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Abstract— Modeling contact in multibody simulation is a dif-
ficult problem frequently characterized by numerically brittle
algorithms, long running times, and inaccurate (with respect to
theory) models. We present a comprehensive evaluation of four
methods for contact modeling on seven benchmark scenarios
in order to quantify the performance of these methods with
respect to robustness and speed. We also assess the accuracy of
these methods where possible. We conclude the paper with a
prescriptive description in order to guide the user of multibody
simulation.

I. INTRODUCTION

There is a strong argument to be made for the suggestion
that most multi-body simulation techniques are inadequate
for robotics research needs. Clearly, an ideal simulator would
be fast, accurate, and robust while being capable of mod-
eling non-trivial interactions between bodies (e.g., friction
and joint constraints). But as this paper will demonstrate,
selecting the underlying algorithms and codes remains a
task that is as challenging as it is important. Selecting an
inaccurate or infeasibly slow algorithm will undermine the
benefits offered by simulation in the first place. Although
the best algorithm is domain dependant, we know of few
evaluations across benchmarks (or even test scenarios) that
might enable the roboticist to make an informed choice.

The impact of the contact model on performance is com-
prehensively evaluated in this paper across several simulation
tasks of interest to the practitioner. The results show that
making an informed choice is a balancing act; accuracy,
reliability, and run-time vary across contact algorithms, un-
derlying numerical solvers and input parameters. We believe
these latter two dimensions in particular have been given
inadequate attention; the data show that they can have a
significant effect on simulation performance. In the compar-
isons made, no single contact method faired best under all
circumstances. Nevertheless, the results do suggest that some
methods are ill-suited for robotics and may be discarded in
favor of others in nearly all circumstances.

This paper primarily serves to assess the speed and robust-
ness of both the contact models and the methods for solving
them. Assessing accuracy is a thorny issue, as explained by
Chatterjee and Ruina [1]:

Unfortunately no known collision law of any kind
is both predictive and accurate, in the sense, say
that Newton’s laws, or even linear elasticity or
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the Navier-Stokes equations can be accurate. For
a given pair of bodies, the collisional outcome
may well depend on not just the initial velocities,
masses, and mass moments of inertia, but also
on some combination of contact shape, contact
mechanics, surface chemistry, fracture, and vi-
bration phenomena that are not well understood,
especially a priori. Further, in the case of multiple
superficially-simultaneous collisions, the predic-
tion of the collisional outcome often depends so
sensitively on initial conditions that sufficiently
accurate initial conditions cannot be expected to
be known by a simulator.

Thus, the best ways that accuracy can be assessed using a
set of benchmarks are to compare the relative performance
between the various contact models (e.g., if ten contact
models predict one result, and an eleventh predicts another,
the eleventh is likely wrong) and to look for qualifying
aspects of behavior that occurs in the real world (i.e., does
the robot drive or grasp as it should?) We utilize both
assessments in this suite of benchmarks.

II. BACKGROUND

Among contact methods for computer-based multibody
dynamics simulation are penalty methods [2], [3], [4], [5],
force/acceleration LCP-based methods [6], [7], impulse-
based event driven methods [8], [9], [10], time-stepping
methods [11], [12], and computer graphics methods [13],
[14], [15], [16]. A comprehensive survey of these models
has been conducted by Brogliato et al. [17].

This paper studies only impulse-based event driven meth-
ods. Penalty methods are not considered because they per-
mit interpenetration. Force/acceleration LCP-based methods
are susceptible to inconsistent configurations and are thus
not considered. Although we do not study time-stepping
approaches, such methods are often fundamentally similar
to event-driven schemes (e.g., the time-stepping method
of Stewart and Trinkle [12] is similar to the event-driven
approach of Anitescu and Potra [10]) and often employ
identical algorithms in their solution (e.g., linear comple-
mentarity problem solvers); therefore, we expect our experi-
mental results that indicate the efficacy of solvers on certain
problems to yield insights into the performance of time-
stepping methods on those same problems.

III. TESTED METHODS

Four contact models are tested: a Newton model aug-
mented with friction; Mirtich’s energetically consistent,



Stronge-based collision model; the model of Anitescu
and Potra; and the convex optimization-based model of
Drumwright and Shell [18]. These contact models were
chosen because they work with multi-rigid bodies, guarantee
non-interpenetration, and operate as event-driven schemes.
The models, as described in the literature, often employ opti-
mizations (e.g., the shock propagations in [9]). We attempted
to tease these optimizations apart from the models in order
to perform a fair evaluation across the cores of the various
methods.

Additionally, we note that there exist numerous open
source software libraries for computing rigid dynamics,
including ODE, Bullet, OpenTissue, Siconos, and daVinci.
Incorporating the contact models of those simulators into
our comparison would be ideal but is impossible: the contact
models cannot, in general, be separated from their libraries,
and using the libraries themselves would not permit us to
evaluate the contact models in isolation (it is not possible
to use a common set of simulation parameters across all
libraries).

A. Newton model

The Newton-based model implementation used in the
experiments employs Newton’s model for collision restitu-
tion augmented with a mechanism for simulating Coulomb
friction. Our implementation is consistent with that described
by Hahn [8].

B. Mirtich method

We implemented the method described in Mirtich’s thesis
[19] that adheres to Stronge’s collision model [20].

C. Anitescu-Potra method

We implemented the method of Anitescu and Potra [10]
using impulses to handle all contacts. Efficient solution of the
linear complementarity problem generated by the Anitescu
and Potra model is key to a fair comparison between compet-
ing methods. We use three LCP solvers. The first is a Lemke
solver (adapted to C++) from the LEMKE library [21]. The
second solver is the PATH solver [22], a commercial grade
library for solving mixed complementarity problems. The
third solver is the robust LCP solver of Yamane and Naka-
mura [23], augmented with Lloyd’s speedups [24] that utilize
problem structure. We implemented this solver, hereafter
denoted Yamane-Nakamura-Lloyd (YNL), ourselves.

We do not employ any “splitting methods” to solve the
linear complementarity problems, though these methods are
popularly employed in simulators like ODE. As reported by
Lacoursiére [25], the rates of convergence of such methods
are unknown; indeed, it is not guaranteed that such methods
will converge (leading to, in the case of the contact modeling
problem, interpenetration). We ignore these methods, as
widespread in practice as they may be, to avoid yet one
more parameter (the number of iterations) for tuning.

D. Convex optimization method

We have implemented the convex-optimization-based
method of Drumwright and Shell [18] that treats both resting
contact and collisions in an impulse-based formulation with
a Poisson-type collision model. This model necessitates the
solution to a convex quadratically constrained, quadratic
programming problem. This particular problem always has a
solution.

In the experiments below, we have used our own imple-
mentation of a primal-dual interior point method described
by [26]. The optimizer uses a single parameter, the e-
suboptimality constant, reported in the experiments.

IV. EXPERIMENTS

The benchmark scenarios used in the experiments have
been implemented on the Moby [27] multi-rigid body sim-
ulation library. Every benchmark is encoded in human-
readable XML format, and the set of benchmarks is down-
loadable from http://www.seas.gwu.edu/~drum/
bench. By implementing the benchmarks in the Moby
simulator, numerical issues (i.e., integration and collision
detection algorithms, floating point representation, efc.) can
be held fixed and thereby ignored. Moby is released under
the GNU Lesser Public License (LGPL), so researchers can
improve upon and add to the implementations of contact
models within Moby.

We selected these benchmarks for comparison because
each was thought to emphasize a strength or weakness
of a particular method and to gauge the effectiveness of
contact models on standard robotic simulation scenarios.
These comparisons are far from exhaustive, and we have
even observed the same contact models applied to similar
scenarios with vastly different performance. Nevertheless,
these benchmarks are a starting point for a persistent means
to measure the performance of the evolving space of contact
models. We hope that the set of benchmarks will increase in
size and scope as researchers discover phenomena that are
poorly modeled by some or all of existing contact models.

The geometries used in the experiments are intentionally
kept simple— boxes are used predominantly— in order to focus
on contact methods, rather than issues with collision detec-
tion. Similarly, we set the coefficient of restitution to zero
in order to evaluate the underlying contact model instead of
restitution model (e.g., Newtonian, Poisson, etc.) employed:
in the case of the convex optimization and Anitescu-Potra
methods, it is possible to use alternative restitution models
without difficulty.

Explicit Euler integration was used for every example.
The acceleration due to gravity vector was set to 9.8m/s%.
The continuous collision detection system of Shell and
Drumwright [28], provided contact data (times of contact,
contact points, and contact normals).

Table I summarizes the timing results for all experiments.

A. Impacting sphere

The impacting sphere scenario begins with a sphere of
unit density, radius 1m, and particular velocity impacting a
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Fig. 2. Method timings for impacting sphere scenario.

ground plane. We chose to include this simple scenario in
the evaluation because it incorrectly results in an increase
in kinetic energy on impact with the Newton contact model;
Figure 1 indicates that the remaining contact models do not
exhibit energy gain. Figure 2 depicts the timings.

B. Sliding box

We included the scenario of a box being pushed along a
planar surface as a relatively simple example that includes
friction. This scenario consists of a 1m* box, initially at rest
on the planar surface; from ¢t = 1s to t = 5s, a 1NV force,
parallel to the plane, is applied to the box. The coefficient
of friction is 0.1.

As seen in Figure 3, most of the models yield identical
performance. The exceptions are the Newton model, which
permits the box to move farther, and the Anitescu-Potra
method with Yamane-Nakamura-Lloyd LCP solver. Termi-
nating the convex optimization solver early (¢ = 10~2) also
allows the box to move too far; this result is consistent with
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Fig. 3. Sliding box scenario. A unit mass, 1m® box starts at rest. From

time t = Is to ¢t = 5s a 1NV force is applied to the box. Contact parameters
e=0and p=0.1.

the convex optimization model.!

C. Sticking box

The scenario of a box resting on a ramp tests the extent
to which a contact model admits small numerical errors:
ideally, the box would not move. The Newton model failed
to maintain the sticking condition for much more than a
second of simulation time, as seen in Figure 4. The remain-
ing methods exhibited little, though measurable, creep; it
should be noted that there is approximately seven orders of
magnitude difference between the best performing method
(the Anitescu-Potra method using standard Lemke solver)
and the poorest performing method (Anitescu-Potra with
PATH solver). We also note that, as indicated in Figure 4,
both Mirtich’s method and Anitescu-Potra with PATH solver
(sixteen friction cone edges), failed to complete the scenario.

I'The initial feasible point is equivalent to frictionless contact, so increas-
ing the number of iterations will generally— though not always— decrease
the tangential velocity.
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D. Box sliding in circular motion

We use the scenario of a 1m>, 1kg box sliding along a
planar surface as if the box were at the end of a string
(and hence under the influence of centrifugal forces). This
scenario was modeled by artificially chan_ﬁing the gravity
vector to [ 0.4cos(t) —9.8 0.4sin(t) |

Figure 5 seems to indicate that the convex optimization
method produces the solution that the Anitescu-Potra method
converges to (given a sufficiently faithful approximation to
the friction cone). Mirtich’s method generates seemingly nice
circular trajectories, but does not replicate the theoretically
predicted result; Newton’s model causes the box to slide in
almost a single direction, and produces quite different results
from the other methods. Figure 6 presents the timings for this
experiment.

E. Stack of boxes

The stack of boxes scenario illustrates the performance of
the various methods as the number of contact points increase.
This scenario was run with one, two, four, eight, and sixteen
blocks; four contact points were used at each contact surface,
for a total of four, eight, sixteen, thirty-two, and sixty-four
contact points.
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Fig. 6. Computation timings for the box sliding circularly.
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The convex optimization method and the Newton model
were the fastest method on these examples; they are con-
sistently plotted as the bottom lines in Figure 7. It is
unsurprising that the Anitescu-Potra methods were among
the slowest in this experiment; the problem sizes for the LCP
solver were quite large. Mirtich’s method- which requires
integrating differential equations modeling the contact, for
each contact point at a time- is also slow.

F. Mobile robot locomotion

We use a simulated mobile robot attempting to drive in
a figure-eight path to test the contact methods’ performance
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Fig. 5. Trajectories of the box sliding in a circular motion.

on a simple scenario in the robotics domain. The robot is
simulated using Featherstone’s articulated body method [29]
with a Coulomb friction coefficient between the wheels and
the ground of 1.7. A virtual counterweight is placed below
the robot’s center of mass in order to ignore issues of balance.
Feedback control was used to drive the robot around the
desired path.

As seen in Figure 8, only the convex optimization method
permits the robot to drive in a figure-eight trajectory; the
discrepancy from the true trajectory is due to driving the
robot using only feedback control. An analysis of the failure
of the Anitescu and Potra method indicates that a normal
force is applied to only one wheel at a time (recall that the
virtual counterweight keeps the robot balanced), meaning
that one of the robot’s wheels is arbitrarily selected to
receive no traction. We note that the virtual counterweight
should not take the blame; replacing the counterweight with
a caster does not distribute the contact forces equally among
the wheels (as one expects) when one of the Lemke-based
solvers is employed.

G. Manipulator grasping

Manipulator grasping has only recently been simulated
(cf., [30], [31]). This scenario tests both the robustness of
methods for solving the contact model- kinematic loops are
induced by the grasping— and the propensity of the contact
model to permit creep (i.e., the grasped object slipping).

This scenario consists of a six degree of freedom (DOF)
manipulator arm and two DOF gripper setup with a small
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Fig. 8. Path taken by the mobile robot for the various methods in the
mobile robot locomotion scenario.

box positioned snugly within the robot’s gripper; the goal
of this example is to get the robot arm to follow a si-
nusoidal trajectory while grasping the box. The robot is
simulated using Featherstone’s articulated body method [29];
the robot is controlled using a composite feedforward (Recur-
sive Newton-Euler inverse dynamics [29]) plus proportional-
derivative (PD) method. The robot’s two shoulder joints are
driven to follow the path % and %i%) over 25 seconds of
simulation time, allowing for four cycles of the movement. A
desired acceleration of 100 m/s? for the gripper joints is used
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in combination with inverse dynamics to generate torques for
grasping the box.

As seen in Figure 10, only the convex optimization method
was able to model this problem properly?; the remaining
methods would either drop the box (Newton and Mirtich) or
fail to solve the linear complementarity problem (Anitescu-
Potra). Using smaller simulation step sizes did not correct the
problem. Figure 11 provides timings for all of the methods
on this scenario.

V. CONCLUSION

The experiments presented in this paper elucidate the
advantages and disadvantages of the various methods clearly.
For scenarios with simple rigid bodies and few contact points
and where simple (e.g., pyramidal) frictional approximations
are adequate, the method of Anitescu-Potra method with
standard Lemke LCP solver is superior with respect to speed;
incorporating Lloyd’s structural enhancements would speed

2We note that Grasplt! [32] uses the model of Anitescu and Potra in
its simulator; Miller uses Tikhonov regularization in an attempt to better
condition the LCP.
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TABLE 1
SUMMARY OF THE CUMULATIVE PROCESSING TIME (IN SECONDS) REQUIRED TO SIMULATE EACH OF THE SCENARIOS DESCRIBED IN THE PAPER.
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standard Lemke and Yamane-Nakamura-Lloyd LCP solver for the Anitescu-
Potra method failed to model a single iteration of this scenario.

this method further. Additionally, we found the standard
Lemke LCP (i.e., LEMKE [21]) solver to be far more
robust than the PATH solver; this result defies common
wisdom. For scenarios with kinematically looped contact
constraints or greater numbers of contact points or where
a more accurate conical frictional model is warranted, the
convex optimization based method is superior; it is robust,
runs quickly, and exhibits good worst case complexity.

Though we are confident that some parameter tweaking
could alter our results, we cannot recommend the method of
Yamane and Nakamura; its excessive memory consumption
makes it unable to model scenarios of moderate complexity.
Neither can we recommend the simple Newton contact
model; it is robust, but its accuracy is questionable, even on
simple scenarios. Mirtich’s method is relatively fast, but does
not seem to model scenarios with multiple contact points
well; this method also exhibits robustness issues that are
difficult to correct.
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