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Abstract. This paper is devoted to studying uncertainty principle of
Heisenberg type for signals on the unit sphere in the Clifford algebra set-
ting. In the Clifford algebra setting we propose two forms of uncertainty
principle for spherical signals, of which both correspond to the strongest
form of uncertainty principle for periodic signals. The lower-bounds of
the proven uncertainty principles are in terms of a scalar-valued phase
derivative.
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1. Introduction

The Heisenberg uncertainty principle originated in quantum mechanics. In
time—frequency analysis, the classical uncertainty principle states that a func-
tion and its Fourier transform cannot be simultaneously well localized, where
the function is always assumed to live on the real axis, being phrased as non-
periodic signals. There exists an ample amount of literature that focus on
uncertainty principles for non-periodic signals (for example, [4-6,8,13,14,16,
17,19,20]). There will be different forms of uncertainty principles when we
study the subject for signals in different function spaces. Recently, a number
of authors deal with uncertainty principles for periodic and spherical signals.

Breitenberger studies uncertainty principles for periodic functions in
[3] from the physics point of view. For detailed information on periodic un-
certainty principles we refer the interested readers to [23,25,26,29,30]. The
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cited references give the earliest uncertainty principles for periodic signals
s(e) = p(t)e'*® € L2(]0,27)), and those are essentially of the form

1
oo} > S ltol?, (1.1)

where 07,07 and t are, respectively, the circular variance, the variance of
Fourier frequency and the mean angle of ¢, with the definitions

2
0? £ / |(eit - to)s(eit)|2dt7 (1.2)
0
op & > (k= ko)?lexl, (1.3)
k=—o0

and

where kg is the mean of Fourier frequency k, given by

ko2 D Klexl’, (1.5)

k=—o00

and ¢;’s are the Fourier coefficients,

1 BT iy ikt
cp = s(e™)e "tdt, k=0,£1,42,.... 1.6
k om /0 ( ) ( )

Recently, [11] proposes two uncertainty principles for periodic signals,
both being stronger than (1.1), read as

1
oiol 2 i\tol2 +[Cov, [, (L.7)
and
1
olop > Z|t0|2 + COV,?%, (1.8)

where Covy, is the covariance defined by
2T )
Covyp, = / e (t)|s(e™) |2dt — toko
0

= /:ﬂ [/ (t) — ko] (€ — to) |s(e™)[dt, (1.9)

and COVy, is the absolute covariance defined by
COV, = /0% ¢/ (8) — kol — tol (™) 2, (1.10)
where ¢'(t) is the classical phase derivative, or otherwise suitably defined

(see [11]). It is easy to see that the lower-bound of (1.8) is larger than that
of (1.7), that is, (1.8) is stronger than (1.7).
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Recently, there arises some interest in uncertainty principles of spherical
signals [7,21,24,28,29]. Those uncertainty principles are in the form of a lower
bound on the product of variances that are defined as follows:

Vo Vay 2 [yl (1.11)
where V4, Vq , 7y are given in Definition 1.1. || - || denotes the Euclidean

norm in R3. The uncertainty principle (1.11) is proved in the vector space
setting.

Definition 1.1. If ¢(x) is a twice-continuously differentiable complex-valued
function, and [, [¢(2)|*do(2) = 1, then the spherical mean, or mean of the
space vector variable x, is defined to be

Ty /2 x|y (z)|*do(z). (1.12)
We note that 7 is a vector. Thesvariance of x is defined to be
Voy = /Sz lz = 7|l () Pdo (@) = 1 = [l ]1*. (1.13)
The mean of frequency is defined as
aw) 2 [ Q)i (114

and the variance of frequency is defined as

Voo 2 [ 10— a@oldo(@) = [ (~a3)0 - Fdo@) = o)
(1.15)

where S? is the unit sphere embedded in R32, the surface variable z € S?
is regarded as position operator and the angular momentum operator Q =
—iL* = —ix x V* as momentum operator, where V* denotes the surface
gradient and L* the surface curl gradient. Note that both of them are roots
of the Laplace-Beltrami operator of the unit sphere in the sense

=L L =v" V"
More details are referred to [18].

Uncertainty principle for signals on sphere S? can be regarded as a
generalization of that for periodic signals, or signals on circle S'. Based on
the lower bound of uncertainty principle, up to now the development of un-
certainty principle for periodic signals can be essentially represented by the
three inequalities (1.1), (1.7) and (1.8). From the lower bound of (1.11), we
can conclude that the uncertainty principle (1.11) for the sphere case, in fact,
corresponds to (1.1) for periodic signals. It is natural to think whether uncer-
tainty principles for spherical signals have forms that correspond to (1.7) and
(1.8). In the study, we will pursue those forms of uncertainty principle for
signals on the sphere. We are to study uncertainty principles on the sphere in
the Clifford algebra setting not in the vector space setting. Indeed, Clifford
algebra offers a complex structure with Cauchy’s theory that brings a precise
analogy of the unit circle context to the unit sphere: a Fourier-Laplace series
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on the sphere can be further decomposed into a Laurent-wise Fourier series
consisting of two parts of which one corresponds to the Hardy space inside
the sphere and the other corresponds to the Hardy space outside the sphere.

It is noticeable that besides phase derivatives the proof of (1.8) also
involves amplitude derivatives of signals [11]. To obtain counterpart results,
right definitions of phase and amplitude derivatives of spherical signals are
crucial. In [33] the authors propose a scalar-valued phase derivative in the
Clifford algebra setting that is shown in the paper as a right replacement of
the 1-D phase derivative in higher dimensions. In the Clifford algebra setting
there are formally more than one formulation of phase or amplitude derivative
as discussed in Sect. 2.3. In the one complex variable setting, corresponding
to the lowest degree of Clifford algebras, the different ways defining phase
and amplitude derivative reduce to the classical one. The higher dimensions
are different. The two ways of defining the amplitude derivatives in higher
dimensions, in particular, lead to two alternative ways to define variance of
frequency for spherical signals, viz., var, and varj, as given in Definition
3.3. Based on the two alternative ways we obtain two forms of uncertainty
principles, both correspond to the strongest form of uncertainty principles
for periodic signals, (1.8).

For applications of uncertainty principles of the classical and the gener-
alized types we refer the readers to [10] and [31].

The writing of the paper is organized as follows. In Sect. 2, we recall
some basic knowledge in Clifford algebra, define and analyze phase and am-
plitude derivatives of spherical signals in the Clifford algebra setting. Section
3 is devoted to studying the spherical means and variance of “time” and “fre-
quency” in both the Clifford algebra and the vector space settings. Section 4
discusses uncertainty principles on the sphere in the Clifford algebra setting
and deduces two different types of uncertainty principles.

2. Preliminaries

2.1. Some Basic Knowledge of Clifford Algebra

We review some basic knowledge of Clifford algebra (see [1,12]). Let ey, ..., e,
be basic elements satisfying e;e; 4+ eje; = —20;;, where d;; = 1 if ¢ = j and
di; = 0 otherwise, ¢,7 = 1,2,...,m. Let

R"={z=z1e1+ - +amen:z; R, j=1,2...,m}

be identical with the usual m-dimensional Euclidean space. We similarly de-
fine

C"={z=me + - +zpen,:2;€Cj=12,...,m}.

An element in R™ (or in C™) is called a wvector. The real (complex) Clif-
ford algebra generated by ej,es,...,e,, denoted as R,, (C,,), is the non-
commutative algebra generated by ey, es, . .., e,,, over the real (complex) field
R (C). A general element in R,,, therefore, is of the form « = ), zrer,
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where z7 € R, and er = e;, €, ...¢€;,, being called induced products, where
T runs over all the ordered subsets of {1,...,m}, namely,

T:{(il,...,il) 1< <<y <m, lglgm}

When T = ¢, we set e, = eg = 1. We denote |T'| = [ where [ is the number of
the indices involved. A general Clifford number x may be decomposed into

Tr = zm:li(l), Qi(l) = Z xrrer.
=0

|T|=t

A Clifford number of the form z® is called an I-form Clifford number. A
2-form Clifford number is also called a bi-vector.
Let

R (or CT")={z=2p+2:20 € R (or C),z € R™ (or C™)}.

Elements in RY* or C7* are called para-vectors. A sum of a O-form and a
2-form is called a para-bivector.

The natural inner product between @ = Xrxrer and y = >, yrer in
C,,, denoted by (z,y), is the complex number Xpx7yr. The norm associated
with this inner product is

o] = (z,)} = (Srlerf?)?.

m

The multiplication of two vectors z = ijl

Z;‘n:l y;e; € R™ is given by

z;e; € R™ and Yy =

zy =—(z,y) +z Ay

where —(z,y), being the negative value of the usual inner product, is a scalar,
denoted by Sc(zy) and given by

m
1
—lmy) == ;= 5(ay +ya),
j=1

and z Ay is the non-scalar part of zy, denoted by NSc(zy) and given by

1
zhy =) eij(wiy; —w9:) = 5 (2y — yz),
i<j
that is a bi-vector, also denoted as Bi(zy).
The Clifford conjugation and reversion of er = e;, ...e; are er =
€;,...€;,,6; = —e; and €7 = e;, ... e;,. The Clifford conjugation of a vector

reRM™iIsT = —1.
It is easy to verify that 0 # z € R™ implies
L_E
TP
The open ball with center 0 and radius 1 in R™ is denoted by B™. The unit
sphere in R™ is denoted by S™~!, whose surface area, denoted by o,,_1, is
of value 272 /T(%).
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Let f(z) be defined on R™ taking values in R,;, and thus of the form
Yo fr(xz)er, where fr are real-valued functions. We will use the homogeneous
Dirac operator, D, where

P P
p-2 9 e
2= T T e e

We define the “left” and “right” role of the operators D, respectively, as

Df = Zza er and fD = ZZ fT

=1 T =1 T

If f has all continuous first order partial derivatives and Df = 0 in a (con-
nected and open) domain €, then we say that f is left-monogenic in ; and,
if fD =0 1in €, we say that f is right-monogenic in . If f is both left- and
right-monogenic, then we say that f is monogenic.

We call

5]

E(z) =

=z

the Cauchy kernel in R™. It is easy to verify that E(z) is a monogenic
function in R™\{0}.

For z = |z|¢ = r&, the Dirac operator can be represented by the spher-
ical form -

1 1 - 1 _ 1
D=0, + -0 = &0, + £ €0 = ~£(rd, +E0) = ~€(rd, +T),

where I'¢ is the bi-vector-valued spherical Dirac operator

é:E e = Zeij(%'azj —2;0z,).

1<J

We will need the following properties.

Lemma 2.1. Let xp; = x1€1€3 + xo€e2€3 + T3€3€1,YB; = Y1€1€2 + Y2ese3 +
Ysese1, T = To+TBi,Y = Yo+ysi and z = z1€1+22€3+23€3 With To, Yo, Ti, Yi
and z;,i=1,2,3 € R. Then

2 ly|* = [ayl?, (2.1)

|gif*|2* = ImBlzl : (2.2

rBiTE = |vsil” = 23712, (2.3)
i=1

3
o = o =) a3, (2.4)
1=0

TBiYBi + YBiTBi = —2(TBi, YBi) = —2 Zfﬂz‘yi~ (2.5)

Proof of Lemma 2.1. (2.1) is by direct computation or by invoking existing
knowledge on the Clifford group. (2.2) and (2.4) are by direct computation.
To prove (2.3) and (2.5) we let f1 = ejeq, fo = eges, f3 = eze;. It is easy to
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verify that f;f; + f;fi = —20;;. Then (2.3) and (2.5) follow from the same
properties for vectors. O

2.2. Fourier Expansion and Spherical Hilbert Transforms

We use the notation L?(S™~1) to denote the square-integrable function space
on the unit sphere S™~! embedded in R™. For f € L?(S™~!), we have the
Fourier expansion

FO = Pu(H)E) + Quor(£)(), (2.6)
k=0

where Py(f) is a constant, Q_; = 0, and

P© = = [ Chulen i@y,

and

QO = = [ Cri (€ doty)
where

Chalen) = o [~m+ k=20, (6.1)
+2-m)CE (& EnY)],

and

_ 1 m—2

Crimr(&9) = = [FC ™ (&)

CY} is the Gegenbauer polynomial of degree k associated with v (see [12,33]).

The component Py(f)(§) is an inner spherical monogenic of degree
k, which is the restriction to the unit sphere of the k-homogeneous left-
monogenic function Py (f)(r§) in R™. The component Q_1(f)(£) is an outer
spherical monogenic of degree k—1, which is the restriction to the unit sphere
of the —(m + k — 2)-homogeneous left-monogenic function Qr—_1(f)(r§) in
R™\{0}. Therefore, Py(f)(§) € HS (S™') and Q—_1(f)(§) € Hy (S™1),
where Hy (S™~1) and Hy (S™~!) are the non-tangential boundary values of
the Hardy spaces functions on B™ and B™°. Moreover, we have

—LePr(f)(§) = kP(f)(§) and —TeQr-1(f)(§) = —(k+m —2)Qx-1(f)(§).

In [27], Hilbert transform on the sphere is studied. Below we review some
knowledge about it. We take QF = B™ and Q= = B™". For a scalar-valued
function f in L?(S™~1), the two Cauchy integrals are given by
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M f() = / E(y — 2)(£y)f(y)do(y)
Om—1 Jgm—1
_ ! / (E(y - z), £y)f (y)do(y)
Om—1 Jgm—1
Lt / By —z) Ay)]f (y)do(y)
Om—1 Jgm—1
— U 1 VE, zet (2.7)

Due to the Plemelj formula in the context there exist the non-tangential
boundary limits of M* f(z), denoted by f*, given by

1

[E©) =3O £Cf(©), ae ges™, (2.8)
where
FRO=D PO, (= QualH)E (2.9)
k=0 k=0

and C is the principle value Cauchy singular integral operator on the sphere
given by
2.
Cf(§ = lim E(y — yf(y)do(y)

Om—1 e—0 |g—§|>€,g€sm71 - -

—Zpo [ (B~ 9.0 Wiolw)
Om—1 gm—1
t=p [ Bu—O Al Wdoly). ae g

(2.10)
showing that Cf(¢) is divided into its scalar and bi-vector parts, and f* is a

para-bivector-valued function.
For any Clifford valued function g we will use the mappings Sc: ¢ — Sclg]
and NSc: g — NSc[g], where Sc[g] and NSc[g] denote the scalar and non-scalar

parts of g, that is,

Sclg] = 5lo+3l,  NSelg] = 5o 7).

Using this notation, for scalar-valued function f, we can rewrite the relation
(2.8) as
1

) = 5{f(g) + Sc[Cf] £ NSc[Cf]} = ut + vt (2.11)

where u* and v* are, respectively, non-tangential boundary values of U+ and
its Cauchy-type harmonic conjugation V*, + refers to “inner” or “outer” part
of the sphere, respectively. With Sc[C]f = Sc[Cf] and NSc[C]f = NSc[Cf], we
have the operator equations

ot = %(1 LSelC)f, vt = %Nsc[(:]f, (2.12)
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and, therefore, at least formally,
+ = g*u® = £NSc[C](I + Sc[C]) " tut,

being the Hilbert transforms of u*, respectively.
The inner spherical Hilbert transform of f is given by

Hf(§)=rlinlﬂ - Q& w w)f(w)do(w),

where

1 2 m—2 [T pm?
Q T§7Q = < - / d ) T§ /\Qa
(r,w) Om—1 \Té—g|m rm=1b J |P§ —w|m P)rs

where §,w € Sl o<r<l.
The Fourier series form of the inner spherical Hilbert transform is given
by (see [2,27])

=Y S RO — QD).
k=1

2.3. Phase and Amplitude Derivatives of Spherical Signals

To define amplitude and phase derivatives of spherical signals we first review
some related knowledge in the periodic signal case. Let s be a complex valued
signal on the circle. Assume that the classical sense derivatives s'(e’ 9, pL(t)
and ¢'(t) of the given signal s(e’*) = p,(t)e’?(*) all exist at all points. Take
derivative with respect to t and divide the both sides of [s(e™)]" = [ps(t)e’)]’
by s(e''). By separating the real and the imaginary parts, we have

0 = —puto | 2] (213)
and
¢'(t) = Re {e;‘z/e(f)t)] : (2.14)

For real-valued function f € L?(S™~!), as stated in Sect. 2.2, there exist
functions u* € L?(S™1) such that

FH© =ur(©) + H u™(§) € Hy (S"7") and f~(§)
=~ (§) + H u™(§) € Hy (8™,

being the non-tangential boundary limits of some left-monogenic functions
respectively inside and outside the unit ball. We call f¥(£) the monogenic
signal associated with f (see [33]). Instead of defining phase and amplitude
derivatives of f directly, we, instead, define those of f* as what is defined in
[33]. In the process of defining the phase and amplitude derivatives the prop-
erty fH()fH(€) = |fT(€)]? for the para-bivecter function f*(§) is crucial.
The required relation, however, is only valid for m < 3. In the rest of the
paper we restrict ourselves to the case m = 3, that is f € L?(S?).

To define the phase and amplitude derivatives of f*(¢), we represent
f£(€) in the amplitude-phase form [33]. We take f* as example and the
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case for f~ is similar. For simplicity, we use the notations v and H for,
respectively, u* and H', and have

FHE) = u(©) + Hu(§)

=p) | —= +

Hu(g)

= p(&)eTmeEn ), (2.15)

where p(§) = \/(u)2(§)+ |Hu(€)|? is called the amplitude of f+, 6(¢) =

arctan lil(tg)l the phase of fT, ;Z%l (€) the phase vector, and 6%9(9
the phase direction. We note that when m = 3, Hu is a bivector, thus by
(2.3) we have {Igzi%lr = —1, that is, ﬁzi% plays the same role as the
imaginary unit ¢ in the case m = 2. In the Euler formula the imaginary unit
can be substituted by uizi%w that is why we have the last line in the formula

(2.15) (see [15,33]).
The definitions of phase and amplitude derivatives of f(£) are as fol-
lows. Those of f~(&) are similar.

Definition 2.2. Let f(£) € L?(S?) be scalar-valued and f* the Hardy space

projection of f into H?(S?) with the expression

1) = ple)ermen’©,

where p and 0 are defined through (2.15), u is given by (2.12). Then a phase
derivative can be defined in one of the following two ways:

0,(©) 2 se{[-Tef @) [F7©) '} (2.16)
and
e e sl Hu(§)
A4(©) 2 Se{ [Teh(©l ey |- (2.17)
The amplitude derivative p’(§) is also defined through two ways
Hu
AGERC L) 219
and
/ A Hu(é) ) -1
PO 2 TN [T @] @ (2.19)
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We note that the phase derivatives 0} (¢) and 05(&) are defined first in

[33]. In [33], the authors give the detailed reason why the phase derivatives
are defined as 0] (§) and 05(¢). Simply speaking, the definitions of ¢ (§) and

05,(€) are in analogy with the left-hand and right-hand sides of (2.14). By the

same method, we define amplitude derivative p}(£) and p5(§) in this paper

based on the left-hand and right-hand sides of (2.13).

The following explanation is necessary. In the above definition we apply
the spherical Dirac differential operator to various functions related to the
non-tangential boundary limit function on the sphere of the Hardy space
function fT. The boundary limit function, however, is not necessarily smooth,
and, as consequence, may not have the required partial derivatives. The right
understanding of the application of the spherical Dirac differential operator
to f* is as follows (see [9]): we apply I'¢ to f1(r€),0 < r < 1, that, as a
monogenic function inside the unit ball, is smooth. Once we have defined
Lef*(r€), we take non-tangential boundary limit to obtain I'¢ f*(¢). The
definitions of I'¢f(§) and T'¢p(§) are similar. The existence of each involved
boundary limit is guaranteed by the assumption that f belongs to the relevant
Sobolev space.

Below through directed calculation we obtain the other representation
of p (&) and the relationship between p} (&) and ph(§).

Since fT(€) is a para-bivector, by using (2.4), we have

HOTIE = FHOP and [FHet = @ _ L —fGee
FHOFHE) =17 and [f7(9)] “TFOE- e

Through direct computation we have

Hu(g)

—Tef7(§) = —Te¢ [p(f)emwf)(f)}

:| Hu(§)

= [-Tep(©)] ™ 4 p(g) {_rgeﬁiﬁiiew} .

Then,

[—rer @] (£4(©) " = —EE + [rene] o)
SO @) = — g+ | T

(2.20)

Based on (2.20), we have

~Tep(®) = p(&) { |-Tef M O] 1@

_ {_Fgegﬂge(f)} 6_53%9()}. (2.21)
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Since —I'¢p(§) is bi-vector-valued, (2.18) can be further represented as

p1(§)
= e Tep(e)
- EZEZ p(&) {Nsc {[-Te/ @I/ (©1 '}

N { {_Fgeﬁiééilwo} e§52226<§>}} (2.22)

=0 éZﬁ?WN% { et g,

3. Means and Variances of Time and Frequency for Spherical
Signals

In this section, we aim to give appropriate definitions of means of time and
frequency for signals on S2. We first review the related knowledge for periodic
signals in Sect. 3.1. Then in Sect. 3.2 we give our definitions of the means
and variances of time and frequency for signals on S? in the Clifford algebra
setting. In the vector space settings [24] propose certain definitions of the
means and variances of time and frequency for signals on the sphere. In Sect.
3.3 we make comparisons between the definitions given in [24] and those in
the Clifford algebra setting.

3.1. Mean and Variance of Time and Frequency for Periodic Signals

Expanding s(e®) € L%([0,2)) into its
Fourier series, we have, in the L?-convergence sense,

. 1 = .
S(ezt)zﬁ Z ckezkt7

k=—o00
where c¢i’s are the Fourier coefficients,
2
cr = L/ s(ee ™ *dt, k=0,4+1,42,.... (3.1)
V21 Jo

There exist different definitions for means and variances of time and frequency
for periodic square-integrable functions (see [3,11,25,26,29,30]). We adopt
the method used in [11] to define means and variances of time and frequency,
that are t, 02, ko and J,%, given in the introduction section.

In [11], the author represents ko and o7 in the time domain. The re-
sults in [11] give reasons for the means, as well as the phase and amplitude
derivatives, as defined in formulas (2.14) and (2.13). For the self containing
purpose we include the results here.
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Lemma 3.1. Assume s(e™) = p,(t)e'*® € L2([0,27)) and ||s||2 = 1. Assume
that the classical derivatives p'(t), o' (t),s'(e™) exist at all points, and s'(e™)
is in L*([0,27)). Then there hold

b= [ (3:2)

and

2 27
ot = [ Okl [ o (33)

3.2. Mean and Variance for Spherical Signals in the Clifford Algebra Setting

In the classical one dimensional cases we study time-frequency analysis. In
higher dimensions the counterpart concepts for time and frequency are space
and suitably defined frequency concepts. We will adopt similar notation and
terminology. As an example, when we say “mean of time”, we mean “mean
of space”.

We first proceed to define the mean of frequency of f. As for the clas-
sical real-valued signal case we will show that for any real-valued signal on
the sphere the mean of its frequency is identical to zero. As discussed in [33],
the Fourier frequencies k for a periodic signal s(e?) are the phase derivatives
of €** and the mean of Fourier frequency of a periodic signal s(e®) is de-
fined by (1.5). The formula (3.2) exhibits the relation between the Fourier
frequency and the phase derivative of signal. To define the mean of frequency
of f on the sphere, we need the Fourier frequencies of f and the energy dis-
tributions on the respective frequencies. The phase derivatives of Py(f)(§)
and Qr—1(f)(§), obtained through the formula (2.16), are respectively k and
—(k4+m—2)|m=3 = —(k+1),and k and —(k+ 1),k =0,1,... are regarded
as the Fourier frequencies of f and f~, respectively. The mean of frequency
of a real-valued signal f(&) € L?(S?) is defined as

k)p 2RI ||2+Z (k + DI Qu—1 (O, (3-4)
k=0

where P (f)(§) and Qr—1(f)(§) are defined in (2.6). We have the following

significant fact.

Proposition 3.2. Let f(£) € L*(S?) be any real-valued signal with | f||2 = 1.
Then there holds

(k)s = 0.

Proof of Proposition. Since Py(f)(§) and Qr_1(f)(§) are para-bivectors, by
using (2.4), we have

[P = Pe(/)©P(f)E) and [Qu—1(F)(E)I* = Qk-1(F)(©)Qk—1(F)(E)-
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Then

k>f=2k||Pk< ||2+Z Qe+ (DO
B |P (&))2do(€) +Oo (k+1 \Q OIPdo(€)
/ S kPN QP Edo(©)
§% k=1
+ Z[—(k F DI (N (N (E)
/SQZ TP OB @ 0

+ [ S (@R @

$? =1

/Z{ Le[Pr(f)(€) + Qua (NN PL(E) + Qu—1(F)(E)]do(£)

- /S TS ©IF©do(©)

where since [— Lef i ( ) is bi-vector-valued, and (k) ; should be a real num-
ber, so the integral [o,[~T¢f(£)]f(£)do(§) must be zero. The proof is com-
pleted. O

In signal analysis, no matter in the classical one dimensional cases [4,9]
or the higher dimensional cases [32], one studies the analytic signal f* instead
of studying the original real-valued signal f. There are at least two good rea-
sons for this. The first is that for any real-valued signal its mean of frequency
is zero. The basic fact is that for a real-valued signal its Fourier coefficients,
or the Fourier transform values, at a positive and corresponding the negative
spectrum are conjugate to each other. As a result, in the expression of the
mean of frequency the positive part and the negative part are cancelled out.
The celebrating Proposition 3.2 shows that on the sphere the same result
holds. Due to the zero mean property of frequency the quantity of deviation
of the frequencies of a real valued function does not reflect the true derivation
of the frequencies. But the derivation of f* does [4]. The second reason of
working with f* is that fT is defined through the analytic function theory
that deals with functions whose Fourier coefficients or Fourier transform val-
ues are non-zero only at the non-negative Fourier spectra (the positive Fourier
spectrum property). Operations of analytic functions preserve the analyticity
property and thus preserve the positive Fourier spectrum property.
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Definition 3.3. Let f(£) € L*(S?) be real-valued and ||f* |2 = 1. Then the
spherical mean, or mean of time &, is defined to be

/aﬁ|w> (3.5)

The spherical variance, or variance of time &, is

Wg/m LI (©)Pdo (). (3.6)

The mean of frequency is defined by

k) £ EIPL(HEI, (3.7)
k=0

where f+ =377 Pu(f) as given in (2.9).
The wvariance of frequency has two formulations, defined respectively by the
following two formulas

vary £ (k= (k)2 Pe(£)(©)I*, (3.8)
k=0
and

v 2 [ 0 = WP OPd© + [ Ih©PIE. (39

The covariance is defined by

Cov = [ (€= )01 - NI (O Pdor9) (3.10)
S2

Finally, the absolute covariance is defined by (see [8])
COV = / 1€ = (©1161(8) — (R FF(©)Pdo(€). (3.11)

Remark 3.4. Although we have two ways to define phase derivatives, we
choose to use 0} (§) but not 05(§) (see Definition 3.3). For periodic signals,
from (3.2), we can see that the mean of phase derivative ¢’ (t) against |s(e’’)|?
is equal to the mean of Fourier frequency. For spherical signals, we obtain
the same result, that is (3.14), only when we adopt 6} (§). For this reason we
use 0 (€) but not 65(), too, when we further study variance and covariance.

Remark 3.5. In Definition 3.3, we use two methods to define the variance of
frequency. Those two definitions are both inspired by the periodic signal case.

The variance of frequency varj can be regarded as a counterpart of (1.3)
in the frequency domain. By Theorem 3.8, var; has a representation in the
time domain given by

WF/WU<HW’M0 /MI% (3.12)
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that is a counterpart of (3.3). This gives support to use p5(&). Replacing p5(€)
with pq(§) in (3.12) we have an alternative counterpart of (3.3), namely,

/ + 20_ 20
/S[em B2 (©)2d /|pl £)[2do

That is just the definition of vary. When m = 2, o2, var} and var, coincide.
When m > 2 they are, unfortunately, not. In the following we will consider
both formulations var; and varj, in relation to uncertainty principle.

The following lemma is an application of Minkovski’s inequality.

Lemma 3.6. Let g(x) = go(x) + Z‘T‘ Lgr(z)er € L*(R™;R,,). Then for
any positive measure du(x) there holds

| @i > [ swiu). (3.13)

Remark 3.7. By using Lemma 3.6, we immediately obtian

cov?:{/ € — (&)]ISe [ rg*(g)] [f*(ﬁ)]‘l}—<k>||f+(§>|"‘d<r(€)}2

2
>

L e= @ {sef[rer@] ot} - whir @ pan

= |Cov]?,

that is
COV? > |Cov|?.
This result will be used to obtain Corollary 4.5.

Theorem 3.8. Let f(£) € L*(S?) be real-valued, T¢ f+(§) € L*(S?) and || f T2
= 1. Then there hold

/ 0O (€) Pdo(€) (3.14)
and

var}, = /S [0,(6) — (8] 17 () Pdo(e) / PhOPdo(e).  (3.15)

Proof of Theorem. We are to represent the mean and variance of frequency,
(k) and varf, in the time domain. In the following computations we will

use the property —T¢Py(f)(§) = kP.(f)(§). Since Pp(f)(§) and f* (&) are
para-bivector-valued, by using (2.4), we have

[P(F) O = Pu(f)©Pe(H)E) and [fT©F = fTOFF(©.
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Then

Z / |PL(£)(&)[do(€)
/S kak (N Edo(©)

-/, Z TP O o (E)
- [ Frer @ @aee) (3.16)

- [ [rer] ) @t

=se{ [ [-rer @) @i ©rao |

= [ se{[-rer @] @1 i ©Pdoto).
S2

Now we explain the last two lines of the above aligned formula. From the
definition of (k), we know (k) is scalar-valued, thus the non-scalar part of
Jo2 =T ST OISO () fH(€)do(€) must be zero, then the sixth equal-
ity in the above aligned formula holds. Since | f*(£)|? is scalar-valued, we get
the last equality. a

Next we prove (3.15). In fact,

= 3 (5 4) /S PO (©)

= [ 20 0P RO PTGt

/SQ Z T — TN Pe(H)(E)do(€)

= /SZ Z[—Fng(f)(é) — (k) P (D=L e Pr(f)(E)] = (k) Pr(f)do (§)
k=0

- / [T fH(©) — () FHOI T O — W@ do()
L8[ 1=Tef Q) — (i O Pdo(e)

Since f*(£) is para-vector, we have |[f*(&)]7!* = \f*(é)lz thus

| =Tef (&) — (TP = =Tef (&) — k)T OPIFHOI PO
By the Property (2.1), we have

| =Tef (&) = (TP = |[-Tef (&) — k)TN (OI PIF (O
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Now we proceed to calculate vary.
i = [ 1= Tet ) - W (©Pdo(o
S A IAGEICT G IRGIRIAGIES

= [ IETef @U@ - PP

(2.3)

S [ {sellTert @t @ - w17 (@ Pdo(e)

+ [ INsell=Te @U@ YR O Pdotg)
= [5© = kP ©Pdo©) + [ Ih©Pdo)

The proof is completed. O

We note that in [33], the authors already consider the mean of frequency
(k) and obtain formula (3.14). The reason we include the proof of (3.14) is
that we will recall the relation (3.16) in the proof of Theorem 4.4, and, there
is a mistake with the definition of (k) in the paper [33].

3.3. Mean and Variance for Spherical Signals in the Vector Space Setting

In the introduction part we have reviewed the definition of means and vari-
ances of time and frequency for signals on S? proposed in [24,28,29]. In what
follows we will compare the definition of means and variances of time and fre-
quency for signals on S? in the vector space setting with that in the Clifford
algebra setting.

An x € S? can be represented by the polar coordinate form, that is

V1 —t2cos By oo sin 01 cos 0
z=c"= | VI—2sinfy | —=L |sinf, sinby |, (3.17)
t cos 0

where 05 € [0, 27] is the longitude, t € [—1,1] is the polar distance, 61 € [0, 7]
is the latitude (see P86, [22], for details).

In [22], the local coordinate expression of the surface curl gradient L*
is given by

P 19
el pot L9
¢ ot ¢ =200y

—sin 6y —tcos By —cos 01 cos 0
. t=cos 01 .
€2 = | cos By , e’ = | —tsinfy | =—=—= | — cosf; sinby

0 vV 1-— t2 sin 91
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It can be calculated that

_cosficosby O
SOy 08 sin 02 55 99,

* __cos B sin By
L= sin 01 892 + cos 02 0, |
902
and
ot 0%  cost; O 1 02

962 ' Sind, 06,  sin’0, 002

The vector x corresponds to the Clifford number cos 81 e1+sin 67 cos fses
+sin 6 sin e € S?, denoted by x = cos #;e; +sin 6 cos fres +sin 01 sin fae3
€ S%. Now we write ', in the Clifford algebra setting into the polar coordinate
form (see [1]). Through direct computation we obtain

I', =20, = Mﬁ COSHa ee—iee
T sin 64 692 2801 12 892 23

<cos 01 cosfy O

—— +sinf 0 ese
sinf, 06, 200, ) *h

and

P (st o o 1
LT \sin6, 00, ' 002 ' sin® 0, 003

n cos&lsin92i_cose i oo
SiIl 91 802 2 891 e
cos i cosfy O

—iee + | ———=— +5sinéb 0 ese
892 253 sin@l 692 2891 3=

_ cosHli_’_ﬁ_'_ 1 92 T,
o sin 6, 004 89% sin? 01 802

Then we have

6,0 9 1 P
Py —T2=(I-T ), =t S O O AL
=Tl = 25 50, Y o + sz, 08— 26

If z is written as a Clifford number z, ¢(x) can also be written as a
Clifford-valued function. To compare the means and variances of time and
frequency given in Definitions 1.1 and 3.3, we write the mean and variance
of time and frequency in Definition 1.1 in the Clifford algebra setting, and

let (x) = f*(z).

It is easy to see, from Definitions 1.1 and 3.3,
Ty and V4 coincide with (z) and varg, respectively. (3.18)

In Definition 1.1, the mean of frequency is

o) 2 [ Qi)
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We write €2 in the Clifford setting, that is,

Q= —iL*
_ _cos@lsinegi_i_ Qi ee—&-iee
o sin@l 892 o8 2891 1= 802 2w
cos i cosbfy O . 0
+ (_Sin o 8792 — sin 928&) 6361:|
= —i(-T,).

As consequence,

a®@) = [ W(x)d(z)do(z)

S2

- /S [T @) @do ()

= =i [ T @I F @dota) = i)
The variance of frequency in the vector space setting
Vou ® [ 0= a)ulPirte)
= [ 00 = awyu) - B = ai)ildo(a)
= [ HETOF @) = i) @)
T @ - (X @ldo(z)
= [ e @ - 0 @) FL @ - O @l

= varj,.

Remark 3.9. From the above computation, we can see that if we write (1.12),
(1.13), (1.14) and (1.15) in the Clifford setting, then the definitions of mean
and variance of time and frequency in the vector space setting all coincide
with those defined in Definition 3.3 with the Clifford setting. Note that there
are two formulations for variance in Definition 3.3: varj, and var;. The vari-
ance in Definition 1.1 coincides with varj, but not with vary.

4. Uncertainty Principle for Spherical Signals in the Clifford
Algebra Setting

By Lemma 3.6 and the Holder inequality, we immediately obtain the following
lemma.
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Lemma 4.1. Let f(é) c L2(S2) be real-valued, éf*(ﬁ),f‘éf*(é) c LQ(SQ) and
lf*ll2 = 1. Then there holds

. / 2 o
v [ 1oi(©)Pdo(e)

= /S NSCH*FQ”(Q} [FHE) " - 7%%9@] e—‘ggle(g)}
2

(€= (IFF(©Pda(§)| -

(4.1)

Proof of Lemma. By the Holder inequality, we obtain the first inequality in
the following aligned formula.

varg - / ARG

LB [ 16— @RI ©Pdo(©
[ s { [—r§f+(§)] e - {_pée%f)(g)} e—g—w@} 2

x| f (&) (€)

> US Nsc{ [-TefH(©)] [ (@) = [-Teetir®
|| — (O (©)Pdo(€))?

22 [ /S Nse {[-TefF @I — [~rgerin®©] i )
X (€~ EDIIF©)Pdo()
> /S NSC{[—I‘éfJ“(é)} FrEr - [_pgeﬁe@} e*%"@}

2

(&= (ENIFT (O do(§)

9

where we use Lemma 3.6 in the last inequality. g

Lemma 4.2. Let f(§) € L*(S?) be real-valued. Then

{[Frar@) 7@ - ro[ra©] e
— TP — QP + 21 O
x NS¢ { {—Fée\Hul (é)} e_'l’%‘e(é)} €.
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Proof of Lemma. Since

,r§f+(§) = [7F§p(§)} eTHur9(9) +p(€) {7126%9(9} and

then
[T QLT ©) = p©)[-Tep(&)] + /(O | -Teerin®®] i *©).

It is easy to see

FHE[-Te*©)] = [-Te+(©)] F©

= —TellfF 7 (OPE ~ IfT©OP[-Tef] + 21 (O

xNSc [—Fge 53\9@} e THY] @}5_

The three formulas in Lemma 4.3 are needed in the proof of Theorem
4.4.

Lemma 4.3. Let f(§) € L*(S?) be real-valued, Te f (&) € L*(S?) and || f T2 =
1. Then .

/SQ Nsc{ [T/ (O] M @I 1 (©)2} (©do(§) = 0, (4.2)
/ Nsc { [—F;e%e@} eﬂgﬁ\(’(é)} OFF(©)Pdo(€) =0,  (4.3)
s2

Hu

=2() +2 [ NSe{[-Tee /O] emd?© b ¢ 1 () Pdor(e).  (4.9)
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Proof of Lemma. We first prove (4.2). We recall, by invoking (3.16), that
Je2[Le fHE]fH(E)do () = — (k) is real valued. Then

[ Nse{[re @] 11 ©17 1 © P @do(©
= (@ [ Nse{[ref (@] F@ ) dote) =0,

Now we prove (4.3).

= [ Nse{|-Tee®) p(&) 7@} do(©)
{=Telp(©e179] — [-Tep()]e HT"OL F(E) } do(e)

I v
Z,

Il
N | =
Z,
%)

o
T
—
|
<
(o]
[
=
U
2
0
~—

Il
(=)

The proof of (4.4) is as follows. By Lemma 4.2, we have

/SZ {[—Fsﬁ(o} Ot - f*(f)[rfﬁ(sﬂg} 4o (¢)
&)~

(] A0)
:/S,_,{*Fg IFAe3] Q} do(§) — [ [-Te&)|fT(§)do()

+2/ NS { [~Teeri?®] ¢
g7
—2 [ P +2 /S NSe { [~gei ] o~ 0}
x¢|fH QI do(€)
:2<§>+2/ NS { [-Teer#r?O] =IO L ¢ £+ (9) 2do(©),
. 3
where we use

[ {-relrr@rg}as@ =0 and -Tee= -2

_‘ 4
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The following is one of our main results.

Theorem 4.4. Let f(£) € L*(S®) be real-valued, £f7(€),Tef(§) € L*(S?)
and || f*]|2 = 1. Then there holds

vargvary > (€)]* + COV™. (4.5)

Proof of Theorem. To prove the inequality (4.5), due to (3.9), we just need
to prove the following two inequalities:

vare / P ©Pdo(e) > (92, (4.6)

and
vare | [04(€) = (I (© Pdo(g) > COV2. (47)

Now we prove the inequality (4.6). Using Lemma 4.1, we have

varg - / 1P (&) [Pdo(€)

[ (e roe] 01} e

x {[_réeﬁﬁe@] efﬁ;fz‘a@}}

(& = (ENIFF Q) do(§)

>

= | [N [rerr@] @I ©F | € - @)

2

- [ s { [reertia®©] =7} (¢ (g7 ©)Pdote)

(4.2)

4.3)

/32 NSC{[ ce (5):| 6_%9(§)}§|f+(§)|2d0(§)

/Sz Nse { [-Tef *(©)] 7@ } €do(©)

2

1

4

2 [ Noo {[reern?©] 11O } )7 (6) Par(e

4.4)

/Sz { [-Tef ©] 7@ - f*(E)[Fgﬁ(ﬁ)” €do(€)

2

).
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Finally, we prove (4.7) through Holder inequality

varg / {Se{[-Tef+(©)
FHOTY - (B2 () Pdo(€)

/ SGIRIMGIECYE

« {sef {—r;ﬁ@} O} - ) 1 ©Pdo(e)
> { [l @ise{[-rer @] o} - Wil @Pa

2
~
——
®

= COV~. (4.8)

By using Remark 3.7, we immediately have the following corollary.

Corollary 4.5. Let f(§) € L*(S?) be real-valued, £f(£),TefT(§) € L*(S?)
and || fT||2 = 1. Then there holds

vargvary, > ()] + |Cov ?. (4.9)

Remark 4.6. In Theorem 4.4 and Corollary 4.5 we use vary as the variance of
frequency and obtain two forms of uncertainty principle on the sphere, (4.5)
and (4.9). The lower bound of (4.5) is larger than that of (4.9). Although both
(4.5) and (4.9) have one more positive term than (1.11), we can not say (4.5)
and (4.9) are stronger uncertainty principles than (1.11). That is because the
variance of frequency used in (4.5) and (4.9) is different from what is used in
(1.11). However, we can say that, the two forms of uncertainty principle of
spherical signals, (4.5) and (4.9), essentially, correspond to (1.8) and (1.7).

If we use varj, as the variance of frequency, then we have

Theorem 4.7. Let f(§) € L*(S®) be real-valued, £f7(€),Tef(§) € L*(S?)
and || fT||2 = 1. Then there holds

vargvary, > |(§) + M|* + COV?, (4.10)
where
M = | Nso{[-Teet?®] e 11"} | () 2do(g)
s? - - - -
is a Clifford number containing terms of 1-form and 3-form.

Proof of Theorem. The proof of Theorem 4.7 is same with that of Theorem
4.4 except one point, that is, here we need to prove

vare [ |4(OPdo(©) > [(©) + M (4.11)

instead of (4.6).
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Now we prove (4.11).

vare [ I (©) (o
- [ e @Pir @ -
< [ e —r§f+<§>} @ P © Pdo()

> | /SQNSCH—FngF O] @1} €~ @I ©Pdo(©)
=1 [ se{[-rer @] O ©F e - €@)dote)
= | [ Nsef [-resrt© g} } ©P

e

GlE
— 11260 / Nsc{[ }e 0O} g7+ (9P do(e)

-1+ [, NSC{[_péew@q O 6|1 (©) o (2. (1.12)
O

Corollary 4.8. Let f(§) € L*(S?) be real-valued, £f7(£),TefT(§) € L*(S?)
and || f*]l2 = 1. Then there holds

vargvary, > |(§) + M|* + |Cov|?, (4.13)

“(©[-rer @] e

where

M= [ Nse{ [Tee 9 SO pel gt )P
2 = 2 > S
is a Clifford number containing terms of 1-form and 3-form.

Remark 4.9. In Theorem 4.7 and Corollary 4.8 we obtain other two forms
of uncertainty principle of spherical signals by using var; as the variance of
frequency. In Remark 3.9, we note that (1.12), (1.13), (1.14) and (1.15) in the
vector space setting coincide with (3.5), (3.6), (3.7) and (3.8). Hence the left-
hand sides of (1.11) and (4.10) are just the same. Since the term [(¢) + M|? in
(4.10) and (4.13) cannot be clearly compared with [(£)|? in their values, the
right hand side of (4.10) and (4.13) cannot be clearly compared with [(£)|?,
either. According to (3.18), the quantity |(£)|?, however, coincides with the
right hand side of (1.11). Hence, the related uncertainty principles are all
incomparable.

Although the new proposed uncertainty principles (4.5) and (4.10) are
incomparable with the existing one (1.11), both of them correspond to the
strongest form of uncertainty principle (1.8) for periodic signals.
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