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Abstract

The interactive simulation of 3D terrains has been approached from several perspectives. Due to the complexity of
the system involved, most of the models proposed focus on a visually realistic animation of the scene, rather than
on a physically-based accurate simulation of a granular system. Those models lack generality when interacting
with the environment; in most cases, no reaction forces are computed, considering only soil deformation. This
limitation reduces their usability in applications such as driving simulators. We propose the use of a theoretical
discrete model that considers normal forces for 3D real-time simulation of granular systems. We also extend this
model to consider horizontal forces, allowing a wider range of interactions. Several numerical tests have been
implemented and detailed results have been analyzed which show a good model performance.

Categories and Subject Descriptiscording to ACM CCS): 1.3.0 [Computer Graphics]: General

1. Introduction 2. Related Work

) ) ) Dynamic terrain is usually represented by a height field,
Dynamics of granular systems is a research field of great \yhich performs a discretization of the system surface, and
interest in soil simulationgK98]. Within the field of com- 5 gynamic model that accounts for the evolution of the
puter graphics (CG) applications, many authors have pro- g points. The first dynamic models for virtual terrain
posed models for the dynamics of terrain, focusing on a fea- [\ M89] are erosion models, used to obtain a realistic land-
sible animation of soil under a range of interactions. How- scape. However, they are aimed to be used in off-line mod-
ever, the models proposed are either not based on physicale”ng and rendering, and are computationally very expen-
criteria, or their level of interactivity is very low. sive. Some more recent mode@N00, BRO4 allow desert

scenery simulation, including sand accumulation on obsta-
In this paper, we propose the use of a discrete theoret- cles. These quels, howeyer, ine up rigor in favor of com-
ical model for the simulation of a sandpile, which can be Putational efficiency and simplicity, and are not capable of
included in 3D real-time simulations. In addition, we extend interactive simulation.
this model in order to allow the soil-tool interaction simula-
tion, achieving a higher degree of interactivity between the
sandpile and the objects of the virtual environment.

Chanclou et al. [CLH96] propose a first model for the de-
formation of terrain. They consider soil as an elasto-plastic
sheet that reacts to contact, but they discard the dynamic
behavior of granular material by using a simple diffusion

The rest of the paper is organized as follows: section modelto smooth terrain after contact. Sumner etSIH99
2 gives an overview of the existing literature in the sub- presented a model that considers the interaction between an
ject of interactive terrain simulation in CG. Next, Section arbitrary object and a loose soil. In their approach, when a
3 overviews how to introduce the model chosen in a CG ap- collision happens, a map of the collision area is computed to
plication and explains the soil-tool interaction model. Sec- displace material from the colliding points to its closest non-
tion 4 describes the tests that have been made to evaluate thecolliding neighbors. Finally, an erosion process is applied.
model and exposes the simulation results. Finally, Se&ion This model has been extended so that sand can accumulate
outlines some concluding remarks and future work. on moving objectsQNO5].
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Previous models do not consider any reaction force on
the body that is in contact with soil. One of the most rel-
evant contributions dealing with such reaction forces was
proposed by Li and MoshelLM93], who compute the hor-
izontal force on a tool that is pushing a heap of granular ma-
terial, but their model does not provide vertical or friction
forces. In addition, the evolution of points that are separated
from each other is coupled by a linear system of equations,
which makes it difficult to simulate local features such as
impacts efficiently. Benes et aBPABO6] propose a very
simple scheme to simulate sand manipulation in a haptic en-
vironment, considering collisions only against a sphere, but
their approach lacks generality.

More recently, Zeng et alZ[TT*07] propose a more gen-
eral framework for sand interactive simulation. They com-
pute the velocity of every avalanche, associating momentum
to every grid node in order to obtain the response to contacts.
Although they base part of their work on that of LilS\193],
they neither do any validation nor refer to any established
model for the sandpile evolution during vertical contacts.

Figure 1: Superposition of the Perumpral’s fracture region
(dashed line) and the discrete model proposed in this paper.

3. Real-Time, Interactive Simulation of a Sand Pile

In order to consider the physical properties of the system dy-
namics, we propose using use the modelR€GFMDOG.

This model is presented as a cellular automata on a regu-
lar grid; the value of each grid node or cell represents the

height of the heap on that point. To compute the evolution of

the system, the slope and the force applied at every cell are
checked. Then, a simple update rule is applied; if a combina-
tion of these two values is over a given threshold, some ma-
terial of the cell is transferred to its neighbors, in the steepest

Thus, several authors have addressed the problem of inter-descent direction.

active soil simulation with different levels of success. How-
ever, in those models, the system was evolved in a non
physically-based manner. Moreover, the method used for
material displacement during contacts is an heuristic scheme
that separates the effect of contacts from the erosion process
leading to additional computations.

In order to propose a more accurate approach to the
problem, we overview some basic ideas regarding dynam-
ics of sandpiles. A sandpile can be piled up until the sur-
face reaches theepose angleThen, the slope is reduced

again by means of surface avalanches. One of the most rec-

ognized models that describe this behavior is the so called
BCRE [BCRE94, which consists of a set of partial differen-
tial equations for the evolution of sandpile surface. Based
upon the BCRE model, and other theoretical and experi-
mental resultsfiWKO97, EA0L, PPCO04, Pla-Castells et al.
[PCGFMDO0G propose a discrete model for the evolution of
a sandpile that also considers external normal forces. The
discrete model is formalized as a rectangular height field,
and includes a local rule for the evolution of every node.
Preliminary results indicate that this model is adequate for
3D real-time applications.

When a body gets in contact with soil, we are also inter-
ested in the horizontal forces that appear, and in the way ter-
rain is displaced. Based on experimental evider&i€9g,
when a portion of soil is displaced, it is considered as a
solid that slides along a pre-defined interface, causing what
is called afracture. Using Mohr-Coulomb theorygK9§ it
is possible to determine the forces acting on the tool. We
propose the use of the Perumpral’s modéBMROQ] to in-
troduce this process in our discrete model.

To solve the model efficiently, we use the following im-
plementation scheme; we keep a list of active cells, which
include every cell that is in contact with an object and ev-
ery cell that was updated in the previous step. Then, only

the cells that are active are checked and updated, saving an

important amount of computation.

3.1. Simulation of Soil-Tool Interaction

Based on this description of the dynamics of a sandpile, we
use Perumpral’'s modeNBMROQ] to compute the horizon-

tal force acting on a vertical soil-body interface. The fracture
region in this model is the wedge delimited by the tool and a
plane inclined a given angfethat passes through the lower
end of the tool up to the surface (see Figlirelashed line).
The horizontal force depends on the material dengityn

the wedge’s weightV, on the internal friction angle, and

on the external friction angle of soil-tool interfadeas

W sin(¢+ p) + 2R cosp) sin(d)

_(
F= sin(¢+p+9)

1)

whereR = ‘—B’HW(lf sing) tan@is the friction force on the
wedge laterals anglis taken so thd is minimized. Friction
along the interface is also computed and applied. The model
is presented for a one-dimensional system. For the 3D gen-
eral case, we apply this one-dimensional model along both
directions of the rectangular grid separately.

For equation 1) to be applied, variablé4 andH have to
be computed from our discrete representation of the system.
Thus, let us consider a one-dimensional system, discretized
as a succession & equidistant pointg,=0,...,M, and the
corresponding heightg = h(i). We consider that gertical
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soil-tool interfaceexists at every colliding poing for which N Tl T2 | SPE| CD | HD
io+ 1 is not colliding. We shall denote the vertical fracture 20| 0.02| 0.21 | 18% | 38% | 44%
depth under poinity + k asdy, andN shall be the minimum 30| 0.03| 0.45| 19% | 35% | 46%
integer whenhy,1 < O (see Figurel). In casehy < O or 40 | 0.06 | 0.73| 22% | 33% | 45%
h; < 0, no interface is considered. The valueWsfcan be 50| 0.09| 1.21 | 27% | 31% | 42%
obtained by summing the differedt, andH asH = dg —dy. 60 | 0.13| 1.93 | 40% | 29% | 31%

The force is applied at a point that is at 1/3 of the height of
the interface $K9§,.

In order to keep the meaning d§, vertical contact forces
are not applied on poing. Instead, we updaig by the sur-
face evolution model, and record the valuesoh order to According to the results, the dynamic model that we pro-
know how much space betwegnandig+ 1 is occupied. If pose has a very low computational cost. In those situations
the object advances in the direction of the free side, the ma- when horizontal displacement is not involved (Test T1) the
terial must be pushed by the body, sliding along the fracture. average time for simulation loop makes it possible the sim-
This causes every cell's height above the fracture to increase ulation of a granular system in applications with very little
accordingly. Otherwise, if the object retires, sand in the in- spare CPU time. The main limitation of the model is the fact
terstice between the object and the sandpile must spread inthat the cost grows with the square of the grid density. How-
the new gap, reducing the interface node height. ever, in the range between 20 and 60 grid points, which we
consider enough for applications such as driving simulators,
results are excellent. Although we have not yet performed
comparison tests with previous models, it is remarkable that
In order to analyze the model proposed, we have imple- in our model no analysis of the collision patch needs to be
mented two tests that shall be referred as T1 and T2. T1 cor- made. Instead, it is the dynamic model itself that decides
responds to a cube with unit edges falling on a flat ground, how the material must be spread, saving additional compu-
and T2 corresponds to the same cube pushing material hori-tations. In Test T2, horizontal displacement involves a larger
zontally. To use an easily reproduced scenario, we have usedamount of cells, mainly due to the fracture region, leading
the physics library Open Dynamics Engine (ODE) v0.8, to higher average values. However, it is noticeable that col-
compiled with gcc v4.2.2 (libc6 v2.6.1), on a dedicated In-  Jision detection takes over 30% of the resources in our tests.
tel PIV-HT, 3.4GHz with GNU/Linux system. As in related  Thus, we expect that the times can be reduced with an ade-
works [ONO5 ZTT*07], collision detection is based on ray  quate optimization. Anyhow, even without optimization, the
casting. However, and unlike previous proposals, we have results indicate that for the range between 20 and 50 sub-
applied no optimization in collision detection, using the stan- divisions, the model can be used at an update frequency of
dard ODE collision facilities. The reason for doing so is  100Hz, which should be enough, at least for stability issues.
to consider a neutral scenario, in order to evaluate how the
sandpile model may affect an application performance.

Table 1: Results of the numerical tests.

4. Simulation Results

The model has been successfully integrated into a pro-
duction bulldozer simulator, showing that it can be used in a

We have measured the average CPU time per simula- highly demanding environment without optimization. Ren-
tion step using different grid densities. Also, using Valgrind - gering of sand is done by a mesh, implemented with trian-
[NSO7, we have estimated the percentage of CPU usage of gje strips. We use texture sliding in order to make the visual
the three main parts of the simulation loop during test T2: effect of sand flow during avalanche&TT*07]. Figure 2

sandpile evolution (SPE), collision detection (CD) and hor-  shows an image of the model interacting with the bulldozer
izontal displacement (HD). For each grid density, 30 repe- model.

titions have been made, and confidence intervals have been
obtained assuming normal distribution for the mean. The pa-
rameters of the model have shown no significant influence on 5. Conclusions

the time obtained; this is reasonable as the cost only dependsThe field of terrain simulation has made considerable head-

on the number of active nodes. way in the last years, from models of terrain deformation to
The results of the tests are shown in Tahl€olumns are models that account for more complex interaction, some in-
labeled as follows. N is the number of subdivisions per unit cluding reaction forces. However, the current proposals do
length (the grid density). T1 and T2 are the average CPU not take into account physical correctness. In this work we
times (in ms.) of one step for each test. Confidence intervals have proposed the use of a physically-based model which
are below 0.001ms for T1 and below 0.01ms for T2, and are can be integrated in real-time computer graphic applications.
not shown in the table. Also for test T2, columns four to six The model allows a high degree of interactivity, considering
correspond to the CPU time percentages of the aforemen- the evolution of the system under an external action, and the
tioned parts of the simulation, labeled SPE, CD, and HD, corresponding reaction, including friction forces. Although
respectively. other authors have previously claimed similar results, we
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Figure 2: A telescopic manipulator, acting as a bulldozer,
pushes sand horizontally. Wheel trails, can also be observed.

have used a validated dynamic model, getting more realistic
results. Moreover, we have provided a detailed description
of a model for soil-tool interaction, which is crucial for in-
teractive simulation of terrain. Another remarkable feature is
that, in our approach, the evolution of the granular system is
computed within the main physics loop. With this approach,
no modification is made outside the main loop, making it
easier to implement multi-threaded applications.

Also, an in depth analysis of the performance has been
provided, together with the necessary details to reproduce

and compare the tests. The results of the performed tests

show that the model is suitable for real-time applications.
They also give valuable information about which modules
should deserve more optimization effort. In this context, in
future research, we intend to implement an optimized ver-
sion of the collision detection and to introduce multiscale de-
compositions of the grid, reducing the number of active cells
and, thus, improving the overall performance of the system.
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