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Abstract— This paper presents a new method for efficient and
exact collision-checking of linear motions of 3-D rigid bodies.
3-D rigid bodies have 6-D configuration spaces (three degrees of
freedom for position and three for orientation), and constitute
an important subclass of motion planning problems. Our
method can be used with any collision-checker that is capable of
performing linear transformations and distance computations
on 3-D geometry. As previous work has shown, computing the
distance between the rigid body in some configuration and the
workspace obstacles immediately determines the collision-status
of surrounding configurations. Using a recursive procedure one
can then determine exactly whether an entire motion of the
rigid body is collision-free. In this paper, we will show that
by performing an optimally selected linear transformation on
the workspace, the collision-status of rigid body motions can
be determined using significantly fewer (costly) distance computations. Since collision-checking is often the computational
bottleneck in sampling-based motion planning, our approach
allows for significant performance improvements of algorithms
such as PRM and RRT when planning for 3-D rigid bodies.
We demonstrate the benefit of our approach when used in
combination with RRT to construct a planning tree in an
illustrative benchmark motion planning scenario.

I. I NTRODUCTION
The problem of 3-D rigid body motion planning arises
in important application domains such as animation, physical simulation, manipulation and assembly planning, part
removability analysis, path planning for free-flying robots,
and analysis of molecular protein docking [16]. A 3-D
rigid body has a six-dimensional configuration space (three
degrees of freedom for position and three for orientation),
for which sampling-based motion planners such as PRM
[11] and RRT [17] have been shown to be particularly
effective. The ability to check whether a straight-line connection between two configurations of a 3-D rigid body is
collision-free with respect to obstacles in the environment
is an essential ingredient of these algorithms. In fact, most
of the computation time of PRM and RRT is spent on
collision-checking such motions. Many implementations use
a fixed-resolution approach, in which an evenly-spaced set
of configurations along the motion are individually checked
for collisions [4]. This method is simple to implement, yet
does not guarantee that the motion is collision-free. In many
applications, however, such a guarantee is important, which
requires continuous or exact collision detection.
Approaches to exact collision detection can roughly be
subdivided into four categories [22]: (i) methods based on
solving algebraic equations [6], [7], [12], [20], (ii) methods
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Fig. 1. Collision-checking the motion of a 3-D rigid body (red) among a
workspace obstacle (blue). The beginpoint, midpoint, and endpoint of the
rigid body motion are shown. Fig. (a) illustrates the traditional approach to
exact collision-checking based on distance computations. The radius of the
sphere (green) indicates the distance the obstacle needs to be away from
the rigid body configured at the midpoint in order for the entire rigid body
motion to be determined collision-free. Since the distance is much smaller,
only a small portion of the motion can be determined collision-free with
a single distance computation. It takes a total of 9 distance computations
to guarantee that the entire rigid body motion is collision-free. Fig. (b)
illustrates our new approach, in which the ellipsoid (green) indicates the
anisotropic distance the obstacle needs to be away from the rigid body
configured at the midpoint in order for the entire rigid body motion to be
determined collision-free. Our method selects this ellipsoid such that its
volume is minimal. By linearly transforming the workspace such that the
ellipsoid becomes a sphere (Fig. (c)), one can use the Euclidean distance
between the transformed rigid body at the midpoint and the transformed
workspace obstacle. Our approach requires a total of only 3 distance
computations to guarantee that this rigid body motion is collision-free.

based on the construction of (a conservative approximation
of) the swept volume of the rigid body along its motion,
which is then collision-checked against the obstacles [5],
[10], [14], [22], [28], (iii) methods based on kinetic datastructures [1], [13], [15], and (iv) bounded-motion methods
based on adaptive subdivision or conservative advancement
[18], [19], [21], [24], [26], [27], [31], which rely on the
ability of a collision-checker to efficiently compute (a conservative approximation of) the distance between workspace
objects. Knowing the distance between the rigid body in
some configuration and the workspace obstacles immediately
determines the collision-status of surrounding configurations
[2], [3], [25]. Namely, those configurations that are “closer”
to the rigid body than the rigid body is to the obstacles
are guaranteed to be collision-free (under the appropriate
definition of “close”). The collision-status of an entire motion
can then be determined exactly by computing the distance
between the rigid body configured at the midpoint of the
motion and the obstacles, and recursively repeating this
procedure for the begin- and end-sections of the motion
whose collision-status could not be determined from the
computed distance [24].
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In this paper, we present a novel bounded-motion approach
to exact collision detection for 3-D rigid body motions that is
easy to implement and requires significantly fewer distance
computations than existing methods. The key insight is that
one can linearly transform the workspace, such that the
distance between the transformed rigid body at the midpoint
and the transformed obstacles determines the collision-status
of a significantly larger portion of the rigid body motion.
The insight lies in the information carried by a distance
computation: it tells how far each point on the rigid-body
is allowed to travel before it potentially collides with an
obstacle (see Fig. 1(a)). However, for a given rigid-body
motion, points on the rigid body tend to travel more in certain
directions than in others (they travel parallel to the axis of
translation plus some amount perpendicular to the axis of
rotation). In fact, we will show that the motion of each point
on the rigid body is contained within a oblique hourglassshaped set. The minimum-volume enclosing ellipsoid of
this hourglass thus defines an anisotropic distance function
that provides more information about the amount of motion
allowed along the dominant direction of travel (see Fig. 1(b)).
By taking the ellipsoid with minimum volume, the likelihood
that obstacles are contained within it is minimized, and hence
larger portions of the motion can be determined collision-free
with a single distance computation.
To compute anisotropic distances between workspace objects, the workspace is linearly transformed such that the
ellipsoid becomes a sphere, and Euclidean distance computations are performed on the transformed workspace (see Fig.
1(c)). Our approach, as a result, can be used in combination
with any collision-checker that is capable of performing
both linear transformations and distance computations on
object geometry. These operations are most efficient when
the collision-checker is based on a broad phase that uses a
type of bounding volume that is invariant to linear transformations, such as ellipsoids [23] or convex hulls [8]. Note
that rectangular bounding boxes, such as AABB’s [30] or
OBB’s [9] do not fall in this category. We used SOLID [29]
in our implementation and experiments.
We implemented our approach within a Random Rapidlyexploring Tree (RRT) motion planning framework, and show
using experiments in an illustrative benchmark scenario
that our approach requires more than 20% fewer distance
computations compared to using a traditional approach. The
remainder of this paper is organized as follows. We formally
define the problem we discuss in this paper in Section II. We
present our approach in Section III and discuss experimental
results in Section IV. We conclude in Section V.
II. P RELIMINARIES AND P ROBLEM D EFINITION
A. Notation and Definitions
We use the following notational conventions in this paper.
Vector sets A are denoted using calligraphics, vectors a are
denoted using boldface, matrices A are denoted using uppercase italics, and scalars a are denoted in lower-case italics.
Scalar and matrix multiplication and Minkowski addition of

sets are defined as:
aX = {ax | x ∈ X },

AX = {Ax | x ∈ X },

X ⊕ Y = {x + y | x ∈ X , y ∈ Y}.

(1)
(2)

It follows that X ⊕ {x} denotes a translation of a set X by
a vector x. Also, multiplication by a matrix distributes over
Minkowski addition and intersection of sets:
A(X ⊕ Y) = AX ⊕ AY,

A(X ∩ Y) = AX ∩ AY.

(3)

Further, we define S(d) ⊂ R3 to denote a sphere of radius
d centered at the origin:
S(d) = {q | kqk ≤ d}.

(4)

B. 3-D Rigid Body Motion
Let B ⊂ R3 be the geometry of the rigid body defined
within a local coordinate frame rigidly attached to the rigid
body, and let O be the geometry of the workspace obstacles
defined in a global coordinate frame. A configuration x of
the rigid body is defined by a rotation matrix R ∈ R3×3
from the local to the global coordinate frame and a position
p ∈ R3 , such that the geometry of the rigid body configured
at x in the global coordinate frame is given by RB ⊕ {p}.
We consider the linearly interpolated motion of a 3-D rigid
body from a configuration xa as defined by Ra and pa to
a configuration xb as defined by Rb and pb . Any such rigid
body motion is associated with a translation along a straightline between pa and pb , and a rotation about a fixed axis
r̂ = r/krk by angle θ, where:


(Rb RaT )3,2 − (Rb RaT )2,3
(5)
r = (Rb RaT )1,3 − (Rb RaT )3,1  ,
(Rb RaT )2,1 − (Rb RaT )1,2
θ = arctan2(krk, tr(Rb RaT ) − 1).

(6)

Note that 0 ≤ θ ≤ π.
Let the motion between the two configurations be
parametrized by parameter t ∈ [0, 1], such that x(0) = xa
and x(1) = xb . Let p(t) and R(t) be the position vector
and rotation matrix, respectively, of the rigid body during
the motion, as given by (spherical) linear interpolation:
p(t) = (1 − t)pa + tpb ,

R(t) = exp(tθdr̂e)Ra ,

(7)

where dr̂e refers to the 3 × 3 skew-symmetric cross-product
matrix of r̂. Finally, let B(t) ⊂ R3 be the geometry of the
rigid body in the global coordinate frame during the motion:
B(t) = R(t)B ⊕ {p(t)}.

(8)

C. Problem Definition
The problem we discuss in this paper is to determine
whether the motion of the rigid body between a configuration
xa and a configuration xb is collision-free with respect to the
obstacles in the workspace, i.e. whether:
∀{t ∈ [0, 1]} :: B(t) ∩ O = ∅ ?

(9)

For this, we assume we have access to a collision-checker
that is capable of performing linear transformations and
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distance computations on 3-D geometry. More formally, for
given sets X , Y ⊂ R3 , matrices A, B ∈ R3×3 , and vectors
a, b ∈ R3 it can compute:
d(AX ⊕ {a}, BY ⊕ {b}) =
min{x ∈ X , y ∈ Y} k(Ax + a) − (By + b)k. (10)
Note that this function returns zero if (AX ⊕{a}) and (BY ⊕
{b}) intersect (i.e. collide), and that for any δ ≥ 0:
d(X , Y) > δ ⇐⇒ (X ⊕ S(δ)) ∩ Y = ∅.

(11)

The goal is to answer Eq. (9) with as few distance computations as possible.
We also assume we are given the radius r of the rigid
body, defined as the distance between the origin (of the local
coordinate frame) and the farthest point on the geometry of
the rigid body:
r = max{q ∈ B} kqk.

(12)

III. E XACT C OLLISION -C HECKING
A. The Rigid Body Motion Hourglass
For simplicity, let us assume, without loss of generality,
that the axis of rotation is aligned with the z-axis of the
global coordinate frame (one can always rotate the entire
scene such that this holds, and we’ll make this explicit in
Section III-D). Then, let (∆x, ∆y, ∆z)T = p(1) − p(0), i.e.
the change in position between the beginpoint and endpoint
of the rigid body motion.
Let b ∈ B be any point on the rigid body, and let b(t) =
R(t)b⊕{p(t)} be its position in the global coordinate frame
at point t along the rigid body motion. Then as point b
travels from b(t0 ) to b(t) (for 0 ≤ t0 , t ≤ 1), it moves by
(t − t0 )[∆x, ∆y, ∆z]T as a result of the translation of the
rigid body, and at most an additional distance of |(t − t0 )rθ|
in the xy-plane as a result of the rotation of the rigid body
(it cannot move in the z-direction as a result of rotation, as
the rotation axis is aligned with the z-axis). Hence, we have:
b(t) ∈ {b(t0 ) + (t − t0 )[∆x, ∆y, ∆z]T +
[x, y, 0]T | x2 + y 2 ≤ ((t − t0 )rθ)2 }.

(13)

Consequently, for all t ∈ [t0 − τ, t0 + τ ], the point b(t)
is contained within an oblique circular double cone H(τ ),
which we call the rigid body motion hourglass, with its apex
translated to b(t0 ) (see Fig. 2):
∀{t ∈ [t0 − τ, t0 + τ ]} :: b(t) ∈ {b(t0 )} ⊕ H(τ ),

(14)

where
   
x
n ∆x
o
t ∆y  + y  x2 +y 2 ≤ (trθ)2 . (15)
H(τ ) =
∆z
0
t∈[−τ,τ ]
[

Since Eq. (14) holds for all points b ∈ B on the rigid body,
we have:
∀{t ∈ [t0 − τ, t0 + τ ]} :: B(t) ⊂ B(t0 ) ⊕ H(τ ).

(16)

This observation lies at the basis of exact collision-checking
based on distance computations.

Fig. 2. The rigid body motion hourglass H(τ ) as defined in Eq. (15)
contains all possible displacements of any point on the rigid body B(t0 )
over the portion [t0 − τ, t0 + τ ] of the rigid body motion.

B. Distance Computations for Exact Collision-Checking
The radius dmin (τ ) of the smallest sphere circumscribing
H(τ ) is:
qp
dmin (τ ) = τ ( ∆x2 + ∆y 2 + rθ)2 + ∆z 2 .
(17)
Hence, if the distance between the rigid body geometry B(t0 )
and the obstacle geometry O is larger than dmin (τ ), the
portion of the rigid body motion for t ∈ [t0 − τ, t0 + τ ]
is collision-free:
d(B(t0 ), O) > dmin (τ )
(i)
(ii)
(iii)

⇐⇒ (B(t0 ) ⊕ S(dmin (τ ))) ∩ O = ∅
=⇒ (B(t0 ) ⊕ H(τ )) ∩ O = ∅
=⇒ ∀{t ∈ [t0 − τ, t0 + τ ]} :: B(t) ∩ O = ∅,

(18)

where equivalence (i) follows from Eq. (11), implication
(ii) follows from the fact that H(τ ) ⊂ S(dmin (τ )), and
implication (iii) follows from Eq. (16). Hence, the portion
[t0 − τ, t0 + τ ] of the rigid body motion that is guaranteed
to be collision-free given d(B(t0 ), O) is found by solving
d(B(t0 ), O) = dmin (τ ) for τ :
qp
τ = d(B(t0 ), O)/ ( ∆x2 + ∆y 2 + rθ)2 + ∆z 2 . (19)
The above analysis lies at the basis of existing exact
collision-checking approaches based on distance computations such as [19], [24], [26], [27], [31].
C. Efficient Exact Collision-Checking
The downside of the above approach is that in general the
enclosing sphere S(dmin (τ )) has a large volume compared to
the hourglass H(τ ), resulting in a very conservative collisioncheck that would in many cases only determine the collisionstatus of a small portion of the rigid body motion. In fact, the
ratio of the volume of the enclosing sphere and the volume
of the hourglass is unbounded (see Fig. 4). To improve this,
we propose the following approach, in which we linearly
transform the workspace (and with it the hourglass) by a
transformation T that minimizes the ratio of the volume of
the enclosing sphere of the transformed hourglass T H(τ )
and the volume of the transformed hourglass T H(τ ). We can
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Fig. 3. Left: the transformation T = T2 T1 transforms
√ the hourglass H(τ )
such
√ that it is no longer oblique and has height 3τ /3 and base radius
6τ /3. Right: the sphere S(τ ) with radius τ is the smallest enclosing
√
sphere of the transformed hourglass T H(τ ). The volume of S(τ ) is 3 3
times the volume of T H(τ ).

then use the distance computation of the collision-checker on
the transformed workspace.
We proceed as follows. First, we perform a (volumepreserving) shear-transformation T1 that lets the axis of the
hourglass T1 H(τ ) be aligned with the z-axis, such that it is
no longer oblique:

1 0
T1 = 0 1
0 0


−∆x/∆z
−∆y/∆z  .
1

Fig. 4. The hourglass H(τ ), its smallest enclosing sphere S(dmin (τ )),
and its minimum-volume enclosing ellipsoid T −1 S(τ ). The ratio of the
volume of √
the enclosing ellipsoid T −1 S(τ ) and the volume of the hourglass
H(τ ) is 3 3. In contrast, the ratio of the volume of the enclosing sphere
S(dmin (τ )) and the hourglass H(τ ) is unbounded.

τ, t0 + τ ] is guaranteed to be collision-free:
d(T B(t0 ), T O) > τ

(20)
(i)
(ii)

Then we perform a scaling T2 , such
√ that the transformed
hourglass
T
T
H(τ
)
has
a
height
of
3τ /3 and a base radius
2 1
√
of 6τ /3, and fits within a sphere of radius τ (see Fig. 3):
√


6/(3rθ) √ 0
0
.
T2 = 
0
6/(3rθ) √ 0
0
0
3/(3∆z)

(21)

Let T = T2 T1 denote the combined transformation.
The ratio of the volume of the enclosing sphere S(τ )
and the volume
√ of the transformed hourglass T H(τ ) can be
shown to be 3 3 ≈ 5.196 (see Fig. 3).√In fact, the scaling T2
was chosen such that this value of 3 3 is minimal. Hence,
“untransforming” the sphere S(τ ) gives the minimum-volume
enclosing ellipsoid T −1 S(τ ) of √
the original hourglass H(τ )
with the same volume ratio of 3 3 (see Fig. 4). In contrast
the ratio of the volume of the minimum enclosing sphere
S(dmin (τ )) of H(τ ) and the volume of H(τ ) is unbounded
(see Fig. 4). In this light, the ellipsoid T −1 S(τ ) can be interpreted as defining an optimal anisotropic distance function
for collision-checking the given rigid body motion.
Therefore, when using the linear transformation T on the
workspace, it is likely that a significantly larger portion of
the rigid body motion can be determined collision-free with
a single distance computation of the collision-checker. If
the distance between the transformed rigid body geometry
T B(t0 ) and the transformed obstacle geometry T O is larger
than τ , the portion of the rigid body motion for t ∈ [t0 −

(iii)
(iv)

⇐⇒ (T B(t0 ) ⊕ S(τ )) ∩ T O = ∅,
=⇒ (T B(t0 ) ⊕ T H(τ )) ∩ T O = ∅,
⇐⇒ (B(t0 ) ⊕ H(τ )) ∩ O = ∅,
=⇒ ∀{t ∈ [t0 − τ, t0 + τ ]} :: B(t) ∩ O = ∅,

(22)

where equivalence (i) follows from Eq. (11), implication (ii)
follows from the fact that T H(τ ) ⊂ S(τ ), equivalence (iii)
follows from multiplying both sides by T −1 and applying
Eq. (3), and implication (iv) follows from Eq. (16).
We apply this insight in a recursive collision-checking
algorithm (see Fig. 5). Suppose we want to check whether the
portion [t1 , t2 ] of the rigid body motion is collision-free (to
check the entire rigid body motion, set t1 = 0 and t2 = 1).
Then, we compute the distance τ = d(T B(tmid ), T O) between the transformed rigid body T B(tmid ) at the midpoint
tmid = (t1 + t2 )/2 of the motion and the transformed
obstacles T O. If τ > (t2 − t1 )/2, the entire portion of
the rigid body motion is collision-free, and if τ = 0
(i.e. B(tmid ) collides with O), the rigid body motion is
not collision-free. For other values of τ , only the portion
[tmid −τ, tmid +τ ] of the rigid body motion can be determined
collision-free, and we recursively apply the algorithm to
check whether the remaining portions [t1 , tmid − τ ] and
[tmid + τ, t2 ] are collision-free as well. We suggest that the
recursion is evaluated in a breadth-first order, such that the
distance computations are distributed more evenly across the
rigid body motion, increasing the likelihood that a potential
collision is encountered early.
We note that the transformation T is degenerate when θ =
0 or ∆z = 0. In these cases, a “small” value can safely
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C HECK(t1 , t2 )
1:
2:
3:
4:
5:
6:
7:
8:

tmid = (t1 + t2 )/2.
τ = d(T B(tmid ), T O).
if τ > (t2 − t1 )/2 then
return true.
else if τ = 0 then
return false.
else
return C HECK(t1 , tmid − τ ) ∧ C HECK(tmid + τ, t2 ).

Fig. 5. A recursive algorithm for collision-checking a portion [t1 , t2 ] of
the rigid body motion. The algorithm returns “true” if the portion [t1 , t2 ] of
the rigid-body motion is collision-free and “false” if it is not collision-free.
Calling this algorithm for t1 = 0 and t2 = 1 checks the collision-status of
the entire rigid-body motion.

be used instead. It indeed appears that for the seemingly
“simpler” problems of 2-D rigid body motion (∆z = 0) and
3-D translational motion (θ = 0), our approach does not have
straightforward analogies.
D. General Axes of Rotation
In the above, we made the assumption that the axis of
rotation is aligned with the z-axis of the global coordinate
frame. This is in general not the case, but we can rotate the
entire scene by T0 such that this holds. This rotation T0 is
given by:
T0 = exp(dr̂ × ze arctan2(kr̂ × zk, r̂ · z)/kr̂ × zk), (23)
where z = [0, 0, 1]T . We can then use the method as described above by defining [∆x, ∆y, ∆z]T = T0 (p(1)−p(0))
and using T = T2 T1 T0 . The rest remains exactly the same.
IV. E XPERIMENTAL R ESULTS
We implemented our approach as part of a simple RRT
algorithm [17], and experimented with it in the scenario of
Fig. 6, which measures 100 units of length in each dimension. The obstacles consist of 1330 tetrahedra generated by
randomly sampling four points on spheres with radii of 5
units of length whose centers lie on a grid with spacing 10.
The rigid body is a hook with two legs each of length 5.
We built an RRT-tree in this environment by continually
sampling a uniform-random configuration [16] from the
domain and attempt to connect it to the nearest node in the
tree (we used the Euclidean distance between the positions of
the configurations as the distance metric). If the connection
succeeds, i.e. the rigid-body motion between the two configurations is collision-free, the sampled configuration is added
as a node to the tree. If the connection fails, the sampled
configuration is discarded. We repeated this until the tree
consisted of 10,000 nodes. The root of the tree corresponds
to a rigid-body configuration in the center of the domain.
We performed the above experiment with two methods
for collision-checking connections between nodes: our approach, and a traditional approach similar to [24] based
on distance computations without linear transformations of
the workspace (see Section III-B). For both approaches the
distance computations were performed using SOLID [29].
In both experiments we used the same sequence of random
numbers, so in both cases the same connections are collisionchecked. The results are shown in Table IV and in Fig. 7.

Fig. 6. The motion planning scenario in which we evaluated our approach.
The obstacles are 1330 randomly generated tetrahedra (blue) over a volume
of 100 units of length in each dimension, and the rigid body (red, not shown
to scale) is a hook with legs of 5 units of length.

Constructing a tree containing 10,000 nodes required a
total of 19,809 connections to be collision-checked. Of these,
9,999 connections were successful (collision-free) while
9,810 connections failed. In total, our approach required
23.9% fewer distance computations to collision-check all
connections than the standard approach (89,155 vs. 116,132
distance computations). Interestingly, if we look only to
the 9,999 successful connections, we see that our approach
performed even better compared to the traditional approach:
59,321 vs. 83,787 distance computations, an improvement
of 29.2%. For the 9,810 failed connections on the other
hand, the difference between our approach and the traditional
approach was less significant: 29,834 vs. 32,345 distance
computations, an improvement of 7.7%. This is because
it is easier to determine a connection unsuccessful, as the
recursive algorithm (Fig. 5) can be terminated as soon as
a collision is encountered. Indeed, even as the number of
successful connections was about the same as the number
of failed connections in this experiment, for both methods
the majority of the distance computations were spent on
determining connections to be collision-free. Our approach
required an average of 5.9 distance computations to determine a connection collision-free, and only 3.0 to determine a
connection unsuccessful (versus 8.4 and 3.3 distance computations, respectively, for the traditional approach). As a result,
the improvement our method shows for successful connections carries a large weight in the improvement overall.
As the RRT tree grows and covers larger portions of
the free configuration space, the length of the connections
that are collision-checked decreases (see Fig. 7). Somewhat
surprisingly, this seems not to have an effect on the average
number of distance computations required to collision-check
a connection: both methods show a fairly linear growth of the
cumulative number of distance computations as a function of
the size of the tree.
V. C ONCLUSION
We have presented a new method for exact collisionchecking of linear motions of 3-D rigid bodies that can
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Fig. 7. Results of our implementation. Shown is the cumulative number
of distance computations (left axis) required for our method (blue line) and
the traditional standard method (red line) as the number of nodes in the tree
increases. The green line indicates the length of the connections that are
collision-checked as the tree grows, averaged over a sliding window of 100
connections (right axis).
TABLE I
N UMBER OF D ISTANCE C OMPUTATIONS (10,000 NODES )
Connections (num.)
All (19,809)
Successful (9,999)
Failed (9,810)

std. method (av.)
116,132 (5.9)
83,787 (8.4)
32,345 (3.3)

our method (av.)
89,155 (4.5)
59,321 (5.9)
29,834 (3.0)

improv.
23.2%
29.2%
7.7%

be used in combination with any collision-checker that is
capable of performing linear transformations and distance
computations on 3-D geometry. Our approach is based on
the observation that by performing a carefully selected linear
transformation of the workspace a single distance computation carries information about the collision status of larger
portions of rigid-body motions. Our experiments show that
our approach requires on average at least 20% fewer distance
computations than traditional approaches.
There are a number of avenues to further improve our
approach that we would like to explore in future work.
The first concerns the radius of the rigid body, which we
defined as the radius of its smallest enclosing sphere. In fact,
however, the rigid body has a different, smaller radius with
respect to each rotation axis. Since the radius has a quadratic
effect on the volume of the rigid body motion hourglass,
computing this smaller radius may be worth the effort. A
second potentially interesting observation is that the volume
of this hourglass may serve as an ideal distance metric [16]
for PRMs and RRTs. This would mean that these algorithms
would attempt those connections with the highest a priori
likelihood of being collision-free first, assuming that indeed
the volume of the hourglass is proportional to this likelihood.
A theoretical underpinning of this conjecture is subject of
ongoing work.
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