographic quantities can either be
computed low-resolution texture maps combinedacquired from appropriate gaging stations or com-
with detail or bump maps are not sufficient for aputed by simulations.
plausible appearance of soil, especially due to the | this work we concentrate on generating tex-
visible repetitions. Although Wang tiles [CSHDO3] yreg only, which implies a certain viewing dis-
can solve this problem they require a set of preyance. For close views, vegetation and small scale
computed texture tiles and cannot account for varygetail, e.g. rocks, have to be represented geomet-
ing terrain features, like steep slopes and plaingically. Deussen et al. [DCSD02] and Colditz et
Precomputing procedural textures at high resoluz [CCDHO5] propose methods to handle the com-
tion requires paging and caching algorithms, bupjexity of such ecosystems for rendering. To ac-
even those have their limitations. Widely used aptount for additional input data for texturing, it is
proaches in computer games aeature splatting  jmportant to know how it influences the appear-
that is compositing of a terrain texture by blending agnce of surface types. We refer the interested reader
set of tileable textures (e.g. for rock, sand and grasg, physical geography and biogeography textbooks
surfaces) in the frame-buffer (see Bloom [BIoOOa](e.g. [MHO5, Pid05]) and present a collected sum-
for details) ottexture bombingsee [Gla04]). A pro- mary of aspects that proved to be decisive.
cedural model which can be computed efficiently £ cion simulation can be used to determine
at arbitrary resolutions using programmable graphy here solid rock and where loose sediments exist.
ics hardware and which accounts for terrain featureg\vever, erosion itself is a quite complicated pro-
was introduced by Dachsbacher et al. [DSO05]. It iS;qqg if vegetation and non-uniform material is con-
comparable to the model used in Terragen [Fai05gjgereq, The basis of erosion and rockfall is weath-
in terms of visual quality and flexibility, but can be ering or decomposition, e.g. due to frost weather-
evaluated at run-time at interactive frame rates. ing, chemical decomposition or plant roots. Rock-

For reproducing textures, the input data has to bgalls are common for high mountains and exhibit
interpreted. Premoze et al. [PTS99] propose methbrighter tear-off edges, due to non-weathered stone.
ods for classifying surface types and for remov-Besides from terrain slopes, soil properties and rain-
ing shading and shadowing artifacts from aerial im-all, erosion also depends on vegetation, as plants
agery. Using this information, new views of the ter- prevent from soil loss. Vice versa, the plant distri-
rain for arbitrary times of day and atmospheric con-bution also depends on surface materials and thus
ditions can be rendered. on the result of erosion.

Much research has been spent on terrain The appearance of plants in general depends on
rendering, level-of-detail algorithms and textur-few parameters: they require sufficient water sup-
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Figure 1: Applying a surface layer includes modification of the elevatitoa, dermal/slope computations,
and finally the determination of the new surface color and height value.

ply, an adequate soil to strike roots and a certaidt Cached Procedural Textures

amount of solar radiation for photosynthesis. On

the other hand the solar radiation is an importaanS our reproduction of natural terrain textures is an

. o - extension to the CTP method, we recapitulate the
steering factor for the evaporation; thus it is also L L . . .

L : asic ideas in this section. This technique generates

factor that limits the growing of plants. The sun- . ) .
; . . . surface textures from input elevation data while the
shine duration can be computed for a given terrain . : . -
. : surface appearance is described by hierarchically
and location on the earth, provided that an average

. .—~ordered surface layers. A surface layer represents
cloud cover can be assumed. Computing the irra: Y Y P

diation for a surface location from treolar con- & soil or vegetation layer and can contribute to the

stant(the amount of energy received at the top Offlnal texture color at a certain location when con-

e arts smospherd 681 ) i oxplaned SIS 0 SP0eEnce (0. o ceran ange of el
by Stickler [Sti99]. Concerning the availability of P 9 yerp

water, it is important to note that it does not depenaand input elevation data are met. Originally, this

. . method was designed to compute artificial terrain
solely on direct rainfall, but also on subterranear}extures with few, intuitive parameters

streams that are hard to simulate. The rainfall dis-
tribution depends mainly on large-scale terrain fea- 1he method can be best explained, when assum-
tures. The precipitation normally rises with the ele-ing that we compute a texture for the whole terrain
vation due to air cooling and therefore high moun-With a 1:1 texture-to-heightmap texel ratio. At first,
tains receive more rainfall than surrounding planesthe terrain texture is initialized with a base color
In addition, an important aspect is the rainfall 'shad-"eéPresenting the underlying rock material. Then
owing’ from mountains in the main wind direction. ©ne surface layer at a time is processed: for each
The occurrence of perennial snow and ice also ddexel of the terrain height map the layer’s constraints
pends on certain climatic conditions. (see Section 4.1 and 4.2) are evaluated. The surface
Procedural models for height field generation andayer only contributes to the terrain color and may
real world elevation data usually do not exhibit soilchange the terrain surface (modifying its elevation
type information. For this, the distribution of soil data), if its constraints are met. If one of the con-
materials is usually computed within the proceduraptraints is unmet, the layer is discarded at this texel.
texturing model assuming that e.g. rocky surfaced Ne next surface layer operates on the output color
appear at steep slopes. The Cached Procedural Tex0d elevation data of the previous step. After apply-
turing (CPT) model [DS05] is constructed such thatnd all layers, the final height is used to compute the
one surface type is the precondition for the existerrain’s surface normals for lighting computations
tence of another: for example, a surface type repand for displacement mapping. This technique thus
resenting fertile sediments is the precondition fofProduces modified elevation data through displace-
grass and other plants to appear. So far, howevefents, a corresponding normal map, and a color
only altitude and slope criteria have been considiexture that represents the final terrain color.
ered for the distribution of soil materials. In order to provide level-of-detail rendering a
This paper describes how to extend and fit thequadtree data structure is used for spatial subdivi-
CPT model semi-automatically to real-world data,sion of the terrain domain. For geometric level-of-
e.g. acquired satellite images. By this, the originadetail a Chunk-LOD approach [UIr02] is used. As
surface texture is not required for the rendering anderrain closer to the viewer requires higher texture
is replaced by a very compact procedural approxiresolutions than terrain further away, the algorithm
mation which can be evaluated directly at run-timeoperates on texture tiles (small textures associated
using stored low-resolution geographic data. a quadtree node) stored in a texture atlas [WIo005].



The generated surface textures are cached in the at-The root node is special in that it has no con-
las to exploit frame-to-frame coherency. Tiles maystraints: the base material of the terrain is present
become invalid as the current view changes or as theverywhere. The input to the root node is the origi-
current view requires them to be of different resolu-nal terrain elevation data and as the target resolution
tion. With caching, only a few or even no texture of the terrain texture is usually higher, the eleva-
updates are required for rendering a new frame. tion data is upsampled by cubic B-spline interpola-
tion. Simpler bilinear interpolation leads to piece-

4.1 Surface Layers and Attributes o . .
. wise linear patches and causes undesirable texturing
Whether a surface layer contributes to a surface lo-

. . and shading artifacts.
cation or texelx of the terrain texture depends on 9

; . . The constraint hat functions can be efficiently
the evaluation of its constraints. A layer appears L -
computed by the clamped minimum of two linear

only in a certain range of he_|ght_ and slope Valuesfunctions. As a consequence the native instructions
and the amount of its contribution to the texture o . .
of a GPU's pixel shader allow a very simple imple-

cplor 'S caIIe_dcoverageC(x) € [0 1]'. For effi- mentation and a parallelized evaluation for multiple
cient evaluation these coverage functions are com-

ted from simple. clamped hat functions (orovid constraints. In order to provide the option of mak-
puted from simp'e, clamped hat functions (P 0 eing the surface layer distribution more diversified,
continuous transitiong) 4 () andhs (x) for height

: ; the noise functionV (x) with a codomain of—1; 1
and slope constraints (see Fig. 2). Please note, thaq . (x) . =1 .}
. . IS scaled, biased and used to modify constraint re-
ha andhg are functions of scalar input and out-

. . Its. Th r is then com from all
put — however, we will apply them to input data sults. The coveragéi(x) is then computed from a

. . . constraint functions (denoted @& here,Fy = h/s,
retrieved from the elevation dafd (x) and define g i ;
1y (x) = ha(H(x)) and analogous foks. F1 = hs andn being the number of constraints)

. . and the parent’s coverage:
In addition to these hat functions the coverage P g

n—1
value is slightly modified by a noise function to di- _ _
versify the terrain texture which may be of muchc(x) =clamp {[bs 8 N(x)] 11 & (x)} Cr(x)
higher resolution than the input height field. Each -
surface layer stores parameters for evaluating th
hat and noise functions, and a RGB color value rep-_. o ) )

resenting the surface material or vegetation (see T&n2lly, the new color due to application of this

ble 1). These parameters are chosen by the user afYer and the new height valug’(x), modified by
allow an intuitive modeling of surface texturing. & displacement ma@s(x) (representing surface

) layer characteristics like bumps or cracks) is deter-
4.2 Evaluation mined:

The hierarchical structure of surface layers, also depc p(x) = (1 — C/(x)) RGBin (x) + C(x)RGBs
fined by the user, specifies the order of evaluation H(x) = H C(x)BeD

of the surface layers (Fig. 4). Layers are evalu- (x) = H(x) + C(x)BsDs (x)
ated in depth-first order, and layers whose parents @
fail to satisfy their constraints cannot contribute. A

layer cannot contribute more than its parent layeparameter  description

eWith clamp(z) = max {0, min {1, z}}

and to achieve this, the coveragéx) of a layer Bgs terrain roughness, achieved by adding
is bounded by its parent’s coveragk (x). Please elevation displacement, where the
note, that coverage is only propagated to a layer's surface layer contributes

children, the modified elevation data is always takenRG B surface color of surface material

as input for the next layer (Fig. 4). N(x) noise function with codomain [-1;1]

used to modify the result of the con-
straint evaluation multiplicatively

1.0 e ss, bs scale and bias of the noise function
before constraint modification

e it ha(z), hat functions for constraint evalua-

00 | VAR — hs(x) tion, where the input is elevation or

height [m] H
§ 10 12 1820 22 ¢ slope (computed from elevation)

Figure 2: Surface layer constraints are representethble 1: Each surface layer provides this set of at-
by clamped hat functions. tributes.



5.1 Acquisition of Input Data

First of all, we describe how the input data in our ex-
ample has been acquired. Computations may vary
in detail as specialized models exist for simulating
climatic conditions in different geographic regions;
the utilization of the resulting data for our texturing
method, however, always remains the same.

e

Satellite Image Elevation Data

To regionalize the mean annual air temperature
and the precipitation (Fig. 3) in a first step we di-
vided the study area into two parts for temperature
and five parts for precipitation, in order to obtain ho-
mogeneous areas with similar climatic conditions,
e.g. the foothills and the northern slopes the first
mountain ridge and the intramountainous basin of
lake Issyk-Kul. In a second step, we computed ver-
tical gradients for each area based on a regression
model using the existing climate stations in order to
get specific values about the temperature decrease
and precipitation increase with the altitude. For the

Figure 3: The surface layer constraints and prOpissyk-KuI basin, a significant precipitation increase

erties are estimated from the real-world input dat"’}rom west to east occurs. because the air masses

for the terrain. Please note that for water surfaces, . . L : .
obtain humidity while flowing over the large wa-

the original elevation data does not capture the sed, body. Therefore here a horizontal gradient was

bottom — elevation data is modified there allgorlth_also calculated. Then the temperature and precipi-

mically. The Landsat satellite image was taken "ation conditions were regionalized using the digital
August 1999 showing little snow cover and snow- 9 9 9

free glacier tonaues elevation model from the Shuttle Radar Topography
9 gues. Mission (SRTM, resolution 90 m) for each area sep-
arately and finally merged using ArcGIS 9.0. The

Rainfall

Radiation Temperature

layer hierarchy input for layer evaluation output

Rock (root, level 0) input height/base color, height/color(0), coverage(0)

Grass (level 1)
Dark Grass (11 2)
Dry Grass (V1 3)
Light Grass

initial coverage=1

ig 1), coverage(1)

height/color(1), coverage(1) height/color(2), coverage(2)

height/color(2), coverage(2) height/color(3), coverage(3)

height/color(3), coverage(2) height/color(4), coverage(3)

results for the temperature were promising, but not
entirely so for the precipitation. In order to inte-
grate the important luv and lee effects of the precip-
itation, this model was combined with [BLO5] for

High Asia, which includes these effects, based on
the calculated main wind direction using a circula-
Figure 4: Traversal of a surface layer hierarchytion model. However this model has a lower reso-
height data always passes to the layer that is evalution and integrates only three climate stations in
uated next, but coverage only feeds back to th@orthern Tien Shan and Issyk-Kul basin. The radia-
layer’s children. tion has a high impact on the surface conditions, e.g.
. the vegetation belts and the snow line are shifted to
5 Mapping the Real World higher altitudes than on the northern slopes due to
In this section we describe a method to estimat¢he dryness on the southern slopes caused by high
surface layer constraints and properties for theadiation input. Therefore the potential direct solar
procedural texturing method from real-world data,radiation (the direct radiation which the earth sur-
i.e. satellite color images, elevation and further morface would receive in cloudy conditions) was mod-
phometric and climatic data. For this, we needeled, in order to obtain its differentiation. This
registered input data as shown in Fig. 3. Once anodel has an iterative approach taking the astro-
surface layer description is constructed from realnomic and atmospheric standard parameters (such
world data, we can render arbitrary views of the ter-as the geographic position or the atmospheric ex-
rain or images from other terrain parts for whichtinction) into account. For more information we re-
elevation and (simulated) geographic data exists. fer the interested reader to [BLO5, TH04, Bol06].

Brown Grass height/color(4), coverage(1) height/color(5), coverage(2)

Sand i s), height/color(6), coverage(1)



5.2 Acquiring Surface Layer Descriptions shows the respective histogram of hue and satu-
Several processing steps are involved to acquirgation values as a density plot. Please note, that
the surface layer description. These are presentegfayish colors, when converted from RGB to HSV,

in chronological order in the following sections. may end up in undefined hue values due to color
To capture the complexity of nature, we do notquantization. For this, (near) gray colors are iden-
represent the surface layer constraints by simpléfied in RGB space and their hue value is set to a
hat functions, but by arbitrary constraint functions.user-defined value (here it is set to the hue of pur-
These functions are acquired by sampling the realple colors that do not originally appear in the satel-

world data and stored for a later evaluation. Oufite image). The resulting hue-saturation histogram
texturing parameter estimation has to perform thds well suitable to classify the terrain surface into

following steps: rock, vegetation, water and snow, and ignores shad-
e Identification and classification of surface ma-ing due to surface orientation. In our experiments
terials visible in the satellite image. we defined the surface clusters manually by divid-

e Evaluation under which conditions a classing the histogram into four subsets. This step does
of surface material appears, i.e. for exampleot require geographic knowledge — the clusters are
which elevation, slope, and temperature havesimply chosen according to the hue-saturation his-
to predominate at a certain location that thetogram. The application of automatic clustering
terrain is covered by snow and ice. methods, e.g. learning vector quantization or self-

e Replace previously simple hat functions of theorganizing maps (see Kohonen [Koh01] for details),
procedural model by sampled constraint func-remains subject to future research.
tions obtained from the evaluation step. 5.2.2 Surface Layer Hierarchy

Building a meaningful surface layer hierarchy auto-
Although multi-spectral satellite images provide mat|ca_1|Iy from the_lnput data Ca”T‘Ot be eas[ly ac-
much more information than just RGB color e_g_compllshed. This IS bepause the input satellite 'm-
infrared channels (in fact often the RGB representa:"_‘ge‘ does not prowde mformatlon_ on the co_nstltu-
tions are computed from other frequency bands) wgon ofthe terra!n surface, from Wh'.Ch ameaningful
restrict our experiments to this limited data. By this,surface layer hierarchy can be derived — only color

we can also use data from aerial photography Whicp{alues are provided. The evaluation of the layer de-

most often does not offer additional data channels?cription’ however, also depends on the topology of
the layer hierarchy.

First, the surface types in the RGB color satellite Considering th bl -
image are to be classified and each surface type, e.g. -onsidering tNese problems, we suggest to use
simple heuristic which imposes certain require-

rock, sand or grass, will initially be represented by a

single surface layer. Premoze et al.[PTS99] preseﬁpe':ts 0?. thelcgpslltralnt fltjmt:tlo.?s desctrlbeg n tze
a method for removing shading from aerial ortho-"EXt Section. Initially we start with a root node an

images and classifying surface cover considerin silg_lr_\hthe color Of:he rlnostlvildezprfead surrf]aceftype

surface orientation and application of a maximumtOI ) | en_;/_vedc_re;e alevel nto N AO|T e?t% sur z_at():e

likelihood Bayer classifier. However, we found that ype classilied in the previous step. All of these Sib-
ling nodes are children of the root node and we as-

for our purpose and for rendering distant views we . th lor of h surf t | :
can achieve a satisfying classification more easilySlgn € average color of €ach surlace lype class 1o

The underlying idea is to transform the color infor- :_he ?odels. Pgramfrt]ers fﬁr the tixturtc_a dversifica-
mation from RGB into color spaces, that allow an lon for close Views Ihrough NoIse functions remain

easy, yet sufficient, classification of surfaces. EX_user-deflned. Please note, that colors taken from the

periments showed that color models providing lu_satellite image _ur_1der|ie_ atmospk_leric scattering and
minance and two chromaticity values, like the CIEthus colors exhibit a shift to blueish color tones.
XYZ, YIQ or YUV models, are not practical, as the 5.2.3 Estimating Distribution Functions

color separation is not sufficient. On the other handThe last processing step is the determination of con-
the hue-saturation-value (HSV) model in combina-ditions which have to predominate that a certain
tion with the original RGB representation proved tosurface type appears in the texture. In Section 4
work very well. Figure 5 shows the satellite im- these conditions were user-defined by few intuitive
age converted into HSV color space and Figure Quantities and simple hat functions have been used

5.2.1 Surface Type Classification



for evaluation. In real-world, however, such sim- chy, the estimated constraint functions appear rather
ple functions will not suffice to capture the com- complicated. If a layer hierarchy based on geolog-
plex distribution of surface materials. Our goal isical observations would be available, then the his-
to acquire constraint functions from the input datatograms would be less disconnected and smoother.
automatically which allow us to reproduce the in-For example, assume a fertile soil type appearing at
put satellite image. We compute these functionsll heights. A vegetation layer on top of it may ap-
F;(x) € [0;1) (analogous to Eg. 1) for each input pear only at a certain height interval (due to other
quantity (height, slope, rainfall, temperature and ra€onstraints for example). As a consequence, a sim-
diation) to obtainP(x) = [/~ Fi(x). ple nearly constant height distribution function for
This product of constraint functionB(x) is the  the fertile soil becomes disconnected. This is be-
main criteria for the appearance of a surface layecause the non-existent hierarchy (just one level for
and can be considered as amount of contribution tehe basic distribution functions) does not represent
the texture color. However, surface layers are evalthe fact, that the soil layer is the precondition for
uated sequentially (due to the simplified layer hierthe vegetation layer. This problem cannot be solved
archy, see Section 5.2.2) and one surface layer mayith a simple heuristic and rather requires an inter-
overwrite the contribution of its predecessor. active approach.
Consequently, the problem is to acquifg(x)
for each surface layer from the respective inpu® Results and Conclusions
quantities such thal(x) approaches if, and only ~ We found that our rather simple method provides a
if, the layer is visible at surface location Under plausible and visually pleasing reproduction of nat-
the assumption, that the surface color can be prairal terrain textures. For estimating the constraint
dicted from the input quantities, we propose to usdunctions we excluded the terrain parts that were
the following heuristic, which proved, judged sub- cultivated by humans (especially the area north of
jectively, to produce good results. Please note, thahe mountain range in Fig. 3, where irrigated farm-
we created one surface layer per surface type (dand exists). It is obvious, that a method like ours
identified in the clustering step) and we estimate alcannot reproduce such regions: human cultivation
F;(x) independently from each other. At first, we does not follow the same rules as natural distribu-
scale all input quantities such that their domain igtion of plants and soil. One remaining problem with
[0; 1). Next we compute a histogram for each inputsatellite images is cloud cover. Due to the white
guantity which denotes how many pixels exhibit thecolors of clouds they can misleadingly classified as
surface type for a certain input value. For examplesnow cover. At least for images exhibiting sparse
how many pixels of the satellite image belong to theclouds this problem can be solved with a simple
vegetation cluster and appear at a certain terrain especial treatment of the snow surface type: for most
evation. We found empirically that appropriate dis-terrain regions a minimal altitude for the appearance
tribution functions can be obtained by scaling (andof snow can be indicated and all pixels that are clas-
clamping) the histogram such that its mean valussified as snow (due to their color), but do not meet
equals td).5. Resulting functions for the vegetation this height criterion are discarded. By integrating
layer are shown in Fig. 6. The distribution functionsshortwave infrared images (e.g. Landsat, Channel
are stored as textures for use in the procedural tex?), snow and ice can be distinguished from clouds.
turing algorithm. The evaluation the analytic func- The results achieved with our method are illus-
tions is replaced by sampling textures. trated in Figure 6 showing the same region as visi-
A diversification of the landscape coloring is ble in the satellite image (Fig. 3). The sea and atmo-
achieved by adding more surface layers. To do thagpheric conditions were rendered using appropriate
without complicating the constraint function esti- analytic models [PSS99, PA0O].
mation, we add child nodes to those level-1 nodes During rendering textures with higher resolution
which represent larger clusters in the hue-saturatiothan the input data are generated and the texture di-
histogram (Fig. 7), e.g. the greenish vegetatiorversification due to the noise functions produces at
cluster. These nodes are created with slightly, ranteast plausible results without changing the overall
domly modified attributes for noise diversification appearance of the terrain. For texture generation,
and colors from within the surface type cluster.  we only store the distribution functions and the ge-
Due to the lack of a meaningful layer hierar- ographic input data. Each distribution function is



represented by 256 equidistant samples stored &SCDH05] CoLpiTz C., CocoNuL., DEUSSENO., HEGEH.:

an 8-bit texture. The procedural model is imple- Real-time Rendering of Complex Photorealistic Landscapes
: Using Hybrid Level-of-Detail Approaches. Real-time vi-

mented as vertex a.nd fragment shad.ers and entirely sualization and participatioJune 2005).

executed on.grgph!cs hardw_are. Rg;unfall, tem_per"TCSHDOS] COHEN M. F., SHADE J., HILLER S., DEUSSENO.:

ture and radiation is stored in1®24° RGB 8-bit Wang tiles for image and texture generatiétCM Transac-

texture, the elevation data for our example(g 8> tions on Graphics 223 (2003), pp. 287-294.

with 16-bit precision. Due to tiling and use of a tex- [P°CSD02] DEUSSEN O., COLDITZ C., STAMMINGER M.,

ture atlas. the resolution of the svnthesized texture DRETTAKIS G.: Interactive visualization of complex plant

u ! : : - Y - ecosystems. VIS '02: Proceedings of the conference on

adapts to the view point. The tiled, adaptive texture  visualization ‘02 pp. 219-226.

(occupying 40mb of video memory) used in Fig. 6[DS05] DACHSBACHERC., STAMMINGER M.: Cached Proce-

corresponds to 2327682 fixed-resolution texture. In dural Textures for Terrain Rendering. Shader X (2005),
general, using textures for terrain rendering is only__Sharies River Media.
’ [Fai05] FAIRCLOUGH M.: Terragen v0.9 (Software)Available

suita_bl_e for distant views — for close view, ground online atht t p: / / www. pl anet si de. co. uk (2005).
detail like shrubs and rocks have to be represente@iao4] GLanviLLe R. S.: Texture Bombing. IGPU Gems:
by geometric objects. The execution time for the  Programming Techniques, Tips and Tricks for Real-Time
two automated steps of the fitting process, comput. hoci]’ar}’(h'cs(zoo“% Agd'lfs‘g‘ Wesley P'\;Ofez:'g”i‘j" o
. ~ . . Ko OHONENT.: Self-Organizing Maps3rd ed. Springer,
ing thg hue_ saturatlon_ hlstogrgm anc_i sur_face clad Berlin, Germany, 2001.
sification with constraint function estimation, Was os] MckniHT T. L., HessD.: Physical Geography: A
2.0sec and 0.7sec on a P4, 3.4GHz processor for a Landscape Appreciation, 8th editioRearson Prentice Hall,
satellite image resolution of 2482200 pixels. San Francisco, CA, USA, 2005.
Basically a once fitted procedural model, repre1Mi(:02] MICROSOFTCORPORATION DirectX 9.0 SDK, 2002,
o . . L November 2002.
sents a specific clime zone and soil constitution .
. . [LHO5] LEFEBVRE, S., HOPPEH.: Parallel controllable texture
Thus, Changes to the helg_ht'f_leld cgn be made and  gynthesis. IPACM Transactions on Graphics 23 (2005),
after redoing the geographic simulations or extrapo-  pp. 777-786.
lating measured data, images of the modified terraifPA00] PREMOZES., ASHIKHMIN M.: Rendering Natural Wa-
can be rendered with Iikely realistic texturing ters. InPG '00: Proceedings of the 8th Pacific Conference
In the fut 1d like t loit Co on Computer Graphics and Applicatiof#/ashington, DC,
n .e u Ur? we wou ke .0 ?Xp oit more 'n' USA, 2000), IEEE Computer Society, p. 23.
formation available from satellite imagery, €.g. in-[pido5] Powirny M.:  Fundamentals of Physical Ge-
frared bands, to ensure a more detailed and accurate ography - Online Textbook.  Available online at
classification. To fully automate this process, ap- SSS;]t ’;’ [ v, F’AhVJS' C;' geogrpapg;/. “eé (2°A°5)' ,
. . . EETHAM A. J., IRLEY P., ITS B.: practi-
pro_pnate C|USter|_r]g r_nethOdS have to be applied anpf cal analytic model for daylight. I'SIGGRAPH '99: Pro-
validated. Identification of surface layer dependen-  ceedings of the 26th annual conference on Computer graph-

cies and constructing a layer hierarchy accordingly ics and interactive techniquélew York, NY, USA, 1999),
is also subject to research. ACM Press/Addison-Wesley Publishing Co., pp. 91-100.
[PTS99] ReEmoOzE S., THOMPSON W. B., SHIRLEY P.:

Acknowledgement this project was funded by Geospecific Rendering of Alpine Terrain. Rendering

the DFG projectinteraktive Visualisierung proze- Technique$1999), pp. 107-118.

duraler Modelle [SGI] SGI OPENGL PERFORMER. Using Clip Textures. Avail-
able online athttp://wwm. sgi.cont products/
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Figure 6: Left: two real-time renderings of the Kazakhstan region witleguoral texturing parameters
acquired from real-world data. Please note, that the northern lakesuanahn cultivated regions were not
considered during classification and parameter estimation and thuspasexjaence, do not appear in the
rendering. Right: the distribution histograms (y-axis: probability) of thgetation surface type for the
different input quantities (x-axis, scaled/biased to domain [0;1)).

Figure 5: The RGB satellite image is converted intoFigure 7: The hue-saturation histogram of the satel-

HSV color space. Using these two color spaces allite image (which special treatment of gray col-

lows a feasible clustering of pixels to surface typesors) and the respective color table. The right im-
age shows the classification of surface types for
four clusters: water (blue), vegetation (green), rock
(brown) and snow (white).



