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Over the past several several years we have been working
on modeling asteroid structure and dynamics using rigid-body
simulation methods that can work with bodies of arbitrary gen-
eral shapes, modeled as polyhedra. Initial work used code writ-
ten by the authors [1,2], and more recent work [3] has employed
the Open Dynamics Engine (ODE,www.ode.org), an open-
source package that models rigid-body motion for multi-body
simulation including collisions and friction. ODE contains so-
phisticated collision-detection and constraint-force solvers for
compact many-body configurations [4]. We believe that ODE
and other similar so-called “physics engines” (originallydevel-
oped for computer games) show considerable promise as tools
for simulation in particular for asteroid and planetary dynam-
ics [3,5]. Part of our effort is to benchmark such packages and
assess their value for this work.

Here we describe work that includes 1) a “sanity-check”
of a rectangular box sliding on an inclined plane, 2) timing
and memory benchmarks for simulations using up to 125,000
polyhedra, and 3) angle-of-repose results for open-wall box
numerical experiments using 1,000 to 64,000 polyhedra.

Friction-model test: A simple but necessary check on the
dynamics is a test of the friction model. A basic problem is
that a box of massm sliding on an plane inclined at angleθ to
the vertical, with vertical gravity of strengthg and coefficient
of sliding friction µ. Coulomb friction models the tangential
forceF = µFN, whereFN = mgcosθ is the component of force
normal to the plane. The box acceleration along the plane is
dv/dt = max[0,g(sinθ −µ cosθ )]. Figure 1 shows the along-
plane velocityvx for a case withθ = 45◦ andg = 1 for µ = 0,
0.5, 1.0; in the last case thedv/dt = 0 but there is a slow
“creep” of the box along the plane due to numerical error in
the integrator and residual micro-collisions of the box with the
plane.

Benchmarks: We also checked the cpu time and memory
use as a function of the number of simulation objectsn. The
results are shown in Fig. 2. Cpu time scales roughly asn for
the two computationally intensive tasks, namely collision(or
intersection) detection and the timestep algorithm, whichin-
volves solving a so-called “Linear Complementarity Problem”
(LCP) [4] for the contact constraints that prevent interpenetra-
tion between objects. For these calculations the amount of cpu
time required for both tasks depends on the exact configura-
tion; highly compacted configurations require more time due
to larger numbers of bodies in mutual contact. (A stability pa-
rameter for the LCP solution is the so-called “constraint force
mixing” (CFM) parameter[4], a small constant added to the
diagonal of the solution matrix that helps stabilize the solution.
It also has the effect of acting as a slight damping constant for
collisions, so a non-zero value will affect the dynamics.)

Angle of repose tests:The final results we present are
measures of the angle of repose of piles of polyhedral particles.
The initial setup is a rectangular box filled with polyhedra of
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Figure 1: Velocity along inclined planevx vs. time for a sliding
box for indicated values of friction coefficientµ. The gravity
g = 1 and angle of inclination isθ = 45◦. Open circles are
analytic values ofvx at t = 10 s.
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Figure 2: Cpu time and memory use for rubble-pile simula-
tions involving 1000, 8000, 27,000, 64,000, and 125,000 ob-
jects. The dotted line in the top two panels showsO(n) scaling.
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Figure 3: End state of an angle-of-repose numerical experiment involving 27,000 polyhedra.
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Figure 4: Angle of repose for box-spill simulations involving
1000, 8000, 27,000, and 64,000 objects.

individual volumeV that have been prepared in an initial state
of random packing by allowing them to settle into a quasi-static
state in the box, modeled as rigid walls and a floor plane. At
t = 0 one wall is removed, and particles spill out the side. A
fairly stable angle of reposed is established on the scale of
a few dynamical timesτ ∼ (D/g)1/2, whereg is the gravity
andD = (nV)1/3 is the scale of the system. Due to numerical
inaccuracies in the simulation, the pile of particles continues
to slowly “creep” outward. Part of our assessment of ODE is
how well it is able to maintain a meta-stable system like this
one. Fig. 3 shows a snapshot of the end-state of a calculation
involving n = 27,000 polyhedra att = 100, where individual
objects are irregular icosahedra of volumeV = 1, gravityg= 1,
and the restitution and friction coefficientsε = µ = 0.5. The
timestep was∆t = 10−3.

We estimated the angular of repose by binning the particle
z coordinates into bins inx and least-squares fitting the slope
of the maximum value ofz. Due to the granularity of the
simulation and the above-mentioned creeping flow, the angle
of reposeθ will be time-dependent. Fig. 4 showsθ as a
function of time for simulations with 1000, 8000, 27,000, and
64,000 objects. Coefficients of restitution and dynamic friction
wereε = µ = 0.5, and the timestep∆t = 10−3 except forn =
8000, for which∆t = 5×10−4. A value of CFM=10−3 was
employed, except forn = 8000 case for which CFM=10−5

only was available at the time of abstract submission. Afterthe
initial dynamical adjustment of the particles as they spillfrom
the box, the angle of responseθ is a reasonably realistic value of
∼ 26−28◦ which changes only slowly with time, showing that
the “creep” tendency of the rubble pile does not unduly affect
the slope which can be supported on timescales of interest. The
n= 8000 case with∆t = 5×10−4 and CFM=10−5 does appear
to consistently support a value ofθ ∼ 30◦, suggesting that these
numerical parameters have a detectable effect on the results.
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