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Abstract

This paper describes a model which deals with ghilyi based
real-time terrain deformations. The problem of aarr
deformation modeling is wide, it includes the mauiglof terrain
purely “by hand”, the terrain modeling by hand wlitelp of some
physical laws (e.g. modeling forces or materialpemties) and
modeling deformations caused by external, mosttynea forces.
The presented method belongs to the last case. dpafically,
in our work we designed, implemented and testedplsim
physically based model which simulates the terd@formations
caused mainly by moving objects on its surface andxplosions
of bomb above the terrain. The results show thatppoposal is
suitable for its purpose and has potential to fr#xtension and
investigation.

Keywords: Terrain Deformations, Terrain Dynamics, Simulation,
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1. INTRODUCTION

The problem of the dynamic terrain modificationsaispart of
many computer science disciplines, namely compgtaphics,
modeling and simulation. From the computer graphics
perspective, it means mainly finding of the way f@rrain
representation and visualization. The represemtaioility of a
modification is crucial during the time according the actual
needs. In the term of physically based modeling, térrain is
represented as a model that is a simple imitatfidheoreality and

it has specific physical characteristics. The satiah shows
model behavior in time.

Terrain dynamics could be understood as its maifia during

the time. This modification is controlled by anexial system or
directly by a user. Generally, for simple creatéod manipulation
of graphical objects, it is suitable to work withakible tools,
which facilitate or at least make these tasks ypaitomatically.

For non-physical terrain deformation, it's recomubed to have a
tool for adjusting of the terrain geometry to somew added
objects, e.g. houses, routes, rivers, lakes etereTlexists the
project called Terrain Deformation Software [3], iglh deals

directly with these problems for the OpenSceneGtaplkkit [7].

The terrain, as a physical model, could be dyndiyicaodified

by the currently acting external loads, especiajhacting forces.
These forces can be of an artificial or a natuteracter. The
artificial forces are caused by the external saui@g. person,
computer system etc.) and their purpose is mostysipally

based manipulation or modification of an existirjeat [10].

Natural forces are mainly caused by solid objedisdies)
interacting with the terrain, by massive forcesgimated from
bomb explosion or they can be from a meteorologicalin (e.g.
winds, erosions etc). The presented method dedls tive first

two mentioned cases, where solid figures and botake an
effect on the terrain and thus cause its deformatio

The paper is structured as follows. In the nexttisec the

previous work of related problems is depicted vathtlining of

commonly used physically based deformable modets their

usage. Hereafter, the main approach and its adyesitand
disadvantages with the respect to defined goalsdaeeribed.
Finally, the simulation results are presented aisdussed at the
end.

2. PREVIOUS WORK

There do not exist many works which deal with peotétic of
physically based terrain deformations. In many exts, their
focus is laid to deformable model in general orthe area not
close to our work, such as chirurgic operation &tion [8],

clothes modeling [8, 2] or e.g. crash modeling [9].all these
cases the model which is deformed in time doesowespond to
large terrain which consists of thousands of thdesmgand is
described by its surface only.

In the next chapters, different kinds of deformatimodels will be
described including their attitude and possiblegeséor our
purpose.

2.1 Continuum Models

Continuum modelsonsider the permanent energy equilibrium of
the body, on which the external forces are actifige body
deformation is then a function of these acting dsrand material
characteristics of the body. The equilibrium isctezd, when the
body potential energy is minimal.

Finite element method, FEM, is commonly used ferfthding of
an approximation for a continuous function that is§ias
deformation equilibrium. In FEM, the object is dled into the
elements, joined at discrete node points. For enede point, the
algebraic equation based on elements material prepeand
equilibrium potential is determined. This systemegfuations is
then solved and new elements characteristics are se

Generally, the solution for finding of continuum deds is very
time-consuming, because of the need to solve arisgstem.
Moreover, when the large deformations have to lsewsted, the
computational complexity arises significantly [8].

2.2 Mass-Spring Models

Mass-spring modelsepresent bodies as a collection of masses
connected by springs in a regular lattice structlihe form of the
structure is usually a hexahedron and the springsvden
particles are set permanently.

Each particle actuates on another via the defipeidg which is
usually interpreted as a linearly elastic. The dofig acting on
massi, formed by the spring between massesndj is often
defined as [8]:
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wherex; is a vector from the magsto the particlg, ks is the
spring stiffness anl is its rest length.

fsi = ks( (1)

When the position of one mass changes the foragsedaby the
distance difference between masses, it starts dtiegaon itself.

When the distance between two masses is higher ttremest

length, the resulted force is an attractive fornd an the other
hand, when the distance is below the rest lengté, force is

repulsive. In regards to this behavior, the massigsystem tries
to reach the energy equilibrium state, where tstadces between
masses are equal to the rest length.

Thus, after releasing of the forces acting on thaess¥spring
system, the masses tend to reach its original ippsit Materials
with such behavior are called elastic.

However, it is often needed to model plastic matsriby which
the permanent deformation occurs, when they arbguudy an
external force. This behavior can be achieved hjiredof the
damping forces into the deformation model [10]:

fu = ks (v; =) )

wheref,; is theviscous damping forcacting on the mass ky is
the viscous damping coefficiend, andv; are the velocities of the
masses$ andj. This force occurs whenever the relative velooity
any two masses is nonzero and is acting as theemas$ocities,
which have been synchronized. The result is tHanabkses tend
to stop moving and there occurs the permanent uhefion.

The mass-spring systems include another dampirag farhis is

called global damping forceand acts on every mass opposite of

its velocity. Therefore, this force damps movemeingévery mass
and its main purpose is the guarantee of a nunhestighility. The
global damping forcdy exerting on mass can be expressed as
8]:

(3)

wherey; is the global damping coefficient of the masmndy; is
the velocity of the mads

fo =—nv

The behavior of a mass-spring model can be destribe
equations (1), (2) and (3) as a collection rofdifferential
equations, where is a number of the masses [5]:
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wherem is the massy; is the positiony; is the global damping
coefficient,g; is the force caused by a spring between particles
andj, including the viscous damping force (2), dni the total
external force acting on a particle

The mass-spring systems are widely used, becauie simple
implementation and intuitiveness. Further, they oaodel large
deformations and have low computational costs.

2.3 Loosely Coupled Particle Systems

As in classical particle systems (mass-spring n®)dehere is
usually used classical Newtonian physics for dbesgui of
particles motion. However, instead of the fixedisgps between
particles, there is defined the potential field,iebhholds the
particles together.

Generally, the potential field can be defined frbef it has to
accomplish some specific requirements. First, wiwen particles

are closer to each other than the rest distaneeretbulted force
must be repulsive. On the other hand, when twoigbest are
farther than the rest distance, the resulted forast be attractive
or zero, when the particles distance exceeds apiart limit.

The potentials are mostly defined, similarly to Eb), as a linear
elastic [11]. However, there exist some particlestam

implementations, where the potential force is defisimilarly as
in the molecular level. In [10], the Lennard-Jopetential is used
to model the inter-particle forces. The Lennarde¥opotential is
an approximation of the inter-molecular forces anmdwas

successfully used for such kind of simulations.

The general form of the Lennard-Jones potentiasifollows:

o, (1) :rEn—rAm ()

where® 4(r) is the potential magnitude,is the particles distance
andn, m, A andB are constants.
Alternative and more suitable form of the Lennandek potential

IS:
w03 ()

where® y(r) is the potential magnitude,is the particles distance,
ro is the particles rest distana®,is so called dissociative energy
(energy needed for the separation of two particées)n, m are
constants. The derivation of (6) could be foun§lLipy.

(6)

The change of material properties is done by a fication of
parameterg,, m andn. Whene,, m andn are getting greater, the
material stiffness is rising and vice versa.

3. SOLUTION

The design and implementation was influenced by fdue of
using OpenSceneGraph environment. However, theciptin of
this method is general and it can be easily impteet for any
scene and terrain representation.

The terrain consists, in general, of thousandsiafigles, thus it is
too huge structure for processing at once. On tierohand
deformations are of local character and therefbee dynamical
particle system was chosen to simulate real-timeraite
deformations.

3.1 Deformations Caused by Moving Objects

The solution in the situation of terrain deformatimduced by
moving objects on terrain surface is similar to. [B] this article,
the specific surface particle system was used rectlsimulation
of terrain deformations.

The surface particle system is generated dynamieetien the
object touches the ground. Then the forces whiehbased on
object properties such as mass, inertia and réstituelastic)
parameters start to act on it. The result is thatesparticles start
to move from their initial positions. For the pusggoof terrain
consistency, the Lennard-Jones potential was &ed (

For the object-terrain collision detection the sspbated schema
with bounding volume hierarchy was used. The stmes are
dynamically rebuilt according to arisen deformasion

3.2 Deformations Caused by Bomb Explosion

The terrain deformation caused by bomb explosidrickvmeans
that there arises a pressure force from point goabove terrain,



is the specific case. The elevation of bomb casrball or larger
which is partially crucial because of numerical mgsion
occurrence.

Every explosion is accompanied by birth of masgiwessure
wave, which is spreading out to all directions framorigin by
the same starting speed. Under the influence ofewawgress
from the source point, large part of soil whicttliese to place of
explosion is being removed. The crater appears.

For the possibility to describe the character ef tdrrain damage
or deformation by the suitable way, the referengadasion with
the force of one ton of trinitrotoluene (TNT) isfided [6]. All
other explosion sizes are expressed on the bakesamit.

The shock wave, blast wave and the crater widthiraportant
parameters of the explosion which approximatelycdes its
character. We use them to set the basic formula féoce
expression which is further used to simulate théomfion
process.

3.3 Mathematical Expression

The pressur® is defined as an amount of forEeeffected to area
unit:

(7

whereSis the area size.

With an advantage, the pressure can be expressistiinel units.
The reason is a direct application into the nelduation terms:

Pyp = 20109(Pyetor/ 210 >)) ®)

wherePy, is the pressure in decibel aRdquoniS the pressure in
N/m? units.

One ton of TNT has the starting shock pressurehensize of
Pyt = 210.6db and the width of a crater Wyt = 7.13232m.
Size of general strength shockwave of explogtgns, Whose
size isN-multiple of one ton TNT size, can be calculated thay:

PsNTNT = P + 667109(N) - ()]

Next, the crater widtiyrnt of generally strength explosive Nf
multiple of one ton TNT can be calculated on thesidbeof
reference explosive as:

WnTnT =Wern N2 (10)
Close to the explosion shockwave of the bomb, thige@nother
wave, called blast wave, which is registered paldity by the
stronger explosions which have the strength of lslhage above
207.46db. Within such huge explosions, the blast wave gtien
is higher than shockwave strength, thus it is resrggo take it to
simulation progress.

The size of blast wavieg can be derived from shockwakgyewion
(in N/ units) as:
_ 2

|:)Q = 250Psnewtorf(7 TPatm * PsNewton
where P, is the size of atmospheric pressuRy{ = 101325
N/md).
Total pressurd®, arisen in the point of explosion just after its
detonation is simply the sum of shock pressuretdast pressure:

Rotal =P+ Po - (12)

(11)

total

The pressure size is dropping proportionally tadthpower of
distancex in another place than explosion epicenter:

Py (13)

— 4 3
~ "total /(EHD( ).
According to pressure definition (7) and the equat{13), it is
possible to express the ford&,; causing on each particle
immediately after the explosion:

z'rwv2

4C

wherePy,,, is the total pressure in explosion epicentéis crater
width andC is particle count of particle system.

Fpi =P ) (14)

4 3
total /(EHD( )

3.4 Implementation Issues

In case of deformations caused by moving objehtsfdrces acts
on terrain surface are approximately constant oth vamall
deviations. Thus the stability of simulation isahmost all cases
assured even with usage of simple Euler integratireme. The
application of global damping forces in the modas lihe main
part on that, so the convergence of the calculasi@atisfied.

The case of bomb explosion is different. In thiersrio, the
forces arisen during detonation are much more bgézreous
because of great force dropping according to digtafrom
epicenter. Due to this fact, the sophisticatedgraton process
must be considered.

In our simulation tests we used populdt drder Runge-Kutta
method. It might be omitted that the method is véime

consuming to calculate one step that it is propodi to

quadruple of time of simple Euler scheme. The anssvges but
there must be kept in mind that the Runge-Kutt@sehis much
more accurate and especially more stable and tnget time
steps could be used. This is crucial to explosionukation and
the results show it as suitable for this purpose.

3.5 Optimizations

Further extension of physical deformation model [BY is in
advanced optimizations of the algorithm.

There are two basic kinds of optimizations accaydion particle
system dynamical behavior. First, in the previodgordthm

version, the kd-tree structure in its original amabkic form was
used. Because of further usability of proposed mdtere were
made few intentional changes.

The modifications are not in kd-tree itself but five and
dynamics of that structure. The main idea is thatrebuilding of
kd-tree is not necessary every time step but caadapted to
expected amount of changes of terrain. This isiplesslue to
dynamical character of used structure, howevertithe between
each two rebuilds cannot be raised forever, becadisesing
calculation error.

Second optimization is done by adapting terrainnling volume
hierarchy (BVH) actualizations. It is not necesstryecalculate
the terrain BVH in every time step as in the ca$ekdbitree.
Moreover, when we use the half-edge structure jecblterrain
collision detection, the complex BVH structure ridhing can be
done after relatively long time distances.

The effects of both optimizations are shown in Fegd. It is
obvious that optimizations made to structure bedravigive
significant improvements to simulation performance.
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4. RESULTS
As an example and demonstration of proposed madelhave o =
used simple and clear scene which consists of dneqp terrain, ~ =t
small sphere object representing a bomb and laspérere —— o
representing the object moving on the terrain serfa —r

The terrain consists of 2808 triangles and the bsdlefined as a
rigid sphere. The terrain properties are set atovist each
particle massn is 1.0 kg; dissociation energy is set to 300Q;
constantm = 2; constanh = 4. The rest lengthy is determined
from the original surface form. The sphere masss 45kg; the
sphere radius is 75m. The Euler scheme has been selected for an
integration process of the moving sphere. In opppdor the
bomb, the # order Runge-Kutta scheme has been chosen. The z
bomb strength was set to 5000 tons of TNT. = =

The simulation began by dropping the sphere anddmeb onto
the terrain with non-zero sphere initial velociSimulation was
running in real-time with approximately 1/6Gimulation step.
Figure 2 shows the simulation screenshot sequence.
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The first screenshot in Figure 2 shows the init@hditions of the
simulation, where the small black sphere markshbihvab above
terrain and the bigger white one represents therantion object
with the terrain.

During the simulation process, the bomb touchegtbend and
in consequence the crater appears which shows d¢bend
screenshot. The crater causes the direction chahgeoving
sphere what is demonstrated on the third, fourtd &fth

screenshot (the wire models are used for claritife important
fact in this experiment is that there were not atlyer forces
acting on objects in spite of gravitation.
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Figure 2: Simulation process.

5. CONCLUSION

The presented method was successfully used with
OpenSceneGraph toolkit as a part of the sceneusage of this
method can improve visual quality and bring moralistic
impression of the moving objects on the ground.

The physical part of this method is important froine option

possibilities that can be set to both the terraid ¢he moving
object or bomb, respectively. This can serve toindafn of

different kinds of object-terrain behavior, such msving the
object in the mud or in some wheat field on the aide, or

minimal deforming the hard asphalt road on the roffide. In the
first example, there arises a big trail in theagrwhereas in the
second case, the minimal, by eye not perceptibddgrohation

occurs. This could be seen, e.g., when the truds geross the
road from the surrounding field. This is the cade bomb

explosions too. The method can distinguish betwienwidth

and depth of crater for different cases of terraaterial and bomb
properties.

The next project progress should concern the hgdeeous
possibility of terrain deformation. This means thiae surface
particle system arisen during simulation should egate new
terrain triangles and thus react even more reali$tiis process is
more time consuming, however, with optimizationsgluding
these presented in this paper, the simulationheilbble to run in
real time.
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