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ABSTRACT First, the basic concepts of the multivector functions, vector dif-
ferential and vector derivative in geometric algebra are introduced. Second, we
define a generalized real Fourier transform on Clifford multivector-valued func-
tions (f : R®™ — Cln0, n = 2,3 (mod4)). Third, we show a set of important
properties of the Clifford Fourier transform on Cl,,0, n = 2,3 (mod4) such as
differentiation properties, and the Plancherel theorem, independent of special
commutation properties. Fourth, we develop and utilize commutation properties
for giving explicit formulas for fax™, fV™ and for the Clifford convolution. Fi-
nally, we apply Clifford Fourier transform properties for proving an uncertainty
principle for Cl,,0, n = 2,3 (mod4) multivector functions.
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1 Introduction

In applied mathematics the Fourier transform has developed into an impor-
tant tool. It is a powerful method for solving partial differential equations.
The Fourier transform provides also a technique for image processing and
signal analysis where the image or signal from the original domain is trans-
formed to the (spectral or) frequency domain. In the frequency domain
many characteristics of the signal are revealed. With these facts in mind,
we extend the Fourier transform in (real) geometric algebra.

Brackx et al. [1] extended the Fourier transform to multivector valued
function-distributions in Cly,, with compact support. They also showed
some properties of this generalized Fourier transform. A related applied
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approach for hypercomplex Clifford Fourier Transformations in Cly, was
followed by Biilow et. al. [2]. In [3], Li et. al. extended the Fourier Transform
holomorphically to a function of m complex variables.

In this paper we adopt and expand! to G,, n = 2,3 (mod4) the gener-
alization of the Fourier transform in Clifford geometric algebra Gs recently
suggested by Ebling and Scheuermann [6], based on [11]. To avoid ambigu-
ities we recall that

n=2(mod4) & n=2+4k, k€N,
n=3(mod4) & n=3+4l, l€N. (1.1)

We explicitly show detailed properties of the real?> Clifford geometric alge-
bra Fourier transform (CFT). As an application we subsequently use some
of these properties to define and prove the uncertainty principle for G,
multivector functions.

2 C(Clifford’s Geometric Algebra G, of R"

Let us consider now and in the following an orthonormal vector basis
{e1,es,..., ey} of the real n-dimensional Euclidean vector space R"™
with n = 2,3 (mod4). The geometric algebra over R™ denoted by G,, then
has the graded 2" -dimensional basis

{l,ei1,e2,...,e,,€e12,€31,€23,...,ip, = €1€3... €,}. (2.1)

Remark 2.1. The fact that we begin by introducing orthonormal bases for
both the vector space R™ and for its associated geometric algebra G, is
only because we assume readers to be familiar with these concepts. As
is well-known, the definitions of vector spaces and geometric algebras are
generically basis independent [7]. The definition of the vector derivative of
section 3 is basis independent, too. Only when we introduce the infinitesi-
mal scalar volume element for integration over R™ in section 4 and in the
proof of the last theorem 5.5 in [4] do we use a basis explicitly. In the latter
case it may well be possible to formulate a basis independent proof. All re-
sults derived in this paper are therefore manifestly invariant (independent
of the use of coordinate systems), apart from the proof of theorem 5.5.

In the following we mean with n = 2,3(mod4) that n = 2(mod4) or n =
3 (mod4), i.e. with (1.1) that n € {2,3,6,7,10,11,...}. For further details and proofs
in the case of n = 3 compare [4]. In the geometric algebra literature [7] instead of the
mathematical notation Clp , the notation G, , is widely in use. It is convention to
abbreviate Gn 0 to Gn .

2The meaning of real in this context is, that we use the oriented n -dimensional unit
volume element ¢, of the geometric algebra G, over the field of the reals R to construct
the kernel of the Clifford Fourier transformation of definition 4.1. This %, has a clear
geometric interpretation, e.g. as n-dimensional hypercube with side length one, and in
an orthonormal basis of R™ it can be factorized as i, = e1€2... en.
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The squares of vectors are positive definite scalars (Euclidean metric)
and so are all even powers of vectors

x2>0, ™>0 for m=2m',m eN. (2.2)
Therefore given a multivector M € G,
"M =Mazx™, m=2m',m €N. (2.3)
Note that for n = 2,3 (mod4)

il =—i,, it = (—1)% for m=2m',m' € Z, (2.4)

i =—1 "

n ’

similar to the complex imaginary unit.

The grade selector is defined as (M) for the k-vector part of M,
especially (M) = (M)o. Then M can be expressed as the sum of all its
grade parts

M= (M)+ M)+ (M)o+...+ (M),. (2.5)
The reverse of M is defined by the anti-automorphism
k=n
M= > (=)D, (2.6)
k=0
The square norm of M is defined by
1M = (MM), (2.7)
where B _
(MN)= M+ N (2.8)

is a real valued (inner and) scalar product for any M,N in G,. As a
consequence we obtain the multivector Cauchy-Schwarz inequality

(MN)]? < [M|?IN]*> ¥ M,N € G,. (2.9)

3 Multivector Functions, Vector Differential and
Vector Derivative

Let f = f(x) be a multivector-valued function of a vector variable @ in
G, . For an arbitrary vector a € R" we define® the vector differential in
the a direction as

f(z +ea)— f(=)

€

(3.1)

a-Vf(z)=lim

provided this limit exists and is well defined.

3Bracket convention: A - BC = (A-B)C # A-(BC) and AA BC = (AA B)C #
A A (BC) for multivectors A, B,C € Gp 4. The vector variable index @ of the vector
derivative is dropped: Vg =V and a -V = a -V, but not when differentiating
with respect to a different vector variable (compare e.g. proposition 3.6).
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Remark 3.1. a -V is a scalar operator, therefore the left and right vector
differentials* agree, i.e.

a-Vf(x)=f(x)a- V. (3.2)

The basis independent vector derivative V is defined in [7, 8] to have the
algebraic properties of a grade one vector in R™ and to obey equation (3.1)
for all vectors a € R™. This allows the following explicit representation.

Remark 3.2. The vector derivative V can be expanded in a basis of R"
as

V:;ekak with ak:a—mk,lgkgn. (3.3)

Ezample 3.3. Here we give a set of multivector functions f : RS — Gg, their
vector differentials and vector derivatives [8]. We assume that ejo56 =

eijeseseq, constant ¢g € RS, » = ¢ — xo, r = ||r|,and r ! =
H”T‘H2 ’
fi==z, a-Vfii=a, Vf =6, (3.4)
fo=2% a-Vf,=2a =z, Vfo =2z, (3.5)
fs=lzll, a-Vfs=a-z/|z|, Vfs=z/|zl, (3.6)
Ji=x - eis6, a-Vfi=a- e Vfi=4deiss, (3.7)
fs=logr, a-Vfs=a-r~' Vfs=r""1 (3.8)
Proposition 3.4 (Left and right linearity).
V(f+9)=Vf+Vg, (f+9V=fV+gV. (3.9)
Proposition 3.5. For f(x) =g\ x)), \M(z) R,
aon:fa'V:{a~V/\(a:)%. (3.10)
Proposition 3.6 (Left and right derivative from differential).
Vf=Ve4a(a-Vf), fV=(a -Vf)Va,. (3.11)
Proposition 3.7 (Left and right product rules).
V(fg)=(Vflg+Vfi=(Vflg+Va f(a-Vg). (3.12)
(fo)V = f(gV) + gV = f(4V) + (a -V )gVa.  (3.13)

Note that the multivector functions f and g in (3.12) and (3.13) do not
necessarily commute.

4The point symbols specify on which function the vector derivative is supposed to
act.
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Example 3.8. For two functions f,g:R? = Gy, f=T,g= - €12 we
calculate [8]

(f9)V =f(GV) +(a-Vf)gVa
=z[(x-e12)V]+ (a -Vz)(x - e2)Vye = x(—2e12) + a(x - €12)V,
= —2xejxt e (x-en)e; + exx - en)es = —2xes. (3.14)

Differentiating twice with the vector derivative, we get the differential
Laplacian operator V2. We can write V2 = V-V 4+ V A V. But for
integrable functions VAV = 0. In this case we have V? = V- V. Because
V? is a scalar operator, the left and right Laplace derivatives agree, i.e.
V2f = f V2. More generally all even powers of the left and right vector
derivative agree

Vf=fV" for m=2m',m' €N. (3.15)
Proposition 3.9 (Integration of parts).

f(@)la - Vg(@)]d"z =
Rn

[ tes@ee] - [ V@@ rs 619

Rr—t a-T=—00 "

Remark 3.10. Proposition 3.9 reduces to the familiar coordinate form, if

we insert for a the grade 1 basis vectors ey, 1 < k <n of (2.1), because
e,-V=0, and e x =ux. (3.17)

We also note that because of (2.3) even powers of vectors commute with
multivector valued functions f € L?(R"™,G,)

x"f=fx™ for m=2m',m €N. (3.18)

Theorem 3.11. For all geometric algebras G,, n € N we have for f :
R"—>G,), a,z,w €ER", and A\=tw - x

a -V flx)(tij)eFnW T —q.gf(x)etn? T, (3.19)
For f(x)=1 we get
a -V, (tih)etnW® = qg.getinw T, (3.20)

Proof.
a- Ve f(x)(Ei,)er ¥ T = f(a)(£iy") a- Voes mO*
in A )
= @) ) o Voltw @) %00 = f@)i awin e

—a-xf(x)i;tipe" =a-xf(x)et YT (3.21)

For the second equality we used proposition 3.5, and for the third equality
proposition 21 of [8]. O
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Ezample 3.12. Functions f : R® — g, like sin(x) and e T with
g = e1eoeseyeseq, igl = i = —ig can be defined by power series.
An example for (3.19) is therefore

a -V, sin(z)(—ig)e®? ® = a - xsin(x)ec? T, (3.22)
By exchanging the roles of @ and w in (3.20) we obtain
Corollary 3.13.

a -V(xijl)efnW T = g.gethn@ T (3.23)

Applying proposition 3.6 to corollary 3.13 and multiplying both sides
with +1, from the right we get

Corollary 3.14.
Vetin®W T — 5 (Li,)efn@W T (3.24)

and its reverse

Corollary 3.15.
eEInW Ty i W T (g, (3.25)

Theorem 3.16. For all geometric algebras G,, n € N we have for f :
R*"—G,), a,z,w €R"  and A\=tw - x

Vo flx)(xiHetn® & — g f(g)etin@ T, (3.26)
For f(x)=1 we get
Ve (tigl)etin® T — g etinw T (3.27)
Proof. We first proof (3.26).
Vof(@)(£i, e "% = V,la- Vo fz) (i, )e" "]
=Vala-z)f(x) et "®® = gf(x) et @, (3.28)

For the first equality we used proposition 3.6, for the second equality the-
orem 3.11, and for the third equality proposition 72 of [8]. O

Example 3.17. Similar to example 3.12 functions f : R7 — Gz, like cos(x)
and €% T with i7 = ejegseze eseger, i7_1 = 47 = —i7 can be
defined by power series. An example for (3.26) is therefore

—i7 W - L

V. cos(x)ire = x cos(x)e"W T, (3.29)

The reverse of (3.27) gives
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Corollary 3.18.

@ T (£ )V, =T g, (3.30)

Convolution is an important operation for smoothing images and for
edge detection in image processing. The Clifford Convolution of multivector
valued functions is defined for arbitrary n.

Definition 3.19 (Clifford Convolution). The Clifford Convolution of f, g €
L?(R",G,,) is defined as

(fxg)(z)= Rnf(y)g(w—y)d”u (3.31)

Example 3.20. As an example let us compute the convolution of two ex-
ponential functions f,g: R? — Gy, f(x) = esexp(—irw - x), g(x) =
3erexplisw’- x) with w,w’ €R? | ir = ejea, ire1=—eq iz,

(f > g)(z) :/ ese 29 Y3e 2@ (T-Y) g2y
R2

= 3eye,ePW T / e2(W-W)Y g2,
R2
= —3(27)%i262% T (w — w'). (3.32)
Exchanging the order of the functions we get
(g% f)(@) = 3(2m)2%ige 2% T§(w — W), (3.33)

illustrating the general non-commutativity (f % g) # (g * f) due to the
geometric product.

Note that the following identity, which follows from the substitution of
variables ( z = @ —y ), is valid for all dimensions n. Let f,g € L*(R",G,)
then

fle —y)g(y)d"y = | f(z)g(x - 2)d"=z. (3.34)
Rn R

Ebling and Scheuermann [6] distinguish between right and left convolu-
tion. They are right that products of multivector valued functions do not
commute (compare example 3.20), so after e.g. a linear and shift-invariant
(LSI) multivector filter is chosen it matters if a multivector image function
is multiplied with the filter from the right or from the left. But because
of (3.34) we only define one kind of convolution and leave it up to partic-
ular applications which factor is taken as multivector filter and which for
the multivector image function, etc. The CFT formulas of the convolution
which we derive for n = 2,3 (mod4) are valid for whatever choice is made
in applications.
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4 Clifford Fourier Transform (CFT)

Definition 4.1. The Clifford Fourier transform® of f(x) is the function
F{f}: R" = G,, n=2,3(mod4) given by

F{fHw)= | flz)e @ Tda, (4.1)
Rn
with ©, w € R”.
Note that
d"x =dxy Ndxg A...Ndxy, i;l (4.2)
is scalar valued (day = dxger € R*, k = 1,2,...,n, no summation).

Because for n = 3(mod4) i, commutes with every element of G, , the
Clifford Fourier kernel e~ %% will also commute with every element of
Gy, . This is not the case for n =2 (mod4).
Ezxample 4.2. We give an example for an integrable function f:R" — G, ,
the n-dimensional rect(x) function, which can be given in terms of the
real scalar rect(z) function with z € R as

rect(x) = H rect(zy) e =in H rect(zy). (4.3)
k=1 k=1

The CFT of rect(x) gives

n

F{rect}(w) :/ rect(z)e” YT ¢"x
_ - — i WL g, - - . Wk
=ip /n kli[lrect(zk)e d"x =i, kli[lsmc(%). (4.4)

Theorem 4.3. The Clifford Fourier transform F{f} of f € L*(R",G,),
n=2,3(mod4), [p.[lfI?d"x < oo is invertible and its inverse is calcu-
lated by

1

FRURN @) = f2) = Gz [ FUH @) T e, (@5)

For a full proof of theorem 4.3 in dimension n = 3 that can be generalised
straight forwardly to dimensions n = 2,3 (mod4) see e.g. [4]. Though def-
inition 4.1 and theorem 4.3 are the same for the dimensions n = 2 (mod 4)
and n = 3 (mod4), care has to be taken of the general non-commutativity
of i, for n =2 (mod4). However it turns out, that many properties of the

5Compare e.g. [14], article 160 for the precise conditions on the existence of Fourier
integrals.
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CFT for n = 2,3 (mod4) can be expressed independent of the commuta-
tion properties of i, , if sufficient care is taken to avoid commuting i,, with
other multivectors (except scalars and powers of 4, itself). Exceptions are
the CFT of the Clifford convolution, fx™ and f V™, which need to be
studied dimension dependent.

We therefore continue with a general section on investigating properties
of the CFT for n = 2 (mod 4) and n = 3 (mod 4) aiming at expressions that
do not depend on the commutation properties of i, . This will be followed
by a section on the properties of the CFT of the Clifford convolution,
fx™ and f V™. This second section will also include one table each for
n =2(mod4) and n = 3 (mod4) that summarize all the properties of the
CFT studied in this paper and fully utilize the commutation properties of

in -

4.1 Properties of the CFT for n = 2,3(mod4) expressed inde-
pendent of i, commutations

The properties of the CFT we will treat now are linearity, scaling, delay,
shift, transformations of powers of the vector differential, of left and right
powers of the vector derivative, of the vector variable & € R™, and finally
the Plancherel and Parseval theorems. The unique feature of our study is
the independence of theorem formulations and proofs on the commutation
properties of the pseudoscalars i, in dimensions n = 2,3 (mod4). If not
otherwise stated, n is assumed to be n = 2,3 (mod4) in the remainder of
this section.

Theorem 4.4 (Left linearity). For f(x) = afi(x)+ Bf2(x) with con-
stants «, B € G, , and functions fi(x), fo(x) € G, we have

F{fHw) =aF{fi}(w)+ BF{f2}(w). (4.6)
Proof. Follows from the linearity of the geometric product and the integra-
tion involved in the definition 4.1 of the CFT. O

Remark 4.5. Restricting the constants in theorem 4.4 to o, € R we get
both left and right linearity of the CFT.

Theorem 4.6 (Scaling). Let a € R,a # 0 be a scalar constant, then the
Clifford Fourier transform of the function fo(x) = f(ax) becomes

1 w
FlfaHw) = W}"{f}(;) (4.7)
Proof. Follows from variable substitution w =ax . O

Theorem 4.7 (Shift in space domain, delay). If the argument of f(x) €
Gn is offset by a constant vector a € R™, i.e. fy(x)= f(x —a), then

Flfah(w) = F{fH(w)e "« 9. (4.8)
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Proof. Definition 4.1 gives

Flldw)= [ f@=a) e aa.

We substitute ¢t for & — a in the above expression, and get with d" «
=d"t

Pl = [ f@enetenean
= F{f}w)e . o
This proves (4.8). -

Ezxample 4.8. Using example 4.2 we can calculate the CFT of a shifted
n-dimensional rect(x) function with center at @ = 3es2, wy = w - es
as

n

F{rectg}(w) = / rect(z — 3ep)e YT g
— i, ¢~ Bint2 Hsinc(;i’“). (4.10)
77
k=1

Theorem 4.9 (Shift in frequency domain). If wo € R™ and fo(x) =
f(x)en®@oT then

Ffoi(w) = F{fHw — wo) (4.11)
Proof. Using definition 4.1 and simplifying it we obtain

Flfo}(w) = . fl@)e (@@ T g = F{fH(w —wo).  (4.12)

O

The CFT F{f}(w — wy) is centered on the point w = wy in the
frequency domain.

Theorem 4.10 (Powers of = € R™ from left).
Fla"f(e)(w) =VE F{fHw)iy, meN (4.13)
Proof. We first proof theorem 4.10 for m = 1. Direct calculation leads to
Flaf@)}w) = [ ef@e @ T i
R’ﬂ
= Vof(®)i,e YT g =V, flx)e 9T gng g,
R’V‘L

= Vo F{fHw)in, (4.14)
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where we have used definition 4.1 and (3.26) of theorem 3.16. We therefore
have

Hlaf(z)H(w)=Vo F{fHw)in. (4.15)

Repeating this process m — 1 times we get
Fle"f(x)Hw)=VT] F{fHw)i? meN. (4.16)
O

Example 4.11. The CFT of a Gaussian function f(x) = exp(—z2), z €
R™ is again a Gaussian function

]-'{f}(w):/ e T T W T gn g h o= (4.17)
The CFT of its first moment is therefore according to theorem 4.10 and
propositions 3.5 and 3.6

2

f{mf}(w):/ xe T e MWy

n _w? me . _w?
=7m2V,e 414, = — wi, e 4. (4.18)

Theorem 4.12 ( ™ from right).

F{f(x)x™"}Hw) = Rnf(:c)V’Ze*i"w'md":c iny, meN. (4.19)

Proof. Direct calculation leads to
Flf@z}w) = | fl@ze“Tdz
Rn
= f(2) Vyine 9T dng = [(@) Ve 9Ty,  (4.20)
Rn Rn

where we have used definition 4.1 and (3.27) of theorem 3.16. Replacing f
m—1 times by fa and converting the additional right factor & each time
into a derivative of e” % T Jeads to the full proof of the theorem. O

Remark 4.13. In the next section we will use theorem 4.12 and the dimen-
sion dependent commutation properties of i, to derive final formulas for
the CFTs of f(x)ax™, m € N.

Theorem 4.14.

F{la-2)"f(2)}(w) = (a- Vo)™ F{fHw) i, meN.  (4.21)
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Proof. We first proof theorem 4.14 for m =1.

Fla-z f(x)}(w) = /na~w f(x) e WL gy

= f®)a -xe 9Ty
]R'n.

Theo; 3.11 f(SU) a- Vw Zn e—in,w~$ d"x
Rﬂ.

= a-V, fx) e 9T grg 4,
R?L

= a Vo F{fHw)in. (4.22)

Repeatedly inserting a - « f for f in (4.22) we obtain theorem 4.14 for
every m € N. O

Inserting b - « f with b € R™ for f in (4.22) we obtain the following
corollary.

Corollary 4.15.
Fla-z b -zf(z)}(w)=—a -V, b-V, F{fHw). (4.23)

Theorem 4.16 (Vector differential). The Clifford Fourier transform of the
mth power vector differential of f(x) is

F{la -V)"fHw)=(a w)"F{fHw)iy, meN. (4.24)
Proof. We first proof theorem 4.16 for m =1.
a-Vf(x) = a~V(271T)n Anf{f}(w)ei"w'wd"w
= (271r)” /]Rn F{f}Hw)a -Ve“Td"w
Cor.:3.13 (2;)’” /]R” ]-'{f}(w) a- wln ei”w‘m d"w
=  Fla-wF{f}i(z). (4.25)

Application of the inverse CFT theorem 4.3 proves theorem 4.16 for m =1
F{a -Vi(z)}=a wF{f}in. (4.26)

By repeatedly replacing f with a - V[ in (4.26) we obtain theorem 4.16
for all m € N. O

Theorem 4.17 (Left vector derivative). The Clifford Fourier transform
of the m* power vector derivative of f(x) is

F{V'"fHw)=w™F{fHw)i}, meN. (4.27)
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Proof. We first proof theorem 4.17 for m = 1. According to proposition
3.6 we can calculate the derivative from the differential of theorem 4.16

F{Vi(@)} = F{Vala-Vf(@)]} = VaF{a - Vf(z)}

:va(a'w)f{f}in:wf{f}in (4'28)
By repeatedly replacing f with Vf in (4.28) we obtain theorem 4.17 for
all meN. O

Ezample 4.18. Using the CFT of a Gaussian function f(z) = exp(—z?2)
of (4.17) we can calculate the CFT of its third vector derivative with (4.27)
as

. n w 2
F{V3fHw) = Ve BreminW T gn g — % 34, ¢ T (4.29)
RTL
We now prove a theorem, which we will use in the next section together
with the dimension dependent commutation properties of 7,, to derive final
formulas for the CFT of powers of the right vector derivative f(ax)V™,
m e N.

Theorem 4.19 (V™ from right).

m_i mznw%'wm nw
f(2)9" = s [ FAHw) T (430)

Proof. We first proof theorem 4.19 for m =1.

(21) | Ftw) e rawy

/J-"{f} )TV d"w
1

= W/R" FifHw) e T wd'w

1 : w-x
= n e d"w, 4.31
g [ P @) i o (431)
where we used corollary 3.15 for the third equality. Repeating the applica-
tion of the vector derivative V from the right m — 1 times to both sides
of (4.31) completes the proof. O

f(@)V =

Next we will prove a Plancherel theorem and deduce a scalar Parseval
theorem, which we need in the last section on the uncertainty principles.

Theorem 4.20 (Plancherel). Assume that fi(x), foa(x) € G, with Clif-
ford Fourier transform .F{fl}(w) and F{fz}(w) respectively, then

[ @) (@) as = ) F{LHw) e, (432)
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Proof. Direct calculation yields

| @) fol@) d'a
- o 1] FUe) et R
N (2717)n ) UR fo(@) e g e
- oo [ AR FE . W)

O

Note that theorem 4.20 is multivector valued. It holds for each grade
k, 0 < k < n of the multivectors on both sides of equation (4.32). We
therefore have

Corollary 4.21.

([ @) B@)a ey = gt | Pl FR @) a ).
(4.34)

Note further, that with fi(x) = fo(x) = f(x), we get the following
multivector version of the Parseval theorem, i.e.

Theorem 4.22 (Multivector Parseval).

(z)f(z)d"z = (2717)” /Rn]-"{f}(w)]-'{/ﬁ(/w)d”m. (4.35)

R

Ezample 4.23. According to (4.17) and left linearity of theorem 4.4 the
CFT of the function f(x)=(1+ e1)exp(—x?), z € R? is

. 2
F{fHw) :/ (1+e)e T 2W TRy — (14 e)me 5 (4.36)
]R2
Inserting this f into (4.35) gives on the left side

/ f(@) f(z)dx = (1+ e1)2/ e 2 P2g = (14 ). (4.37)
R2 R2

We can check (4.35) by inserting (4.36) on the right side. The scalar part
of the result is 7, the vector part is meq .

The scalar part of theorem 4.22 together with (2.7), gives us the scalar
Parseval theorem

Theorem 4.24 (Scalar Parseval).

2 _ 1 w 2 nw
L@ ae = o [ IR @R e, @)
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4.2 Properties of the CFT for n = 2,3 (mod4) dependent on i,
commutations

Now we concentrate on properties of the CFT, which need to make use of
the commutation properties of the unit oriented pseudoscalar i,, € G,, in
order to be fully developed. In this category we have for m € N the CFTs
of fa™, fV™, and the CFT of the Clifford convolution with distinct
expressions for the dimensions of n = 2 (mod4) and n = 3 (mod 4) . Before
we proceed, we note that for n = 3 (mod4) the pseudoscalar i,, commutes
with all elements of the algebra. For the case of n = 2(mod4) we first
establish a theorem and two corollaries.

Theorem 4.25. Any odd grade multivector A, € G,, 7 =2s+1,s € N, s <

5 anti-commutes with i, for n =2 (mod4)

Apip = —inA,. (4.39)

Any even grade multivector A, € G,,r = 2s,s € N,s < n/2 commutes
with i, for n =2 (mod4)

Avip = +inA,. (4.40)
Proof. For the case of n =2 we have [2] for a vector a € R?
’iga = 70,2.2. (441)

For the general case of n = 2(mod4) we can factorize i, for any vector
a € R™ such that
- - - -2
in=in oba, brxa=2>b i, o=@ di, 0=0, &=, b =1.

(4.42)

in_o will therefore be of grade 0(mod4), represent a subspace® of R™

perpendicular to a and therefore commute with a . According to (4.41)

and (4.42) the two-blade b & anti commutes with a and hence

in@ =i,_obadaa=—i,_2aba=-—ai,ba=—ai,. (4.43)

Any odd grade multivector A,qq can be written as a sum over homoge-
neous odd grade parts. These parts can in turn be decomposed into sums of
odd grade blades, which can be factorized into products of an odd number
of vectors [13, 2]. Since a single vector anti commutes with i, , a geomet-
ric product of an odd number of vectors will also animate with 4, and
hence by linearity any odd grade multivector will animate with i, . This
proves (4.39). Similarly any even grade multivector Acyen can be written
as a sum over homogeneous even grade parts. These parts can in turn be

6 A subspace in the sense of outer product null space.
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decomposed into sums of even grade blades, which can be factorized into
geometric products of an even number of vectors [13, 2]. The even number
of commutations with an even number of vector factors leads via linearity
to the total commutation relationship (4.40). O

Based on theorem 4.25 we derive two useful corollaries.

Corollary 4.26. For n =2(mod4) and a € R we have for even m € N

(ain)™=a™ (4.44)
and for odd m € N
(ain)™ =a™i, (4.45)
Proof. We have
(aiy)?=aipai, = aa(—iyi,) = a?, (4.46)

where we used (4.39) for the second equality. Using (4.46) m/2 times
[(m —1)/2 times] we arrive at equations (4.44) [and (4.45)]. O

Corollary 4.27. Let the odd grade part of a general multivector A € G,
be Aoaqa = (A)oda and the even grade part be Acyen = (A)even - Then for
n =2 (mod4) we have

Ain = Aodd i + Aeven Iy = —ip Aodd +in Aevena (447)
and for X € R
At = e AA g+ e T A en, (4.48)
and
ein}\A = Aodd e_inA + Aeven e+in)\~ (449>

Proof. Corollary 4.27 follows from theorem 4.25 and the fact that e’ is
a power series of i, . O

Theorem 4.28 (Powers of & € R™ from right). For n = 2(mod4) we
have

F{f(z) 2™} (w) = F{IH(D)"w) VG i, meN. (4.50)

~

For n =3 (mod4) we have

F{f(x) e} w)=in F{fHw)V],, meN. (4.51)
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Proof. We first proof theorem 4.28 for n = 2 (mod4). We start with the-
orem 4.12 and apply corollary 4.27 to commute the vector derivative V ,
to the right of the integral

F{f(x)x" }Hw) = fl@)VZ e~ W T o e
Rn
= f(x)etn(CNTWT g gmim — FLA((=1)"w) VT, (4.52)
]Rn

The proof of (4.51) with n = 3 (mod4) is the same, except that the sign
of w in the exponent does not change and that we can freely commute i,
to the left. O

Theorem 4.29 (Right vector derivative). The Clifford Fourier transform
of the m*" power vector derivative (applied from the right) of f(x) is for
n = 2 (mod4)

FUVTHw) = F{H(E)"w) w™it, meN, (4.53)
and for n =3 (mod4)
F{ V' (w)=ip F{fHw) ™, meN. (4.54)

Proof. We first proof theorem 4.29 for n = 2(mod4). We start with
theorem 4.19 and apply corollary 4.27 to commute the vector w™ with

ein W T
1

f@V" = G

/ F{fHw) i W T M
RTL

1

_ m, om i (—1)"W-T gn
7(271_)“ /Rn]:{f}(w)zn wme d"w

B ﬁ / FUH(-) w) irt (—w) e drey
= FHFA(-D) w) 0™ i) (), (4.55)

where for odd m we substituted —w — w for the third equality. For the
fourth equality we applied apply corollary 4.27 once more to commute w ™
and 7. Equation (4.53) is obtained by applying the inverse CFT theorem
4.3 to both sides of (4.55).

Once again the proof of (4.54) with n = 3 (mod4) is the same, except
that the sign of w in the exponent does not change and that we can freely
commute i, to the left. O

Remark 4.30. Theorem 4.17 and (4.53) show that all signs of the right
hand sides of all five lines in the derivative theorem 5.7 in [6] are wrong.
Line three there contains further errors.
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For even m we get from theorems 4.10 and 4.28, and from (2.4)

Corollary 4.31.
Fla™f(z)}(w) =F{f(z) 2"} w) = (~1)FVE F{fH{w). (4.56)

We further get for even m from theorems 4.17 and 4.29, and from (2.4)
Corollary 4.32.

FIV f(2)} = F(f(2) V") = (-D)F w™ F{fH(w).  (457)

Theorem 4.33 (CFT of Clifford Convolution). For n =2 (mod4), f,g €
L?(R"™,G,.), and goad (Jeven ) the odd (even) grade part of g we have

f{f*g}(w) :f{f}(iw)]:{godd}(w)+}—{f}(w)-r{geven}(w)'
For n =3 (mod4) we have
F{f g (w) = F{fHw) F{g}(w). (4.59)

Proof. For n =2 (mod4) we have

F{f*g}(w) = /Rn [/Rn fg(e —y)d yle” " "d"x
— /n f(y)[/Rn g(:c _ y)e—inw~$dnw]dny
— [ 1@ a@e e wBHrzey
= /n f(y) /n [e—‘rinw'ygodd(z) 4 e—inW~ygeven(z)]e—inwlzdnzdny

= - f(y)e—in(—w)'ydny]:{godd}(w) _,'_/]R” f(y)e—inw-ydny]_—{geven}(w)
= F{f}(=w) F{goda}(w) + F{f}Hw) F{geven }(w).

For the third equality we used the variable substitution z =  — y and

for the fourth equality we used corollary 4.27.
The corresponding proof in [4] for n = 3, can be generalized straight
forwardly to n = 3 (mod 4). This part of the proof is also strictly invariant.
O

Remark 4.34. The above proof of theorem 4.33 for n = 2 (mod4) depends
on the 4, commutation relationships. But on the other hand, it has the
advantage of being manifestly invariant, since no coordinate system needed
to be introduced.
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TABLE 1.1. Properties of the Clifford Fourier transform (CFT)  with
n = 3 (mod4). Multivector functions (Multiv. Funct.) f,g, fi1, f2 € L? (R™,Gn),
the constants are o, € G, 0Za€R, a,wo € R™ and m € N.

Property Multiv. Funct. CFT

Left lin. af(x)+6 g(x) af{f}(“-’)"‘ BF{g}(w)

a-Shift flx—a) e AT fH(w)

w-Shift en@Wo f () Fif}w - wo)

Scaling f(az) Tal n]:{f}( )

Convolution  (f*g)(x) F{fHw )-7:{9}( )

Vec. diff. (a-V)"f(x) i (a- w)m}—{f}( )
(a-z)™ f(x) in (- Vo)™ F{fHw)

Powers of € ™ f(x) in Vi F{f}(w)
flx)z™ in F{fHw) VE

Vec. deriv. V™ f(x) in W F{f}(w)
flx)vm an FfHw)w

Plancherel fR” fl(a:)fz_zm/)d"w W fRn f{fl}(w)F{/f—g\}Tw) d"w
sc. Parseval  [o. | f(x)|? d"x ﬁ Jen I1F{fHw)]? d"w

Theorem 4.33 correctly generalizes the results for n = 2 in [6] to n =
2 (mod 4) . Comparing theorem 4.33 with the convolution theorem 5.6 of [6]
in two dimensions, we see that the fourth line of convolution theorem 5.6
in [6] must be wrong. On the right hand side of this formula the dot over
the vector filter function h under the CFT indicating h(z) = h(—x) is
incorrect. Because of (3.34) h should also have no dot, in agreement with
the correct dot-free vector filter function f on the right hand side of line
two of theorem 5.6 in [6].

In order to give an overview of the properties of the CFT we list its
properties for n = 3 (mod4) in table 1.1 and for n = 2 (mod4) in table
1.2. Comparing the tables, the differences caused by the different commu-
tation rules for the pseudoscalars i, in n =3 (mod4) and n = 2 (mod4)
dimensions are obvious. In table 1.1 the positions of i, and of exponen-
tials e»* X\ € R are arbitrary. In table 1.2 the pseudoscalar i, and its
exponentials e»* X\ € R cannot be freely commuted.

5 Uncertainty Principle

The uncertainty principle plays an important role in the development and
understanding of quantum physics. It is also central for information pro-
cessing [9]. In quantum physics it states e.g. that conjugate properties like
particle momentum and position cannot be be simultaneously measured
accurately. In Fourier analysis such conjugate entities correspond to a func-
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TABLE 1.2. Properties of the Clifford Fourier transform (CFT) with
n = 2 (mod 4) . Multivector functions (Multiv. Funct.) f,g, f1, f2 € L? (R™,Gn),
the constants are o, € G, 0Za€R, a,wo € R” and m € N.

Property Multiv. Funct. CFT

Left lin. af(x)+8 g(x) aF{fHw)+ BF{g}(w)
a-Shift f(@ - a) FifHw)emmera
w-Shift f(z)ein@o F{f}Hw —wo)
Scaling f(az) ﬁ}-{fﬂ%)
Convolution  (f*g)(x) F{fH~w) F{goda}(w)
+.F{f}(W) f{geven}(w)

Vec. diff. (a-V)"f(x) (@ - w)"F{fHw) iy

(a o)™ [(x) (a- Vo)™ FLfHw) i
Powers of ¢ ™ f(x Vi F{fHw) iy

flx)z™ FUH(ED)w) Vi
Vec. deriv. V™ f(x w™ F{fHw) i)}

L NS 13 [ 0 P

Plancherel fR" fi(z) fo(x) dx ﬁ fRn Flfiw)F{f2}(w)d"w
sc. Parseval [, [|f(z)|*d"@ ﬁ Jen I1F{fHw)]? d"w

tion and its Fourier transform which cannot both be simultaneously sharply
localized. Furthermore much work (e.g. [9, 10]) has been devoted to extend-
ing the uncertainty principle to a function and its Fourier transform. Yet
Felsberg [11] notes even for two dimensions: In 2D however, the uncer-
tainty relation is still an open problem. In [12] it is stated that there is no
straightforward formulation for the 2D uncertainty relation.

From the view point of geometric algebra an uncertainty principle gives
us information about how the variations of a multivector valued function
and its Clifford Fourier transform are related.

The theorems and the corollary below have all been proved with great
detail for the case of n = 3 in [4]. The key steps of the proofs there involve
the CFT of the vector differential of theorem 4.16 and the (scalar) Parseval
theorem 4.24, the Cauchy Schwarz inequality (2.9) for multivectors, and
finally the coordinate free integration of parts formula of proposition 3.9.
Otherwise the proofs are very analogous, and do not involve dimension
dependent ¢, commutations. Therefore we don’t repeat them here, we
only list the resulting formulas.

Theorem 5.1 (Directional uncertainty principle). Let f be a multivector
valued function in G,, n = 2,3 (mod4), which has the Clifford Fourier
transform F{f}(w). Assume [o, [|f(x)||?d"x = F < oo, then the fol-
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lowing inequality holds for arbitrary constant vectors a, b:

/Rn(“ )| f ()P d" (2i)n /R”(b cw)? |F{fHw)|Pdhw > (a(;,l))

Proof. Applying the results stated so far we have’

2 2 gn 1 2 2
| @wp i@l e g [ 6w 17 @) P

tab. 1.1,1.2, line 6 n
L / (a @) |f(@)|? d"z
sc. Parseval 2 2
vl [ e o) @I ' b Vi@)P de

R R?L

footnote 7

(oo
(A
(o

2
z [|f (@) |b- V()| d”az)

Y

(@) bV f()] d”:c)2

>

%\%\%\
8
i

2
@) b Vi) ')
Because of (2.7) and (2.8)

(b -V)IfI*=2(f (b-V)f), (5.2)

we furthermore obtain

2 2 n 1 '(4)2 w 2 L)
| @ap i@ e o [ 0P 17w

1 2
> ([ aag v )
R”L 2
Prop. 3.9 1 ba=eo
P 4<[/ a-al|f(a) 0" a]
Rn—1 b-x=—00

- [ 16-9)(a )] /(@ >||2d"m>2

_ 4(—ab/ If(x ||2d")

= (a-b)? ZFZ.

TR 5 C, fon [0(2)2d T [pn [P(2)Pd 2 > (fgn d(x)h(z) dPz)?

VW) d"w

F2
4
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Choosing b = *a ,ie. b a,with a®?=1 we get from theorem 5.1
the following
Corollary 5.2 (Uncertainty principle).

2 2 m 2 2 n 1 2
[t i@ ae g [ (o w2 1P w)Pew > ] P
(5.3)

Remark 5.3. In (5.3) equality holds for Gaussian multivector valued func-
tions

1
(2m)"

flz)=Coe ™ @7, (5.4)
where Cy € G,, is an arbitrary but constant multivector, 0 < k € R. This
follows from the observation that we have for the f of (5.4)

—2ka-x f=a- V] (5.5)
Theorem 5.4. For a -b =0,ie b L a, we get
[t epli@Pae oo [ (6w 7)) = o
(5.6)

Theorem 5.5. Under the same assumptions as in theorem 5.1, we obtain
1 1

[ @@ de o [ o IF @ = 0 gF 61)
R™ (271') R™ 4

Remark 5.6. To proof theorem 5.5 we first insert 2 = > ;_ (e - z)?,
w? =37 (e, - w)? After that we apply (5.3) and (5.6) depending on
the relative directions of the vectors e; and e;.

1
@)

6 Conclusions

The (real) Clifford Fourier transform extends the traditional Fourier trans-
form on scalar functions to G,, multivector functions with n = 2,3 (mod 4)
over the vector space domain R"™ . Basic properties and rules for differenti-
ation, convolution, the Plancherel and Parseval theorems are demonstrated
in a manifestly invariant fashion. We then presented an uncertainty princi-
ple in the geometric algebra G,,, which describes how a multivector-valued
function and its Clifford Fourier transform relate.

In many fields the Fourier transform is successfully applied to solving
physical equations such as heat and wave equations, in optics, in signal
and image processing, etc. Therefore in the future, we can apply geometric
algebra and the Clifford Fourier transform to solve such problems involving
the whole range of k-vector fields (k = 0,1,2,...,n) in geometric alge-
bras G, with n = 2,3 (mod4). The calculations will be real, have clear
geometric interpretations and manifestly invariant. The use of coordinate
bases is optional.
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