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Abstract

Virtual Reality simulators of heavy machinery are often used for trainingppses. However, the complexity of
terrain as a dynamical system makes the simulation of earthmoving machimspecially challenging problem.
In this paper, the architecture of an excavator simulator is describedsthay with the different models used to
describe the behavior of the systems involved. Special attention is paidl tlysamics and to the interaction
models, including soil-wheel interaction and soil-tool interaction. The diffemodels used are physically-based,
in order to guarantee a realistic simulation and an appropriate force feeklbac

Categories and Subject Descript@egcording to ACM CCS) 1.3.7 [Computer Graphics]: Three-Dimensional
Graphics and Realism—Animation, Virtual Reality. 1.3.8 [Computer GieglhApplications—.

1. Introduction sented in PCGFMDO0§ within a production environment,

. . . . i and the presentation of a simple tyre-soil interaction model.
In the last decades, interactive simulation based on Virtual

Reality techniques has become a powerful tool for training ~ The rest of the paper is organized as follows: in what re-
purposes in activities which involve high risks and costs. The mains of Sectiorl an overview of the simulation system is
use of a simulator prevents from exposing the trainee to the presented. Sectidhpresents the model of the bulldozer and
risks of manipulating the real machine in it usual working the way the different elements of the system are integrated
environment. In addition it provides with the possibility of ~ together. Next, Sectio8 overviews the models used for ter-
working in the desired conditions, without having to wait for  rain simulation, including the soil-tool interaction model.
these condition to happen (e.qg. arbitrary weather conditions Section4 describes the tests that have been implemented to
can be reproduced at any time). evaluate the model and exposes the simulation results. Fi-
o ) ) ) nally, Section5 outlines some concluding remarks and the
Within this context, the simulation of earthmoving ma-  f,ture work to be done.
chinery presents a challenging problem; in this case, not only
the mechanical system that comprises the machine (excava-
tor, bulldozer, etc.) has to be simulated. In addition, a re-
alistic simulation of soil has to be achieved, including the A vehicle simulator aimed to training tasks is a complex sys-
interaction with the machinery considered. In the revised tem composed of several modules which allow to reproduce
bibliography, some authors refer to soil simulation models the behavior of the environment, to acquire the user's ac-
[GFVH98 FBVSO07, though without providing any techni-  tions and to visually represent the simulated environment.
cal details about such models or their implementation. Other The simulator considered in this work is composed of the
authors present mathematical models for bucket lling with  following elements:
different degrees of complexitfF EPO5KMO05], but without
addressing neither the forces that appear nor the evolution of
soil surface.

1.1. Simulator Architecture

Physical model of the machine and the environment.

Input/Output devices and controls to acquire user actions.

Visualization system, which provides a graphical repre-
In this paper, an small size excavator simulation system  sentation of the environment.

is presented. The main contribution of this work is to show 6-Degree of Freedom (DOF) mobile platform, to provide

the application of the physically-based model of terrain pre-  the user with inertial stimuli.
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During the simulation, the input devices, which reproduce
the control panel of the simulated machinery, capture the

user actions. These input data are used by the dynamic mod-

els in order to determine the evolution of the machinery and
of the environment. The state of the simulated environment,
which represents a typical construction site, is reproduced
by means of a 3D graphics application, implemented using
the OpenSceneGraph programming library. Within this en-
vironment a lightweight excavator is simulated. In the next
sections, the models for the excavator and for the terrain and
the interaction procedures are described.

Figura 1: A view of the virtual environment and the simu-
lated machine.

2. The Excavator Model

The system simulated is a lightweight excavator which is
employed to transport and handle small amounts of granu-

The Loader. It is an attachment used for the load of bulk
material, situated at the end of the arm. It has a weight of
300Kg and dimensions, 86 2;3 0;95m.

2.2. Engine and Hydraulic System

The excavator is driven by a diesel engine that generates a
power of 60cv at 2800 rpm. The engine has been modelled
using a typical diesel power curvé/pn01]; the input of the
model is the value of the throttle pedal while the output is a
torque which is introduced into the traction model. The ma-
chine has a maximum speed of 11 km/h, forward and back-
ward, at maximum power.

The hydraulic system of the excavator consists of a pump,
driven by the diesel engine, and two hydraulic pistons for
lifting the arm and for controlling the inclination of the
loader. A description of the dynamic model used for the sim-
ulation of the hydraulic pumps and the pistons can be found
in [BBL 99].

2.3. Vehicle Tyres

In order to simplfy the model and to avoid possible numeri-
cal instabilities, the wheels of the vehicle have not been con-
sidered as solids in the multibody system. Instead, they have
been considered as massless discs which are attached to the
main body of the excavator, and their actual mass and mass
matrix added to the excavator mass matrix.

The forces that act on the tyres are applied directly on
the chassis body at the soil-tyre contact point, which is de-
termined by ray casting. The simulated vehicle has no sus-
pension other than the pneumatic pressure of tyres. Thus, a
damped spring model is used in order to determine vertical
forces. Sectior3.2 gives a detailed description of the model

lar materials, such as gravel sand, cement, etc. The dynamicthat determines the interaction between the vehicle tyres and
model used in the presented simulator consists of three main the ground.

components: the mechanical model of the vehicle, the power
subsystem and the tyres, which provide the model with soil-
machine interaction.

2.1. Mechanical Model

The excavator is decomposed in several bodies. All of them
are considered as homogeneous rigid bodies, with no exi-
bility. The bodies considered are:

Main body. The vehicle body is considered as a single rigid
solid that comprises the mass of the vehicle chassis, the
cabin, the engine and the hydraulic and electrical systems.
The mass of this solid is 1900Kg, and the machine has an
overall length of 33m.

Arm. The arm connects the chassis of the machine with its
attachments. Itis considered as a rigid beam of 450Kg and
has a rotation of 95 driven by a hydraulic piston.

3. Interactive Soil Model

In order to obtain a realistic simulation of the environ-
ment and the simulated machinery it is necessary to use
physically-based models of the different subsystems in-
volved. However, the problem of soil dynamics and its in-
teraction with an object is a complex one.

In the context of computer animation, main concern is to
obtain a realistic behavior of deformable soil. In these cases,
physical accuracy is not an issue and the behavior of the ob-

jects in the scene is usually prescribed. For this reason, no

physical interaction is considered. Instead, evolution mod-
els are proposed for the deformation of loose soil under a
contact BOH99ONO5 ZTT 07].

When simulating earthmoving machinery, however, the
physical interaction between soil and the used tool is of
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great concern, specially if the application is aimed to opera- 3.2. Simulation of Soil-Tyre Interaction
tor training. Seeking for a better physical description of the
system, some authors have based their work on theoretical
models [M93, Are05 PCGFMDO0§.

The computation of the interaction between the tyre and the
soil is a high complexity problem, due to the number of fac-
tors that in uence their behavior. However, there are rela-
tively simple models that performs suf ciently precise sim-

3.1. Dynamic Model of Terrain ulations.

The dynamic model of terrain used in the simulator The more established model for the dynamics of tyres on
is the cellular automata presented in Pla-Castells et al. rigid soil is Pacejka'smagic formula[Pac9§. This model
[PCGFMDO§. In this model, geometrical representation of is used in our work for the interaction with the areas with
terrain is made by means of a height eld on a regular grid. Paved ground. However, when simulation an off-road vehi-
Taking this structure as a basis, a local rule computes the cle the main problem is the interaction between the tyre and
evolution of soil according to some classical models of ter- l0se ground. Several models can be found in the context of
ramechanics. The model simulates the evolution of soil as all-terrain vehicles design/fon01. These models are based
a granular system, simulating avalanches and critical slope, mainly on the combination of the model of pressure-sinkage

and also deals with different types of interaction and soil ma- 0f Bekker Bek69 and the calculation of the friction be-
nipulation. tween the ground and the tyre.

Before the simulation starts, the grid is read from a le
that stores the desired initial terrain state. During the sim-
ulation, collisions between the objects of the scene and the
grid are detected. The discretization of some classical soil
fracture models makes it possible to simulate the evolution
of soil when in contact with the excavator parts and to com- ——
pute the interaction forces that appear during these contacts. -— &

Figura 3: Forces involved in the model of traction on soft
ground.

Let us consider a wheel of radi&s According to the state
of the engine and the user input data, a toriyfuis applied to
the wheel axis. As a result of this torque, it appears a traction
force i on the contact surface between soil and the tyre.
However, depending on the properties of the terrain material,
the effective traction will be lower tha.

To compute the effective traction force, rst the pressure
in the contact region between soil and typejs computed.
From this pressure, then the maximum shearing fard@at
soil can resist on the interface tyre-ground is obtained from
the friction angled of the soil-tyre contact. The value df
for different soil properties can be found Wpn01].

Then, the effective traction force that is applied on the
contact patchke, is computed. If traction force is lower than
the shear force, thenFe = R is applied on the tyre and on
the ground according to the corresponding models. If trac-
tion force is higher than shear fordg,then only this value

The different dynamic models need to be integrated to- is applied,Fe = t, causing the ground to slip below the tyre.
gether so that an interactive simulation can be run involv-
ing the considered subsystems. Both the multibody system
model and the terrain model are run on a separate thread,
at a rate of ve hundred times per second, in order to guar- In order to determine the performance of the system and the
antee numerical stability. When the graphic system nishes in uence of the terrain model on it, the environment has been
the render of a frame, the dynamic models are requested for simulated using several grid densities for the terrain simula-
the new state of the environment, which is used to create the tion, referred in number of cells per meter. The considered
new frame. interactive terrain is a square region of 8®m, which has

Figura 2: The interaction between terrain and other objects
is simulated by a model based on terramechanics models.

4. Simulation Results
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