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ABSTRACT

The main cost of a molecular dynamics or Monte Carlo
simulation is the computation of the current potential
energy or forces resulting from the interaction of atoms
composing the molecular system. When a distance cut-
off is used to speed up this computation, a fast method
is needed to determine pairs of neighboring atoms.

We have recently introduced an adaptive torsion-angle
quasi-statics simulation algorithm, which enables users
to finely trade between precision and computational cost,
while providing some precision guarantees. In that algo-
rithm, proximity queries are adaptively performed using
hierarchies of oriented bounding boxes.

In this paper, we show that using axis-aligned bound-
ing boxes results in faster proximity queries. We thus
introduce a semi-adaptive method to determine pairs of
neighboring atoms, where all bounding boxes in the hier-
archy are updated, but where interaction lists are adap-
tively updated during the simulation. The new method
allows us to perform proximity queries about two orders
of magnitude faster than the previous approach.
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1 INTRODUCTION

As is well known, the main cost of a molecular dynamics
or Monte Carlo simulation is the computation of the cur-
rent potential energy or forces resulting from the inter-
action of atoms composing the molecular system. Since
each atom may interact with each other atom, this com-
putation has a quadratic complexity in the number of
atoms, which may be too slow for large systems.

One traditional way to speed up this process is to re-
strict the computation to pairs of neighboring atoms,
and accept the resulting error. Precisely, a user-defined
distance cut-off defines how far two atoms can “see” each
other. This reduces the number of interacting atoms,
and thus the number of interatomic forces that have to
be computed. However, a fast method is needed to de-
termine pairs of neighboring atoms.

Figure 1: Creating an open structure for an HIV
protease. In this example, the user opens an HIV protease
(a, pdb code 2AZ8) with a few mouse clicks (b). The model
contains two dimers, 1834 atoms, and 816 degrees of freedom.

We have recently introduced an adaptive torsion-angle
quasi-statics simulation algorithm [2]. Our adaptive al-
gorithm enables a user to select the number of degrees
of freedom that should be simulated, or the precision at
which the computation of the torsion angle accelerations
should be performed, and the adaptive algorithm auto-
matically determines the set of most important degrees
of freedom under these constraints. The automatic,
rigorous trade-off between precision and computational
cost allows a user to perform analysis and design of po-
tentially complex molecular systems on low-end comput-
ers such as laptops: Figure 1 presents an HIV protease
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Figure 2: The assembly tree of a tetra-alanine. The
assembly tree describes a sequence of assembly operations to
build the molecular system (see Section 2).

being “opened” with a few mouse clicks by a user using
our adaptive tools.

In this paper, we report on how we have managed to
speed up the determination of neighboring atoms us-
ing an hybrid approach, which combines a linear (non-
adaptive) update step of the bounding volumes used to
determine neighboring sub-systems, with an adaptive
update of the lists of pairs of interacting rigid bodies.

2 ADAPTIVE SIMULATION

Here, we briefly describe our recent work on adaptive
molecular simulation for completeness. We refer the
reader to Rossi et al. [2] for details.

2.1 Adaptive quasi-statics

Our adaptive torsion-angle quasi-statics algorithm is based
on a recursive representation of a molecular

Figure 3: Active Re-
gion. The active region is
the sub-tree which contains
the simulated joints.

system: each molecular
system is formed by assem-
bling two sub-molecular
systems, which are in
turn each formed of two
sub-systems, etc., until
we reach single atoms
or user-defined groups of
atoms that will remain
rigid throughout the simu-
lation (the “rigid bodies”).
The sequence of assembly
operations can thus be described in an assembly tree,
where leaf nodes represent rigid bodies, internal nodes

represent sub-assemblies, and the root node represents
the complete molecular system (see Figure 2 for an ex-
ample). Note that this representation is suitable for
both single molecules and groups of molecules.

Each internal node in the assembly tree (including the
root node), also represents the relative transformation
between the two child molecular systems, so that the
goal of the simulation is to compute the accelerations of
these relative transformations (in torsion-angle dynam-
ics, the accelerations of the torsion angles).

Figure 4: Adaptive quasi-statics of an ATPase. The
user deforms an ATPase (PDB code 1IW0), while allowing
only 10 degrees of freedom out of 4103 present in the system.
The adaptive algorithm automatically selects the 10 most
relevant degrees of freedom and refines the motion of the
ATPase around the point of application of the user force.
The resulting rigid bodies are displayed (one color per rigid
body).

Our approach to adaptive simulation consists in restrict-
ing the computations to a sub-tree of the assembly tree.
In other words, we simulate a limited subset of degrees
of freedom in the molecular system (which form a sub-
tree of the assembly tree, see Figure 3). The active
degrees of freedom (i.e. the most mobile) are deter-
mined automatically and rigorously at each time step,
which ensures that the user obtains a good approxima-
tion of what a complete, non-adaptive simulation would
produce, despite potentially limited computational re-
sources. Figure 4 shows an example of an ATPase being
interactively deformed by a user allowing 10 degrees of
freedom (out of 4103). The adaptive algorithm auto-
matically refines the motion of the ATPase close to the
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point of application of the user force.

2.2 Adaptive proximity queries

Figure 5: OBB hierarchy of a poly-alanin. The figure
shows levels 1, 2 and 3 of the OBB hierarchy associated to a
poly-alanin.

Freezing and unfreezing relative motions within groups
of atoms amounts to cluster the atoms in rigid bodies,
whose size depends on the relative amount of local mo-
tion. The clusters automatically vary in number and size
at each time step, depending on the current configura-
tion of the system, interatomic forces (e.g. electrostatic
and van der Waals forces), user forces, and user-defined
time or precision constraints. One important observa-
tion is that all physical quantities which only involve
relative positions of atoms in the cluster do not have to
be updated as long as the clusters remain rigid. This
includes the inertia tensor of the cluster, the OBB at-
tached to the cluster, and all interatomic forces which
involve atoms in the cluster.

Rossi et al. [2] introduces data structures and algo-
rithms which take advantage of this observation to pro-
pose a fully adaptive quasi-statics simulation algorithm.
In particular, the proximity query algorithm in [2] uses
oriented bounding boxes (OBBs) to determine pairs of
interacting atoms (or, equivalently, interacting rigid bod-
ies). Specifically, each node of the assembly tree is as-
sociated to an OBB which bounds all the atoms in the
corresponding sub-assembly (see Figure 5). The OBBs
associated to the leaves of the assembly tree are con-
stant, since the leaves correspond to rigid bodies, and
they can thus be pre-computed. Each OBB associated
to an internal node can be recursively computed from
the OBBs of the two children of the node, in constant
time, by bounding the two child OBBs. Most impor-
tantly, the coordinates of each OBB can be expressed in
a reference frame rigidly attached to its corresponding
sub-assembly, so that OBBs have to be updated in the
active region only. When the atoms move during the
simulation, either independently or as part of a rigid
group, OBB/OBB overlap tests allow to rapidly detect
pairs of interacting atoms, and update interaction lists
[1], [2]. Interaction lists, stored in each node of the as-
sembly tree, contain the pairs of interactions involving

Figure 6: AABB hierarchy of an ATPase (PDB code
1IW0). The figure shows levels 1, 5, 8 and 10 of the AABB
hierarchy associated to an ATPase.

one descendent of the left child of the node with one de-
scendent of the right child of the node. An interaction
involving two rigid bodies A and B is thus stored in the
interaction list of the deepest common parent of A and
B. Because interaction lists only depend on the relative
positions of the atoms in sub-assemblies, they have to
be updated in the active region only. With the adaptive
OBB hierarchy update, this results in a fully adaptive
algorithm to detect pairs of interacting atoms.

3 AXIS-ALIGNED BOXES

In order to make the update of the OBB hierarchy adap-
tive, each OBB has to be built based on the OBBs of
the two child nodes, and not from the set of atoms cor-
responding to the sub-assembly (else, the cost of the
update would be proportional to the number of atoms
in that sub-assembly). However, to ensure that each
OBB encloses all atoms without using the atom posi-
tions, the OBB has to bound the child OBBs themselves.
Unfortunately, this tends to produce OBBs which are
larger than necessary. As a result, the recursive proxim-
ity query tends to perform too many OBB/OBB overlap
tests, which may slow down the determination of inter-
acting atoms significantly. Thus, while the update of
the OBB hierarchy is adaptive, the complete algorithm
isn’t as efficient as it could be.
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Figure 7: Cost of proximity queries with OBBs.

In this work, we thus replace the oriented bounding
boxes by axis-aligned bounding boxes (AABBs). As be-
fore, one AABB is associated to each node of the as-
sembly tree. However, since by definition all boxes are
aligned on the axes of the principal reference frame of
the simulation, they all have to be recomputed at each
time step. The AABBs of the leaves of the assembly
tree (which correspond to the rigid bodies) are com-
puted first, by enclosing all atoms in the rigid body,
and enlarging the box by the user-defined distance cut-
off. Then, the AABBs of the internal nodes are recur-
sively computed from the bottom up, by bounding the
child AABBs. Note that, unlike internal OBBs, internal
AABBs are as tight as possible, even though they are
directly computed from their child AABBs in constant
time. Figure 6 shows levels 1, 5, 8 and 10 of the AABB
hierarchy of an ATPase (PDB code 1IW0).

Once all AABBs have been updated, the proximity query
algorithm can proceed as before: for each active node,
the interaction list of the node is updated by recursively
traversing the hierarchy of bounding volumes [2].

4 RESULTS

The method has been implemented in C++ and tested
on a 2.8GHz dual core laptop computer with 4GB or
RAM (only one core is used, though). The benchmark
procedure consists in simulating the motion of an AT-
Pase (PDB code 1IW0, see Figures 4 and 6) and deter-
mine the time taken to both (a) update the bounding-
volume hierarchy and (b) use the bounding-volume hier-
archy to update the interaction lists. The model consists
in 4103 internal degrees of freedom (torsion angles) and
9305 atoms. Figure 7 shows the cost of proximity queries
depending on the number of active degrees of freedom.
As can be seen, this time is zero when no degrees of free-
dom are allowed (the ATPase behaves as a rigid body),
since the method is fully adaptive and nothing has to
be updated in this case.

Figure 8: Cost of proximity queries with AABBs.

Figure 8 shows that using AABBs results in an about
two orders of magnitude speedup over OBBs, despite
requiring a complete update of the AABB hierarchy (as
can be seen from Figure 8, updating the AABB hierar-
chy takes about 6.8 milliseconds even when the protease
is fully rigid).

Note that in both cases the cost of the proximity queries
tends towards its maximum rather quickly when the
number of degrees of freedom increases. This is due to
the fact that the protein is tightly packed, so that even
when few torsion angles are allowed, many interactions
may have to be updated. The situation may be quite
different when the protein is unfolded (not shown here).

5 CONCLUSION

We have presented a new scheme to compute lists of
pairs of neighboring atoms. Our approach uses a hier-
archy of axis-aligned bounding boxes — one per assem-
bly node —, which are updated from the bottom up,
starting from the atoms. Once the boxes have been up-
dated, we adaptively update the interaction lists for the
active assembly nodes only. We have shown that, de-
spite a non-adaptive step required to update all boxes,
the overall approach results in faster proximity queries
than when using oriented bounding boxes, which were
too conservative.
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