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Abstract. In this paper, we present a natural implementation of singu-
lar value decomposition (SVD) and polar decomposition of an arbitrary
multivector in nondegenerate real and complexified Clifford geometric
algebras of arbitrary dimension and signature. The new theorems in-
volve only operations in geometric algebras and do not involve matrix
operations. We naturally define these and other related structures such
as Hermitian conjugation, Euclidean space, and Lie groups in geometric
algebras. The results can be used in various applications of geometric
algebras in computer science, engineering, and physics.
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1. Introduction

The method of singular value decomposition for matrices was discovered in-
dependently by E. Beltrami in 1873 [4] and C. Jordan in 1874 [11,12]. This
method is classical and is widely used in various applications — signal and
image processing, least squares fitting of data, process control, computer sci-
ence, engineering, big data, machine learning, physics, etc. A lot of literature
is devoted to SVD, its algorithms, and its applications (see, for example,
the books by G. Golub & C. Van Loan [9] and G. Forsythe, M. Malcolm
& C. Moler [8], the paper [16]). Another generalization of SVD, quaternion
SVD, was invented by F. Zhang in his paper [35]; for quaternion SVD algo-
rithms, see [10,18]. Applications of quaternion SVD in image processing are
considered in [17]. Another generalization of SVD, hyperbolic SVD, and its
applications are discussed in [6,20-22, 34]. Polar decomposition of complex-
ified quaternions and octonions is discussed in [19]. See the survey [33] on
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different applications of SVD and its generalizations (in particular, quater-
nion SVD and octonion SVD) in signal and image processing. Note also the
paper [1] on computing SVD of multivectors using the corresponding matrix
representations (an explicit implementation of SVD in Clifford algebras is
not presented, in contrast to our work).

In the present paper, we present a natural implementation of singular
value decomposition (SVD) and polar decomposition of an arbitrary mul-
tivector in nondegenerate real and complexified Clifford geometric algebras
of arbitrary dimension and signature. We naturally define these and other
related structures such as Hermitian conjugation, Euclidean space, and Lie
groups in geometric algebras. “Natural” means that our definitions and state-
ments involve only operations in geometric algebra and do not involve the
corresponding matrix representations. The meaning of SVD in Clifford geo-
metric algebras is the following: after multiplication on the left and on the
right by elements of a fixed Lie group, any multivector can be placed in a real
subspace of lower dimension. Note that we present existing theorems and do
not discuss algorithms in this paper. Theorems 6.1, 8.1, 9.1, and 9.2 are new.

The paper is organized as follows. In Section 2, we recall basic facts
on nondegenerate real Clifford geometric algebras G, ,. In Section 3, we in-
troduce Hermitian conjugation and Euclidean space in G, 4. In Section 4, we
present explicit matrix representation of G, ; and consider several Lie groups,
which are isomorphic to orthogonal, unitary, and symplectic classical matrix
Lie groups. In Section 5, we recall classical theorems on SVD of real, com-
plex, and quaternion matrices. In Section 6, we present SVD of multivectors
in G, 4 and several examples. In Section 7, we recall classical theorems on
polar decomposition of real, complex, and quaternion matrices. In Section 8,
we present polar decomposition of multivectors in G, 4. In Section 9, we con-
sider the case of complexified Clifford geometric algebras C® G, , and present
SVD and polar decomposition of multivectors in C® G, ;. Conclusions follow
in Section 10.

This paper is an extended version of the short note (11 pages) in Con-
ference Proceedings [32] (Empowering Novel Geometric Algebra for Graph-
ics & Engineering Workshop within the International Conference Computer
Graphics International 2023). Sections 1, 4, 6, and 10 are extended; Section
9 and Theorems 9.1 and 9.2 are new.

2. Real Clifford geometric algebra

Let us consider the real Clifford geometric algebra (GA) G, , [7,13,14, 28]
with the identity element e = 1 and the generators e,, a = 1,2,...,n, where
n = p+ q > 1. The generators satisfy the conditions

€a€b + epeq = 2nape, N = (Nap) = diag(1,...,1,—1,...,—1).
—_—— ———

p q



On SVD and Polar Decomposition in Clifford Algebras 3

Consider the subspaces ggq of grades k = 0,1,...,n, which elements are
linear combinations of the basis elements es = €nya,...ax = €a1€as " " €ay,
1 <a <ag < - < ag < n, with ordered multi-indices of length k. An
arbitrary element (multivector) M € G, , has the form

M:ZmAeAegpg, mAERv
A

where we have a sum over arbitrary multi-index A of length from 0 to n. The
projection of M onto the subspace gl’;q is denoted by (M)y.

The grade involution and reversion of a multivector M € G, , are de-
noted by

=3 C0R0ny, 3T =305 ), (2.1)

k=0 0

and have the properties

My My = M,y My, My My = My M, VM, My € Gpq. (2.2)

3. Euclidean space on GA

Let us consider an operation of Hermitian conjugation t in G, , (see [15,28]):

M7= Mle, ey =) _malea)™,  MEG, (3.1)
A

We have the following two other equivalent definitions of this operation:

er.,Mey' | if pisodd,

M= 1 p;v\ 1..p (3.2)
€1...pM€;,1'p, if p is even,
epi1.nMesl, . if qis even,

T -
ept1.nMe, o,y if gis odd.

The operation®
(M, Mz) := (M{M3)o, My, Mz € Gpyq
is a (positive definite) scalar product with the properties
(M1, Mz) = (M2, M), (3.4)
(M1 + Mo, M3) = (M, M3) + (Ma, M3), (M1, A\M2) = A(M1, M>),(3.5)
(M,M)>0, VM eG,q (M,M)=0&M=0
for arbitrary multivectors My, Ma, M3 € G, 4 and A € R.

Using this scalar product we introduce inner product space over the
field of real numbers (Euclidean space) in G, ,.

lCompare with the well-known operation Mj * My := (fJ\/\[IMg)O in the real geometric
algebra Gp 4, which is positive definite only in the case of signature (p,q) = (n,0).
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We have a norm

IM]] := (M, M) = \[(MTM)o, M €Gy, (3.7)

with the properties

[[M]|| >0, YM eG4 [[M|| =0« M =0, (3.8)
[ My + Ma|| < |[Mq]| + || Mz]], VM, Ms € Gy g, (3.9)
[[AM]| = |\|||M]], VM € G, g, VA € R. (3.10)

4. Matrix representation of G, , and Lie groups

Let us consider the following faithful representation (isomorphism) of the real
geometric algebra G, 4

Mat(Q%,R), ifp—g=20,2 modS§,

Mat(2 = R) @ Mat(2" ), ifp—¢g=1 mod S8,
B:Gpq — § Mat(2 2_ ,(C), ifp—qg=3,7 mod 38, (4.1)

Mat(2%7, H), ifp—qg=4,6 mod 8,

Mat (2" ,H)@Mat( 3,]1-]1), ifp—g=>5 modS8.

These isomorphisms are known as Cartan—Bott 8-periodicity.
Let us denote the size of the corresponding matrices by

2%, ifp—¢=0,2 modS§,
2", ifp—qg=1 ds8
di={ -, PTaT o et (4.2)
27z, ifp—q¢g=3,5,7 mod S8,
27, ifp—q=4,6 mod 8.

Note that we use block-diagonal matrices in the cases p — ¢ = 1,5 mod 8.
Let us present an explicit form of one of these representations of G, 4 (see

also [23,29-31]). We denote this fixed representation by /3’. For the identity

element, we always use the identity matrix 8'(e) = I of the corresponding

size d. We always take (€4, as...ar) = B'(€a,) B (€as) - - B (€ay)-

In some particular cases, we construct 8’ in the following way:

In the case Gy1: e1 — 1.

In the case Gy o: 1 — diag(1, —1).

In the case Gy o: e1 — 4, e2 — J.

In the case Go 3: e1 — diag(i, —1), ex — diag(j, —j), es — diag(k, —k).

!/

Suppose we know ), := f'(eq), a = 1,...,n for some fixed G, 4, p + ¢ =
n. Then we construct explicit matrix representation of Gpi1,4+1, Gg+1,p—1,
Gp—4,q—a in the following way using the matrices 8, a =1,...,n.

o In the case Gpt1,g4+1: €o — diag(8l, —04),a=1,...,p,p+2,...,p+q+1.
In the subcase p — ¢ # 1 mod 4, we have

N 0 I - 0 —I
Ep+1 I 0)° Cp+q+2 I 0 .



On SVD and Polar Decomposition in Clifford Algebras 5

In the subcase p — ¢ =1 mod 4, we have

ept1 — diag(By -+ B, —f1- - - Bn2), eptqr2 — diag(Q2, —Q),

where
0 —I
0= (¢ ) »
e In the case Ggy1p—1: €1 = B, ¢, = B8, i=2,...,n.
e In the case gp*4111+4: e; — 5;51655&54&; 1= 1a273a47 €; — B;a ] =
Dy ey

Using these recurrences and the Cartan—Bott 8-periodicity, we obtain explicit
matrix representation 8’ of all G, ,.
It can be directly verified that for this matrix representation we have

(B'(e))T, ifp—q=0,1,2 mod 8,
naaﬁ/(ea) = (ﬁ/(ea))Ha ifp—q=3,7 mod 8, a=1,...,n, (44)
(B'(eq))*, ifp—qg=4,5,6 mod 8,
where T is transpose of a (real) matrix, H is the Hermitian transpose of a
(complex) matrix, * is the conjugate transpose of a matrix over quaternions.

Using the linearity, we get that these matrix conjugations are consistent with
Hermitian conjugation of the corresponding multivector:

(B'(M)T, ifp—g=0,1,2 modS8,

B(MT) = ¢ (B(M)1, ifp—g=37 mods8, M€EG,, (45)
(B'(M))*, ifp—q=4,56 mod 8,

Note that the formulas like (4.5) are not valid for an arbitrary matrix

representation 5 of the form (4.1). They are true for the matrix representa-
tions v = T~1A'T obtained from /3 by the matrix T such that

e TTT =T in the cases p — ¢ = 0,1,2 mod 8,

e THT =T in the cases p— g = 3,7 mod 8,

e T*T =1 in the cases p— ¢ =4,5,6 mod 8.

Let us consider the following Lie group in G, 4
GGpq ={M €Gpq: MM = e}, (4.6)

where t is (3.1). Note that all the basis elements e4 of G, , belong to this
group by the definition.

Using (4.1) and (4.5), we get the following isomorphisms of this group
to the classical matrix Lie groups:

0(2%), ifp—qg=0,2 mod 8,
02" ) x 0(2"7), ifp—g=1 modS§,

GGp,q U(QTLT_l), ifp—q¢=3,7 mod 8, (4.7)
Sp(2n772), ifp—q¢g=4,6 mod 8,
Sp(2"z°) x Sp(2"2°), ifp—qg=5 mod 8,
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where we have the following notation for (orthogonal, unitary, and simplectic
correspondingly) classical matrix Lie groups

O(k) = {A € Mat(k,R): ATA =T}, (4.8)
U(k) = {A € Mat(k,C) : A"A =T}, (4.9)
Sp(k) = {A € Mat(k,H): A*A=1}. (4.10)

The group Sp(k) sometimes is called quaternionic unitary group or hyperuni-
tary group. Note that this group also has the following realization in terms
of complex matrices:

Sp(k) ~ {A € Mat(2k,C): ATQA=Q, A"A=1},
where Q is (4.3).
The Lie algebra of the Lie group GG, 4 is
9Gp.g ={M € Gpq: MT = —M}.
The basis of the Lie algebra ggG, , consists of anti-Hermitian basis elements

Ept+1y -+ Eny €125 « ooy Ep—1p, - -

The number of such elements can be calculated (see Theorem 7 in [28]); we
get the dimension of the Lie group GG, 4 and the Lie algebra ggG, , (also we
can calculate the dimension of the matrix Lie groups (4.7)):

no m(p—g+1)

dim(GG,,4) = dim(gGp4) = 2" ' =277 sin (4.11)

o1 _ 2" ifp—qg=0,2 mod S8,
o1 _2"7  ifp—g=1 modS§,
=q2n L ifp—q¢=3,7 mod 8, (4.12)
149" ifp—qg=4,6 mod S8,
on1 492" ifp—g=>5 modS8.

5. On the classical SVD of real, complex, and quaternion
matrices

We have the following well-known theorems on singular value decomposition
of an arbitrary real, complex, and quaternion matrices (see, for example,

[8,9,35)).

Theorem 5.1. For an arbitrary A € R™" ™ there exist matrices U € O(n)
and V € O(m) such that

A=UxVT, (5.1)
where
¥ = diag(A1, Ag, ..., Ak), k = min(n, m), R3 A, A0,..., A > 0.

Note that choosing matrices U € O(n) and V € O(m), we can always arrange
diagonal elements of the matrix X in decreasing order \y > Ay > -+ > A\ >
0.
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Diagonal elements of the matrix ¥ are called singular values, they are
square roots of eigenvalues of the matrices AAT or ATA. Columns of the
matrices U and V are eigenvectors of the matrices AAT and AT A respectively.

Theorem 5.2. For an arbitrary A € C"*™, there exist matrices U € U(n)
and V € U(m) such that

A=UxVH (5.2)
where
E:diag()\l,/\g,...,/\k), k:min(n,m), R3 A, A9, ..., A > 0.

Note that choosing matrices U € U(n) and V € U(m), we can always arrange
diagonal elements of the matrix X in decreasing order \y > Ay > -+ > A\ >
0.

Diagonal elements of the matrix ¥ are called singular values, they are
square roots of eigenvalues of the matrices AAH or A" A. Columns of the
matrices U and V are eigenvectors of the matrices AA™ and A™ A respectively.

Theorem 5.3. For an arbitrary A € H"*™ there exist matrices U € Sp(n)
and V € Sp(m) such that

A=USV*, (5.3)
where
E:diag()\l,/\g,...,/\k), k:min(n,m), R3 A, A9, ..., A > 0.

Diagonal elements of the matrix 3 are called singular values.

6. SVD in GA

In the following theorem, we present singular value decomposition of an arbi-
trary multivector in geometric algebra G, ,. Note that the statement involves
only operations in Gy, 4.

Theorem 6.1 (SVD in GA). For an arbitrary multivector M € G, ,, there
exist multivectors U,V € GG, 4, where

GGpg ={U € Gpyq: Utu=e}, U= ZUA(eA)_ly
A

such that
M=UxVT, (6.1)

where multivector 3 belongs to the subspace K of Gy, 4, which is real span of a
set of d (4.2) fized basis elements (always including the identity element e):

d
¥ e K :=span({ep,,i =1,...,d}) = {Z Xiep;, A € R} (6.2)
i=1
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Proof. Let us use the matrix representation 5 of G, 4 from Section 4. Then
we use the isomorphisms (4.7) and SVD of matrices (see Section 5). In the
cases p — ¢ = 1,5 mod 8, the matrix representation is block-diagonal and
we use SVD for each of two blocks. The singular values are always real and
we get a real span of d basis elements of G, , with real diagonal matrix
representation. ([

Thus, the meaning of SVD in real Clifford geometric algebra is the
following: after multiplication on the left and on the right by elements of the
group GG, 4 (4.6), any multivector M € G, , can be placed in a d-dimensional
subspace K of G, 4, where d is (4.2).

Note that the subspace K from Theorem 6.1 is not unique. By changing
the matrix representation, we can change the subspace K. But it always has
dimension d and contains the identity element e. For convenience, in the
examples below we use the representation 3’ from Section 4.

Using (4.2) and (4.12), we get (see the right-hand part of (6.1))

2™, ifp—qg=0,1,2 mod 8,
n—1
. . 2"+ 277, ifp—qg=3,7 mod 8,
dim(K) 4+ 2dim(G = ne 6.3
(K) (GGp.0) 2" 4+3.2"7, ifp—qg=4,6 mod 8, (6.3)
M 4+3.2"2 ifp—qg=5 mod S8,

which is greater than or equal to dim(G, 4) = 2", i.e. the number of indepen-
dent coefficients of an arbitrary multivector M € G, ;. The equality holds in
the cases p — ¢ =0,1,2 mod 8 of real matrix representations.

Ezample. In the case Ga o = Mat(2,R), we have

ge=(g 1) pen=(1 ). (6.4
Fen=( 3 ) sewm=( 1 ).

The matrices 3’'(e) and 5’ (e2) are real and diagonal, we get the 2-dimensional
subspace

K = span(e, ea). (6.5)

Note that if we change the matrix representation so that the matrices for e;

and ey are swapped, then the subspace K will be a real span of e and e;.

Thus, K is not unique. For convenience, we choose (6.5) in this example.
Consider the multivector

M = be +4e; + 3ex € Gop.

We can choose .
U=V= ﬁ(e — 2612) S GQQ’O
with the properties

Ulu =viv = (e +2e12)—=(e —2e12) =€

B 1
V5 V5
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such that
M =UsvT
with the element
Y =5(e —e2) € K = span(e, e3).

The decomposition

1
S5e +4ey + 3eg = %(e —2e12) 5(e — e2) —5(6 — 2e19)

is equivalent to the matrix decomposition

1 2 1 2
2 4N\N_( 5 10 0 VARG
4 8 2 L 0 0 e T
VYA 5 V5
using the matrix representation (6.4).
Following the comment of one of the anonymous reviewers, let us also

present an explicit example for a defective multivector (the corresponding
matrix representation is not diagonalizable). Consider the multivector

M = %(61 +e12) € Gap.
We can choose
U=ce, V=e € GGy
with the properties
Ut =v1v =e
such that
M =UsVT
with the element
Y= %(e —e3) € K = span(e, e2).
The decomposition

1 1
5(61 +e12) = 65(6— e2) e1

is equivalent to the matrix decomposition

(60)= (o)) (Vo)

using the matrix representation (6.4).



10 D. Shirokov

Ezample. In the case G1.3 2 Mat(2, H), we have
7= (o 3 )=
en=(4 )=} "
e = )= O ) en=( |
e =( 0 ) pan=( G ) sem= (] g ).
Pen=( 3 %) seaw=(3 %),

Fen=( ) o )e Plemn=(5 5 ).

The matrices 5'(e), 3’ (e14) are real and diagonal. We get the 2-dimensional
subspace

K = span(e, e14).
Thus, an arbitrary multivector M € G; 3 with 16 independent coefficients can
be placed in the 2-dimensional subspace span(e, e14) after multiplication on
the left and on the right by two elements of the group GG 3.

Ezample. In the case G2 1 = Mat(2, R)®Mat(2, R), the matrices 5'(e), 5’ (e1),
B'(ea3), and B’ (e123) are real and diagonal. We get the 4-dimensional subspace

K = span(e, e1, €23, €123)-

7. On the classical polar decomposition of real, complex, and
quaternion matrices

Let us consider a classical polar decomposition (right and left) of arbitrary
square real, complex, and quaternion matrices (for quaternion case, see [35]).

Theorem 7.1. For an arbitrary A € R™*™ there exist positive semi-definite
symmetric matrices P and S € R™*" (i.e. PT = P and 2T Pz >0, Vz € R";
ST =8 and 27Sz > 0, ¥z € R") and matriz W € O(n) such that

A=WP=SW. (7.1)

Given a real symmetric matrix P, the following statements are equiva-
lent:
e P is positive semi-definite,
e all the eigenvalues of P are non-negative,
e there exists a matrix B such that P = BT B.
If we have SVD of the real matrix A = UXVT, then we can take
W =UVT P =VEVT and S = USUT. Note that P = VATA and
S=WPWT = VAAT.
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Theorem 7.2. For an arbitrary A € C™*™, there exist positive semi-definite
Hermitian matrices P and S € C"™*" (i.e. P! = P and z"'Pz >0, Vz € C";
SH =S and 21182 > 0, Vz € C"*) and matriz W € U(n) such that

A=WP=SW. (7.2)

Given a complex Hermitian matrix P, the following statements are
equivalent:
e P is positive semi-definite,
e all the eigenvalues of P are non-negative,
e there exists a matrix B such that P = BHB.
If we have SVD of the complex matrix A = UXVH, then we can take
W = UVH P = VEVH and S = USU". Note that P = VAHA and
S =WPWH = AAH,
Theorem 7.3. For an arbitrary A € H" ™, there exist quaternion positive
semi-definite Hermitian matrices P and S € H"*™ (i.e. P* = P and z*Pz >

0,Vz e H*; S* =85 and 2*Sz > 0, Vz € H") and matric W € Sp(n) such
that

A=WP=SW. (7.3)
Given a quaternion Hermitian matrix P, the following statements are
equivalent:
e P is positive semi-definite,
e all the eigenvalues of P are non-negative,
e there exists a matrix B such that P = B*B.

If we have SVD of the quaternion matrix A = UXV™, then we can
take W = UV*, P = VXV* and S = UXU*. Note that P = v/ A*A and
S=WPW* =+AA*.

8. Polar decomposition in GA

In the following theorem, we present polar decomposition of an arbitrary
multivector in geometric algebra G, ;. Note that the statement involves only
operations in G, 4.

Theorem 8.1 (Left and right polar decomposition in GA). For an arbitrary
multivector M € Gy 4, there exist multivectors P, S € Gy, 4 such that

Pl=p  St=5 = U= ualea)™, (8.1)
A

P = BB, S=cfc for some multivectors B,C € Gy, 4, (8.2)
and multivector
W e GGyq={U€Gpq: UU = e}
such that
M =WP=S5W.
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Proof. The statement follows from the results of the previous sections of this
paper. Namely, we use the matrix representation 8’ of G, , from Section 4, the
relation (4.5) between matrix operations and Hermitian conjugation in geo-
metric algebras, and the classical polar decomposition of matrices discussed
in Section 7. O

Note that
P=vVMIM, S =WPW'=vVMMT. (8.3)
If we have the SVD of multivector M = UXVT (6.1), then

W =UVT, P=vzvt, S =UxU". (8.4)

9. The case of complexified Clifford geometric algebras

Let us consider the complexified Clifford geometric algebra (CGA) Qﬁ q =
C ® Gp,q [14,28]. The complexified Clifford algebra is important for different
applications, in particular the complexified geometric algebra 953 is widely
used in physics (see [5,15,28]).

An arbitrary element (multivector) M € G5, has the form

M:ZmAeAeggq, ma € C,
A

where e4 are basis elements of the real Clifford geometric algebra G, , (see
Section 2). Note that Qﬁ q has the following basis of 2! elements:

e, ie, e1, i€1, €2, 1€, ..., €1, n, 1€1. p. (9.1)
In addition to the grade involution and reversion (2.1), we use the op-
eration of complex conjugation, which takes complex conjugation only from

the coordinates m 4 and does not change the basis elements e4:
M:ZmAeAeggq, my € C, Méggq. (9.2)
A
We have
MMy =M, My, VM, My €G, .. (9.3)

Let us consider an operation of Hermitian conjugation { in ggq (see
[15,28]):

M= Mle,—s(ea)=t, ma—ma = ZmA(eA)il’ M € ggq' (9-4)
A
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We have the following two equivalent definitions of this operation:

Mt — e pMer?,, ifpis odd,

61,,,pMe;'1.p, if p is even,

= _, . )
at ep+1.nMey . if qis even,

€p+1...n]\//-7€;j1mn, if ¢ is odd.
The operation
(M, M) := (M{ M)y, My, M €6,

is a (positive definite) scalar product with the properties

(M1, Mz) = (M2, M), (9.7)

(M1 + Mo, M3) = (Ml, M3) + (Mg, Mg), (Ml, )\Mg) = )\(Ml, Mg),(QS)
(M, M) >0, VMeGS; (M,M)=0< M =0
for arbitrary multivectors My, My, M3 € ggq and A\ € C.

Using this scalar product we introduce inner product space over the

field of complex numbers (unitary space) in Qﬁ ¢
We have a norm

IM|| ==/ (M, M) = \/(MIM)y, Megg,. (9.10)

with the properties

M| >0, VM eGS,; ||[M||=0< M =0, (9.11)
|My + Ma|| < ||My]| + [|Ms|, VM, Mo €Gyyy  (9.12)
AM|| = [N||M]|, VYMegS,  ViecC. (9.13)

Let us consider the following faithful representation (isomorphism) of
the complexified geometric algebra

M 2ﬁ .f e
B:6c, at(2*, C), . BIISEVEL g 1)
' Mat(27=z ,C) ®Mat(27z ,C), if nis odd.
Let us denote the size of the corresponding matrices by
N = 2l"#], (9.15)

where square brackets mean taking the integer part.

Let us present an explicit form of one of these representations of gfi q
(we use it also for G, in [23] and for G5, in [31]). We denote this fixed
representation by (. Let us consider the case p = n, ¢ = 0. To obtain the
matrix representation for another signature with ¢ # 0, we should multiply
matrices §'(eq), a = p+1,...,n by imaginary unit i. For the identity element,
we always use the identity matrix 5’(e) = Iy of the corresponding dimension
N. We always take 8'(eq1as..ar) = 8'(€ar) 8 (€ay) - -+ B (€4, ). In the case n =
1, we take §'(e1) = diag(1, —1). Suppose we know 3, := 8'(e,), a=1,...,n
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for some fixed odd n = 2k + 1. Then for n = 2k + 2, we take the same ' (e,),
a=1,...,2k+1, and

0 I
5/(€2k+2) = ( I 0 ) .
For n = 2k + 3, we take

5/(%):(% —OB’ ) a=1,...2k+2,

vz

vz

and -
k41 1/ ’
/ B Borgn 0 )
€2k+3) = . .
B ( + ) ( 0 —ZkJrlBi . "5ék+2
This recursive method gives us an explicit form of the matrix representation
B for all n.

Note that for this matrix representation we have

(5/(60,))1{ :naaﬂl(ea)v a = 17"';”7

where H is the Hermitian transpose of a matrix. Using the linearity, we get
that Hermitian conjugation of the matrix is consistent with Hermitian con-
jugation of the corresponding multivector:

(MY =B M),  Meg;,. (9.16)

Note that the same is not true for an arbitrary matrix representations 5 of
the form (9.14). It is true the matrix representations v = T~!'T obtained
from B’ using the matrix T such that THT = I.

Let us consider the group

GGpg={M€G,,: MM = e}, (9.17)

which we call a unitary group in gg - Note that all the basis elements e4
and e of ggq belong to this group by the definition.

Using (9.14) and (9.16), we get the following isomorphisms to the clas-
sical matrix unitary groups:

U(Q%) if n is even
GGC ~ A - ’ 9.18
(O {U(Q 7 ) x U272z ), ifnisodd. ( )

The Lie algebra of the Lie group Gggq is
9GS, ={Meg, M =—-M}.
The basis of the Lie algebra ggg o consists of anti-Hermitian basis elements

i@l, ieg, ceey iep, €p+1y --- €En, €12, ..., Ep_1p, i€p+1p+2,

The number of such elements is equal to 2™; we get the dimension of the Lie
group Ggg , and the Lie algebra ggg 4 (also we can calculate the dimension
of the matrix Lie groups (9.18)):

dim(Ggy,,) = dim(ggGy, ) = 2" (9.19)
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Theorem 9.1 (SVD in CGA). For an arbitrary multivector M € gp q» there
exist multivectors U,V € Ggg @ where
GGS,={U Gy, :UU=¢}, U= Talea)’,
A
such that
M =UxVT, (9.20)

where multivector ¥ belongs to the subspace K € ggq, which is a real span of

a set of N = 2l [#3+] I fized basis elements (9.1) of ggq including the identity
element e.

Proof. Let us use the matrix representation 8’ of gg o discussed above. We
have the isomorphisms (4.7) and use SVD of matrices. In the case of odd n,
the matrix representation is block-diagonal and we use SVD for each of two
blocks. The singular values are always real and we get a real span of NV basis
elements of C ® G, 4 with real diagonal matrix representation. g

Thus the meaning of SVD in complexified Clifford geometric algebra is
the following: after multiplication on the left and on the right by elements
of the group Ggfiq (9.17), any multivector M € gfiq can be placed in a
N-dimensional subspace K € C® G,, 4.

Note that the subspace K from Theorem 9.1 is not unique. By changing
the matrix representation, we can change the subspace K. But it always has
dimension N and contains the identity element e. For convenience, in the
examples below we use the representation 3’ from this section.

Using (9.15) and (9.19), we get (see the right-hand part of (9.20))

2dim(GGE ) + dim(K) = 2"+ 4 2151, (9.21)
which is always greater than dim(gg ¢ = 27+ j.e. the number of independent

real coeflicients of an arbitrary multivector M € Qg 0

Ezample. In the case G5, = Mat(2,C), we have

g@=(y 1) sen=(, _01) (9.22)

51(62)2((1) (1)>, '(e12) (0 )

The matrices '(e) and §’(e;1) are real and diagonal, we get the 2-dimensional
subspace

K = span(e, e1). (9.23)

Note that if we change the matrix representation so that the matrices for e;

and e, are swapped, then the subspace K will be a real span of e and es.

Thus, K is not unique. For convenience, we choose (9.23) in this example.
Consider the multivector

M= (1+4di)e+ (1—i)er+ (1+i)es+ (—1+i)er € Gy (9.24)
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We can choose

_ 123;5’6 + _21\/7;@1 + _21\/—;262 + _21\/_5%12 €GOS,  (9.25)
= 12\—;516—’_ _21\;;61 + 12\_/562 + _21\/_52612 € Gggo, (9.26)
with the properties
Ulu=viv=e (9.27)
such that
M =UxVT (9.28)
with the element
Y =2(e+e1) € K =span(e,eq). (9.29)

The decomposition (9.28) is equivalent to the matrix decomposition

‘ i -1 i =i \H
2 2 7 7 40 75 7
(2 2i>:<£ f)(o o)(f f) (0.30)
V2 V3 V2 V3

using the matrix representation (9.22).
Ezample. In the case G5, = Mat(2,C)@Mat(2, C), the matrices 3'(e), ' (e1),
B'(iea3) and B’ (ie123) are diagonal and real. We get
K = span(e, e1, ieas, i€123).
Thus, an arbitrary multivector M € ggo with 16 independent real coefficients

can be placed in the 4-dimensional real span(e, ey, ieas, ie123) after multipli-
cation on the left and on the right by two elements of the group Gggo.
Theorem 9.2 (Polar decomposition in CGA). For an arbitrary multivector
M e ggq, there exist multivectors P, S € ggq such that

Pl=p  St=5 = U'=> malea)’, (9.31)
A

P =B'B, S =cfc for some multivectors B,C € ggq,(9.32)
and multivector
WeGGS, ={Ueg., :UU=¢}
such that
M=WP=S5W.

Proof. We use polar decomposition for matrices and results of the first part
of this section about relation between complex matrices and multivectors in
Gl . O
Note that
P=vVMIM, S =WPW'"=vVMMT. (9.33)
If we have the SVD of multivector M = UXVT (9.20), then
w=uvvi, P=vxvl, S=UxU. (9.34)
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Ezxample. Let us continue the example discussed above with the multivector
(9.24):

M = (1+i)e+ (1 —i)er + (1 +i)ez + (1 + i)e12 € Gy .
Using (9.25), (9.26), and (9.29), we get the elements

W=UVl= %(e —iey +ieg — €12), (9.35)
P=VXVT=2(c+ie), (9.36)
S=UXU" =2(e+ ey) (9.37)
with the properties
Wiw=e,  P=pP  ST=5 (9.38)
We get the equalities
M =WP = SW. (9.39)

The decompositions (9.39) are equivalent to the matrix right and left polar
decompositions

(0)-( ) D-CHEE)
.= i 1% . = i 1%
A T A D ATV

using the matrix representation (9.22).

10. Conclusions

In this paper, we naturally implement SVD and polar decomposition in real
and complexified Clifford geometric algebras without using the corresponding
matrix representations. Note that we use matrix representations in the proofs,
namely, we use the classical SVD and polar decomposition of real, complex,
and quaternion matrices. Theorems 6.1, 8.1, 9.1, and 9.2 involve only op-
erations in geometric algebras. The theorem on SVD in geometric algebras
states that after left and right multiplication by elements of the group GG, 4
in the real case (and the group GQS o in the complex case), any multivector M
can be placed in d-dimensional subspace in the real case (and N-dimensional
subspace in the complex case), where d is equal to (4.2) (and N is equal to
(9.15)). The polar decomposition is a consequence of the SVD. We expect the
use of these theorems in different applications of real and complexified geo-
metric algebras in computer science, engineering, physics, big data, machine
learning, etc. This paper continues our previous research [2,3,24-27] on the
extension of matrix methods to geometric algebras, presented at previous EN-
GAGE (Empowering Novel Geometric Algebra for Graphics & Engineering)
workshops within the CGI 2020-2022 conferences.

Note that despite the statements of Theorems 6.1, 8.1, 9.1, and 9.2
involve only operations in a geometric algebra, their proofs use matrix repre-
sentation; it could be interesting to investigate, in a future work, alternative
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and more direct proofs involving only operations in the corresponding geo-
metric algebra. Also note that we do not present a method (algorithm) to find
the SVD in this paper. We present existing theorems. How to find elements
¥, U, and V in (6.1) and (9.20) using only the methods of geometric algebra
and without using the corresponding matrix representations is a good and
important task for further research. The problems of numerical accuracy and
computation speed can also be studied.
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