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June 12, 2014

Master of Science Thesis J.H.H. de Jong



iv Preface

J.H.H. de Jong Master of Science Thesis



Chapter 1

Conclusions & recommendations

In section 1-2 the research objectives were defined as follows.

• Identify the underlying mathematical methods of gaming engines and assess their ac-
curacy.

• Determine what would be the advantages of using a gaming engines over traditional
software.

• Define what applications would be well suited to be simulated with gaming engines.

• Propose a possible implementation for an engineering oriented simulator based on gam-
ing engines.

This chapter will attempt to summarize our findings. The first section will cover the first
three questions, and the second section discusses the fourth question.

1-1 Conclusions

In chapters 2 and 4 we have shown that the main difference between gaming engines and their
engineering counterparts is their focus on real-time applications. This results in the need for
simulations with a fixed integration time-step size, which cannot be combined with penalty-
based contact models, the latter being a common method for engineering tools to handle
rigid-body contact. Instead, gaming engines typically use the Stewart-Trinkle constraint-
based method, for handling contacts.

Constraint-based simulation requires either the velocity or the position at the next time-step
to be explicit in terms of the forces acting on the bodies. Therefore it is often combined with
the semi-implicit Euler integration scheme. This is a symplectic integrator, meaning that it
more or less conserves energy. It is shown that the error arising from numerically solving
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2 Conclusions & recommendations

the Newton-Euler equations using this method, combined with a fixed time-step, scales with
O(h) for a free falling object. For a simple harmonic oscillator the error in the amplitude
and period scale with O(h2), as long as the time step is smaller than a value related to the
natural frequency of the oscillator.

The Stewart-Trinkle method is based on a maximal coordinate formulation. Combined with
constraints and numerical integration this formulation generally suffers from stability errors
such as joint-drift. This can be solved by adding a constraint stabilization method. Several
methods are present, of which Baumgarte is the most simple. However, combining Baum-
garte with Stewart-Trinkle results in energy being created in collisions. Post-stabilization
seems to be a better alternative, because decreasing the time-step size will in this case yield
convergence.

Different levels of friction approximation exist, each with their own deficiencies. When the
linearized friction model presented in section 4-4-1 is applied, the exact solution of Coulomb’s
friction model can be approached by selecting a large number of vectors to span the friction
plane. The decoupled friction model presented in section 4-4-2 suffers from overestimation of
the static friction force.

The type of friction model that is selected may limit the types of solver that can be used
to solve the resulting complementarity problem. Different types of solvers exist, each with
their own convergence and computational efficiency characteristics. However, no matter how
accurate the friction model and the solution to the complementarity problem, uniqueness is
never guaranteed, due to the statistical undetermined nature of systems of rigid-bodies.

Based on all this, we can conclude that depending on the combination of methods that is used,
gaming engines can provide accurate solutions to problems involving classical mechanics and
rigid-bodies. Generally selecting more accurate methods will yield a more computationally
expensive simulation, but this is not true for all cases.

The main advantages of using gaming engines for particular problems are their stability and
computational efficiency in handling contact between multiple rigid-bodies. In chapter 10 it
was shown that Bullet as a showcase for gaming engines performs several orders of magnitude
faster than MSC/Adams when simulating a simple simulation with several rigid-bodies in
contact. However, stiff systems and in particular damped systems are not handled with the
same ease as is the case in MSC/Adams. A possible explanation for this is that Bullet does
not vary the time-step based on the stiffness and harmonic behavior of the system.

In their current form, gaming engines are particular useful when real-time operation is re-
quired. The best known example of this is a simulator. Furthermore gaming engines are very
useful when simulating a large number of contact rigid-bodies, or simulations where there is
a lot of static contact (i.e. objects lying on each other for a large part of the simulation).

1-2 Recommendations

Based on this research we can state that the simulation of space applications can significantly
benefit from the use of gaming engines. However, creating a purpose built rigid-body simulator
from scratch would require a considerable amount of effort, and the same goes for maintaining
it and keeping it up to date.
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1-3 Further research 3

Bullet & Blender already have a lot of functionality and would be good candidates for adap-
tation by the engineering community. The reason for this is that they are open-source and
therefore flexible and have a strong ongoing development, and hence are constantly being
updated with latest advancements in rigid-body simulation.

However, in its current integration in Blender, Bullet shows unphysical behavior in some cases
(e.g. friction modeling, elastic collisions). According to Bullet’s development team, most of
these shortcomings have either already been fixed but are not accessible from Blender, or will
be fixed in newer versions of Bullet.

If an engineer were to use Bullet or any other gaming engine, control over the types of
algorithms used is preferred. For instance, some simulations might require more accurate
friction modeling, which would lead to the linearized friction model and a complementarity
problem solver based on the Newton method. However, if the focus is more on speed, and
friction accuracy is less stringent, one might prefer using the decoupled friction model with
a Projected Gauss-Seidel (PGS) solver. Therefore it is the author’s opinion that a tool that
allows more control over the gaming engine would be a great asset.

Also additional functionality could be included through extensions of Blender. Blender lacks
any post-processing environment. Although everything can be exported to external data files,
a more user friendly way to view simulation results would be a great addition.

A module that tracks the total energy of the system could be of use, just as having way
to extract reaction forces from the simulation. However, one must always be careful when
interpreting these, especially with unilateral constraints. Finally a function to control and
read the error in the complementarity problem would be a big improvement.

1-3 Further research

One thing that, to the author’s best knowledge, has not been investigated much, is the use of
adaptive time-stepping for stiff systems in combination with the Stewart-Trinkle method. If
this is possible, it might considerably improve the handling of stiff and damped systems by
the semi-implicit Euler integration, and could lead to a tool that combines the best of both
worlds.

Also, the experimental verification of the net and string should be taken further. More
complex, asymmetric excitations of the string were not represented correctly in the simulation.
This is perhaps due to the fact that the model does not account for any bending stiffness in
the string, which in reality is present. The chaotic nature of the net experiment setup made
it very hard to truly verify the accuracy of the simulation method. A better experiment, with
a more simple and consistent geometric arrangement would improve the correlation between
simulation and experiment.
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Glossary

List of Acronyms

PGS Projected Gauss-Seidel

List of Symbols

α Baumgarte stabilization parameter
ω Rotational velocity vector
σ Slack variable with no physical meaning
δij• Entry-wise subtraction of two vectors related to masses i and j
ε Coefficient of restitution or strain
η Number of vectors used to approximate the the friction cone
γ Slack variable that can be interpreted as approximation of sliding velocity
λc Lagrange multiplier for inequality constraints
λe Lagrange multiplier for equality constraints
λf,i Lagrange multiplier for friction impulse
µ Friction coefficient
ω Natural frequency of harmonic oscillator
ωe Element natural frequency
φ(s) Bilateral/equality constraint
ψ(s) Unilateral constraint
ρ Radius
ρair Density of air
ρlin Cord linear density
σ Normal stress
ζ Critical damping ratio
ζ Slack variable with no physical meaning
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10 Glossary

A Complementarity problem matrix
b Complementarity problem vector
D Friction cone linearization matrix or diagonal matrix
E All-ones matrix used for friction model
f contact(s,u) Contact force vector
f ext(t, s,u) External force vector
F d,ij Spring force between masses i and j
FD,i Aerodynamic drag force acting on mass i
F s,ij Spring force between masses i and j
G Constraint Jacobian without kinematic map
I Inertia tensor
Jc Jacobian of inequality constraint
Je Jacobian of equality constraints
L Strictly lower diagonal matrix
M Generalized mass matrix
pc Contact impulse
pe Equality constraint impulse
pf Friction impulse
q Unit quaternion
r Position vector
s Generalized position vector
S(s) Kinematic map
U Strictly upper diagonal matrix
u Generalized velocity vector
v Translational velocity vector
w Complementarity problem residue vector
x Complementarity problem solution vector
xl Complementarity problem lower boundary
xu Complementarity problem upper boundary
T Kinetic energy
V Potential energy
a Relative velocity orthogonal to contact plane
Ah Cord cross-sectional area perpendicular to horizontal direction
bB Complementarity problem vector term related to Baumgarte stabilization
be Complementarity problem vector term related to elastic collisions
CD Drag coefficient
ce Element damping coefficient
d Cord diameter
dtb Tennis ball diameter
E Young’s modulus
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g Gravitational acceleration
h Time-step size
k Number of contact points
kerp Error reduction parameter
ke Element stiffness
le Element natural length
ln Cord natural length
lt Cord length under pretension
m Number of equality constraints
me Element mass
mtb Tennis ball mass
N Number of mass elements
•′ Denotes parameters related to the probing experiment
•̂ Denotes unit vector
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