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Performance Analysis of Quaternion-Valued
Adaptive Filters in Nonstationary Environments
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Abstract—Quaternion adaptive filters have been widely used for
the processing of three-dimensional (3-D) and 4-D phenomena,
but complete analysis of their performance is still lacking, partly
due to the cumbersomeness of multivariate quaternion analysis.
This causes difficulties in both understanding their behavior and
designing optimal filters. Based on a thorough exploration of the
augmented statistics of quaternion random vectors, this paper ex-
tends an analysis framework for real-valued adaptive filters to the
mean and mean square convergence analyses of general quater-
nion adaptive filters in nonstationary environments. The extension
is nontrivial, considering the noncommutative quaternion alge-
bra, only recently resolved issues with quaternion gradient, and
the multidimensional augmented quaternion statistics. Also, for
rigor, in order to model a nonstationary environment, the system
weights are assumed to vary according to a first-order random-
walk model. Transient and steady-state performance of a general
class of quaternion adaptive filters is provided by exploiting the
augmented quaternion statistics. An innovative quaternion decor-
relation technique allows us to develop intuitive closed-form ex-
pressions for the performance of quaternion least mean square
(QLMYS) filters with Gaussian inputs, which provide new insights
into the relationship between the filter behavior and the complete
second-order statistics of the input signal, that is, quaternion non-
circularity. The closed-form expressions for the performance of
strictly linear, semiwidely linear, and widely linear QLMS filters
are investigated in detail, while numerical simulations for the three
classes of QLMS filters with correlated Gaussian inputs support
the theoretical analysis.

Index Terms—Quaternion adaptive filters, least mean square,
mean square analysis, stability, steady-state performance, im-
proper signals, noncircularity.

I. INTRODUCTION

UATERNIONS have traditionally been used in aerospace

engineering and computer graphics in order to model
three-dimensional rotations and orientations as their algebra
avoids numerical problems associated with vector algebras [1].
The recently introduced augmented quaternion statistics [2],
[3] and HR calculus [4], [S] have triggered a resurgence of
research on quaternion-valued signal processing, owing to a
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compact model of mutual information between data channels
provided by quaternions, and the inherent physically meaning-
ful interpretation for three-dimensional and four-dimensional
problems. Recent research mainly focuses on adaptive filtering,
neural networks, independent component analysis, and spectral
estimation [6]-[11]. Quaternions have subsequently found new
applications in communications, motion tracking, and biomed-
ical engineering [12]-[15].

Recently, there have been recent extensive works on the-
ory and applications of quaternion filters [16]-[20]. Tradi-
tional strictly linear quaternion filters based on the strictly
linear model § = h¥ x with the input vector x € HM *! the
weight vector h € HM *!, and the output § € H, utilise second-
order quaternion statistics based on the standard covariance
and are optimal only for estimating second-order circular
(proper) quaternion signals [16]. Advances in quaternion statis-
tics have established that widely linear quaternion filters based
on the widely liner model j = h¥ x + g7 x' + 07 x/ + v x",
where g, @, v € HM *! are complementary weight vectors, and
x',x7,x" are involutions of x, exploit the three complemen-
tary covariances in addition to the standard covariance, and
thus capture complete second-order statistical information in
quaternion signals [17], [21]. For quaternion signals with spe-
cial second-order statistical properties, the widely linear filters
reduce to semi-widely linear filters based on the semi-widely
linear model ), = flnH x, + g x! [22],[23]. Notice that, simi-
lar to the duality between complex filters and bivariate real filters
[24], [25], quadrivariate real filters are isomorphic to widely lin-
ear quaternion filters, but are totally different from strictly and
semi-widely linear quaternion filters.

Contrary to the research on real-valued adaptive filters [26]—
[29], the complete performance analysis of quaternion adaptive
filters is still an open problem, causing difficulties in under-
standing their behaviour and in the design of optimal filtering
strategies. Since the quadrivariate real filters are not isomor-
phic to the whole class of quaternion filters, it is impossible to
use the performance of the former to straightforwardly analyse
the latter, and thus the performance analysis of the latter must
be undertaken in the quaternion domain. The mean convergence
analysis for the quaternion least mean square (QLMS) filters
was proposed in [30], but the non-commutativity of quater-
nion products poses a challenge to the application of classi-
cal mean square convergence analysis methods for real-valued
and complex-valued adaptive filters to the quaternion domain.
For the mean square convergence analysis, the work in [31]
discussed a simple case, the univariate strictly linear QLMS
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algorithm, and derived the bounds of the step size. However,
considering the difficulty in multivariate quaternion analysis
due to the non-commutativity of quaternion products and the
lack of quaternion matrix factorisation methods, it is challeng-
ing to extend the analysis in [31] to general multivariate QLMS
algorithms.

Based on the analysis framework for real-valued adaptive fil-
ters developed in [27], [28], this paper analyses the mean and
mean square convergence of general quaternion adaptive filters
with general (proper or improper) quaternion inputs in non-
stationary environments, and thus quantifies their transient and
steady-state performance. The proposed analysis not only treats
different adaptation approaches uniformly, but also caters for
different linear models for quaternion signal estimation. In or-
der to model a non-stationary environment, the system weights
are assumed to vary according to a first-order random-walk
model. By decorrelating the quaternion regressor vectors, the
analysis of the QLMS filters with Gaussian inputs yields closed-
form solutions relating to the second-order statistics of input
data. The analytical results of the strictly linear QLMS (SL-
QLMS), widely linear QLMS (WL-QLMS), and semi-widely
linear QLMS (SWL-QLMS) filters are investigated in detail.
The key contributions of our work are as follows: (i) a unified
performance analysis for a general class of quaternion adap-
tive filters, encompassing various adaptation approaches and
quaternion linear estimation models; (ii) the mean square per-
formance of QLMS filters with Gaussian inputs is linked to the
second-order statistics of quaternion inputs by representing a
fourth-order quaternion moment matrix in terms of covariance
and complementary covariance matrices; (iii) the application of
a new decorrelation technique for random quaternion vectors to
the Gaussian regressors of QLMS filters leads to concise and
physically meaningful closed-form results. This work is there-
fore a non-trivial extension of the real-valued analysis [27],
[28] to the quaternion domain. Compared to [27], [28], careful
attention is paid to the non-commutative quaternion algebra,
and quaternion analysis techniques are exploited to deal with
augmented quaternion statistics. Compared to the mean square
analysis of univariate SL-QLMS in [31], a general class of mul-
tivariate quaternion adaptive filters are considered by using a
generic filter form and quaternion multivariate statistics. The
so established analytical results bring new insights into the be-
haviour of the quaternion adaptive filters.

The rest of this paper is organised as follows. Section II pro-
vides an overview of quaternions and quaternion adaptive filters.
Section III presents a convergence analysis framework for gen-
eral quaternion adaptive filters to obtain the bounds of stability
conditions and steady-state performances, from which the per-
formance of QLMS filters with Gaussian regressors is deduced.
In Section IV, a decorrelation technique for Gaussian regressor
vectors of QLMS filters is exploited to derive concise and intu-
itive closed-form analytical results, which are exemplified with
the SL-QLMS, SWL-QLMS and WL-QLMS. Simulations for
QLMS filters with correlated improper Gaussian input vectors
are presented in Section V, and Section VI concludes the paper.

Throughout the paper, we use boldface capital letters to de-
note matrices, A, boldface lowercase letters for vectors, a, and
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italic letters for scalar quantities, a. Superscripts (-)7, (-)*, and
() denote the transpose, conjugate, and Hermitian (i.e., trans-
pose and conjugate) operators respectively, diag(A) creates a
column vector containing the diagonal entries of matrix A, and
Diag(a) creates a diagonal matrix with the elements of vector
a on the diagonal. The symbol I, denotes an M x M identity
matrix, 1, an M X 1 all-ones vector, [A], ; the element on the
a-th row and and b-th column of matrix A, ||a|| the Euclidean
norm of vector a, E{-} the statistical expectation operator, while
A(A), Amax (A), and A\, (A) denote the eigenvalue, maximum
eigenvalue, and minimum eigenvalue of matrix A.

1I. BACKGROUND
A. Quaternion Algebra

The quaternion domain H is a four-dimensional vector space
over the real field R, spanned by the basis {1, ¢, 7, x}. A random
quaternion variable x € H consists of a real part R[] and a
imaginary part J [-] which comprises three imaginary compo-
nents, so that

v =R[2]+T[z] = R[z] + T3, [2] 1+ T, [2] 7+ T [2] & (1)
where R[z], J,[z], J,[x], I [z] are real variables and 1, 7, k are
imaginary units with the properties

¥ =P =k =k =—1,
JR=—KR) =1,

Yy=—Nn=kK
Kl = —1Kk =)

The conjugate of x is defined as
=Rz]-Tz] =R[z] -T,[z]t—T, [z] 7 — T [z] & (2)

The modulus of z is given by

ol = /%2 [2] + 32 [a] + 2 [&] + T2 [a]

and the product of two quaternions z,y € H by
vy =RR[y] - Ta] - Ty] + R[]I [y] + Rly] T[]
+ J[x] x Jy]

where “-” denotes the scalar product and “ X the vector product.
The presence of the vector product causes non-commutativity of
the quaternion product, that is, xy # yx. The quaternion product
has the following properties:

_ a_ T

|£Cy|—|£CHy|7£C - |1‘|27
A quaternion variable z is called a pure quaternion if R [z] = 0.
A quaternion variable z is called a unit quaternion if |z| = 1.
Similar to complex numbers, a quaternion z can be repre-
sented in the polar form as z = |z|e¢, where ¢ is a pure
quaternion, and the exponential can be represented by the sum
et = >, ¢"/(n!) and satisfies (e¢)* = e [32].

Another important notion is the quaternion involution [33],
which defines a self-inverse mapping, analogous to the complex
conjugate. The general involution of the quaternion variable x
is defined as 2% = —axa, which represents the rotation of the
vector part of = by 7 about a unit pure quaternion «. The quater-
nion involutions have the property: (z®)® = x. Accordingly,
x®* = (x*)* = (2*)*. The three special cases of involutions

*

(wy) " =y laTl (ay) =y
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about the ¢, 7 and x imaginary axes are given by

' =—wr=Rz]+ T, [z]e— T, [z])—Tx [x] K 3)
) = —Jr) = R [‘T] -7, [i} 1+ j] [{L‘] J— Ty [(E] K 4)

8
I

"= —kek=R[z| =T, (2] —T,[z] )+ T [z] K (5)

Due to the non-commutativity of quaternion products, quater-
nion matrices have different properties from real and complex
matrices. For example, a quaternion square matrix has two types
of eigenvalues [34].

Definition 1: Given A € HM*M | if Ax =x\ for A\ € H
and some non-zero x € H**!, then ) is called a right eigen-
value of A, and x is called a right eigenvector.

Definition 2: Given A € HM*M | if Ax = \x for A € H
and some non-zero x € H™*! then ) is called a left eigenvalue
of A, and x is called a left eigenvector.

Right eigenvalues have been well studied in literature, while
left eigenvalues are less known and are not computationally
well-posed [34]-[37]. Relevant to our analysis, a Hermitian
quaternion matrix H € H"*M has exactly M right eigen-
values, which are also left eigenvalues, and are real-valued.
Note that H can also have non-real left eigenvalues. There ex-
ists a unitary quaternion matrix U € HM>*M which satisfies
UHU = UU# =1y, such that H=UAU" is the eigen-
decomposition of H with the right eigenvalues of H on the
diagonal of a diagonal real matrix, A. A Hermitian quaternion
matrix is called positive definite, positive semi-definite, negative
definite, or negative semi-definite if x*/ Hx is respectively pos-
itive, non-negative, negative, or non-positive for any non-zero
quaternion vector x € H**!_ This is the case if and only if all
right eigenvalues of H are positive, non-negative, negative, or
non-positive.

In the subsequent analysis, without loss in generality, we
will apply the eigendecomposition of Hermitian quaternion ma-
trices, H = UAU" | which only involves right eigenvalues.
For conciseness, we will use the terminology, eigenvalues and
eigenvectors, to denote right eigenvalues and right eigenvectors
of Hermitian quaternion matrices [38].

Notice that the Weyl’s inequality about the eigenvalues of
Hermitian complex matrices also applies to Hermitian quater-
nion matrices. If A and B are Hermitian quaternion matrices
with eigenvalues A\ (A) > A (A) > - > Ay (A), i (B) >
A2 (B) >+ > Ay (B), then C= A + B is also Hermitian
with eigenvalues A; (C) > Xy (C) > - -+ > A\ (C), satisfying

Ai(A)+ X (B) <\, (C)
if k+1—-1<m

Y (A) + N (B)

<
<i+j—1 ©)

Vi, j, k0 €{1,2,..., M} [39].

The singular value decomposition has also been recently ex-
tended to the quaternion domain [34]. For any A € H*V | of
rank d, there exist unitary quaternion matrices U € H* *M and
V € HY*V such that A = U(]3 g)V where D € R4 is a
diagonal matrix with d positive singular values of A on the
diagonal.
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B. Augmented Second-Order Quaternion Statistics

The set of involutions in (3)—(5), together with the origi-
nal quaternion random variable x, forms the most frequently
used basis for augmented quaternion statistics, which is at
the core of the recently proposed widely linear processing
methodology [2], [3]. Benefiting from the involution basis, aug-
mented second-order statistics of a zero-mean random quater-
nion variable' x is exploited by 2-, -, and k- covariances,
Cyppo = E{xz®*},n =1,), k, which are referred to as com-
plementary covariances, together with the standard covariance
Cyy = E{xa*}. These covariances enable the characterisation
of the quaternion impropriety (second-order non-circularity)
which arises from the degree of correlation and/or power imbal-
ance between imaginary components relative to the real com-
ponent. The impropriety coefficients of a quaternion random
variable z are defined as [31], [40]

CT x¢

=41 7
G5 =g )

-

which reflect the correlation between z and each of its involu-
tions, normalised by the signal power. Note that r, € [0, 1]. The
four degrees of freedom in the quaternion domain allow for dif-
ferent levels of properness: H-properness, R®-properness and
C“-properness.

Definition 3 (Properness of a random quaternion variable):
A random quaternion variable x is H-proper if it is uncorrelated
with its involutions ', x/ and z", so that C,, = Cp =
Chrv = 0; x is R -proper if it is only uncorrelated with the in-
volution z“, so that only C,,« among the three complementary
covariances vanishes; x is C“-improper? if it is only correlated
with the involution z“, so that all complementary covariances
except Cy,o vanish; x is maximally improper (rectilinear) if its
impropriety coefficients are maximal, so thatr, = r, = r, = 1.

Similarly, augmented second-order statistics of a zero-mean
random quaternion column vector x is exploited by -, 7-, and x-
covariance matrices, Cyxx« = E{xx*} o =1, , k, which are
referred to as complementary covariance matrices, together with
the standard Hermitian covariance matrix, Cyxx = E{xxH }.
The a-complementary covariance matrix is a-Hermitian, which
means Cyyxo = (Cyxe )**. The knowledge on both the co-
variance and the three complementary covariance matrices is
necessary to ensure the utilisation of complete second-order
statistical information. Using such knowledge, the semi-widely
linear processing with the augmented signal vector x =
[x?, x"]" where ) € {1, ), k}, and the widely linear process-
ing with the augmented signal vector ¥ = [x, x'7 x/T x*T|T
have been shown to achieve better performance for improper
quaternion signals, compared to the traditional strictly linear
processing, which is based on only x [42]. The covariance

!"Throughout the paper, we assume zero-mean quaternion variables. This does
not affect the generality of our results.

2Itis called C® -proper in some literature [41], but we consider C® -improper
to be more intuitive.
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matrices of X and X can be represented by

Cxx Cxx
- CLHY XX xx"
Cix=FE {XX } B [Cixw Clx :|
Cxx Cxx" CXX/ CXXN
. Cix Cix Cixr C
H xx! XX xx* xx/
Cxx =F {XX } - Cix7 C‘)](x" C]xx Cix%
CQXK C;xj Cixf C;X

Likewise, the complementary covariance matrices of x and X
can also be represented by block matrices built from the covari-
ance and complementary covariance matrices of x.
Definition 4 (Properness of a random quaternion vector):

A random quaternion vector x is H-proper if it is uncorrelated
with its involutions x*, x/ and x", so that Cyy. = Cyyy =
Cxx+ = 0; x is R®-proper if it is only uncorrelated with the
involution x“, so that only Cxx. among the three comple-
mentary covariances vanishes; x is C®-improper if it is only
correlated with the involution x®, so that all complementary
covariances except Cyxe vanish; x is maximally improper
(rectilinear) if it is maximally correlated with its involutions,
so that the impropriety coefficients of the elements of x are all
units.

C. Quaternion Adaptive Filters

A fundamental problem in quaternion signal processing is to
obtain the estimate, ¢, , of a desired signal, y,, € H, from a set
of measurements, x,, € HX*!, which carries information about
Yn, at time n. The estimation model ¢, = f(x,, ), which incor-
porates the knowledge on the relationship between y,, and x,,,
is crucial for estimation performance. Three linear estimation
models for quaternion signals have been proposed and can be
represented in a unified form given by

gn = VAVf;{ Sp (8)
where s,, € HM*! is the regressor vector and w,, € H"*! the
weight vector. These three linear models arise from (8) as fol-
lows [2], [42]:

e Strictly linear model:

Sy, =X,, M=1L )
¢ Semi-widely linear model:

Sy, =X,, M=2L (10)
® Widely linear model:

S, =X,, M=4L (11)

The estimation model in (8) is based on the assumption that the
desired signal arises from the following linear system:

(12)
where the system noise v, is i.i.d., zero-mean, independent of
s, , and with variance crf,. For the signal in (12), the optimal

weight in minimum MSE estimation based on (8) can be calcu-
lated as

H
Yn = W, Sp + v,

g1
E {sns” } E{s,y,} =E{w,} (13)
To explore the filter behaviour in non-stationary environments,
we assume that the system weight vector w,, € H**! varies

1569

according to a widely used first-order random-walk model given
by [26], [29], [43], [44]

W, =W,-1+dQp (14)

where q,, € HM*! is a random quaternion vector that is i.i.d,
zero-mean and independent of s,,. The expression in (14) is an
approximation of a Markov model given by [45]

where the coefficient matrix A is assumed to be close to I, in
a number of practical applications. For example, in modelling
Rayleigh fading channels in a wireless communications envi-
ronment, (15) is a first-order approximation of the variation of
fading coefficients, and A is usually close to I, [29]. In or-
der to simplify the derivation during the convergence analysis,
the real-valued adaptive filtering literature customarily assumes
A =1,, to employ the first-order random-walk model in (14),
which can be straightforwardly extended to the quaternion do-
main. Despite the simplified non-stationary scenarios studied
here, the essence of the problem that is common to more com-
plicated situations is retained.

A number of quaternion adaptive filtering algorithms, based
on (8) and the stochastic gradient decent minimisation of MSE,
assume the following form:

A _ A H

Yn = W, Sp

€n = Yn — UYn
o o *
Wp4+1 = Wy + Mf [Sn] Snen

(16)

where (1 is the step size, f[s,] a real-valued scalar function of
Sy, f[sn] : HM*! — R. Specific values of f[s,] correspond to
specific filtering algorithms. For example, f[s,| = 1 results in
the QLMS, f[s,] = ||s,||~2 results in the normalised QLMS,
and f[s,] = (e + ||s,||*)~! results in the e-normalised QLMS
[43].

III. PERFORMANCE ANALYSIS OF QUATERNION
ADAPTIVE FILTERS

To analyse the convergence performance of the filters in the
form of (16), define the weight-error vector as w,, L w, —
W, , and express the filter error as e,, = V~VnH s, + v,,. Then the
weight-error vector recursion is expressed as

V~Vn+1 =W, — Nf [Sn] Snez +an (17)

(IM - ,uf [Sn} Sp, Sf) Wy, — ﬂf [Sn] Sy U:, + qn

A. Mean Analysis

Since v,, and q,, are i.i.d., zero-mean and independent of s,,,
the expectation of (17) is given by

E{W, 1} =E{Ly —puf[salsus } E{W,}  (18)

A convenient change of coordinates is enabled by the eigen-
decomposition, E{f[s,]s,s?} = UAU*, where U is a uni-
tary quaternion matrix and A is a real diagonal matrix
containing eigenvalues of E{f[s,]s,s” } on the diagonal. De-
fine w/, = U w,,, then (18) becomes

E{w,,,} = E{Li — pA} E{w,} (19)
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from which we obtain that lim E{Wn} = 0 if and only if the

eigenvalues of the matrix E{I m — pA} are all within (—1,1),

or equivalently

0< 1% < 2)‘11145( (E {f [S”] S"SnH }) (20)

B. Mean Square Analysis

Define the a priori and a posteriori estimation errors as

H
W, Sp

A ~ H _ o H
€an = — W, S, = W, 8,

A— | ~ H (= H
Epn = W, Sp — W, 1S, = (Wn+1 - qn) Sy

and the weighted a priori and a posteriori errors as €, =
wllSs, and e, £ (W, 41 — q,)" Bs,, where 3 is a quater-
nion Hermitian positive definite weighting matrix. For notation

conciseness, denote s s, by [|s, ||%. Because of (17) and

e?,n = §7z pf [sn]ens, I s, = e(?n — puf [sn] en ”Sn”;
(21
we obtain
Yok E*
~ a,n ~ 6
Wy1 + Sy 5 = Wi + sn 2 +a, (22)
lIsn s Hsnll

Evaluating energies of both sides of (22) yields

I el
||Wn+1||z ||S H = HWHHE H ”2 +||anE
nlls Sp,

P
D,

3
(EES
||V~Vn||221 +.“2 ‘Un|2 f2 [sn] HSHH2E + ||(In,||22

62*
I | w, +s, p’"2
lIsn [l

= 2R (£ [5] (3, = nf [5u] Il e ) V0]

SIEX 4 (f [sn] s, 3+ fs,] ESnsf)

+ 2R

ql'z <V~vn +sp

which can be rewritten by combining (21) as

~ 2
||Wn+1||2

+ 2R |q

+ 12 2 [sn] I8 || % sns?

The application of the statistical expectation operator to the
above equation yields

~ ~ 2 2
E{lWuiily} = E{Iwal%, } + B {llan s }

+ 122 E {12 [s] a3 }

For simplicity, we assume that the sequence of vectors s,, is
i.i.d.. Thus (23) becomes

E{IWalz} = E{Iwli} ) + B {lali}}
1202 B { £ [s.] s I
2 B{Si} = B+ i2B{f 5] Isu g st |

—p (E{f[sn]sus}

(23)

(24)

}E—l—EE{f[sn]snsf )
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1) Transient Analysis: Consider now the transient behaviour
of E{||W, ||*} by letting X = I, in (24). Following the analysis
framework proposed in [27], we vectorise matrix X’ into the
vector vec(X') by stacking the columns of 3 on top of one
another, and refer to || - [|3, as || - ||3eC s In this way, (24) can
be rewritten as

E{I%u1l*} = B {I¥a e |+ E {0} @5)
+ 120t B {f fsal s I}

F21,, —uA+ uZB

+ (E{f[sn]snsk )T®IM

BA E{f2 (s (snan) ®R (Snan)}

where the symbol “®” denotes the left Kronecker product

A—Iu@E{f [Sn]sns

(Al B (Al » B
A®B= : :
[A]M,l B [A]M,M B
and “®g” the right Kronecker product [46]
B [Ahg BIA], y
ArB= : :
B [A]M,l B [A]M,M

Notice that the eigenvalues of F are all real-valued as F is a
Hermitian quaternion matrix [38].

Based on the Cayley-Hamilton theorem, [27] has proved that
(25) is stable for real variables if and only if all eigenvalues of
F are within (—1, 1), which is equivalent to

0 < p < min {)\mhx (A_lB) ,

max{A({ﬁZ? _BO/QDGW}I} 26)

This conclusion also holds for quaternion variables since the
Cayley-Hamilton theorem applies to the quaternion domain
[34], implying that (26) is also the mean square stability condi-
tion of quaternion adaptive filters. In contrast to real and complex
analyses [25], [29], the steady-state performance of quaternion
adaptive filters is difficult to quantify in a closed form via the
above analysis approach, since the required vectorisation of
quaternion matrices is hindered by the non-commutativity of
quaternion products.

2) Performance Bounds: The sufficient and necessary stabil-
ity condition shown in (26) is difficult to interpret owing to the
complicated structure of matrices A and B. Next, we shall derive
simple sufficient and necessary conditions for the mean square
stability. Set X = I, then the evolution of E{|Ww, ||*} can
be deduced from (24) as

{19 al*} = B {I%a 15} + 2 {llau |}
+ 1202 B {1 [su] s}

Y =Ty —2uE {f[sn]sust } + 1°F {f2 [$n] I |I® snsff}

27)
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Notice that the Cauchy—Schwarz inequality can be applied to
the Hermitian quaternion matrix E{f?[s,]||s,|/*s.s2} [47],
yielding

S =Ty —2uE {f[sa]susy b+ 1 (E{f[sn]sns) )2

2

= (Ly — nE{f[su]susy }) (28)
Observe that X' is positive semi-definite, and its eigendecom-
position is given by ¥’ = TAy T, where T is a quaternion
unitary matrix, and Ay, areal diagonal matrix with non-negative
eigenvalues of ¥ on the diagonal. Thus, we have

By} = B I TALT W, 9)
From (29), we next obtain
E{I1¥al3 } < Max EVE{IWa I} G0)

where .y (2) is bounded by
)\max (El) S 51 £ 1- 2/~L>\min (E {f [Sn] Snsﬁl )
1 A (B {2 [s.] sl 552 })

which is based on (6). This inequality, together with (27) and
(30), yields

E{I¥u1l?} < @B {1917 } + B {lla. I}
+ 1202 E {2 sa] sl }

which is stable if £; < 1, thus implying the following sufficient
condition for the mean square stability

2Xmin (E {f [Sn] SnSnH})

€1V

0<p< - (E {f2 5] 5o Sns#}) (32)
From (29), we also have
E{Iwale} = o RV E{IW P} 63)

where A\, (X') is bounded by
/\min (E/) > 52 = 1- 2H>\1113x (E {f [Sn] Snsﬁ )
1N (B { £ 5] lIsu | sust })
This inequality, together with (27) and (33), yields

E{I%.1l’} > &E {15} + B {la ]}

(34
+ 1202 E{ 1 [s] Isa |}

Thus, a necessary condition for the convergence of E{||w,, ||*}
is & < 1, or equivalently

2hmax (E{f [su] 5051’ })
Naia (B { £ [su] I8 551 })

From (28), another necessary condition for the conver-
gence of E{||W,||?} is that the eigenvalues of the matrix
(Ins — pE{f[s.]s.s1})? are all less than unit, which yields
the same step size bound as in (20).

Remark 1: Any value of y that satisfies the mean square sta-
bility condition given in (26) also guarantees the mean stability.

Next, the steady-state performance of quaternion adaptive fil-
ters will be bounded through a similar approach. At the steady
state, we have lim,, oo F {||W,1]|?} = lim,, .o E {||W,[]*},

0<pu<

(35)
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and thus the bounds of MSD = lim,, .o, E {||W,||*} can be de-
rived from (31) and (34) as

2.2
MSD < 120 Tr(Cas ) +Tr(Cyq) .
= 2 (B [50)80 SE D2 Mavax (E{S2[50 ][50 [Psn sl })
2 .2
MSD > [ UL*Tr(C‘ss)JFTT(qu)
= 2pmax (B{f 0180 ST 1) = Ain (E{ /280 ]lls0 |5 s })
(36)

Since
E{I¥ s, } = B (W KAGK" W, )
where KA K is the eigendecomposition of Cgg, we obtain

Auin (Cos) B { 90}

< B9l } < Mnax (Cos) E{ 1500112}
so that EMSE = lim,, . E{||W,, [|¢;__ } is bounded by

>\min (Css) -MSD S EMSE S >\1nax (Css) -MSD (37)

C. Performance Analysis of QLMS

When f[s,, ] = 1, the general quaternion adaptive filtering al-
gorithm in the form of (16) reduces to the QLMS. Therefore,
the performance of QLMS filters can be obtained by substituting
f[sn] = 1 into the above analysis results for general quaternion
adaptive filters. Specifically, the mean weight-error vector re-
cursion in (18) becomes

E {VNVnJrl} = (L\,[ - ,U/Css) E {WTL} (38)
while the mean stability condition in (20) reduces to
0<p<2X\,L (Cg) (39)

which is the same as the mean stability condition obtained in
[30].

The mean square stability condition in (26), which is also the
overall stability condition, becomes

0 < g < min {Améx (A'B),

< = ~1
([0 8] e )
Iy 0
A21,, ®Cy +CL oIy

E{(snsg)T o (sns{f)}

Furthermore, if the regressor vector s,, arises from a Gaus-
sian distribution, the analysis results shown in (32), (35)—(37)
can be simplified by expressing the fourth-order moment ma-
trix E{||s,|/*s,sH } in terms of covariance and complementary
covariance matrices of s,, as

E {||Sn||2 S"S{L{}

B

[I>

(40)

1 2 H
=Tr(Cus) Cas + 5 (css + > Cuse c) (41)

a=1,7,K
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which is proved in the Appendix. Then, we have

Mo (B {lIsull” .51 }) < Tr (Css) Auax (Cis)

1
+ 5 )‘r2nax Z pmax SS”
L a=1,],Kk
Amin (E { Hsn H Sy S }) > Tr (Css) Arnin (Css)
. -
+ 5 mln Z pmln SS“
L a=1,7,Kk

where piax (Csse ) and ppin (Csse ) are maximum and mini-
mum singular values of Cggo respectively. A sufficient stability
condition is deduced from (32) as

O<p<
4Amin (Css)

2Tr (CSS) )\max (CSS) + )‘12113)( (CSS) + Za:z,].ra p?nax (CSS" )
(42)

while a necessary stability condition is deduced from (35) as

0<pu<
4)\max (Css)
2Tr (Css) Amin (Css) + )\Iznin (Css) + Z(y:’L,j,k; Phiin (Csse )
(43)
The upper and lower bounds of MSD are then deduced from
(36), as in (44) shown at the bottom of this page. The upper and

lower bounds of EMSE can be calculated based on the MSD
bounds in (44), as in (37).

IV. MEAN SQUARE ANALYSIS OF QLMS WITH GAUSSIAN
REGRESSORS USING QUATERNION DATA DECORRELATION

As shown in Section III-B and Section III-C, unlike the anal-
ysis for real and complex adaptive filters [25], [29], the mean
square performance of quaternion adaptive filters is difficult to
evaluate exactly in a closed form, owing to the non-commutative
quaternion algebra and the lack of structural quaternion matrix
decomposition methods. In order to obtain a concise closed-
form solution to the mean square convergence equation (24) for
QLMS with Gaussian regressors, we next use a novel quaternion
data decorrelation technique to simplify the involved quater-
nion covariance matrices. The simplification is based on the
following assumption on the augmented second-order statistics
of quaternion Gaussian regressor vector s,, .

Assumption 1: There exists a unitary transform s,, = Glsg,
such that
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where Agq is adiagonal real matrix containing the eigenvalues of
Cgs on the diagonal, and Agge are diagonal quaternion matrices.

It can be verified that Assumption 1 holds exactly when one
of the following conditions on s,, is met:

1) The covariance and complementary covariance matrices
of s, are related by scalar multiplication. This condi-
tion holds for regressor vectors with specific second-order
statistics, such as an H-proper regressor vector (Cgga =
0Css) and a rectilinear regressor vector (Cgge = p,, Css,
where p,, is a unit quaternion).

s, can be expressed by applying a unitary transform to
a white Gaussian random quaternion vector v, that is,
s, = Gv,,, where G is a unitary quaternion matrix.

For quaternion inputs that do not meet the above two con-
ditions, Assumption 1 holds approximately as the result of the
recently proposed approximate uncorrelating transform [48]—
[50]. Under Assumption 1, we shall define w, = G,
a, = Gq,, > = G G and convert (24) into

E{1Wn i1l } = B{Iwally } + 202 B {Isal} }
+ 5 {Jlan I }
y=3- u(E{s,Ls }E—l—EE{sns )

+ it B {51} 5051 |

2)

(46)
where
B {513 .50 } =Tr (SAss) Ass

1
= Asso ALy | (47
g X )
is derived similarly to the derivation of (41). Let X be a diagonal
real matrix, then > isalso diagonal and real, and hence these two
matrices can be completely characterised by their diagonal en-
tries. Defining & £ diag(X), 6’ £ diag(X'), As 2 diag(Ass),

Aa £ diag(F (! }). and refering 10 |- 3 and |- 3 as
| - ||z and || -||Z,, we obtain the compact forms of (46) and
(47) as

_ _ T _
E{Ilwnill2} = E{Iwals } + (42022 + o)
F:I]\j 7,LLA+,LL2B
A =2Ag

1
5 <Azs

Similar to the stability condition for (26), (48) is stable if

B = + ) A A:so) + AN (48)

=17,k

Css = Ass, Csse = Agse, a=1,),K (45)  and only if all eigenvalues of F are within (—1, 1). Since these
2
MSD < 21202 Tr (Cgs) + 2"§r( aq)
4pAmin (Css) — p? [QTr( ss) Amax (Css) + Apax (Css) + Za:l,],/‘; pr2nax (Csso )}
2 2T Cgs 2T
MSD > 0, T (Cos) + 211 (Coq) (44)

4N>\max (Css) - {2TI'( s) min (Css)

+ 22

min

(Css) + 20, ok Prin (Csse )}
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eigenvalues are easily seen to be greater than —1, we only need
to investigate how to guarantee that they are less than unit. It
can be proved that they are upper bounded by unit if and only if
O<pu<A IB), which is verified to be equivalent to

IIl(‘LX(
M
Z 2,ll)\s.rn

m=1 4— M/\S.’m (1 + ZQ:7,7]_’KT§Q’m)

where A, is the m-th element of Ag, and rg, ,, is the a-
impropriety coefficient of the m-th element of s,,. According
to Remark 1, the condition in (49) is sufficient and necessary
for the algorithm stability both in the mean and mean square
sense.

Remark 2: The stability condition in (49) indicates that the
upper bound of 1« decreases with the increase in the length of the
regressor vector, M, the increase in the power of the regressor
reflected by s ,,,, and the increase in the impropriety degree of
gn reflected by Téz,m ) Té],m s Tsk,m -

MSD and EMSE analysis. Iterating (48) gives

E{Iwl2} = B{IWollf o} + (2022 + 2q)" Y F'o

(50)
The MSD and EMSE at iteration n can now be derived from
(50) by letting = 1,; and & = g, respectively. Equation (50)
also yields the iteration

E{ I l2} = E{Iwally } + B {1903 1 )5 |
+ (1202 + ) F'o 51)

which characterises the evolution of MSD when & = 1,;, and
characterises the evolution of EMSE when & = ).

At the steady state, lim, ... E{||[W,;1]/3} = lim, ..
E{||W,||%}, so that (48) yields

T _
lim B { [Wal},a im0 | = (12022 + Aq)

n-—oo

Finally, the steady-state MSD and EMSE become

0< <1

(49)

n—1

= (Wi As + )\q)T (nA — MQB)_l 1m

EMSE = lim E {||v_vn 12 }
(2.2 T o2/
= (u Oy s —|—)\q) (uA 1 B) As
which can be rewritten as

22]\1 1202+ Mg, m Ag
m=1 4 —As,m (1+Za:u1m 7‘20.7}7)

MSD = ” » (52)
=2 [N GBS S
2 heim A
2Zm . N 0' s, 1M q,m
A—pds,m (1400 ) e T2am
EMSE = —— e (15 E ) (53)
=2 N S SR

Remark 3: Observe from (52) and (53) that the steady-state
EMSE and MSD increase with the length of the regressor vector,
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TABLE I
SUMMARY OF ANALYSIS RESULTS
Stability condition Steady state
S N N&S MSD EMSE
General
. Eq.(36) | Eq.(37)
t Eq.(32)| Eq.(35)| Eq.(26
qua.ermon 4-(2)| Eq.(35)| Eq.26) (bounds) | (bounds)
adaptive filter
QLMS with
. Eq.(44) | Eq.(37)
Eq.(42)| Eq.(4 Eq.(4
G.auss1an 4:(42)| Eq.(43)| Eq.(40) (bounds) | (bounds)
inputs
QLMS with
Gaussian
Eq.(42)| Eq.(4 Eq.(4 Eq.(52 Eq.
inputs under q.(42)| Eq.(43)| Eq.(49)| Eq.(52) q.(53)
Assumption 1

S: Sufficient; N: Necessary.

M, the power of the regressor reflected by A ,,, , the impropriety
degree of §,, reflected by 7, 1m, 7's),m » 'sk,m» and the variance
of the system weight variation reflected by A ..

Table I summarises the sufficient stability conditions, neces-
sary stability conditions, necessary and sufficient stability condi-
tions, MSDs, and EMSE:s for general quaternion adaptive filters
and QLMS filters with Gaussian inputs. The closed-form repre-
sentations of the performance of SL-QLMS, SWL-QLMS, and
WL-QLMS with Gaussian regressors satisfying Assumption 1
can be obtained by replacing s with x,,, X,,, and X,, respectively
in (49), (52) and (53). Exploring the second-order statistics of
input signal, the following three subsections further address the
performance of the three classes of QLMS algorithms.

A. SL-QLMS
1) Scalar Input: The stability condition of the SL-QLMS
with a scalar regressor x,, is obtained from (49) as
4

O<p<
o2 (34712, 412, +12,)

(54)

where 03 is the variance of x,,. This condition is the same as the
analysis result obtained in [31]. The steady-state performance
can be derived from (52) and (53) as

2 (,u20202 + o )

MSD = (55)
.UJO'% [4 - :U‘O'JZ: (3 + r.?271 + T.%] + r%h)}
2 202 02 +o
EMSE — (v ) (56)
2 [4 - ,UO'% (3 + T;%z + T;%j + T%h)]
where 03 is the variance of the weight variation g, .

2) H-Proper Input Vector: The diagonalisation of Cxyx com-
pletely decorrelates an Hl-proper quaternion input vector x,, . For
such inputs, 7z m = 0, Vm, «, so that the stability condition in
(49) and the steady-state performance in (52) and (53) become

M

O<Z

m= 1

20 ,m

o <1 (57)
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oM 1205 HAaim Al
m=1 A=A m

MSD = (58)
1 2)\)( m
( - N’anfl 4= m )
/ 2o )\ +A
Zf\rxf Iz ,U 7x. m q.m
EMSE — L Aoihom (59)

2Ax,m
(1 - MZm Td—pde m )

3) Rectilinear Input Vector: If the Gaussian input vector x,,
is rectilinear, it can be expressed as x,, = ez, , where z,, is a
random Gaussian real vector, and ¢ a constant pure quaternion
scalar [51]. For such inputs, the covariance and complemen-
tary covariance matrices can be represented by Cyxx = C,,,
Cyxe = €5(e79)Y Cyy, a = 1, ), k. Therefore, Cyy, Cxxa can
be simultaneously diagonalised via the diagonalisation of the
real symmetric matrix C,,. Note rx ., = 1,Vm, a, so that the
stability condition in (49) and the steady-state performance in
(52) and (53) become

<3 e

M
Zm*l

KA m

Ry <1 (60)

P28+ A Ml
22 m

MSD = (61)
p (1 pE )
Y 252\ + A
ZM: W
EMSE — - (62)
(1_“Z:—M m&m)
B. SWL-QLMS

1) H-Proper Input Vector: If the random quaternion vector
x,, is H-proper, Cxx reduces to a block diagonal matrix. Denote
the eigendecomposition of Cyyx by Cyxx = QAxx QY where
A« is a diagonal real matrix containing all eigenvalues of Cxx
on the diagonal, and Q is a unitary quaternion matrix containing
eigenvectors of Cxx. We can find a unitary quaternion matrix

_ L [ Q —Q]
V2 QT QT

so that s, = G'x,, is a C"-improper vector and satisfies
ng = 12 X Axx, ngn = Dlag(l, 71) (29 Axx

This reduces the stability condition in (49) and the steady-state
performance in (52) and (53) to

M/2 2,u)\
0< =T <1 63
mzlz_:u’Ax m ( )

ZM/2 20202 Ae m+Aq.m+Aq,m 40 /2
m=1 Ax,m (2_H>‘XJn)

MSD = T (64)
" (1 — Q,UEm:l 27;;:.111 )
A[/Q 2/1'2”;2;)‘X,771+)‘q.m+/\ ,m+M/2
dimt v v—
EMSE = ! 2= e 65)

M/2  Am
M (1 - Q,U'Zmil 2—pAx,m )

2) Rectilinear Input Vector: As shown in Section IV-A3, the
covariance matrix of a rectilinear vector x,, is real-valued, so its
eigendecomposition can be represented by Cyx = QA Q7
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where Q is a real orthogonal matrix. We can find a quaternion
unitary matrix

1 Q
V3 L) e

so that §,, = G x,, satisfies

—e¢ ()" Q

¢ = Q

‘Q

Css = Diag(2,0) ® Axx
ngq = Dlag(QeC (674)[l ,O) ® A.XX7 a=1,1]K

which reduces the stability condition in (49) and the steady-state
EMSE in (53) to

M/2

O<Z

m= 1

A% m

<1 66
- 2/’[/)\)( m ( )

M/2 20208 M o +Aq.m
m=1 1-2pMx . m

M/2 Ax . m
2 (1 - uZQO)

In this case, the steady-state MSD is uncertain as the weight
solution is not unique.

+Zm m
EMSE — 1+M/2 q

(67)

C. WL-QLMS

1) H-proper Input Vector: Ifx, is H-proper, Cyx reduces to
ablock diagonal matrix. Considering the eigendecomposition of
Cyx> Cxx = QA Q™ we can find such a quaternion unitary
matrix given by

Q -Q -Q —-Q

c_lle @ o «

2l @ @ @

QI‘C QI{ QI‘C _QI{

that 5, = G %, satisfies
C§§ = I4 ® Axx

Css = Diag(1,1,—1,—-1) ® Axx
ngJ S Dlag(l, —1, ].7 —1) X Axx
Css» = Diag(1,—1,—1,1) ® Axx

The stability condition in (49) and the steady-state performance
in (52) and (53) become

M/4

0<Z

m *1

2,“4)\)( m

o <1 (68)

MSD =

21\1/4 4?0 A m +HAqm F A+ 04+ A 012 F Mg + 30 /4
m=1 2Xx,m (1 A m )

(1 _9 ZM/4 Ascom ) ©9)
=11—pdx m
EMSE =
ZM/4 40202 Mem A qm A om0 /4 Aqum 4 02 F A m w3004
m=1 2(1—pAx m) (70)

M/4  Aom
H (1 - 2/J‘Zmil T—f A m )
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2) Rectilinear input vector: If x,, is rectilinear, the quater-
nion unitary matrix

G:

Q -Q -Q -Q

1 (€<)Z e tQ — (ec)l eQ (64)l e Q (e()Z e<Q
2 () e*Q (&) e*Q — () e*Q () e*Q

(eC)"" e—CQ (ef)" e—(Q (eC)"" e—CQ _ (eC)K e—CQ
allows the transformed vector §, = G %,, to satisfy

Css = Diag(4,0,0,0) ® Axx

Cqso = Diag(4e¢ (7¢)",0,0,0) ® Axx,
which reduces the stability condition in (49) and the steady-state
EMSE in (53) to

=17k

M/4

Q,U)\x m
0 E — <1 71
= m=1 1- 4/1/)‘)(,771 ( )
M/4 4p° 03 Mo +Aaq.m M
Zm: L_%q + Zm: M >\ m
EMSE — 1T Tdphe 14+M/4\a 72)

M/4  Mm
2p (1 —2u L T—4p 2 m )
In this case, the steady-state MSD is uncertain as the weight
solution is not unique.

V. SIMULATIONS

The performances of the three considered classes of QLMS
algorithms with Gaussian inputs were evaluated by averag-
ing results over 1000 independent numerical simulation tri-
als. Throughout the simulations, the length of the synthetic
correlated input vector x, was L =4, and the eigenvalues
of Cxx were kept the same. For simplicity, the elements of
X, were set to have an equal impropriety coefficient, that is,
Tma =Tm,y =Tmk =T.

A. SL-QLMS

In the simulations for the SL-QLMS, the desired signal was
generated from the strictly linear model in (9) and (12). The
variance of the additive Gaussian noise v,, was 072) = 0.01, and
the Euclidean norm of the Gaussian weight variation q,, was
0.0016. Fig. 1 depicts the theoretical and simulated EMSE and
MSD learning curves of the SL-QLMS for an improper input
with 7 = 0.5 and . = 0.02. These curves exhibit a good match
between the theory and simulation results. Figs. 2 and 3 illustrate
the theoretical and simulated steady-state EMSEs for different
values of the step size p when x,, is H-proper and when x,,
is improper with r = 0.5, respectively. The theoretical bounds
of p are also indicated. Both figures show that there was a
good match between theory and simulations and their difference
increased with p, which is similar to the behaviour of real-
valued LMS filters [27]. Observe that the decrease in the stability
bound for the improper input conforms with Remark 2. Fig. 8
illustrates a match between the theoretical and simulated steady-
state EMSEs for inputs with various impropriety coefficients
r € [0,1] and 1 = 0.2. The increase in the steady-state EMSEs
with r conforms with Remark 3. As Remark 2, Figs. 2 and 3
show, the upper bound of p decreases with the increase in 7.
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Fig. 1. Theoretical and simulated learning curves of SL-QLMS for an im-

proper input with » = 0.5 and pz = 0.02.
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Fig. 2. Theoretical and simulated EMSEs of SL-QLMS as a function of the
step size, for an H-proper input.
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Fig. 3. Theoretical and simulated EMSEs of SL-QLMS as a function of the
step size, for an improper input with r» = 0.5.

So, for a fixed p, the theoretical EMSE for highly improper
inputs is less accurate, as p is closer to the upper bound. This
explains the difference between the theoretical and simulated
steady-state EMSEs for a large r in Fig. 4 as well as in Figs. 8
and 12.
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Fig. 5. Theoretical and simulated learning curves of SWL-QLMS for an

improper input with 7 = 0.5 and p© = 0.02.

B. SWL-QLMS

In the simulations for the SWL-QLMS, the desired signal was
generated from the semi-widely linear model in (10) and (12).
The variance of the additive Gaussian noise v,, was Jg = 0.01,
and the Euclidean norm of the Gaussian weight variation q,,
was 0.0008. Fig. 5 depicts theoretical and simulated EMSE and
MSD learning curves of the SL-QLMS for an improper input
with 7 = 0.5 and pz = 0.02. These curves exhibit a good match
between the theory and simulation results. Figs. 6 and 7 show
theoretical and simulated steady-state EMSEs for different val-
ues of the step size p when x,, is H-proper and when x,, is
improper with » = 0.5. The theoretical bounds of p are also
indicated. Both figures illustrate a good match between theory
and simulations and an increase in their difference with . The
decrease in the stability bound for the improper input conforms
with Remark 2. Fig. 8 illustrates a match between theoretical
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Fig. 8. Theoretical and simulated EMSEs of SWL-QLMS as a function of the
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and simulated steady-state EMSEs for inputs with various im-
propriety coefficients r € [0, 1] and x = 0.1. The increase in the
steady-state EMSEs with r conforms with Remark 3.

C. WL-QLMS

In the simulations for the WL-QLMS, the desired signal was
generated from the widely linear model in (11) and (12). The
variance of the additive Gaussian noise v,, was 05 = 0.01, and
the Euclidean norm of the Gaussian weight variation q,, was
0.0004. Fig. 9 depicts theoretical and simulated EMSE and
MSD learning curves of the SL-QLMS for an improper in-
put with » = 0.5 and p = 0.02. These curves exhibit a good
match between the theory and simulation results. Figs. 10 and
11 show theoretical and simulated steady-state EMSEs for dif-
ferent values of the step size 1 when x,, is H-proper and when
X, is improper with = 0.5. The theoretical bounds of p are
also indicated. From both figures, we can observe a good match
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between theory and simulations and an increase in their differ-
ence with p. The decrease in the stability bound for the improper
input conforms with Remark 2. Fig. 12 illustrates a match be-
tween theoretical and simulated steady-state EMSESs for inputs
with various impropriety coefficients r € [0, 1] and p = 0.05.
The increase in the steady-state EMSEs with r conforms with
Remark 3.

VI. CONCLUSION

Convergence of quaternion adaptive filtering algorithms in
non-stationary environments has been analysed by extending an
analysis framework for real-valued adaptive filters to the quater-
nion domain. For rigour, the first-order random-walk model
has been employed to model the variation of system weights
in a non-stationary environment. The bounds on transient and
steady-state performance of general quaternion adaptive filters
have been derived. For QLMS filters with Gaussian inputs, an
innovative quaternion decorrelation technique has simplified the
analysis and enabled the step size bounds, MSDs and EMSEs
to be expressed in closed forms. The analytical results, which
are shown to be influenced by the second-order statistics of in-
put signals, provide new insights into the statistical behaviour
of the considered filtering algorithms. Effectiveness of the pro-
posed analysis has been verified by numerical simulations for
SL-QLMS, SWL-QLMS and WL-QLMS filters with correlated
Gaussian inputs. The proposed analysis framework may be ex-
tended to other division algebras, such as the analysis of octo-
nion adaptive filters, a topic of future research.

APPENDIX
PROOF OF (41)

Based on Isserlis’ theorem [52], the fourth-order moments of
real and complex variables can be represented by their second-
order moments. However, Isserlis’ theorem does not apply to
quaternion variables because the quaternion products are non-
commutative. To circumvent this difficulty, we represent quater-
nion variables using the Cayley-Dickson construction, that is,
the m-th element of s,, is written as s, = ¢, + d,, ), where
¢, and d,,, are complex variables defined on the basis {1,2}
[18]. By applying Isserlis’ theorem to the constitutive complex
variables, the element on the a-th row and b-th column of the
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