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to another to imitate the behavior of real sand.
Abstract Depending on the characteristics c_>f the modeledemxht

(e.g. humidity of sand), the material is movingnfréhe
This paper describes a new approach in modelisgiod  above-lying position into the low-lying position$his
surface. The terrain model is based on a triangdlat causes continuous terrain smoothing.
irregular network while existing solutions have bee Model based on an irregular network allows setting
based on a regular grid. Memory consumption isany necessary level of detail. The places where the
significantly reduced without a regular grid at the terrain is flat can be described using a few triesigBy
expense of more complicated algorithms. Our salutio contrast it is not necessary to set a fixed levedetail
allows deforming terrain by a set of virtual to@sd 5 complex shapes. This approach has significantly
erosion simulation. AII thes_e S|mqlat|0ns run_lalr_eme. reduced the consumption of memory needed for the
]\cﬁ/ﬁr\gam to use haptic devices with our applicaliothe o 1ain model. The disadvantage is that more caratgid

’ algorithms are needed than for a regular grid. iaén

Keywords: Virtual Reality, Terrain Erosion Modeling, novelty of our approach is the use of TIN instedd o
VR Tool, TIN Terrain Model regular grid. Preliminary version of the algorithimas

been published in [10].

1 Introduction

. . . 2 Related work
Our project has the following goals. We would litee
induce the same visual and touch feeling as ifuber  In the area of terrain computer modeling many paper
directly touches the sand in real world with thepect of  have been published. The following work deals wfte
the sand humidity and the thrust. modeling of granular materials, too. The existingrkv
At present, we have started to work on the hagtit p can be divided into two main streams — the firse on
of this project (together with the Masaryk Univéysin focuses primarily on physical correctness. The séco
Brno, Czech Republic), however, this paper containsstream concerns interactive applications operatimgal
only the geometric, physical simulation and viszation  time.
part of our solution. In the publication [14] the terrain surface is
Our method aims to handle computer modeling of arepresented as a regular grid. Grid cells repret@nt
terrain formed by some granular material such asl,sa terrain height in each point. Working with this aat
salt, etc. Our goal was to propose a terrain madel structure is relatively simple and very fast. A oraj
which it will be possible to make direct deformaso disadvantage, as described in [14], is the sizbisfdata
using virtual tools. The terrain model respondstlese  structure. The number of elements in the matrix tmus
and other changes by a material movement — it fills correspond to the smallest detail which we want to
holes and pits. Let us present a concept of outisol display. Memory consumption is rapidly growing with
The whole terrain surface is represented by athe resolution. This method does not work in réalet
triangulated irregular network (TIN), a trianguéati and focuses more on creating the best possible Imode
Triangle vertices describe the terrain height i ¢fiven  visualization.
position. The enforcement of terrain changes isedoyn Other publication dealing with the modeling of sand
setting vertex height or adding new vertices to Ti. is [8]. It is an interactive application which sitates
We also need to enforce some shape to the TIN becauterrain erosion and interactive manipulation witttual
of virtual tools. It is done by constraining edgesthe  tools. The terrain is represented as a regular. g
TIN. A tool stroke is simulated by continual enfeneent  application contains a particle system allowing to
of virtual tool samples. simulate sand pouring.
Erosion modeling is based on a particle system By contrast, the paper [2] focused more on theafise
principle. Material moves over the edges from oadex haptical devices. These devices have force feedaadk
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induce a feeling that the user directly touches thedescription see in [3]). When we add a new vertethe
material in the real world. Simulated feedback aor®  TIN, the triangle which includes the new vertex i
two forces: the first is the penetration resistan€¢he  found. We divide this triangle into new ones. W¢uat
material to the tool and the second is the frictibat is  the rest of the TIN by edge flipping to meet the

caused by tool movement. triangulation criterion.
For further application it is necessary that thé Tl
3 The proposed method allows direct enforcement of some edges. For edge

constraining we use the Constrained Delaunay
In this section we describe in detail the proposethod  triangulation CDT). This triangulation method is based
— the manipulation of sand on a TIN terrain modéle  on the basic Delaunay triangulation, but, moreotrexre
described solution has been created within the dlach are “constrained edges”. These edges are requirdtki
thesis of V. Purchart [9], J. Kadlec [7] and magtersis  TIN even if they do not meet the criterion of Delay
of J. Sedmihradsky [11]. The method is further ioy@d  empty circle (Equation 1). This allows enforcingedit
by the author of this paper. changes into the model (see Figure 1).

The model is based on a triangulated irregular
network, a triangulation which represents the terra
surface. It is formed by a list of vertices cooates, a
list of triangle vertices and a list of pointers toe
triangle neighbors. Each vertéxhas real coordinates
Yy, z, wherex andy is the location in the terrain model and
z is the height in the given location. It followsaththe
terrain  shape must be a function of two S
variablesz = f(X,y). The model does not allow
modeling of overlapping and tunnels. For sandyatarr
this model is sufficient.

proposed edges which should be constrained. On the
3.1 Geometric part right is the same TIN with constrained edges inetud

At first, we define how the model is representedotly. Algorithms for the constraining of the set of edges

Then we describe the basic operations Such agegcribed in [1], [4] and [12]. Our algorithm issea on
adding /removing the vertex, constraining the edge ;) at first we construct the basibT and than we
getting and setting a h_elght in any location andifig 8 ¢onsirain the required set of edges. Continuousl\fliyy

position of the triangle in the TIN. existing edges which intersect with the constraiedde.

A triangulationT(P) of a setP of N points in the Finally we can insert the constrained edge to the T
Euclidean plane is a maximum set of_edﬁemch that: without an intersection with any existing edge.
* no two edges it intersect at a point not i,

» the edges inE divide the convex hull ofP into Removal of vertices

triangles. Removal of vertices is necessary due to erosiomeso

The edges of each triangle in the TIN are requiced parts of the terrain model may become flat and

be similarly long. Triangles should be as much as,pnecessary vertices in such places are not nesuied

possible close to equiangular triangles. Delaunayy,q e (see Figure 2). They do not bring a substantia
triangulation provides such triangles. Material @ment

) : c shape information but slow down the computation.
looks more realistic on such a_ttnangulzatlon. Vertices removal is based on the algorithm [5].fiAst,
The Delaunay triangulation inl]”of the set of

. . _ _ ) i ) the vertex is removed from the TIN and then the
verticesP is a triangulatiorDT(P) in which each triangle

; J resulting hole is retriangulated. So it will becoagain
defined by the vertices, B,C UP meetsThe Delaunay o pelaunay triangulation. After vertex removal get
empty circle criterion for each vertexD, where

a star-shape polygon in the worst case. By cutmg of
DOPLCDO{AB,C} (Equation 1). VerteD is not in Pe PO y s

. ; i this polygon we eliminate the hole.
thg c!rcle:' defined by the trianghBC, whend < 0 (the Unnecessary vertices can be relatively easy toctete
criterion is met).

If the wvertex is, due to its neighbor vertices,
(approximately) in the plane, we do not loose aataid

2 2
A-D. A-D, (A-D)"+(A-D)) from the model by removing the vertex. At first \get
d=B,-D, B,-D, (B,—D,)*+(B,-D,)? (1) the maximum angle between each join from the remove
_ _ _ 2 _ 2 (center) vertex to each of its neighbor vertex (iegtices
¢.-b, ¢,-Db, (C,-D)°+(C,-D,)

which are connected by the edge) and to the hadron

line defined by the analyzed vertex. If the maximum
There are many Delaunay triangulation algorithms.angle is close to zero, the center vertex is rednnend
Our choice is the incremental insertion algorithecduse  can be removed from the TIN. It is impossible tedh
we need to modify the completed TIN (a more detiaile all vertices in the TIN for the criterion above,chese



there can be a huge amount of vertices and the timeach pairP,, P, we compute the angle. This angle is
needed for it would be prohibitive. We use a queueformed by a horizontal line going throud®k with an
which accumulates vertices that could be redundashh  edge betweerP,, P. If this angle is lower than the
as the vertices which have changed the heightara$t  “critical angle” of the simulated material then the
iteration somehow. If the above criterion is mdte t material transfer is realized from the vertexto each
vertex is marked as redundant and before the cdimple neighbor vertexP;, which lies lower thanPy (see
of iteration it is removed from the TIN. Figure 3). For a dusty sand the critical anglebisua 30°,
see [11].

Figure 3: The material movement is stopped if agieasn
is less than the critical angig,

Browsing and eroding of all vertices in the TIN
would be infeasible. Only the changed vertices are
eroded where a material moving is possible. These
vertices are saved to a special list A vertex must be
added to the if its height has been changed in the last
iteration. The vertex height can be changed byrtali
tool or the erosion algorithm. The vertex can braaeed
from thel. if its height had not been altered by erosion
in a few last iterations.

Figure 2: The automated simplification of the TINhe .
top-left image shows the original TIN. The bottoight ~ Erosion methods
image shows the simplified TIN which is more flaah In the second phase of the algorithm we change the

the original due to erosion. height of vertices (details in [11]). The height thfe
) . vertex is reduced and the height of some of itght®mirs
Point location is increased. From the physical point of view, the

The most used geometric operation is a locatiothef essential erosion characteristic is the volume lof t
triangle in which the given (target) point lies.ddese of  terrain. After the material movement the volumetloé

this the location of the triangle has to be effextiThe  terrain should be the same as before. TIN has no
TIN is permanently changing. Due to permanent“volume”, but we can imagine a solid object whichil w
changes, the use of complex search structurestitono be created by a terrain surface and some bottone pla
efficient and is memory demanding. We used the

algorithm of rectangular walk [13] which is subaopéil, 3.3 VR deformations

but it does not need any special data structuréy on

information about neighboring triangles of eachrgle. | €/rain deformations are done using a set of Vitals

[9]. These tools allow both simple contour constiraj
and pulling. VR tools are based on 68T principles.
We achieve a real sand deformation sensation by a
In real life there are many types of erosion — sash managed constraining set of edges. Tool pullindoise
water erosion, erosion caused by material temperatu as a periodical stamping of tool contour at fixéuet
changes and others. The result of these procesdbati intervals.
the material is moved from higher-lying places to  The basic VR tool consists of two parts — the $et o
lower-lying places. The amount of the moved makeria outer edges) and the set of inner edgd3. (The inner
depends on the height difference. We simulate kimd and outer edges cannot be at the s@me) position as
of erosion. The accurate physical models requireemo we cannot represent vertical edges in our model.
computation time. Therefore the simulation is nasddd  Therefore, the inner and outer edges are in a small
on an accurate physical model because of intergct¥ mutual distance and are never completely ideniictie
the whole process. projection, see Figure 4. By a proper constraimihigoth

The set of verticeP of the triangulatiorCDT(P)and  sets of edges in the TIN we achieve one tool stagipi
the set of edgek define a graph. The erosion simulation
works iteratively. For each verte, OP we find all
verticesP;, where the edgek; O E from Py exists. For

3.2 Erosion modeling



Figure 4: Stamping of a VR tool. On the left we ca@e
the wire-frame model (red lines are constrainedesjig

On the right we can se the textured model. Both are

without erosion; taken from [11].

The inner part of the VR tool

The purpose of the inner part of the VR tool isl&édorm
the terrain in a required way. Every stamping by %R
tool changes the height of the terrain accordinght®
depth level of the virtual tool. Because of this inner
part is a simple plane in most cases. Verticestéoca
this area are redundant and can be deleted frormlthe
Removal of these vertices can be done by an automat
TIN simplification which is described below. This
requires a little bit more computational time. Walkv
through all triangles inside the area and checlsehe
vertices. The verteR; is redundant if:

the vertex depth is close to the tool depth level

and

the removed vertex does not belong to the set o
border vertices

and

than the tool depth level.

The TIN can also contain edges from the previous

stamping. Each set of edges has a unique numbéahwh
can determine the “generation” of each constraeugk.

If a constrained edge is discovered during walking
through the inner triangles, it can be deleted bgedt
belongs to some old stamping.

The outer part of the VR tool

The outer part of the VR tool adapts to the contduthe
surrounding terrain. This affects how real the gtam
looks. We interpolate the height of vertices in theer
set O by a simple linear interpolation of the existing
vertices. After this we constrain all edges frora getO.
This gets a good result in most cases. For maistie
stamping it is necessary to adapt the outer par
accurately. A good approximation is obtained by the
subdivision of edges to smaller pieces which arairag
adapted to the height of a terrain.

It is important, in which order we constrain thetpa
of the VR tool. At first the outer part must be strained
into the terrain. This part adapts to the terraifter that
the inner part is constrained and makes changes “b
force” in the terrain according to tool properties.

the vertex has no neighbor, whose depth is greater

Extensions

More complex tools can be derived from the abowa&cdha
tools. For a realistic appearance it is necessanyush
away the material. Volume of this material shoutdthe
same as a volume of the created hole. Details ef th
approximate solution can be found in [11].

4 The complete algorithm

Let us first explain the meaning of the symbolsoim
algorithm:

L. is the list of vertices which will be eroded.

L, is the list of vertices used for the detectiorthuf
redundant vertices.
anee 1S the value of a limit angle to what extent the
vertices of the nearly-flat triangles are remowvesh the
terrain model. Ifaqy is higher then more vertices are
removed and vice versa. A proper choice ogf; is
addressed in Section 5.

The whole algorithm can be simply described a®¥ad!:
Computing of the Delaunay triangulation of theialit
set of vertices.

For each iteration:

1. Constraining deformations into the terrain on the

current location of the VR tool:

a) The height interpolation of the control points
which are in the outer part of the VR tool.

b) Constraining the set of edges of the outer tool
part usingCDT.

c¢) Constraining the set of edges in the inner tool
part.

d) The height reduction in the inner VR tool part.

e) Schedule removal of redundant vertices.

f) Adding the changed vertices to the liktsand
L.

Material erosion; for each vert@& in the listL.:

a) Computation of the height difference between
the vertexPy and all its neighborB; (there is an
edge fromPy to P;) and choosing of the best
erosion method.

b) Computation of the material gain for the lower-
lying vertices.

c) Height reduction of the vertexP,
increase for the lower-lying vertic®

d) Adding changed vertices to the listsandL,,

e) The exclusion of the vertices frolq for which
there was no material transfer.

. For each verteR, from the listL,:

a) The test of the angle between the edge of the
vertex P, and each its neighboP; and a
horizontal line passing through the pditat
I. If a; > a5t then removal of the vertex from

the listL,.

If a; < ana then for all vertice®;, removal of

the vertexP; from the listL,, from the listL,

and from the TIN.

f

2.

height

t

Yy



5 Experiments and results Figure 5 looks a little worse. One of the futuraltdnges
is to achieve a more realistic appearance. Posigibiare
To verify the approach with a triangulated irregula gzs follows:

network, we have created an application in C++then  « 3 better shading model,
next phase it is planned to use haptical deviceshe « a subdivision of the long edges which have negative

application must be portable to other operatingesys. impact on shading,

A model visualization is done using the OpenGLdityy  « a use of randomization in the sand movement
the graphical user interface and system communpitati simulation to achieve less regular appearance.

uses the multiplatform SDL library. The applicatien At this moment, we are unable to compare with 2] a

operated on Windows XP, Windows Vista and Linux. to the performance as the program obtained thankset
All measured data are related to a computer withauthors of [6] do not work on our OS but we suppimse
Windows Vista, 2GB RAM, Intel Core 2 Duo 1.8 GHz, solve it in the near future. We at least measuted t
NVIDIA GeForce 8600M GS, 256MB. performance of our solution without comparison.

We experimentally set the angtg, to value 0.4 (on In the first experiment, we measured the computatio
the basis of the experiments in [11]). This britigsbest  time of the main algorithm parts dependency onTté
results. If the angle is lower, then the terrairdelds too  size or the length of tool trace. The graph in Fégid
complex, otherwise the terrain model is close ®ftat  shows that the vertex removal is the most
surface and a lot of details have been lost. time-consuming part of the whole algorithm. Thisai

In Figure 5 and Figure 6, we can see a compariéon oconsists mainly of the Devillers vertex removalaaithm
solutions using regular grid and TIN. We tried tatate  [5]. The rest of time is spent by the redundantives
the experiment and illustration from [2] to compare detection. The used triangle walking algorithm ii@pl
visual quality of our solution and [2]. the measured complexi®(n®d). It is one of the future
work on the project to reduce this time. Calculatif
the erosion model has complexity aroud@’).

In the second experiment, we measured the total tim
consumption in dependence on the length of toaetra
The graph in Figure 8 shows the time consumption in
dependence on the length of tool trace for TIN with
10000 vertices. Complexity estimate @&(n) for the
erosion model an@(n*) for the vertex removal. Time
complexity is getting better with the size of théNT

In all experiments we set the fixed TIN size or the
length of tool trace and measure the other paramefe
the model. The trace was created along the diagofhal
the modeled terrain. Time data represent the acladetl
time during the whole tool pulling.

We also analyzed the number of vertices after the

e A e PR e simulation dependency on the trace length and the
Figure 5: Our method based on a TIN triangle count affected by the VR tool dependencyhe
trace length (Figure 9). These dependencies ardynea
linear.
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Figure 6: Result on regular grid; taken from [2]. N

_ Figure 7: Time consumed by each part of computadtion
From the figures we see that due to the long edgegependency on the TIN size (the trace length i§;Gte
and probably not the optimal shading model ourltésu  whole model diagonal length is 1).
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Figure 9: Number of elements in the TIN in depergen

on the TIN size.

6 Conclusion

Our method based on the triangulated irregular odtw
as a terrain model can be used in practical agpita
Further work will aim at the appearance improvenant
the model and optimization of the vertices removal.
present we started to collaborate with Masaryk
University in Brno in using haptical devices withuro
application. This will allow a real touching fedjirof the
granular material. It will be possible to creatsat of
virtual sandbox. The application will be extendedhw
more accurate physical models. There is also amtetf
map the whole TIN onto 3D objects. Other possibait
would be to simulate various physical processee Th
implemented erosion algorithm can be easily repldne
another physical model, which will operate on the
existing geometric model of the terrain. There fsitare
possibility that the application would be used #og.
visually impaired people because of simulationanfch
sensation.
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