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Abstract 3D rotations arise in many computer vision, com-
puter graphics, and robotics problems and evaluation of the
distance between two 3D rotations is often an essential task.
This paper presents a detailed analysis of six functions for
measuring distance between 3D rotations that have been
proposed in the literature. Based on the well-developed the-
ory behind 3D rotations, we demonstrate that five of them
are bi-invariant metrics on SO(3) but that only four of them
are boundedly equivalent to each other. We conclude that
it is both spatially and computationally more efficient to use
quaternions for 3D rotations. Lastly, by treating the two rota-
tions as a true and an estimated rotation matrix, we illustrate
the geometry associated with iso-error measures.

Keywords Matrix Lie group - Lie algebra - Quaternions -
3D rotations - Distance functions

1 Introduction

3D rotations are common entities in many computer vision,
computer graphics, and robotics problems that need to deal
with the 3D world. Typical applications that involve 3D ro-
tations include the interpolation of trajectory of 3D orienta-
tions, robot kinematics, flight simulation, structure from mo-
tion, 3D pose recovery of objects, and motion capture. The
common issues that arise in these applications are how to
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efficiently represent 3D rotations and how to correctly eval-
uate the distance between them. If one of the 3D rotation
matrices is a true or reference rotation while the other is an
estimated one, then it is useful also to identify regions where
identical error measures occur. A few functions for distance
measures between 3D rotations have been proposed in the
computer vision literature; however, there has neither been
detailed analysis provided to these functions nor a compari-
son of them in the context of the group SO(3) to which 3D
rotations belong. The contributions of this paper are: (1) to
provide this missing information; (2) to analyze and illus-
trate the iso-error contours of a given reference rotation.

Rotations in 3D space can be represented in various
forms. Euler angles are commonly used in robotics appli-
cations where, because of constraints in the design of the
joints of robot arms, rotations often have to be carried out
in a certain order (e.g., [1]; see also [19]). For other ap-
plications where such a constraint is absent, Euler angles
are less favoured, precisely because the values of these an-
gles are dependent on the order of rotations about the three
principal axes. For research in computer vision and com-
puter graphics, 3D rotations are commonly represented as
unit quaternions (e.g., [5, 15, 17, 18]), rotation axes and an-
gles (e.g., [8, 21]), or even as the 3 x 3 rotation matrices
themselves (e.g., [3, 4, 6]). The number of computer vision
research papers that involve 3D rotations of any form is far
too many to permit a complete list of citations. The refer-
ences given here are only a very small subset of papers in
the literature.

In terms of storage, each 3 x 3 rotation matrix requires
the space of 9 floating point numbers, whereas in reality the
special orthogonal group is a 3 dimensional object embed-
dable in R*. Another concern of the matrix representation
is that after several matrix multiplications, round-off errors
within computers can result in “rotation” matrices that are
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no longer orthogonal. In that regard, the unit quaternions
are preferred as an alternative way of representing 3D ro-
tations. Although round-off errors may also cause any unit
quaternion to have a non-unit magnitude, it is more straight-
forward to renormalize it to unity in comparison with re-
orthogonalizing a distorted matrix.

In the following sections, we will first give a brief
overview of the special orthogonal group and the unit
quaternions. This is then followed by the formal definition
of a distance function or metric. Six different functions for
3D rotations will then be studied in turn; their computation
complexity will be briefly analyzed. In Sect. 5, a geometrical
interpretation of one of the functions will be studied further,
this leads to the discussion on iso-error contours. Finally in
Sect. 6, we conclude the paper.

2 SO(3) and Unit Quaternions: An Overview

3D rotations form the so-called Special Orthogonal Group
SO(3) of orthogonal matrices with determinant 1. SO(3) is
a compact Lie group having the skew-symmetric matrices as
its Lie algebra, so(3). This Lie algebra is a non-associative
vector space equipped with a binary operation:

[+, -]:5003) x 50(3) — s0(3),
[A,B]=AB — BA

ey

which can easily be seen to be a closed operation in so(3).
The Lie algebra so(3) is the tangent space at the identity ele-
ment of SO(3). The binary operation defined above is known
as the Lie bracket, which satisfies the following properties:

[A,B]=—[B,A],
(A, [B,C]] +[C, [A,B]] +[B, [C,A]] =0,

(@)

forall A, B, C € 5s0(3). It follows immediately from the first
property that [A, A] =0.

In the theory of Lie groups, the exponential map is a map-
ping from the Lie algebra of a Lie group to the group itself.
Such a mapping allows one to recapture the group structure
from its Lie algebra. As in the general case of matrix Lie
groups, the exponential map exp : so(3) — SO(3) is simply:

A? AP
For the special orthogonal group SO(3), the exponential map
is surjective but not injective. The failure of injectivity is
easily seen by considering a skew-symmetric matrix such as

0 1 1
A=|-1 0 1 )
1 -1 0
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and noting that exp(tA) = I whenever ¢ is an integer mul-
tiple of 277/+/3. This example, however, suggests at least
some of the degree of non-uniqueness in the exponential
parametrization. Indeed, the exponential parametrization of
SO(3) corresponds exactly to the rotation axis and rota-
tion angle formulation. Given a rotation with rotation axis
u= (uy,ur,u3)’ of unit magnitude and rotation angle 9,
the 3 x 3 rotation matrix R can be obtained by the exponen-
tial mapping exp([fu]x), where [a]x is chosen to be the
matrix defined by [a]xb = a x b. For example, the matrix in
(4) corresponds to [(—1, 1, —1)]«. The group SO(3) is cov-
ered by one-parameter groups (in fact circles) of the form
{exp([fu]x) : 6 € [—m, w)} and this representation is almost
unique, since a rotation uniquely specifies its (unit vector)
rotation axis up to a multiplication by +1, and once this is
fixed, the angle is specified up to a multiple of 2.

It is straightforward to show that the Rodrigues formula
(see, e.g., [11]) for a rotation matrix R as defined below

R =cosOI+sinf[u]x + (1 —cosf)uu ', ®)

is just a simplification of the exponential map given in (3)
being applied to [fu]«. Given a 3 x 3 rotation matrix R,
the inverse of the exponential map provides a rotation an-
gle/axis description of the rotation. Thus, log(R) is the
skew-symmetric matrix containing information about the ro-
tation axis and angle. Although the inverse process requires
a choice of rotation axis between the two alternatives, it is
a straightforward procedure to retrieve the rotation axis and
angle (see Appendix A).

As a unit quaternion, the same 3D rotation matrix
exp([0u]y) € SO(3) can be written as q = (¢o, ¢1, g2, g3) | =
(q0. @7
= +(cos %, u' sin . The unit quaternions are a one-to-
one parametrization of the Special Unitary group SU(2) and
the q above can be written as a 2 x 2 unitary matrix:

Q2 +iq3 ©)
qo—iq ]’

T 0T
5)

qo+iqi
—q2+iq3

SU(2) provides a double-covering of SO(3); that is, each
rotation matrix in SO(3) corresponds to two members of
SU(2). The group homomorphism from SU(2) to SO(3)
has a two element kernel and this corresponds to the am-
biguity in the choice of rotation axis in the logarithmic
map. In this regard, we note that SU(2) and SO(3) have
the same Lie algebra. The Lie algebra su(2), which con-
sists of the 2 x 2 skew-hermitian matrices, is isomorphic as a
Lie algebra to so(3). Consider representing the rotation axis
u=(uy,u, u3)T of unit magnitude and the rotation angle
6 as a 2 x 2 skew-hermitian matrix, A, as follows:

16u

A Ouy 4+ i6uj
T | —Ous +i0us

—i0uy
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. iuq ur +iuz — %
=0 [_uz Fius  —iuy } =0A. (™ (resp. #(RyR1. R3R1) = (R, Ry)) (12)

By applying the exponential mapping to A and noting that
A2 = —021, we obtain a different version of the Rodrigues
formula:

exp:su(2) - SUQ2),
in6
exp(A) =cosf I+ %A 8)
=cosOI+sinfA.

It is straightforward to verify that exp(A) € SU(2) and that
the quaternions are simply a parametrization of SU(2). The
exponential map from su(2) to SU(2) does not suffer from
the ambiguity present in the orthogonal case.

3 Distance Function or Metric
3.1 Definition

For definiteness, we give the usual definition of distance
function or metric. Let S be some space between whose el-
ements we are interested in knowing distances. A distance
function or metric is amap @ : § x S — RT satisfying the
usual axioms for metrics:

D D(x,y)=0&x=y;
(i) @(x,y)=®(y,x)forx,yeS;
(iii) @ (x,2) <P (x,y)+P(y,z) forx,y,z€S.

We note that there are situations where our intuitive concept
of “distance” may not satisfy these axioms.

There are two other properties of distance functions that
are important in the context of SO(3). The first is that the dis-
tance function defines and respects the topology of SO(3).
To state precisely what this means, we note that the obvious
definition of R,, — R as n — oo for R,;, R € SO(3) is that
the matrix entries of the R, should converge to the matrix
entries of R as real numbers. We say that a distance function
@ respects the topology of SO(3) provided

2R, R)—»0 < R,—R ©
Since SO(3) is compact, it is sufficient [12] that
R,—-R = o¢R,,R)—0. (10)

It is essential that this is the case for all distance functions
defined on SO(3).

Since SO(3) is a group, we can ask one other property
of interest. We say that a distance function @ is left, (resp.
right) invariant if

®(RiR2,R1R3) = ?(Ry, R3), (11)

for R, Ry, R3 € SO(3). A distance function is bi-invariant
if it is both left and right invariant.

Two distance functions @ and ¥ are said to be boundedly
equivalent if there are positive real numbers a and b such
that

a®R,Ry) < ¥ (R, Ry) <bP(Ry,Ry) (13)

for all Ry, Ry € SO(3). We also define functional equiva-
lence between @ and ¥ to mean that there exists a positive
continuous strictly increasing function £ such that

ho® =W. (14)

It is easy to see that if one distance function respects the
topology of SO(3) and another is either boundedly or func-
tionally equivalent to it then it too respects the topology.
Also, if @ is a distance function satisfying

c®(R,Ry) = 2(RR,RRy) =dP (R, R2) 5)

for all Ry, Ry, R € SO(3) and for some positive real num-
bers ¢ and d, then it is equivalent to a left-invariant one. The
invariant distance function is

@L(Rl,Rz)zfQ(RRl,RRz) dR (16)

for all Ry, Ry € SO(3) where the integral is with respect to
the (left) Haar measure on the group. We note that this mea-
sure is left invariant and it is this property which ensures left
invariance of the distance function. A similar result holds
for right and bi-invariant distance functions. Note that, in
this case, since SO(3) is a compact group its left and right
Haar measures are the same.

Finally, two metrics are said to be topologically equiva-
lent if they give the same convergent sequences. Both func-
tional and bounded equivalence individually imply topolog-
ical equivalence. Our assumption that metrics respect the
topology means that they are topologically equivalent to
each other.

Several functions for measuring the distance between
two 3D rotations for various applications have been reported
in the literature. Some of these functions are defined in terms
of Euler angles or quaternions, while others involve the ro-
tation matrices. We will discuss each of them in turn below.
We assume that the two rotation matrices whose distance
is of interest are Ry = exp([f1u]«) and Ry = exp([62V]x),
where 0; and 6, are the rotation angles, and u and v the
rotation axes of unit magnitude. Their corresponding unit
quaternions can be written as ¢; = £(cos %l,uT sin %‘)T
and o = %(cos %2, v sin %)T, respectively. All rotation
axes are assumed to be of unit magnitude from here on.
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3.2 Euclidean Distance between the Euler Angles

Let (a1, B1, v1) and (o2, B2, y2) be two sets of Euler angles.
Then

®,:Ex E—RT,
D1 ((a1, B1, Y1), (a2, B2, ¥2)) (17

= Jd(@1.02? +d(B1. f2)* +d (1. )2,

where E C R? is an appropriate domain for the three
Euler angles (see the discussion that follows) and d(a, b) =
min{|la — b|, 2r — |a — b|} denotes the normalized differ-
ence between the two angles so that 0 < d(.,.) < m. The
range of values of @ is [0, 7+/3]. This function was dis-
cussed in [9] in the context of rotation matrix sampling.
Unfortunately, it is not a distance function on SO(3) since
it depends on a representation that is not unique. For exam-
ple, the Euler angles («, 8, y) = (7, m, 0) can represent the
same rotation as («, 8, y) = (0, 0, 7) under a particular or-
der of rotations, yet their distance is non-zero. To overcome
the problem of ambiguous representation, we can impose
the following conditions on the Euler angles (and thus the
domain E): o,y € [—m,m); B € [—n/2,7/2). Under this
representation, @ is a metric on SO(3).

3.3 Norm of the Difference of Quaternions

Ravani and Roth [16] define the distance between two ro-
tations as the Euclidean distance between two unit quater-
nions. As unit quaternions q and —q denote the same rota-
tion, we can define the following function, which takes into
account the ambiguity in quaternion representation:

<1>2:S3 xS3—>]R+,
. (18)
D2(q1, q2) = min{flq; — q2|, llq1 + q2|l},

where || - || denotes the Euclidean norm (or 2-norm) and
$3 ={qeR*||q|*> =1}. We can easily verify that in the
$3 space, the @, function above satisfies all axioms except
for Axiom (i) since @2(q, —q) = 0 % q = —q (as vectors
in R4). This means that @, is a pseudometric [7] rather than
a metric on the unit quaternions. However, as the mapping
from unit quaternions to SO(3) is 2-to-1, the pseudometric
on the unit quaternions becomes a metric on 3D rotations
because we are identifying points with zero distance apart.
The @, metric gives values in the range [0, ﬁ].

3.4 Inner Product of Unit Quaternions

A similar function that involves unit quaternions is given by:

@é:S3xS3—>R+,
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@3(q1, q2) = min{arccos(q; - q2), 7 — arccos(q; - q2)},

where - denotes the inner (or dot) product of vectors (not the
quaternion multiplication, which produces another quater-
nion). This function was used by Wunsch et al. [20] for 3D
object pose estimation. As in (18), the ambiguity in sign of
unit quaternions must be taken into consideration. So, dﬁé
can be replaced by the following computationally more effi-
cient function:

D5 8% x = RT,
(19)
D3(q1, q2) = arccos(|q - qz2]).

Since it is necessary that @3 is a non-negative function, we
restrict the angles returned by arccos to be in the first quad-
rant, i.e., the range of values mapped by @3 is [0, /2] (ra-
dians).

Alternatively, the inverse cosine function above can be
eliminated by defining

¢4:S3><S3—>R+,
(20)
Du(q1,q2) =1—1q1 - q2|.

This function was used in [9] for the distance measure be-
tween two Euclidean transformations. Function @4 give val-
ues in the range [0, 1].

Following the same argument as that for @,, we can con-
clude that both @3 and @4 are pseudometrics on the unit
quaternions but are metrics on SO(3). Up to this point, we
have not discussed whether &@,, @3, and @4 are bi-invariant
metrics on SO(3). We defer the proof for this until later in
the paper.

3.5 Deviation from the Identity Matrix

Larochelle et al. [10] use polar decomposition to approxi-
mate elements of the Euclidean group SE(n — 1) with ele-
ments of the special orthogonal group SO(n) and then em-
ploy the metric d(A1, Ay) = ||I—A1A;'— lF (where A{, As €
SO(n) and || - || denotes the Frobenius norm of the ma-
trix) as a distance measure between two rigid body displace-
ments. For the specific case where n = 3, we have

®s5:503) x SO3) — RT,

(21

®5(Ri,Ro) = [I-RiR; |7,
which gives values in the range [0, 2«/5]. An alternative is to
replace the Frobenius norm above by the 2-norm to reduce
the range of values to [0, 2] instead.

One can verify that @5 is a metric on SO(3) although the
proof to show that the function satisfies the triangle inequal-
ity condition involves some messy algebra.
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3.6 Geodesic on the Unit Sphere

Since SO(3) is a compact Lie group it has a natural Rie-
mannian metric; that is, an inner product on its tangent space
at every point. At the identity, this tangent space is so(3),
i.e., the skew-symmetric matrices, as we have mentioned.
The inner product on so(3) is given by

1
(S1,S0) = Etrace (SITSQ> s (22)

for S1,S2 € 50(3).
The inner product in the Riemannian structure provides
n “infinitesimal” version of length on the tangent vectors,
and so the length of a curve can be obtained by integration
along the curve. Then the concept of a shortest path between
two points on the group, a geodesic, follows. In fact, it is
enough to describe the shortest path from the identity of the
group to another point which we can write as exp(S), where
S € so(3). This shortest path can be shown to be of the form
exp(tS), where 0 <t < 1. We can use this to define a metric
on the group by making the distance between two points the
length of the geodesic between them. This metric is the one
considered by Park and Ravani [13, 14]:

P6:SOB) x SOB) > RT,
- (23)
D6(R1, Rp) = [[log(R1R,) I,

where, as described above, log(R) gives the skew-symmetric
matrix that embodies the rotation axis and angle of the rota-
tion matrix R. The ||.|| above therefore gives the magnitude
of the rotation angle. This @¢ function is a bi-invariant met-
ric on SO(3). The proof for this will be given later in the
paper. The metric gives values in the range [0, ).

It is obvious that both @5 and @¢ attempt to find the
amount of rotation required to bring R; to align with Ry,
i.e., to find R such that R; = RR,, thus R=R|R; .

4 Comparison of the Metrics

One can verify that all the functions &;, fori =1,...,6,
defined above are metrics on SO(3), although the proof for
the triangle inequality condition may not be straightforward
for some of them (a proof to show that @¢ is a metric is given
in Appendix B). It should be noted also that the @; function
does not truly reflect the ‘distance’ of two rotations. That
is, two nearby rotations may have a large @ value, while
two distant rotations may have a smaller @ value. For this
reason, when a distance measure between two rotations is
sought, any of the @, to @¢ metrics should be used instead.
From here on, the comparison will be focused only on these
five metrics.

4.1 Bounded Equivalence

The metrics @;, for i = 2,...,6, produce values in dif-
ferent ranges and of different units: @3 and ®g are in ra-
dians while the other three are dimensionless. The differ-
ence in units is not an issue as a change of unit merely
results in a scale change to the metric being considered.
Furthermore, the relationships among these metrics are
clearly non-linear, except for @3 and @¢. To see that @3
and @4 have a linear relationship, consider the compu-
tation of the rotation angle of R1R2T in the definition
of @¢. As unit quaternions, R; and RzT can be, respec-
tively, represented by qi = £(cos %, u"sin2)T and @ =
:i:(cos QZ)T, where the overhead bar denotes
quaternlon conjugate. The cosine of half of the rotation
angle of RlR;— can be found from the first component of
product |q;qa|, which, by deﬁnition of quaternion multipli-
cation, is |cosg2 cos 92 +sin % 2 sin & = 2 (u - v)|. This term is
identical to the absolute value of the dot product of the two
4-vector q; and qp computed in @3, i.e., cos(%) =|q1 - q2|.
Thus, @3 returns half of the rotation angle of R1R;— from
&¢. From the definition given in Sect. 3.1, metrics @3 and
&g are boundedly equivalent.

To prove that two metrics @; and @; are boundedly
equivalent (see (13)), it suffices, because SO(3) is compact,
to show that @; /®; is bounded near the origin. In particular,

the metrics @, and @5 can be rewritten as

—V sin

2(1—=lq1-q2)), (24)

®s(R;,Ry) = \/trace (@-R/R))TA—-R4R)))

D2(q1, Q) =

= \/ 2 trace (I) — 2 trace (R1 R;— )

— /203

Let R|R) =exp([fu]y). Then trace (RR] ) = 1+2cos(6)
(see Appendix A). Substituting this into (25) gives

®s(R1,Ry) =2/1—cos(0) =2,/2 — 2cos2(6/2).  (26)

From the discussion given above, we have cos(6/2) =
|q1 - q2|. This gives us an alternative distance function de-
fined in terms of unit quaternions:

— trace (R1R))). (25)

oL: 8% x 8 — RT,

DL(q1, q2) =2¢/2(1 —Iq1 - q2 ).

By taking @3 as the reference metric and applying
L’Hopital’s rule, it can be shown that

27

arccos(|qp - q2|)

=1, 28
2(1=1q1 - q2]) @8

lim —= Ilim
lar-@l—1 @2 lqr-ql-1
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arccos(|qi - q2|)

1 — = 00, (29)
laiqal—1 @4 lqiqel>1 1 —|q1-q2]
) D3 D3
Iim —= im
lq1-q2l—>1 D5 lq1-q2|—1 ¢5
arccos(|qi - qo)) 1

— lim - 0
el 20— gyl 2Y?

Thus, @7, @3, @5, and P¢ are boundedly equivalent metrics,
while @4 is not boundedly equivalent to any other metrics.

4.2 Functional Equivalence

Figure 1 shows the relationships among the five distance
functions. The figure was generated using many randomly
simulated 3D rotations. The linear relationship between @3
and @ is evident from the straight green line in the figure.
It is also clear that each of the mappings from @; to @}, for
i,j=2,...,6,i # j,is a bijection and monotonic increas-
ing. That is, these five metrics are functionally equivalent to
each other. Again, taking @3 as the reference metric, one can
easily derive that the positive, strictly increasing functions &
mapping from @3 to the other four metrics are:

Dy = h3p(P3) =+/2(1 —cos P3), a3n

Dy = h34(P3) =1 — cos D3, (32)
D5 = h3s(P3) =2+/2sin D3, (33)
Do = h36(P3) =29P3. (34)

It is interesting to note that the curve for @4 versus D¢ ap-
proaches the origin approximately quadratically. This indi-
cates that @4(q’, q) — 0 at a much slower rate than the other

1 15 2 25
(I)z’ (133, @4, or (I)5

O i
0 0.5

Fig. 1 Metrics &;, fori =2,...,5 versus &g
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metrics when the rotation represented by q' approaches the
rotation represented by q. This confirms that @4 is not
boundedly equivalent to other metrics, as demonstrated ear-
lier.

If we have a sequence of matrices R, such that R, — R
as n — 0o (Sect. 3.1, (10)), then R — R and RR, —
RR T =1. Using the metric @5 we have

®5(R,R,) = &5(R,. R)
= [T-R,R"||F
— [T-RRT| [
= 0. 35)

Conversely, if @5(R,,R) = &5(R,R,;) - 0 as n — o0,
then it is necessary that RRnT — I, ie., R, — R. We can
therefore conclude that @5 respects the topology of SO(3),
and so do all the metrics @;, @3, P4, and Pg, for their func-
tional equivalence to @s.

Table 1 summarizes the computational complexity of
these distance functions. Among them, @5 is the most com-
putationally expensive metric. However, the computation
work can be significantly reduced if unit quaternions are
used instead. Similarly, computation work for function @g

Table 1 Summary of the amount of computations required for each of
the distance functions @;,i =2, ..., 6. The dot product of two quater-
nions requires 4 multiplications; the product of two 3 x 3 rotation ma-
trices require 27 multiplications; the Euclidean norm of a 4-vector re-
quires 4 multiplications; the ||.||r norm requires 9 multiplications; to
obtain the absolute or minimum value, 1 comparison is required

Function Range Computations required

D) [0, V2] 8 multiplications
1 comparison
D3 [0, /2] 4 multiplications
1 arccos

1 comparison
Dy [0, 1] 4 multiplications
1 comparison
s [0, 24/2] 36 multiplications

1 square root

Using quaternions (27):
7 multiplications

1 square root

D¢ [0, ] 30 multiplications

1 square root

1 arccos

Using quaternion (same as @3):
4 multiplications

1 arccos

1 comparison
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can be reduced if rotations are represented as unit quater-
nions so that the @3 metric can be employed.

5 Further Analysis of @ and Iso-error Contours

The &g metric is geometrically more meaningful than the
other metrics, as demonstrated from further analysis of the
metric given in this section.

Theorem 1 Let Ry and Ry be two 3D rotations. Let p be
any arbitrary point on the surface of the unit sphere. Then

(1) P6(Ry, Ry) =maxp arccos(Ryp - Rap).
(i) p = argmax,, arccos(R1p - Rop) < P L rotation axis of
R/R..

Proof The proofs for (i) and (ii) can be combined. Con-
sider Rip - Rop. We have Rip - Ryp = pT(RlTRz)p. Let
RTRZ = exp([wB]x) for some rotation angle 8 and rota-
tion axis w. By treating p as a vector of the unit sphere and
expressing p as the sum of two component vectors, one par-
allel and another orthogonal to w, we see that clearly, if p is
parallel to the rotation axis w, it is invariant under the rota-
tion, so p—r exp([wBlx)p = pr =1 and arccos(R1p - Rop)
attains the minimum value 0. If p is orthogonal to w, then
p' exp(IwB1x)p = cos B and arccos(R;p - Ryp) attains its
maximum value 8. Following the same argument, we can
conclude that if arccos(Rp - Ryp) = B, for any P, then it is
necessary that p is orthogonal to the rotation axis of R—I'—Rz.

What remains to be proven is (R, Ry) = B. This can
be easily seen by considering the dot product of any two
unit quaternions ; and q; associated with Ry and R». Since
|q1 - q2| and |q; - q2| are, respectively, the cosine of half of
the rotation angle g of RIRz and the cosine of half of the
rotation angle of RlR;r, the equality of |q; - q2] and |q; - q2|
means that @(Ry, Ry) = 8 = maxp arccos(Rip - Ryp). O

The above theorem shows that @¢ gives the maximum
angular measure of separation of points transformed by the
two rotations. The following corollary is immediate.

Corollary 1 Given any two 3D rotations Ry and Ry, all the
rotations R1R2T, RITRZ, RyR], and R2TR1 have the same
rotation angle.

Theorem 2 @ is a bi-invariant metric on SO(3).

Proof 1t is easy to verify that @g is right-invariant as for any
rotation matrices R;, Ry, and R, we have

®6(R R, R:R) = [ log(R{R(R2R) )|
= || log(RRR"R;)|

= | log(RiR;) | = ®6(Ry, Ry).

To show that @y is left-invariant also, we may apply Corol-
lary 1 above. Given the same three arbitrary rotation matri-
ces, we have

®6(RR, RRy) = | log(RR; (RR>) ")
= [l log((RRy) 'RR)
= [|log(R; R"RR)
= [ log(R; R))|
= [l log(R|R])|| = P6(Ry, Ry).

@y is thus a bi-invariant metric on SO(3). ([l

The functional equivalence of the metrics @;, for i =
2,...,6, means that all of these five metrics are bi-invariant.

Theorem 3 Let Ry = exp([6oulx), Ry = exp([61V]x), and
Ry = exp([01W]x). Then ®(Ro,R1) = @6(Ro, Ry) iff u -
v=u-w.

Proof The three rotations can be written in unit quater-
nions as follows: qg = (cos %, u' sin 97°)T, q; = (cos %1,

v sin %)T, q2 = (cos %‘, w ! sin %)T. We have

D6(Ro, Rp) = P6(Ro, Rp)
< q1qo and oo have the same rotation angle

& q-qo=q2-qo

o 01 90_|_. 01 . 90( )
CcOS — €08 — -+ sin — sin — (u -
2 % g Sty
0 6, 0 0
=cos31cos?0+sin?1sin30(u-w)
&S u-v=u-w. O

Corollary 2 The locus of all the rotation matrices, R, which
have the same rotation angle and are equidistant from a ref-
erence rotation Ro = exp([6oW]x), is a cone with central
axis w.

In plain English, Theorem 3 and Corollary 2 state that if
two different rotations have the same rotation angle and are
equidistant from a reference rotation, then their rotation axes
must deviate by the same amount from the rotation axis of
the reference rotation.

5.1 Iso-error Contours
Consider the rotations Rg = exp([fou]x) and R; =
exp([61v]x) given in Theorem 3 again. If Ry is the true

rotation and R; is an estimated rotation, then the distance
measure @¢(Rg, Ry) can be taken as an error measure of R;.
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Fig. 2 Error-contour plots of a 3D rotation Ry = exp([01V]x)
for different values of the rotation angle 6y of the true rotation,
Rp = exp([fou]x). In each plot, the horizontal axis corresponds to

Of interest is then the geometry of the set of rotations that
are on the iso-error contours. From Theorem 3 and Corol-
lary 2, we see that R is on the iso-error contour with all the
matrices in the set {R = exp([01wW]x) |u-v=u-w}. How-
ever, there are other rotation matrices outside this set having
the same error measure from Ry also. If we start altering the
direction of the rotation axis v to increase its angle of devi-
ation with u (this corresponds to decreasing u - v), then it
would be necessary that the difference between 6y and 6; be
adjusted in order to have R still remain on the same error
contour. The induced change to the difference between 6
and 6, by the angle of deviation is non-linear and can not be
expressed in an explicit form. Furthermore, if the angle of

@ Springer
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(d) 6y = 160deg

arccos(u - v), i.e., the angle of deviation between the two rotation axes
of Rp and Ry; the vertical axis corresponds to the difference of the
rotation angles, i.e., 8; — 6p. Both axes are in degrees

deviation is too large, then it is possible that Ry would move
to a different error contour.

The various error contour plots shown in Fig. 2 illustrate
the relationship between the angle of deviation, arccos(u-v),
and the difference between 6y and 6 for the rotations Ry and
R; described above. This relationship varies depending on
the rotation angle 6y of the true rotation. For illustration pur-
pose, the angles in Fig. 2 are all in degrees. We only need to
consider cases where 8y € [0, 180) deg, as those cases out-
side this range correspond to flipping the rotation axis to the
opposite direction. In Fig. 2, if 6] — 6y results in 8; outside
the range [0, 180) deg, similar interpretation can be applied.
In all of the plots in Fig. 2, we can see some contours are per-
fectly horizontal. They correspond to the case where Ry = 1.
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For instance, in Fig. 2(a) where 6y = 40deg, the straight
horizontal contour corresponds to 6; — 6y = —40deg, i.e.,
01 = 0deg, so the error measure is a constant 40 deg regard-
less of the direction of the rotation axis v of Ry. In Fig. 2,
it is evident that for a given rotation angle 6y, the error con-
tours that are less than 6y are closed loops while those that
are larger than 6y are open. The vertical line (not shown in
the figure) where arccos(u - v) = 90 deg and the horizontal
straight contour form a pair of lines of reflection for all the
contour curves.

Each plot in Fig. 2 clearly has two valleys where the er-
rors are small. The iso-error contour plots can therefore be
used as a visualization aid to help identify the shortest path
for updating the estimated 6; angle and u vector for error
minimization. These plots were analyzed based on the as-
sumption that no constraints are imposed on the rotations. In
many computer vision and robotics problems, such as mo-
tion capture and articulated kinematic robot arms, there are
often limits associated with the rotations on each joint or
the 3D orientations of the recovered poses. For instance, hu-
man subjects cannot bend their elbows forward by more than
75 deg or backward by more than 10 deg. In other words,
there are infeasible regions in the space of the elbow and
other joint angles of the human subjects. As a result, the
iso-error contours for the recovered rotations at these joints
would be disjoint curve segments.

A motivation behind the study of iso-error contours
above is to find ways to reduce the search space for the esti-
mated rotation and to make applications, such as markerless
motion capture, more efficient. We note that one of the ap-
proaches commonly adopted in markerless motion capture
is particle filter based (see, e.g., [2]). The particle filter is
known to be an expensive visual tracking process where
a large number of particles must be used in order for the
tracking to be successful. The high dimensionality of the
joint configuration further escalates the number of particles
required. If it is known that the estimated rotation of a par-
ticular joint is more likely to have an error of, say, € deg,
then, knowledge of the iso-error contours of the 3D rota-
tion of the joint is useful for reducing the sampling region
for the rotation and consequently fewer particles would be
necessary.

6 Conclusion

3D rotations are common entities that arise in many com-
puter vision, graphics, and robotics problems. We have re-
ported six functions for estimating the distance between two
given rotations represented in various forms. Based on the
well-founded theory behind 3D rotations, our detailed com-
parison on these functions shows that five of these functions
are bi-invariant metrics, all of which respect the topology on

SO(3); however, only four of them are boundedly equivalent
to each other. From our brief analysis on the computational
complexity, we conclude that it is both spatially and compu-
tationally more efficient to use the unit quaternions for 3D
rotations. We have also illustrated the geometry associated
with iso-error contours and discuss its possible applications
in some common computer vision problems.

Acknowledgements The author would like to thank Bill Moran for
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mous reviewers for their suggestions for improving the manuscript.

Appendix A: Extracting u and 6 from R

If R has rotation axis u and rotation angle 6, then RT has
rotation axis u and rotation angle —6. From Rodrigues for-
mula, we have

R=cosOI+sin6 [u]« + (1 —cos@)uuT, 36)
R" =cosO1—sinf [u]x + (1 —cosH)uu . (37)

Subtracting these two equations gives R—R " = 2sinf[u].
This is a skew-symmetric matrix, from which the rotation
axis can be easily extracted and normalized to unit mag-
nitude. From the normalization, we implicitly assume that
sinf > 0, thus restricting 0 <6 <m.If R — RT =0, then
(i) R must be the identity matrix, in which case, 6 can be set
to 0 and u can be any arbitrary vector; (ii) & must be equal
to 7, in which case, R + I =2uu" is a rank-1 matrix and u
can be obtained by normalizing any column of R + L.

The three eigenvalues of R are 1 and exp(+£i8). Thus,
tr(R) = 1 + 2cos(8). It follows that 6 = arccos((tr(R) —
1)/2).

Computing the rotation axis and angle this way will en-
sure that the rotation angle is always positive and in the
range [0, 7]. The sign of the rotation axis is correctly deter-
mined from the normalization to suit the sign of the rotation
angle.

Appendix B: Proof that &¢ is a Metric

To prove that @¢ is a metric, we show that it satisfies the
three axioms listed in Sect. 3.1. Since ®¢ = 2®3 as shown
in (34), it is useful to use @3 in the proof when convenient.

Let Ry, Ry, and Rj3 be three arbitrary rotation matrices
in SO(3) and let their corresponding unit quaternions be de-
noted by q1, q2, and q3. Suppose that Rle =exp([fu]x),
where 0 is the rotation angle and u is the unit vector repre-
senting the rotation axis. We have

P6(R1,Ry) =0
& |llog(RiRy)| =0
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< |[[0u]lx =0

< 0 =0...P¢returns values in the range [0, )

& R1R2T =1... obvious from Rodrigues formula (36)
< Ri=Rs.

@¢ thus satisfies Axiom (i). The proof for satisfying Axiom
(ii) is even more trivial:

®6(R1,Ry) = [ log(RiR))|
= | log(RaR])]|
= ®6(Ry, Ry).

...Corollary 1

To show that the triangle inequality is also satisfied, it is
easier to use @3 instead:

D6(R1, R3) =2P3(q1, q3)

= 2arccos(|qi - q3])

< 2arccos(|qi - q2|) + 2arccos(|qz - q3])
... holds for angles among unit vectors

=203(q1, q2) +2P3(q2, q3)

= ®6(R1, R2) + P6(R2, R3).
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