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Abstract— This paper describes an efficient approach to (self)
collision detection and distance computations for complex ar-
ticulated mechanisms such as molecular chains. The proposed
algorithm called BioCD is particularly designed for sampling-
based motion planning on molecular models described by long
kinematic chains possibly including cycles. The algorithm con-
siders that the kinematic chain is structured into a number
of rigid groups articulated by preselected degrees of freedom.
This structuring is exploited by a two-level spatially-adapted
hierarchy. The proposed algorithm is not limited to particular
kinematic topologies and allows good collision detection times.
BioCD is also tailored to deal with the particularities imposed
by the molecular context on collision detection. Experimental
results show the effectiveness of the proposed approach which
is able to process thousands of (self) collision tests per second
on flexible protein models with up to hundreds of degrees of Fig. 1. A protein can be seen as a complex articulated chain.
freedom.
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I. INTRODUCTION

Collision detection (CD) is a classical problem in roboticg'OIOgy [2], [1], [17], [5] that involve gruculatgd systems with
. many degrees of freedom (DOF) which require new classes of

and also computer graphics. See [8], [12], [4] for rece D algorithms. In computational biology applications, colli-

surveys. It has been widely studied during the past decades 9 ) b dy app ’

i - . sion detection is a challenging problem since macro-molecules
and several efficient collision detection packages are now

availablel. An important application of CD algorithms is robotSUCh as proteins can be described as highly articulated chains

motion olannina. In particular. the samolina-based Iannevrvith up to thousands of DOF. Figure 1 shows the model of an
P 9. P . ping P |nstermediate—size protein and gives an idea of the complexity

(e.g. [3], [10]) extensively use CD techniques for checking th(% the corresponding articulated mechanism. The requirement

validity of the sampled conflguratlon§ and of the local patf%r specific CD techniques is therefore crucial to circumvent
computed between the samples. It is well known that theﬁ_le

planners spend most of the computing time for these vaIidiHye. high quadratic cost of enumerating all non-bonded atom

. ; airs in models with thousands of atoms. In particular, the
tests. Therefore, their overall performance for exploring co : : L
. . . ! . . . number of pairs to be considered for self-collision can be
strained and possibly highly dimensional configuration space . o .
. - . . substantially reduced by considering the structural constraints
strongly relies on efficient geometric CD techniques.

Most of the current CD approaches were designed to fa|L:rre1zposed by the kinematic chain structure. Only a few works

the geometric complexity of scenes composed by a lar CD literature [7], [13] addressed the specific problem of

e .. .. . . .
number of possibly complicated obstacles. Self-collisions gefstmg self-collisions for such complex kinematic chains.

the robot are generally handled by simply testing the mutuaIThIS paper descrll_)e_s the B'QCD algorithm thf"‘t we devel-
collisions between the bodies considered as a set of in éJed for efficient collision and distance computations between

pendent rigid objects. While such approach is sufficient f éhly articulated molecular chains, including efficient self-

simple robots with a limited number of articulated bodies, ﬁci“'s'o? ddgt;acttlrc])n mtsr']del eagh Ehamd BioCD If? curr(ta_ntbt/ d
turns out to become inefficient when applied to more complérf( egrated nto the path-planning based approach Investigate

articulated mechanisms (e.g. humanoid robots [11]). in [6] for computing large-amplitude motions of flexible

) . . . T molecules.
Motion planning techniques are applied today in diverse do- _. . .
b 9 q bp Y BioCD considers a mechanical model of macromolecules.

i h hi imation [18], [1 tationa
mains such as graphic animation [18], [16] and computa Ion1€Z‘hey are described as long serial chains with short side chains

le.g. see http://[gamma.cs.unc.edu along, but also with cycles to represent structural features of



the molecule (Section Il). After stating our motivation with
respect to the close related work (Section IIl), we describe
the approach used in BioCD (Section IV). The bodies of
the articulated molecular model are composed of rigid atom
groups that correspond to structural elements. The algorithm
relies on two-levels of bounding volume hierarchies grouped
according to spatial proximity. The first level organizes the
rigid groups of the articulated model and the second one or-
ganizes the atoms inside each rigid group. Such data-structure
is not attached to particular topologies of the kinematic
chain. It can be efficiently tested for collision and updated
with a moderate cost. Finally, BioCD is also tailored to the Figure 2 shows the mechanical model for one flexible amino
particularities imposed by the molecular context on collisiogcid residue of a protein. It is composed of five rigid bodies,
detection (Section V). First, atoms are not characterized by @assified in: backbone rigid groudRu1, Rua, Rys} and side-
unique geometry; their size varies depending on the type ¢Hain rigid groups{Rs1, Rs2}. The rotation angles between
interaction with the other atom tested for collision. In additionthem are¢ and for the backbone, and; and~, for the
collisions must not be checked between all atom pairs, bijtie-chain. These angles are the dihedral angles classically
only between pairs of non-bonded atoms that are separaig@d in molecular modeling.
by at least four covalent bonds. Experimental tests show theThere is clearly a linear structure in the topology of a protein
practical efficiency of BioCD to process thousands of collisiogiven by the sequence of amino acids. However, the chains are
tests per second for flexible protein models with hundreds gffected by loop closure constraints due to structural features
DOF (Section VI). induced by molecular interaction such as hydrogen bonds or
disulphide bonds. Thus, the mechanical model of a protein
Il. MACROMOLECULES AS ARTICULATED MECHANISMS i 3 complex multi-loop with many DOF, similar to the one
A. Kinematic structure illustrated by the simple planar example of Figure 3.

Fig. 3. Multiple closed chain illustrating a protein model.

Biological macromolecules such as proteins have a complBx Rigid groups of atoms

and flexible structure. They can be represented as a graplnhe podies of the articulated molecular model are formed
in which vertices are the atoms and the edges are bong9.9roups of rigidly bonded atoms. These groups may have
Molecular modeling approaches usually assume for reduci{)gry different size. Taking advantage of a known secondary
the number of variables that bond lengths and bond anglggcture (see Figure 4)-helices and3-sheets are often con-
are constant parameters. Under this assumption, the molecy|gkred as rigid elements by molecular modeling approaches.
chain can be seen as an articulated mechanism with revolpgii@id groups of atoms can be even larger, for example when
joints that correspond to bond torsions. they involve all the secondary structure elements in a domain.
A protein is composed of one or several long polypeptid@ contrary, in flexible protein portions such as protein loops,
Chains, folded in a globular manner. The mechanical modelm% r|g|d groups are much Sma”er and they 0n|y concern a
a polypeptide is composed of a set of kinematic chains: th&y atoms inside a residue, as illustrated in Figure 2.
main-chain (or backbone) and the side-chains of the aminoroliowing a classical robot kinematics approach, a cartesian
acid residues. coordinate frame can be attached to each rigid body. The
relative location of consecutive frames is defined by an homo-
geneous transformation matrix that is a function of the rotation
angle between them. The position of an atom in a rigid group
with relation to the corresponding frame is simply defined by
a vector. A similar modeling approach was proposed in [19].

Rsy

C. Steric model

CD applied to molecular model is aimed to act as a
geometric filter that rejects conformations with prohibitively
high van der Waals (VDW) energy. The filter needs to be
as selective as possible, but not at the cost of rejecting valid
conformations. We discuss below how the energetic constraints
can be translated into geometric distance constraints between
the atom positions.

Fig. 2. Mechanical model of a protein residue (phenylalanin). Groups The VDW interaction between atomand j depends on

of rigidly bonded atoms form the bodies. The articulations between boditRe€ir relative distanced, and on an equilibrium distancey,
correspond to bond torsions. determined by the type of the two atoms. The associated force




IIl. COLLISION DETECTION FOR MOLECULAR CHAINS

This section states the motivation of our technique described
in the rest of the paper in relation to the closest related work :
techniques developed for the efficent maintenance and self-
collision detection of large kinematic chains [7], [13], [14] and
the classical Grid algorithm [15] widely used in computational
biology for finding interaction pairs in large molecular models.

A. Related work

ChainTree [13], [14] and the algorithm for deforming
necklaces [7] both consider long serial linkages composed
of n links andn — 1 joints. Both techniques also rely on
Bounding Volume Hierarchies (BVH) based on the chain
topology, i.e. hierarchies built by grouping togethepologi-
cally closed elements of the chain. This kind of hierarchies
allows to perform collision detection i®(n*/?) for well-
behaved chain&. The approach in [7] considers problems for
Fig. 4. Secondary structure elements of a protein model. which all links move simultaneously in a continuous way. In
such situations, the worst case maintenance time for updating
the chain isO(n log n), but in practice it becomes close to

is slightly attractive at medium distances, nullda& d, and linear complexity under smooth deformation of the chain.
exponentially repulsive at short distances. Also, there existsChainTree was designed to speed up Monte-Carlo Simula-
a VDW energy limit that cannot be compensated by artipns (MCS) that applyontrolled changeso afewrandomly
other energy component. That energy is reached at a fract@ifpsen DOF in each step. It exploits that only a féw<(< n)
0 < p < 1 of the equilibrium distancep(~ 0.8). Therefore, DOF's change in each MCS step (and also the linear form of

the collision detector must reject any conformation for whicthe chain) to identify the parts of the molecule that remain
d < p-dg for any atom pair. rigid. The update phase takes advantage of this to only process

Two molecular constraints need to be handled by iffRe strictly concerned nodes of the hierarchies, allowing a
collision detector to avoid rejecting valid conformations. Firsfotal update time ofO(k logy) that never exceed®)(n).
VDW interactions that only concern non-bonded atoms are nbfiS iS also used during the collision detection phase to avoid
relevant between atoms separated by three or less chemf§icking atom pairs not affected by the DOF change. Thus,
bonds. Therefore, only pairs of atoms separated by four @fly new collisions are reported at each step. _ _
more bonds have to be considered for collision. This is one!n addition to the techniques above, the classical Grid
of the particularities that any molecular CD must take intg!gorithm from computational biology can be used to find
account. The evaluation of the distances between topologicd[iracting atom pairs in linear time by indexing the atoms
close atoms is in consequence useless, and must be avoidefl &regular grid using a hash table.
far as possible instead of computing all interactions and thgn
filtering the relevant one in a postprocessing stage. '

Another specific constraint of molecular applications is th%t] (%lgl :Ir:?j Irset%i‘r)gr)}?g:fs z?ssjlscslggtirtleggglt%r?I?d:r?(;eglstg :Ezt
the collision distance - d depends on the type of the two d '

interacting atoms. For example, this is necessary to mo elr\?ge)sZ‘g;%ﬁ%‘&hafr\;]vgsim?gﬂ;gg;gaizg mbgtlgguprlmigt]:andg as
the presence of hydrogen bonds that shorten the equilibri '

distance between specific atom pairs. In summary, the coIIisié)A OWs. _ _ _
criterion can be stated as : « Only a pre-selected set 6fDOF change in each iteration.

This set, obtained from the structural knowledge of
the chain (and possibly other biological knowledge), is
d < My ;) andTopDist(i, j) > 3 (1) always the same (or at least the same for many iterations).
« The configuration before each iterationagbitrary, and
the selected DOF change arbitrarily
o The number of DOF is limited, but much larger than for

Our Contribution

where M is a square symmetric matrix of threshold dis-
tances indexed t_)y th‘? atom types aﬁdpDZSt.(Z’]) "S.the MCS conditions (from a few tens to one hundred).
chemical topological distance between the atérasd j, i.e., ) i .
the minimal number of chemical bonds that separates them.None of the method in related works is satisfactory enough
Note that a variable-geometry criterion such as the matf@ the requirements listed above. First, we do not want to
gond|t|0n in (1) is more general than the usual one in CD271he well-behaved assumption means the the chain cannot contain two
literature. spheres whose centers are closer than a small fixed distance.



limit us to self-collision of linear chains. We need a more gerne the bodies of the articulated residue model. Larger atom
eral tool for testing both self-collision and collision betweenroups are created along the rigid backbone segments of the
molecular chains without restrictions about their topologghain, e.g.a-helices ors-sheets of the secondary structure.
Also, the expected continuity of the deforming necklaces adso note that nearby rigid groups whose relative positions
the incremental collision detection of ChainTree does not fémain fixed (e.gg-sheet pairs) are gathered into one group.
well with random sampling methods. We need to know if Bigure 5 illustrates how the atoms of a protein segment form
configuration resulting from a radical change in the selectéige rigid groups depending on the selected DOF.

DOF is in collision, independently of the colliding pairs in BioCD identifies the rigid groups of the molecular model
common with the previous query. Grid satisfies the constrairgad builds a hierarchy for each of them as explained next.
above. However, it is unable to exploit the fact that, whefhese are thiow-levelhierarchies. Each of them arranges the
limited DOF are changed, most of the distances betweatoms of the rigid group and the root represents the group
atoms remain constant. This ability makes a great differenitgelf. Theupper-levelhierarchy arranges the roots of the low-
in practice, and is only well addressed by ChainTree. Howevel ones. Discarding the atom pairs whose interaction does
ever, since our SBMP conditions assume that the same D@& change from one iteration to another (i.e., that take place
change from one iteration to another, the exploitation of theside a rigid group) is simply performed by not testing the
permanence of the rigid groups can be simpler. This may alleaot node representing the rigid group with itself.

to build hierarchies with better properties. Finally, none of The two-level hierarchy is induced by the requirement to
the previous methods consider the two particularities of thmave a single node representing the each whole rigid group
collision criterion (1) to deal with them efficiently. of atoms. This is the best way to exclude tests between atoms
with fixed relative position. It also allows to nearby isolate the
parts of the hierarchy that must not be rebuilt (see Se&®n

A. Two-level hierarchy maximizing its size in a way that a flag in a one-level hierarchy

The algorithm relies on a two-level hierarchy organized@ould not be able to do.
around the concept ofigid groups of atoms, for taking
advantage of the SBMP conditions stated above: only a &t
of k DOF is allowed to change while all the other remain Both hierarchy levels group bounding volumes according
blocked. The preselected DOF may changeasionallfwhen to spatial proximity, in akd-tree-like way [3]. The interest
defining a new motion planning problem on the moleculaf spatially-adapted hierarchies is twofold. First, they allow
chain), butmany CD queries will be performed with the fast self-collision detection))(n) in the worst case (see [14])
same set of selected DOF. While the selected DOF do restd also, they are not bounded to any particular topology.
change, many atoms in the molecular chain do not undergowever, they require a worst caékn log n) building time.
any relative displacement with respect to other atoms. The discussed in Section IV-E, the building time is in practice
two-level hierarchy allows a simple way to avoid useless tedesver under our SBMP conditions.
between such pairs of atoms. The hierarchies are represented by binary trees of Axis

A rigid group is defined as the maximal set of connectedligned Bounded Boxes (AABBs), chosen because they allow
atoms in which no internal distance can change. The rigwgry fast overlap tests, while being more tight bounding
groups can have very different sizes depending on the selectetiimes than spheres. Their purpose is to organize a set of
DOF (see Section Il). The smallest rigid groups correspoesic AABBs in such a way that the depth of a node is a good
indicator of the spatial proximity of its bounded elements.

For the low-level hierarchies, the basic AABBs (i.e. the
leaves) are formed by basic atom groups determined by the
topology of the molecule (see Section V-A) to efficiently
handle the “separated by more than 3 covalent bonds” rule
stated in the collision criterion (1). The basic AABBs of the
upper-level hierarchy are simply the AABBs of the rigid atom
groups.

Each node in the hierarchies owns a list of all the basic
AABBs below it, and it also maintains an AABB bounding
all the basic AABBs of its list. The root node contains all the
basic AABBs to be organized by the hierarchy.

IV. THE BIOCD ALGORITHM

Spatially-adapted hierarchies

C. Lazy hierarchy building

Fig. 5. Represen:]atior: of a fully a:ticucl;'slteiiJI Drcr)]tein Szabg)me?‘t (a)| and the Both levels of hierarchies are built (and updated) using a
same segment with only two articulated side-chains . The plain gr : !
boxes contain the rigid groups of atoms. The dashed boxes correspon(ﬁ%y procedure. Only the roots are computed in a first stage,

the basic atom groups handled by BioCD to check short-range interactidfen the hierarchies are partially (re)-built depending on the
(see explanations in Section V-A). need for solving the CD queries.




Split(N) When the roots do overlap, it splits the node with the largest
/ISplits nodeN into two children. number of basic AABBSs (if not split yet) and continues testing
recursively the children with the other, smallest node. The

% 22:::3;?1; Max_Dimension(N.AABB) algorithm skips the test of a node with itself. When this node
(N.AABB.max[SplitDim] - N.AABB.min[SplitDim])/2 is not a leaf, the auto-test is substituted by the three children

3 LList := {AABB €< N.listAABB | (N.AABB.max[SplitDim] combination tests (left-left, right-right and left-right). When
- N.AABB.min[SplitDim])/2 < Splitval } the node is a leaf, then the auto-test is simply discarded,

4 RList := {AABB € N.liStAABB | (N.AABB.max[SplitDim] because it corresponds to the collision of a rigid group with
& N lefte C;ezémgvi'&néggp»tgemgi iﬂsglr'l%a'} itself, which must be avoided. Finally, a test between two
6 N.right:= Create New Node() // creates right child different leaves whose AABBs overlap, launches a call to
7 N.left.listAABB:= LList the collision detection algorithm between the two low-level

8 N.right.listAABB:= RList hierarchies.

9 N.left. AABB:= Bound(LeftList) The test of two low-level hierarchies is done in a similar
10N right. AABB:= Bound(RightList) recursive way. However, when the algorithm reaches a leaf-
Fig. 6. Node split procedure. leaf pair, a fast test is made to check whether the interactions

between the two associated subsets of atoms have been already
treated by the functions in charge of computing relevant short
The building procedure first checks which rigid groups hav@inge interactions (see Section V-A). If the answer is positive,
moved since the last collision request (all rigid groups for theothing is done. Else, all the combinations between the atoms
initial building). The “static” ones keep their old hierarchyof the two subsets are tested for collision.
The hierarchies of the other are destroyed. Then a new root isSimple variants of this basic algorithm allow to integrate
created for each of them by first updating all the basic AABBsther operation modes in BioCD, e.g. to report all the colliding
and recomputing their bounding AABB that is assigned t@tom pairs, to retrieve all the atoms whose surface is at a
the rigid group root. Afterwards, the upper-level hierarchgistance minor than a constant, or to compute the closest pair
is destroyed, and a new root is created, with an associatgficatoms. When a conformation is checked to be in collision,
bounding AABB computed from the roots of the first level. this last mode allows to determine the more interpenetrating
After this stage, the development of the hierarchies sir of atoms, which can be a useful information for the motion
intertwined with the CD query. The splitting procedure iplanning algorithms.
launched on demand of the CD algorithm (see next section) ]
to develop the hierarchies only in the partitions of the spafe Performance Analysis
requiring finer resolution. We next discuss our choice of spatially-adapted hierarchies
The principle of the splitting mechanism is outlined irand show that the worst caékn logn) updating time pointed
Figure 6. To split a node, the widest dimension of its AABB ifn [14] can be lower in practice for our SBMP applications.
selected jointly with a split value. All the basic boxes whose Let us consider that the preselected DOF for a kinematic
center component in the splitting dimension is less than tehain of lengthn createO(k) rigid groups with a size of
split value are owned by the left child and the remaining on€%(%). Building the upper hierarchy for th@(k) rigid groups
by the right child. The splitting value may be any one sucdiherefore require®(k log k) in worst case (but generally less
that the two children own the same number of basic boxes, practice because of the lazy building mechanism). Now
producing a perfectly balanced tree. We prefer, however, ¢oncerning the low-level hierarchies, the first query requires
simply take the middle value of the splitting dimension, beo build in worst case all thé hierarchies, each of siz@(}).
cause it produces more discriminating hierarchies. Moreov&hen, the initial building take®)(n log).
since the rigid groups are generally compact sets of atoms]t is however important to note that the following updates
the hierarchies with this splitting value remain very reasonabtyan be performed much more efficiently in practical situations
balanced. When one of the boxes occupies more than half fbewhich the displaced atoms between two queries are associ-
length of the node BB splitting dimension, that box goes aloraed to small rigid groups. This is for example the case when
with the left child and all the other boxes are owned by thiae protein model has a rigid secondary structure with large
right one, thus avoiding infinite recursion when one of thégid segments involving)(n-k) residues, connected by few
boxes occupies completely the largest dimension of the nodlexible loops made by (k) residues. In such situations, only
the O(k) small hierarchies have to be rebuilt, each having a
constant complexity (one residue). Then, the total rebuilding
The CD phase follows a standard algorithm to test thame for all changed hierarchies decrease®{@).
collisions between two BVHs. The algorithm first starts with In such situations, the overall update time of the algorithm
the upper hierarchy of the concerned molecules and tetiien decreases t®(k + k logk). This relates favorably
whether their roots boxes overlap. For self-collision, the rotd the good update time of chain-aligned hierarchies used
of the molecule is checked against itself. In the absence iof ChainTree [14] which require®)(k log7) update time.
overlap the algorithm simply returns that there is no collisiotdowever, for situations weré ~ n DOF are changed, the

D. Collision detection
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Fig. 7. Circles represent atoms and fine lines between atoms represent
covalent bonds. Only the interaction indicated by the bold arrow must be
considered for this exemple.

Fig. 8. Collision distance depends on the atom types.

) Using this basic partition of a protein, excluded atom pairs
worst case of our updating phase remaing: logn). Then, only appear when checking collisions:

when most DOF of the chain are selected, the update of, Between the pseudo-backbone group and the pseudo-
our two-level spatially-based hierarchy is less efficient than ¢4 chain group of a same residu, (and S,).

with ChainTree whose update complexity never excé@ds). | petyeen the pseudo-backbone groups of two consecutive
This is however compensated by the efficiént:) collision residues B, and B, 1).

detection stage of spatially-adapted hierarchies, instead of Inside a pseudo-backbone or a pseudo-side-chain, only if
O(n*/?) with ChainTree. it is articulated.

V. MOLECULAR CD SPECIFICITIES Indeed, most atoms pairs in the three cases are excluded pairs.

This section deals with the two particular conditions foPuring the i_nizialization of BioCD, a list of non-excluded _
collision on molecular models discussed in Section II-CAOM Ppairs is created for each couple of connected basic
These specificities have conditioned certain choices for tHEPUPS{Br.S;} and{B;,B,..} belonging to different high-
algorithmic design of BioCD, in particular the choice for théevel leaves, and for each articulated group. Collision detection

basic atom groups corresponding to the leaves of the low-le@f distance queries) in such cases is treated by a Short-
hierarchies. Range Interaction function (SRI) that symply tests collisions

in the corresponding list of non-excluded atom pairs, instead
A. Short-range interactions of making a systematic test like in the rest of the cases.

When checking self-collision in a molecular model, pairg  collision detection between different atom types
of atoms separated by less than four covalent bonds must b

disregarded (see_ Figure 7 for |Ilustrat|qn). In the fOIk.)W.mgConformatlons, BioCD checks distances between atom pairs
we call such pairs of atomexcludedpairs. However, it is ; :
. . . o . that depend on the atom types. (see Section II-C). Figure 8
not obvious how to integrate this rule within algorithms base . . :
: . ; . ... shows an example with three different atom types. This
on hierarchical bounding structures. A simple but inefficient .. : . or ;.
ndition does not imply a particular difficulty for collision

O . ; . 0
solution is to check all atom pairs, asking afterward if ea(;%etection, however, it affects the definition of the BBs. The
£

detected interaction belongs to the very long list of exclude ABBs used by BioCD have to be defined in a different

ones. Our solution is much more efficient thanks to a particulaj . . s . :
. X . ; way than in classical collision detection algorithms that treat

choice of the basic elements handled in the BioCD structures o . :

. geometric primitives with constant size.

(i.e. the leaves).

In a natural way, the basic elements handled by BioCD The AABBs must be large enough to safely exclude the

. . ossibility of collision if there is no overlap between them.
nearly correspond with the basic components of macrg-. - . : .
his condition can be simply guaranteed using the following

molecules. In the case of proteins, each amino acid residue _..

o . : . eduations to compute the lower and upper bounds of the
r is divided into two basic atom groups. One group, whic : .

) ABB associated to each nod€:

we refer to aspseudo-backbond3,, involves all backbone
atoms and the first side-chain atom{Cthe rest of the atoms N.AABB .min[d] = miin{X,» [d] — Ryiy| i € N} 2
is grouped into thgoseudo-side-chai%,.. There are only two N AABB dl = Xldl 4 Runlic N 3
exceptions to this rule for grouping protein atoms: 1) The =~ -maz|d] m?X{ ]+ By 0 ! ®)
proline cycle is considered rigid, and thus all the atoms arg;[d] is the position of the atomin dimensiond = {z,y, z}.
included in the pseudo-backbone unit. 2) In a disulphide bong, ;) is a size associated with the type of atamand it is
the two cystein pseudo-side-chains form one only unit. Thelculated as:
dashed boxes in Figure 5 shows how this partition method is _
applied on a protein segment. Ragi) = Iﬁ?)X{Mt(“th)p} )

For a better accuracy of the geometric filtering of molecular
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Fig. 9. Performance of BioCD with different number of DOF. Fig. 10. Performance of BioCD with proteins of different size.

where thet(j) are all the atom types. This is equivalent tqan twice the time required for only one free residue. Also
cautiously assume, for the AABBs construction, a fixed sizgye that the times to report all collisions or to get the closest
for each atom type corresponding to the maximum it can takgir of atoms remain very similar and do not require more
in any context. Since for an atom typgi) all the values han twice the time of binary collision detection in the case

of My(;),+(;) are quite similar, such conservative AABBS argy the fully articulated test. This is a very good performance
sufficient. The exact collision test using the distance valuesd ecially if we consider that the random conformations were

M is only performed for the atom pairs tested at the leaf-leghmpled inside the full range of dihedral angles, resulting in

level. a very high number of average collisions per conformation.
For such cases, the recursion must test many leaves to get the
complete list of colliding pairs (in the order of thousands for

In this section we present experimental results that show tite fully articulated test). It is also important to mention that
performance of BioCD for solving three types of problems:when testing collision-free conformations the performance of

« Determine whether a conformation is in collision or nothe algorithm slightly improves (factor up to 2) compared to

« Compute the closest pair of atoms. the times reported in the figure.

« Report the list of all colliding atoms pairs. Figure 10 compares the performance for several proteins
The indicated times were obtained on a 2.5 Ghz G5 App® increasing size, tested with the same number of DOF. The
computer and were averaged over 10.000 randomly sampR$@tein sizes span from small to medium-high: 36 (1PMC),
conformations. Also remember thatis the fraction of the 74 (INEQ), 153 (1DO3), 310 (1BEO) and 628 (1G5A) amino
VDW equilibrium radius allowed for penetration. The experacid residues. The proportion between the size of any two
iments were carried out with = 0.8, a value typically used consecutive proteins in the graphic is approximately 2. Thus,
in applications because it has a chemical significance. the scale of the abscissae is logarithmic on the size of the

Figure 9 compares the performance of BioCD for testing tm;otein. The rate between the collision detection time for the
self-collision of a medium size protein (1DO3, 153 amino acitirst protein and second one is 6, while the rate between the
residues) with different number of free DOF. Five differenfourth and the last is only 2. Thus, at least for these sizes
sets of preselected DOF were chosen, freeing completely {eproteins, the computation time is almost linear in practice.
internal DOF of 1, 5, 10, 35 and 153 residues in each ca&®r larger sizes, the time to find all the colliding pairs (and
For 1 residue this corresponds to 7 effective DOF, and fafso the closest pair) is however expected grow faster since
the 153 residues data to 773 effective DOF. The free residieg number of collisions to be reported (or tested) grows with
were always selected at regular intervals along the chain. ¢ size of the protein.
example, in the case of 1 free residue, it is chosen as théThe comparison of the tests above with ChainTree results
middle one of the chain, and in the case of 35 free residustown in [14] seem to confirm a much lower dependence of
3 blocked residues are systematically followed by one fré&&0CD computing time with the number of DOF simultaneous
residue. The graphic shows that BioCD scales very gently withanges. Indeed, while a performance slow-down of a factor
the increase in the number of DOF. We can see that computioig30 is indicated in [14] when the number of DOF increases
time when all the DOF of the molecule are free is no morieom a few to one hundred, Figure 9 shows a much lower

VI. EXPERIMENTS



performance degradation with BioCD. For only few DOF
changes, results in [14] (obtained on a 400MHz Sun Ultr
Enterprise with 4GB RAM) seem to indicate a slightly better
performance of ChainTree. This should be counterbalanced t@é
the fact that ChainTree tests did not consider the side-chai

of the molecular model. Consequently, for a same protein
model, BioCD (which deals with side-chains) handles abou#l
twice the number of atoms than ChainTree. Moreover, in th
experiments above, BioCD does not take advantage of possible
rigid elements of the secondary structure. One could expetd
some additional speed up for such applications with only some
flexible loops and side-chains. [6]

VII. CONCLUSION
(7]

Macromolecules such as proteins are complex mechanicgaj
systems and their motion analysis is a highly challenging prob-
lem due to their huge number of DOF. MCS techniques clas-
sically used in molecular modeling search the conformational
space by slightly perturbing a few DOFs randomly chosen [af]
each step. Another promising way to tackle such problems is
to use motion planning techniques while considering the mqs)
relevant DOF.

In this paper, we described a new BioCD algorithm SP@ro]
cially designed for sampling-based motion planners applied
to molecular models. It assumes that molecules are compo8et
of a set of rigid elements determined by a limited number
of selected DOF. This permits the efficient use of two-levgl4]
data structure based on spatially-adapted hierarchies. The
algorithm is general, in the sense that it does not assume
particular topologies of the kinematic chains, while allowings]
good collision and self-collision detection times. BioCD inte-
grates in an efficient way the particularities imposed by tqge]
biomolecular context on collision detection. It is also very
versatile and offers several operation modes allowing to %]
useful information (e.g. distances or closest atoms pairs) for
the motion planning algorithms. Our experiments performed
with real protein models shows a very good performand®]
for reporting self-collision in large protein models, with onl)ﬁg
a limited overhead for also computing distances on all the
colliding atom pairs.

There remain several possible improvements. In particular
there are ways to improve the update time of the hierarchies
that must be compared. Although the current implementation
of BioCD is tailored to protein models, the approach can be
extended to other kinds of macromolecules such as DNA or
RNA.
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