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Abstract In this short paper, we review the Euler-Rodrigues formula for three-dimensional
rotation via fractional powers of matrices. We derive the rotations by any angle through the
spectral behavior of the fractional powers of the rotation matrix by 7 in R3 about some axis.

1 Introduction

The Euler-Rodrigues formula describes the rotation of a vector in three dimensions, it was first
discovered by Euler [4] and later rediscovered independently by Rodrigues [8] and it is related
to several interesting problems in computer graphics, dynamics, kinematics, mathematics, and
robotics, see Cheng and Gupta [2] and references therein.

Reviews of the Euler—Rodrigues formula in different mathematical forms can be found in the
literature, see e.g., Dai [3], Kahveci, Yayli and Gok [5] and Mebius [6]. Here, we explored the
geometric aspect of the classical Balakrishnan formula in [1] to obtain a new algorithm for the
generation of a three-dimensional rotation matrix.

Fractional powers have been extensively studied in various branches of mathematics, playing
a significant role in the understanding of complex phenomena. They find applications in diverse
areas, including differential equations and fractional calculus, see e.g. [9], [7].

To our best knowledge, this treatment on the Euler—Rodrigues formula has not yet been
explored in the literature.

2 Three-dimensional rotations

Firstly, we present some facts of the theory of fractional powers of matrices. Secondly, we
establish the main results of this paper; namely, we review the Euler-Rodrigues formula via the
Balakrishnan formula on fractional powers of matrices.

2.1 Fractional powers of operators

In this subsection, we recall some definitions and summarize without proof the results of the
theory of fractional powers of matrices, in the sense of Balakrishnan [1].

Definition 2.1. For A € C™*™ with no eigenvalues on (—00,0) and o € R, A® = ¢*!°¢ 4 where
log A is the principal logarithm.

Thanks to Balakrishnan [1] we following results are well-known.

Proposition 2.2. Let 0 < o < 1. We have
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(i1) Let B be a real number, then
(A%)F = AP,

2.2 Main results

In this subsection, we present the main results of this paper. We explored the geometric aspect of
the classical Balakrishnan formula (2.1) (see, e.g., Balakrishnan [1]) to obtain a new algorithm
for the generation of three-dimensional rotation matrices. Here, the matrix representations of
linear operators on R? are considered using the standard basis of R3, and i = (n1,n2,m3)
denotes a vector in R? with n§ + n3 4+ n? = 1.

Lemma 2.3. The matrix which represents the rotation by an angle 5 about the axis i = (ny, na, n3)
is given by

2
. ny niny —n3 N3 +ny
A(ﬁ, E) = |niny +n3 n% nong —ny | - 2.2)
nin3y —ny NNz +nj n%

Proof. Choose two vectors, 1and 1, such that {1, h, i} is a right-handed orthonormal basis. Let
u = al + brh + cii, with a, b, ¢ € R, be any vector to be rotated by an angle 7 counterclockwise

about the axis fi. The resulting vector u’ is the vector u with its component in the 1, 1i1 plane
rotated by 7

W = —bl+am+ch
= fxu+ (u,n)h.
Consider the standard basis {€}, €2, €3} of R>. If u is written as
u = u1€1 + up€2 + uz€s,
then
v = D xXu+ (un)in
= (n2u3 — n3uy + um% + uyniny + U3n1n3)e*1
+ (n3u; — nyuz + ugningy + upn + uznans) ey
+  (niuz — mauy + uininz + upnans + u3n§)e‘3.
Therefore, the matrix representation of this rotation is
2

. ni niny —n3 nin3 +ny
A(fl, 5) = |niny +n3 TL% nonz —nq | .0
nin3 —ny non3g + ny n%

m}

Remark 2.4. Thanks to the characterization in (2.2) of the matrix which represents the rotation
by an angle 7 about the axis i = (n1,n2,mn3) we can obtain a matrix characterization of the lin-

ear semigroup generated by A (ﬁ, %), namely the uniformly continuous semigroup of bounded
'3

linear operators generated by A(ﬁ ), denoted by 7'(-), has the following explicit representa-
tion

T(t) = A5 = 3 AR D)

n!
n=0
n3(et —cost) +cost  myma(e! —cost) —nzsint nynz(et —cost) + nysint
niny(et —cost) +n3sint  n3(e’ —cost) +cost  mons(e! —cost) — nysint

nins(e! —cost) —nysint nons(e! —cost) +nysint  ni(e! —cost) + cost
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forany ¢ > 0.

Remark 2.5. An explicit formula for the matrix elements of a general 3 x 3 rotation matrix can
be find in Rodrigues [8]; namely, if R(fi,6) denotes the a rotation by an angle 6 about an axis
fi = (n1,m2,n3) (n? +n3 + n3 = 1), whose elements are denoted by R;;(f, ), then we have
the Rodrigues formula

R;;(1,0) = cos(6)d;; + (1 — cos(8))nin; — sin(6)e;jiny, (2.3)

where d;; denotes the Kronecker delta, i.e.,

1, ifi=j,
0ij = e,
0, ifi#j,
and ¢;;;, denotes the Levi-Civita tensor, i.e.,
1, if (4,5,k) € {(1,2,3),(2,3,1),(3,1,2)},

6ijk: = 715 1f (Zajvk) € {(3727 1)7(17372’)7 (2a 1a3)}7
0, ifi=j orj=k, ork =1,

which is called the angle-and-axis parameterization of the three-dimensional rotation matrix.

We wish to derive all the rotations by any angle ¢ € R through the rotation by 7 and its
fractional powers. To get this result we first explicit, in the following theorem, the fractional
power, for 0 < a < 1, of the rotation A(#, §) in Lemma 2.3. It is one of the main results of this
work.

Theorem 2.6. Let A(ia, 5) be the matrix that represents the rotation by an angle 5 about the
axis i = (ny,n2,n3). For 0 < o < 1, the fractional power of the rotation A(f, %) is given by

r(@3)-

n}(1 —cos(%F)) +cos(%E)  nmina(l —cos(%)) —nasin(%E)  nynz(1 —cos(%F))) + nosin( %)
nina(1 — cos(%F)) + nasin(4F) n3(1 — cos%E) + cos %" non3(1 — cos&E % T) — nysin(&fF)
ninz(1 — cos%E) —nysin(%F)  nonz(l —cos(%rE)) + ny sin( %) n3(1 — cos%F) + cos(%*)

Proof. The proof consists of the explicit calculation of the fractional power of the operator
A(f, 7) through the formula (2.1) for 0 < o < 1.

A(ﬁ,g a _ sin(a / A lA )(M+A( 5))_1d>\,0<a<1. 2.4)

Note that

(r+a(n3)) =

a?(1=X)+A1+X) ab(1=A)+c(1+X) ac(l—A)—b(1+A)
ab(1=X) —c(1+X) B(1=XA)+A1+X) be(1—A) +a(l+A)
ac(l1 =X +b(1+X) be(l =X —a(l+X) (1= +A1+N)

1
O+ D2 +1)

and

(8, 5) (A +a(s, f))fl _

\]

1
A+ 1D(N+1)

XA =D +14+1  abA(A=1)—cA(1+ ) ach(A— 1) 4+ bA(1+ A)
abAA =1 +eA14+2)  PAA=D+1+X1  bed(A=1) —ar(14 )
acAA = 1) =bA(1+X) beAA = 1) +ar(1+2)  AAA 1)+ 1+
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Since
AA=1) 1
A+ D)(A2+1) A+l N +1
A+1 1
O+ D2+ A+1
AMA+1) A
A+ 1)(A2+1) A2+ 1

from right side of the equation (2.4) and A (ﬁ, %) ()\I + A (ﬁ, %)) , and by (2.1) we obtain

™
v(o3)-
)
ni(1 — cos(%r)) + cos(%F) nina(1 —cos(%F)) —nasin(%F)  nynz(1 —cos(%F))) + no sin(%F)
nina(1 — cos(%F)) + n3 sin(%F) n3(1 — cos%E) + cos%E nan3(1 — cos4F) — ny sin(4F)
mn3(1 — cosF) —nysin(5F)  mana(1 — cos(%5F)) + ny sin(%4F) n3(1 — cos%*) + cos(%*)
Finally, cases a« = 0 and a@ = 1 are immediate, and the proof is complete. [] O

Corollary 2.7. The fractional power A®(i, 5) coincides with matrix R(f, %") = [R;;(f, %)),

where R;; (1, &) is given by (2.3), for 0 < o < 1.

We are now in a position to give our definition for the rotation matrix by an angle  through
fractional powers of the rotation by 7.

Definition 2.8. The rotation by 6 € R, denoted by A(f, §), is defined to be

8,0) = A% (3,7

AR, 0) := A (n, 2). (2.5)

Note that A(f, ) is such that the fractional power A®(f, 7) is well-defined for o € R.
Theorem 2.6 states that the definition in (2.5) agrees with the classical one given by Rodrigues

SJormula in (2.3) for 0 < ¢ < 7. The following theorem extends this result for 6 € R.
Theorem 2.9. Let A(i, 0) be the rotation defined in (2.5). Then
A(h,0) = R(R,0) (2.6)
forany 0 € R.
Proof. Firstly for 8 > 0, it is sufficient to show that (2.6) is satisfied for each

(n—1)m <g< E’
2 -T2
for n € N. We proceed by induction. The case n = 1 follows from Theorem 2.6. If we assume

(2.6) for n, we can prove the result for n + 1. Set

so that
(Ul Ly N
2 - 27 2
Hence
AR, 0) = A7 (n g) = AR (n g)A<ﬁ, g) = A(m 0 — g)A(ﬁ, g) @.7)
and by induction hypothesis
A(a,0-7) =r(8,0-7) 2.8)
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combining (2.7) with (2.8) we obtain

A(h,0) = R(me—g)A(ﬁ,g)
- R(ﬁ,@)R(ﬁ,—g)R(ﬁ,%)
= R(h,0)

above we use some basic properties of the Euler-Rodrigues formula.
Secondly, for —7 < 6 < 0, and proceeding analogously to the proof of Theorem (2.6) we
can obtain the expression

cofa T\ _
4 (n’ 2) -
n3(1 — cos( %)) + cos( %) nina(1 —cos(%4F)) +nasin(4F) nynz(l —cos(%4F))) — np sin(4F)
niny(1 — cos(%F)) — n3 sin(%4) n3(1 — cos(%F)) + cos(%F nyn3(1 — cos(%F)) + ny sin(4F)
nin3(1 —cos(%4F)) + nysin(%F)  nonz(1 —cos(%F)) — ny sin(%F) n3(1 —cos(%F)) + cos(4F)

and so the definition in (2.5) agrees with the classical one given by the Euler-Rodrigues formula
in (2.3) for —7 < ¢ < 0. Finally, an analogous argument of induction as in the first part of this
proof shows that (2.5) agrees with the Euler-Rodrigues formula in (2.3) for ¢ < 0. O O

Corollary 2.10. The family { A(},0); 0 € R}, where

1 —cos(6)) + cos(0) nina(1 —cos(6)) — nzsin(6) ninz(1 — cos(d)) + ny sin(6)
1 —cos(6)) + nssin(0) n3(1 — cos(8)) + cos(6) npn3(1 — cos(#)) — ny sin(0)
ninz(1 —cos()) —nysin(6)  nynz(1 — cos(9)) + ny sin(0) n3(1 — cos(8)) + cos(6)

is a uniformly continuous group on R3 with infinitesimal generator G : R — R? given by

0 —n3 ny
G=| n;3 0 -m
—1Nn nq 0

Proof. That family { A(f, ); 6 € R} is a group is an immediate consequence of the definition of
A(f1,0) in (2.5). We obtain G easily from the definition of infinitesimal generator of a group

D(G) = {u € R%éin})% exists}
—

and

AR, 0)u —

. u
Gu = gl_r)l’(l) 7 , forany u € D(G).

Since G is a bounded linear operator, we conclude that { A(11,0); 6 € R} is a uniformly continu-
ous group on R3. [J O

Remark 2.11. In particular, we can obtain the explicit expression of the logarithm of rotations
A(f1, 9) thanks to the fact that the logarithm is the infinitesimal generator of the uniformly con-
tinuous group {A%(#, 0); o € R} on R?; namely, we have

10gA(ﬁ,9) = 97’L3 0 —977/1
—9’/7,2 Gn] 0
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