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Abstract—The existing Kalman filters for quaternion-valued
signals do not operate fully in the quaternion domain, and are
combined with the real Kalman filter to enable the tracking in
3-D spaces. Using the recently introduced HR-calculus, we
develop the fully quaternion-valued Kalman filter (QKF) and
quaternion-extended Kalman filter (QEKF), allowing for the
tracking of 3-D and 4-D signals directly in the quaternion domain.
To consider the second-order noncircularity of signals, we employ
the recently developed augmented quaternion statistics to derive
the widely linear QKF (WL-QKF) and widely linear QEKF
(WL-QEKF). To reduce computational requirements of the
widely linear algorithms, their efficient implementation are
proposed and it is shown that the quaternion widely linear
model can be simplified when processing 3-D data, further
reducing the computational requirements. Simulations using
both synthetic and real-world circular and noncircular signals
illustrate the advantages offered by widely linear over strictly
linear quaternion Kalman filters.

Index Terms—Extended Kalman filter, improperness,
quaternion augmented statistics, quaternion Kalman filters,
quaternion noncircularity, state space prediction, trajectory
tracking, widely linear model, wind modeling.

I. INTRODUCTION

HE Kalman filter is a standard tool in sequential state

space estimation, and has found application in a number
of areas, including space navigation [1], training of neural
networks [2]-[6], and sensor fusion [7]. The extended Kalman
filter enhances the scope of Kalman filtering to nonlinear
state and observation models. It has proven invaluable in, for
instance, nonlinear attitude estimation, and has also recently
been combined with the quaternion domain representation to
offer an effective way for solving 3-D attitude estimation
problems [8], [9].

Quaternions have been used for a long time in mathematics,
however, it is only recently that we have witnessed their resur-
gence in engineering and physics, where they have become
prominent in computer graphics [10] and orientation modeling
[11]15]. This is largely due to their ability to offer a compact
representation for orientation in a 3-D space that is conve-
nient, computationally efficient, and accurate. The quaternion
domain modeling has also found applications in the processing
of 3-D and 4-D rotational data, where the power of their
division algebra helps mitigate the problems associated with
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real vector spaces, such as the gimbal lock. This also makes
it possible to obtain the corresponding learning algorithms in
a more elegant form than those in R3 or R*, together with
rigorous physical interpretation, compact representations, and
closed form solutions. Other applications where quaternions
have attracted significant interest include color image process-
ing [16], source separation [17], [18], and spectrum estimation
algorithms for processing polarized waves [19].

The benefits of quaternions are conveniently illustrated in
spacecraft orientation tracking where the aim is to find the
mapping between the coordinate system on a reference-frame
r € R? and a local frame b € R? on the spacecraft body-
frame, such that b = Ar where r is a reference-frame vector,
b is the body-frame vector, and A is the attitude matrix (or
rotation matrix). Quaternions provide a convenient closed form
solution (Davenport’s g-method [20]) to this mapping, which is
generally referred to as Wahba’s problem [21]. This is largely
due to a more compact notation for rotations compared with
that obtained with a 3 x 3 matrix, resulting in fewer constraints
and a more mathematically tractable functional expression.
Numerous authors have used this quaternion representation to
track orientation in 3-D spaces [9], [22], [23], and for the
training of quaternion-valued neural networks for time series
prediction [24].

Existing quaternion Kalman filters are, however, not intrin-
sically quaternion valued as they use quaternions in the form of
a quadrivariate real ordered vector, that is, [q4, b, ¢, gi] € R
rather than using their natural representation g = q, + 1qp +
Jqc + kqq € H. It would therefore be analytically more
appropriate and practically more physically meaningful for
the algorithms to be derived directly in the quaternion domain,
rather than having to switch between quaternions and the reals.
This would also allow for a more intuitive approach to the
concept of circularity and widely linear modeling, key notions
for the optimal processing of the generality of quaternion-
valued signals. Such a fully quaternion Kalman filter would
not only be suited for orientation tracking but also for the
processing of general 3-D and 4-D processes, and as an
enabling tool in multidimensional learning systems.

One major obstacle in deriving a full quaternion Kalman
filter is the inability of standard second-order statistics to
capture full information in quaternion correlation matrices.
It has recently been shown that to fully utilize the second-
order statistical properties of quaternion-valued signals, three
pseudocovariance matrices must be used in addition to the
standard covariance matrix E[xx] [25], [26]; this is achieved
by employing the widely linear model. Conventional quater-
nion signal processing algorithms are strictly linear, and are
therefore only suitable for the processing of second-order
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circular (proper) signals.! For orientation problems, a strictly
linear model is usually sufficient because this transformation
is described by a standard quaternion number. However, most
real-world signals are noncircular and should therefore be
processed using a widely linear model to capture complete
second-order statistics available. Furthermore, as shown in
this paper, the widely linear model is a prerequisite for the
development of extended Kalman filter.

In this paper, we develop a class of linear and widely
linear Kalman filters, that operate directly in the quaternion
domain, allowing for a unified treatment of both circular
and noncircular data. For the widely linear Kalman filter
an efficient implementation is also proposed, reducing the
computations by approximately a quarter. For nonlinear state
space models, the quaternion-extended Kalman filter (QEKF)
is introduced and is shown to be inherently widely linear. This
allows us to bridge the gap in the literature on 3-D and 4-D
Kalman filters and provide an algorithmic support for learning
systems that operate on vector sensor data.

The organization of this paper is as follows: in
Sections II and III, we briefly review the quaternion alge-
bra and quaternion gradient (HR-calculus) necessary for the
development of the quaternion Kalman filter. In Section IV,
we introduce the widely linear model and provide a more
efficient implementation for 3-D signals. In Section V, the
quaternion Kalman filter is derived. Section VI introduces the
widely linear quaternion Kalman filter while in Section VII
we provide its efficient implementation of the filter. To cater
for nonlinear state models, Section VIII presents the extended
quaternion Kalman filter. Section IX demonstrates the iso-
morophism that exists between the quaternion Kalman filter
and the real Kalman filter in R*. In Section X, simulations on
both benchmark and real-world signals illustrate the tracking
capability of the algorithms derived.

II. QUATERNION ALGEBRA

Quaternions are a 4-D associative, noncommutative, normed
division algebra over the real numbers, defined as

G @i-q) ) €R = g, +1g,+ g, +xge € H (1)

where {1, j, k} are the imaginary units obeying the following
rules

Consider a quaternion ¢ = Sq + V¢, where Sq = g, denotes
the scalar part of ¢ and Vg =19, + jq, + Kk ¢q; the vector part,
then the product of quaternions gi,g> € H can be written
as [27]

q192 = (Sq1 + Vq1)(Sq2 + Vq2)
=SS —Vaqre Var+SpVagi+Sq Vg +Vaqix Vg

where the symbol “e” denotes the dot-product and “x”
the cross-product. The 3-D vector part Vg is also called

ISecond-order  circular have rotation invariant

distributions.

signals probability

a pure quaternion, while the inclusion of the real part S¢q
gives a full quaternion. The algebraic structure of quaternions
therefore enables a unified processing of both 3-D and 4-D
vector processes. The quaternion conjugate, denoted by ¢*, is
given by

9 =8Sq—-Vg=qr—1q, — jq, — Kqx (2)

and the norm || g || is defined as

g 1= 24" = Ja? + a2 + a3 + a2

A. Quaternion Involutions

Of great importance for this paper are quaternion involu-
tions, which are similarity relations, or self-inverse mappings,
defined as? [28]

1

q' = —1qt=qr+19, — jq; — kG
9’ =—jq)=q —1q, + jq; — Kqx
q* = —kqr =q, —1q, — Jq; + Kqx (3)

and have the following properties (for inv3 # invy # invy):

Pl: (¢™)™ =g for inv € {1, 7, k} (4)
P2: (192)™ = qi™g5" (5)
P3: (q1+a)™ = g™ +a3" ©)
P4 . (qanI)anz — (qanZ)an1 — quW3~ (7)

Involutions can be seen as a counterpart of the complex
conjugate, as they allow the components of a quaternion
variable g to be expressed in terms of the actual variable g
and its partial conjugates ¢', ¢/, ¢, that is>

1 1
ar=zla+q' +a’ +4"1 @ =la+4q" —q’ = 4]
4

4
1 1
= gla-a+ad ="l ac=gla—da' —a' +4"l

(®)

B. Advantages of Quaternion Algebra Over 3-D Vector
Algebra

Compare the real mapping that rotates and scales a point
x € R3 into a point y € R3, to the quaternion mapping that
rotates and scales a point g, € H into a point g, € H

gy =qrqxqy €H ~ y=Tx eR. 9)

Remark 1: The mapping T € R3*3 requires nine coeffi-
cients to relate two vectors in R3, however, physically only
four parameters are needed (two for the axis of rotation,
one for the scaling factor and one for the angle of rota-
tion). The four elements of a quaternion offer this physical
insight and compact representation, expressing straightfor-
wardly the axis of rotation, scaling factor, and angle of
rotation.

ZNote that the quaternion conjugate is also an involution.

3Compare with the complex domain where the real and imaginary parts
of the complex numbers z = x + 1y are expressed by x = 1/2(z + z*) and
vy =1/2i(z — z%).
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Remark 2: When the mapping T describes a concatena-
tion of multiple rotations in the x, y, z directions (using
Euler angles), a degree of freedom (DoF) can be lost if any
two axes are aligned, resulting in the gimbal lock phenom-
enon. No such phenomenon exists in the quaternion domain,
where the quaternion transformation in (9) is expressed as
qy = quxqgl, where g4 is a unit quaternion.

Remark 3: The quaternion rotation g7 is better conditioned
than the real rotation matrix T, as the only requirement
imposed on g7 is for it to be a unit quaternion, whereas T
must satisfy TTT = I and det(T) = 1. This has led to the
widespread use of quaternions in, e.g., spacecraft orientation
problems where they provide convenient closed form solutions
(81, [91, [29].

ITII. HR-CALCULUS

The rigorous calculation of quaternion gradient has so
far been a major stumbling block in the derivation of
quaternion-valued learning algorithms. This is mainly because
the Cauchy-Riemann—-Fueter equation (differentiability con-
dition) for a quaternion function J with respect to a vector
parameter w, given by

oJ 1(aJ oJ oJ oJ

6w*_4( jLJ@w]—HC
imposes very strict constraints on quaternion functions,
permitting only differentiability of linear functions. This is
prohibitive to the development of quaternion adaptive filters,
however, for real-valued functions of quaternion variables,
we can use the duality that exists between the real vectors
and quaternions to circumvent these stringent conditions,
as exemplified in the recently developed HR-calculus [30],
an extension of the CR-calculus [31] in the complex domain.
The HR-calculus comprises eight partial derivatives, split into
two groups: the HRR-derivatives

f(4.9"+97.9")

) =0 (10)

oW, ! ow, OWje

3f(qr,qi,q/,qx)

oq 1 -1 —j —x oqr
f4.9"'.97,9") 11 J Of (Gr,q:,9,,9x)
oq' _ 1 -1 J K — @
f(4.9'.97.9") - 411 1 —J] K 01 (gr.q:,9:9x)
oq’ aq,
o (q.9".4’ .4*) Lt 5 —«x of (Gr,41,4;,9x)
oq* B4
(1)
and the HIR*-derivatives
of(g*.9".9”*,4") Of (@r»91,9, 9x)
Aag*
¢ 1 K oqr
of(q*,9% .97 ,4"") 1 J 3f(qr,qz,q/ ,qx)
g™ _ ! 11 —j —x —
of(q*.9".97*,q"") - 4 1 —1 ] —K 0f (qr,q1,49,,9)
aq7* dq,
of(g*,9".9”*,4") l =1 -y & of (gr,q1,9, 9x)
oq™ 3qx
(12)
where ¢"™* = (¢"™)* for inv € {1, j, k} are the conjugates of

the involutions in (3).

Remark 4: The HR*-derivative of(g*, ¢'*, ¢’*, ¢**)/0g*
is equivalent to the quaternion derivative operator introduced
by Fueter [32], however, unlike the CRF derivative in (10), the
derivative of (¢*, ¢'*, ¢/*, ¢**)/0q™ also introduces a restric-
tion on the dependent variables that compose the function f(-),
namely that f(-) must be expressed as a function of the
involutions g*, ¢'*, ¢’/*, or ¢**.
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Remark 5: The HR- and HR*-derivatives can be used in
a similar way to the R- and R*-derivatives in the complex
domain [33]. For instance, to perform a direct HR differen-
tiation of a function written in terms of ¢*, it must first be
written in terms of ¢, ¢*, ¢/, and ¢”, using the substitution

1
q*=§(q’+q’+q"—q)- (13)

Similarly, to differentiate a function of ¢ using the
HR*-derivatives, we can substitute for g using
q= %(ql*+q’*+q"*—q*)~ (14)

This way, the HR-calculus provides a tool for differentiating
quaternion functions directly rather than employing partial
derivatives with respect to the real-valued g, q;, q,, qx, as
is current practice (within the pseudogradient).

Remark 6: The derivatives in (11) and (12) have the imagi-
nary unit vectors placed on the left-hand side of the real partial
derivatives of /0q;, 0f /0q,, 0f /0q,, and Of /Oq, (termed the
left-HIR- and left-HIR*-derivatives). The unit vectors could
equally well have been placed on the right-hand side of
the real partial derivatives, giving rise to the right-HR- and
right-HR*-derivatives.

IV. WIDELY LINEAR MODEL

Another stumbling block that has been detrimental to a more
widespread use of quaternions in learning systems has been
that the standard strictly linear solutions are only optimal for
a very restrictive class of so called circular data (or strictly
linear systems), for which the powers in all the quaternion
components are equal. The recent introduction of quaternion
augmented statistics [26] has highlighted that for a general
(improper) quaternion vector X, second-order estimation based
solely on the covariance matrix Ry = E [xx7] is inadequate,
and to fully capture the second-order statistics the pseudoco-
variances G = E[xx'H], L = E[xx/#], and T = E[xx*/] are
also needed. To introduce an optimal second-order estimator
for the generality of quaternion signals, consider first the mean
square error (MSE) estimator of a real-valued scalar y from
an observed real vector X, that is y = E[y | x]. For jointly
Gaussian x and y, the optimal solution is a strictly linear
estimator, given by

3 =hTx (15)
where h and x are, respectively, the coefficient and regressor
vector. For the standard complex domain MSE, the same
form is assumed but this time with h and x complex valued.
However, in terms of the real and imaginary parts of the
complex variables, we have

Vr = Elyr 1%, %] i = Elyi [%r, %]

and since x, = x +x*/2 and x; = x — x*/21, the complex
widely linear model is given by [34]

$=Elylx,x* = y=h"x+g'x*

that is, it comprises both the strictly linear part h”x and
the conjugate part g/x*, where g is a coefficient vector.
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Similarly, the existing strictly linear quaternion model is also
given by (15), with h and x quaternion valued. Observe that,
for all the components

Py = Elyy|Xr, X0, X, Xl 5 € {11, 7, )

and using the involutions in (3), we have, e.g., x, = 1/4
(x + x' 4+ x/ 4+ x*), leading to

)?r:E[yr|X,Xl»X],XK] );\l:E[yl|X5Xl»X]»XK]

ij = Ely, Ix, x',x/, x*] Y= Elyc|x,x',x/,x"]
which can be merged as
y=Elylx,x',x/,x"].

In other words, to capture the full second-order information
available, we should use the quaternion widely linear model

y=ulx+vix +g'x/ +h'x* =wlq (16)

where the augmented coefficient vector w = [u’, v/, g7 hT]7
and the augmented regressor vector q = [x/, x'T, x/T x*TT.
Current statistical signal processing solutions in H are
strictly linear, with most of the algorithms drawing upon the
covariance matrix R = E [qu ]. However, as shown in (16),
to be able to model both the second-order circular (proper)
and second-order noncircular (improper) signals, we need to

employ the augmented covariance matrix, given by [26]

RGUL T
G R T L}
L’ T R G/
TK LK GK RK

Ry = (17)

where R = E[xxf], G = E[xx*], L = E[xx/#] and
T = E[xx*4].

Remark 7: For the second-order circular signals (proper),
the pseudocovariance matrices G, L, and T vanish. A signal
that obeys this structure has a probability distribution that
is rotation invariant with respect to all the six pairs of axes
(combinations of 7, y, and x) [25], [26].

Remark 8: The processing in R* would require 10 covari-
ance and cross-covariance matrices, as opposed to four in the
quaternion domain, and would not model the signal noncircu-
larity straightforwardly.

A. Widely Linear Model for 3-D Signals

For many Kalman filtering applications, the aim is to track
a 3-D quantity, as is the case in aeronautics. The widely
linear model in (16) is the only rigorous model for general
noncircular 3-D signals [35], and to reduce its computational
complexity, we show that it is overparameterized and provide
a simplified solution. To arrive at the more parsimonious form,
we start from the linear model in (15) in its scalar form
(i.e., y = hx € H) and, using the duality between quaternions
and real numbers, it can be rewrite in R* as

Yr Urp U, u; Ug Xr
y —u, Uy —Ux U X
_})\)l — Hx = 1 r k U 1 c R4.
¥y, —u; ux ur —u | |x,
Y —Ux —U; U, Ur Xk

For the strictly linear model above, observe that the matrix H
has only four out of the possible 16 DoF needed to describe the
transformation from x to y. If the signal x is 3-D (i.e., a pure
quaternion), then the first column of H vanishes and matrix
H reduces to a 4 x 3 matrix. Hence, to fully describe the
transformation between the 3-D vector x and the 4-D vector y,
12 DoF are needed. We next show that for 3-D signals, only
three of the four terms that constitute the widely linear model
are needed to obtain the required 12 DoF. Indeed, consider the
reduced widely linear model for the 3-D data, given by

y=ux+vx' +gx/ e€H (18)
and rewrite it in R> as
r Up U Uy Uy X
Yo | _ | —W Uy —Ux U X
¥y, —u; U U —u || X,
Vi —ux —u; w, Uy | | X
o, o, v, Uk 17 x»
T —U; Uy —Ux Uy Xy
-0, U U —U —x;
|0k —v; w, vy || =Xk
8 & &5 8« Xr
+ —& 8 —8«x & —X
—8; 8 8 —& Xy
L= 8« =8 & & —Xk

Upon absorbing the negative signs in the vector x into the
coefficient matrices, we can rewrite the above as

yr Ur +0or + gr u, +v, — g
y —u, — v, — ur + o —
Yl —Hx = ! 1T & Ur T O — &
Yy —U;—v; — 8y Ukt e — 8k
Vi —Ux —Vx — 8k —U; —V; + 8,
U; —0; +8; Ux — Vx — 8k Xr
— U TV — 8 U; —V; — & Xy
Ur —0p + & —U;+0,+ & Xy
U —0 — & Ur — 0 — &r Xk

For x a pure quaternion, the first column of H vanishes while
the remaining 12 terms in H are linearly independent, and are
described by

ur +vr — g = Hn u,+v, — g =Hp
—u, +v,+g =Hs

— g = Hy u, —v, — g = Hus

ur — vy + g = Hss

Uy, — 0y
and

—u; —v,+g =Hp upx+oe—ge=Hs
u; —v, +8 =Hi

u; —v; — 8 = Ho

_ux+0x_gK:H23

U — Uk — 8 = Hjs.

Observe that now the 12 equations above are linearly
independent and therefore the reduced widely linear model
is sufficient to model 3-D data (pure quaternions).
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V. QUATERNION KALMAN FILTER

Following on the derivation of the Kalman filter in the
complex domain [36], we assume that the quaternion state
x; € H"*! evolves according to the following model:

Xp = Apxg—1 + Brug + wy (19)

where A, € H"*" is the state transition matrix, B, € H"*" is
the control input matrix for the control input u; € H"*!, and
wy € H"*! is the state noise.

The state x; cannot be observed directly but we can measure
the quantity z; € H"*! that relates to the state x; through

2 = Hxp + v (20)

where H € H™*" is the observation matrix and vy € H"*!
is the measurement noise. Both the model noise and measure-
ment noise are zero mean and Gaussian, with properties

wi ~ N(0, Q)
vi ~ N(0,Ry).

21
(22)

Since in the real-world noise normally comprises of a number
of independent sources, by the central limit theorem this is a
reasonable assumption.

The a priori state estimate Xgjx—1 € H"*! (the estimate of
the state x; before obtaining the new measurement) can be
obtained from the state model

Xijk—1 = ArXp—1jk—1 + Brug (23)

where X;_1jx—1 is the previous state estimate.

Using the measurement z;, the estimate Xgx—1 can be
improved to obtain the a posteriori state estimate Xk € Hrx1,
given by

Rek = Kegk—1 + K (2 — Hee—1) (24)

where z; — HXyx—1 is the innovation term (the error between
the estimate and the measurement). The aim is to find the
Kalman gain Ky that minimizes MSE E [e,ffkemk], where the
error is given by

ek = Xk — Xk = Xk — [Rek—1 + Kie(ze — Higpe—1)] -

Minimizing the error E [e,fllkemk] is equivalent to minimizing
the trace of the error covariance Py = cov(egx) = E[ek|ke,f|1k].
This allows us to write MSE as

Eleffexi] = Tricov(xk — Rap—1 + Ki(m — Hige—1)))].
Substituting for zx, we have
E[e,ffkemk] =Tr [cov (Xk — (iklkfl
+ Ki(Hx + vp — Hxp—1))) ]
=Tr [COV [(I — K H)(x¢ — )A(k‘k_l — Kka)]]

and using the property cov(Ax) = E[(Ax)(Ax)] =
AE[xx"]AH (the Hermitian is commutative in the quaternion
domain), we arrive at

E[e,ffkemk] = Tr[(I — KiyH)cov(xg — f(k|k,1)(l — KkH)H
+ chov(vk)K,fI].
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Denoting the a priori error covariance matrix cov(Xx — Xkjk—1)
by Pijk—1, we can now write

E[egkek\k] = Tr[(Prp—1 — KeHPy—1) (I — KH)?

+ K ReK{
= Tr[Pup—1 — KeHPy—y — Pr— HK{
+ KeSkK(' ] (25)
where S; is independent of Kj; and is given by

S = HPk|k,1HH + Rg. Upon calculating all the derivatives
(found using HR-calculus) with respect to Ky and setting to
zero, we obtain

aE[egkeklk] _ OTr[KxHP 1] 6T}”[Pk‘k_1HHK£I]
oKy oKy oK
K SkKf
oKy
where the partial derivatives can be written as (observe that

these derivatives are different to what would be obtained in
the complex domain)

(26)

1 1
SR — 5 (KiSe) = (HPy— )" — P HT. - (27)
The following decomposition is important for the derivation:

(SO = SKH™ = KiSi = KiSe
(HPy—1)")* = @P—) =P[[_ B =Py H”

allowing us to obtain a solution to (27) in the form
(SkK,fI)T = (HPk|k_1)T (since this also implies —1/2K; Sy =
—1/2Pg—1HY), finally giving

Ky = P H7S L (28)

Therefore, the a priori error covariance matrix Pyx—1 can
be solved recursively as

Pri—1 = cov[xx — Kejp—1]
= AE[ek|k_1egk71]AH+2AE[ek|k_1Wk]+E[WkW]€1].
(29)

The assumption made that the noise is white means that ey x—1
is uncorrelated with w(k) and so we can simplify the above
expression as

Pi—1 = AP 11 AT 4+ Qr. (30)

To obtain a recursive expression for Py (used in obtaining
Pyk—1), observe that from (25) the matrix P can be written as

Pi = Poj—1 —KiHPr 1 — P HP K + KiK. (31)

Substituting for K; in the above, the last two terms on the
right cancel out, giving

Pij = Prji—1 — K HPgpie— 1. (32)

This completes the derivation of the strictly linear quaternion
Kalman filter, which, unlike the existing approaches, is derived
directly in the quaternion domain, and is given in Algorithm 1.
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Algorithm 1 Quaternion-Valued Kalman Filter

Model output

Xik—1 = ArXe—1jk—1 + Brug (33)
Pi—1 = AePrii—1Af + Qx (34)
Measurement output
Sk = HP_ 1 HY + Ry (35)
Ky = Pk‘kleHSkil (36)
Xk = Xepe—1 + K[z — HXpjp—1] (37)
Py = [I — KeH]Pgji—1 (38)

VI. WIDELY LINEAR QUATERNION KALMAN FILTER

The Kalman filter derived in the previous section is optimal
for strictly linear models or for circular data. To account
for the noncircularity associated with real-world data, the
Kalman filter must propagate the augmented state estimates
and augmented covariance matrix. Following on (16) and (19),
to incorporate the widely linear model we can rewrite the state
and observation equations as

a _ Adyd a..a a
X = ApXp_; + Bpug +wy

z; = Hx} | +v{ (39)

T
where the augmented state vector xj = [ka, X;(T, x/,% ) X 1T the

augmented state noise vector wy = [wkT, W;(T, wi , WZT]T, the

. . T
augmented observation noise vector v¢ = [v/, vil v/" v¥T1T,
while the augmented state transition matrix and observation

matrix are, respectively, given by

TA; As Az Ay
AL Ay AY AL
As Ay Ar A

_A4 A3 A2 A4

"H, H, H; H,
H, H H, H,
H; Hy Hy Hy

_H4 H3 H2 Hl

Af =

HY = (40)

Note that the augmented block matrix structures in
H® and Aj (the subscript k is dropped in the partitioned
matrix for ease of representation) are necessary for the model
in (39) to hold. Using the widely linear model described
above, the widely linear quaternion Kalman filter algorithm
becomes a generic extension of the quaternion Kalman filter
described in (34) and (38), and provides a unified treatment of
both the second-order circular and noncircular data, with the
subscript a emphasizing the fact that all vectors and matrices
are augmented. The widely linear quaternion-valued Kalman
filter (WL-QKF) is summarized in Algorithm 2.

Observe from (39) that the widely linear quaternion Kalman
filter is not only able to model the noncircularity of the state
model and observation model via the widely linear A and H¢,
but also the noncircularity of the state and observation noise
via the augmented covariance matrices Qj and Ry.

Algorithm 2 Widely Linear Quaternion-Valued Kalman Filter
(WL-QKF)

Model output

Xik—1 = ARXE_ 1 + Bruy (41)
Pl = AZPzitukflAZ” +Qy (42)
Measurement Output
Si = H'P{,_H*" + R} 43)
K¢ = P{, Hsy (44)
X = X1 + Kglzg — HOX) ] (45)
Pp = [I - K{H P, (46)

Remark 9: Even for strictly linear state or observation
model, the widely linear Kalman filter can still offer better
performance than its strictly linear counterpart if the noise is
noncircular. This is in contrast to the widely linear quaternion
recursive least squares [37], which can only cater for the
noncircularity of the model and not explicitly for the noise
noncircularity.

VII. EFFICIENT IMPLEMENTATION OF THE QUATERNION
WIDELY LINEAR KALMAN FILTER

Observe that matrices Af and H{ in (40) are overparame-
terized since only one quarter of the entries are needed to fully
describe each matrix. We shall next make use of this property
to simplify each of the six equations describing the quaternion
widely linear Kalman filter.

1) Equation (41):

oa aga a..a

Xik—1 = AgXp_1—1 + Brug. 47)
Upon partitioning each matrix and array into its components
we have

)A(klk—l Al Ay Asp Ay f‘k—l\k—l
X! ] 1 1 1 <!
X1 | _ | Age Ay Ay Age | | K-tk 48)
)’Z./ - A./ A./ A./ A./ 5‘(./
klk—1 3k Mk Ak ok k—1]k—1
SK SK
Xklk—1 Al A5 A% Al X —1]k—1

Observe that there is only one linearly independent row above,
and so (41) can be simplified into

Xik—1 = AuXe—1jk—1 + AuXe—1jk—1 + A3iRr—1jk—1
+ Ay Xp—1jk—1
aT gsa
= Ak Xe—1k—1 (49)
where AYT = [A1, Aok, Asi, Agl.

Remark 10: The advantage of using this representation is
twofold. The output has only one quarter of the terms and so
less memory is needed in the implementation (this is also the
case for matrix Ay as compared with Af). Secondly, this form
is four times less computationally intensive.
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2) Equation (42):
Pl = AZPZ—uk—lAZH +Qf. (50)

To simplify the above, we start from the definition of P,‘:‘ k1>
that is

T
eklk—1 eklk—1
1 1
€ €
a _ a aH _ klk—1 klk—1
Pk = Elep &1 =E | | o e’
Klk—1 Klk—1
K K
€rik—1 €rik—1
Piij—1 Poare—1 Page—1 Page—1
l l l l
_ P;kuﬁl P}k\kfl Pé/lk\kfl P;klkfl 1)
P3k|k—1 P4k\k—1 P'lk\k—l P2k|k—1
K K K K
Pi—1 Pap—1 Pap—r Plap—i
H
where Piik—1 = Elewk—1 (exx—1) 1, Pouk—1 = Elexi—1

(eklkfl)lH]» P3p—1 = Elexr—1 (eklkfl)]H]» and Pyp—1 =
Elexk—1 (ek\kfl)KHl

Note that the product of two matrices with the augmented
block matrix structure as above also has an augmented block
matrix structure. Thus, only the first row of the product need
to be computed to express the whole matrix. To formalize this
product, we introduce the operator f,,;(-) that reconstructs a
block matrix from its first row. The terms comprising P,fl 1
can now be calculated as

Pt = A% fur (PZ—I\k—lAZH) + Q%

where P, = [Pui—1, Poxje—1, Pakk—1, Page—1] and
Q% = [Qux, Q2k, Q3k, Qukl.

Remark 11: This form requires a quarter of the mathemat-
ical operations and only one quarter of the terms need be
stored.

3) Equation (43):

S¢ = HP,_ H*" + R

(52)

(53)

Following the same approach as that for (42), since S¢ assumes

the form
Sik Sok S3k Sax

1 1 1 !
SZk Slk S4k S3k

VAV AR (54)
Sgk Sék S}{k S}%k
Sk S5 85 Sy
this allows us to write
¢ = H" [ (P HY) + RY (55)

where SZ = [Sik, Sok, S31S4x], H* = [Hy, Hy, H3, H4], and
R} = [Rik, Rog, Rag, Ryg].

Remark 12: This form requires a quarter of the math-
ematical operations and only one quarter of the memory
requirement.

4) Equation (44):

K{ =P, Hsi . (56)

Knowing that K“ has an augmented block matrix structure
we can follow the same approach as above and to arrive at a
m more compact form given by

-1
K =Py fur (HOS))
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where K = [Kig, Kok, K3, Kgg]. The matrix inverse oper-
ation is computationally very intensive, however, we can
take advantage of the structure of matrix S to simplify this
expression. The inverse of S has the same structure as S, and
can therefore be written as

Ci C G Cy

-1 G, C C, C
c] c] c] c]

C; C; CC
By applying the block inversion lemma twice onto the
matrix S, the matrices Cy, C,, C3z, and C4 can be evaluated as

(57)

Ci = (U —VU3)™! (58)
C =-CV (59)
C3 = —(C10; + C,03) (60)
Cs = —(C102 4 C10y) (61)
where
vV =10U;" (62)
U0
[U3 U= S. — OS, (63)
0,0 -1
[03 o, | =0=SS; (64)
Sa Sb_ _Qa
[Sc s.|= S¢. (65)

Remark 13: The above approach to obtain the matrix
inverse requires half the operations needed for inverting the
whole of matrix S¢.

5) Equation (45):

Xy = X1 + Kglzg — HOXg 1. (66)
This can be simplified to
Xk = Xe—1 + K{ (2" — HxY) (67)
where Ki = [Kix, Ko, Kag, Kar].
6) Equation 46:
P, = [I° — K{HOIPY, ). (68)
We can simplify this to
P{, = [[L0,0,0] - K{HIPY, ;. (69)

Algorithm 3 summarizes the efficient implementation of the
quaternion widely linear Kalman filter.

VIII. WIDELY LINEAR QUATERNION EXTENDED
KALMAN FILTER

For nonlinear systems, the state transition and the obser-
vation equations are nonlinear and are modeled using the
extended Kalman filter, given by
(84)
(85)

X = f[Xk—1] + wi
Z;x = h[xg] + Vi
where f[-] and h[-] are, respectively, the nonlinear state and

observation functions. For their approximations, the extended
Kalman filter uses the first-order Taylor series expansions
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Algorithm 3 Efficient Implementation of the Quaternion
Widely Linear Kalman Filter

Model output

’A‘klkfl = AZTﬁzfl\kfl (70)
Pii—1 = A} ful (PI?—I\kflAaH) + Qf (71)
Measurement OMtth
¢ — H®f, (P;QHH“H) + R (72)
K* = Py fur (H"‘H C“) (73)
Xik = Xik—1 + Ki (zg — HOxg), ) (74)
Py, = [[1,0,0,0] — K{HIP{,_, (75)
where
Ci = (U - UU; 'Us) ™! (76)
C = —CLU,! (77)
C; = —(C10; + C,03) (78)
Cy = —(C102 + C104) (79)
U= [U3 UJ —S, — OS, (80)
10102 _ -1
0= [03 04} =SS (81)

while the superscript @ in M* denots the augmented array of

matrix M.
M* = [My, M2, M3, My]. (82)

The superscript a in M“ defines the augmented matrix of

matrix M, given by
M, M3 My
M, M,
M? = = [ a i| (83)
Mé Mé Mi Mé M. My
M; M5 M; M}

M, M| M; M,
where f,; (M%) = M“ for any matrix M.

(TSEs) around the current state estimate. Calculating the
quaternion derivative requires the function to be analytic in
the CRF sense, however, this also imposes very strict condi-
tions as only linear functions are analytic in the quaternion
domain. Although nonlinear functions are not differentiable
in the Cauchy-Riemann-Fueter sense, by exploiting the iso-
morphism between the quaternion domain H and real domain
R4, the HR-calculus allows for nonanalytic functions to be
differentiated [30]. This also guarantees the existence of the
first-order quaternion TSE of a nonanalytic quaternion func-
tion, which assumes the form

Fagv 2L

o of
dg +
q 1 oq'

of
0q’

d K
o0q* ¥
(86)
where for analytic functions the involution derivatives vanish.
Remark 14: Because quaternion nonlinear functions are

flg+dqg)= f(q)+ dq' + ——dq’ +

oq

nonanalytic (a consequence of CRF condition), the first-order
Taylor series in (86) will always be widely linear, due to the
presence of the terms dq', dg’, and dq*. Therefore the QEKF
is always widely linear. This is in contrast to the complex
domain where the extended Kalman filter can be strictly linear
if the nonlinear function is analytic [38].

Upon expanding f[-] around Xx_ix—1 and A[-] around
Xi|k—1 using the first-order Taylor series in (86), the state and
measurement equations become

X = ApXp—1 + BkX;(q + Ckxi_l + DkXZq + wi + dg
vk = Exi— +Fxj_ | + Gx_ | + HX{_| +wi + Ik

where
di = fRe—1k—1) — AeXe—1je—1 — BiXj_ 5y
_Ck’A‘Lukq - Dk;‘Z—l\k—l
I = hXi—1) — EXpe—1 — F)A‘;c\k—l - Gf(i\kfl
_H’A‘Zuc—l
A,B,C,D = of fi 1
s Dy Ly — mlxz—lzﬁz—llk—l or ¢ S { ,l,_],K}
E,F.G,H = oh fi 1
s L'y s — @|Xf=if\k—l Orgoe{ 91’],’(}

Observing that both the linearized process and observation
equations are widely linear, the state and observation model
of the extended Kalman filter can now be written as

x; = Fyixi_,wi +dj (87)
yi = HOx{_| +wi +1{ (88)
where d¢ = [a a;", a" & 717 ¢ = L el T ”
A; Br Ci D
B, Al D. C!
Fi=|cdp Al g (89)
LGB
Dk Ck Bk Ak
E F GH
F' E' H' G
H® = G’ H' E/ F/ 90)
H* G* F* E*

The WL-QEKEF is summarized in Algorithm 4.

IX. DUALITY BETWEEN THE QUATERNION- AND
REAL-VALUED KALMAN FILTER

Following on the definition of quaternions in (1), a one-to-
one mapping exists between the points in H and R*. For the
quaternion vector q = g4 +1qp+ jqc +xqq € H", this duality
is described by

q I I I «I qr
q | | T I —jI—«l qi
q/ | | I = jI —«I q; 7
q- I I —jI xI qx
~—— S——
qa EH4” J” cHnxn qr ER4”

where I is the identity matrix and J describes the invertible
mapping J : R* — H (where J~! = %JH). Using this
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Algorithm 4 Widely Linear Quaternion-Extended Kalman
Filter

Model output

Xik—1 = Ji RKe_1p—1] + Byug C29)
Py = F{P{_F{" 1+ Qf (92)
Measurement output
§ = H'P{,_ H'" + R} (93)
K = Py, Hs" (94)
X = Xepe— + KOz — 0% 1] (95)
P, = I - K'HIP{,_, (96)

isomorphism, we can obtain a dual real quadrivariate version
of the augmented quaternion state and measurement model in
(39), in the form

X; = AiXp_y + Brug +wy
z; =Hx,_, +v; (98)
ro_ el ] roo_ —1,a roo_ —1ga
where x; = J. 'xi, zp = J,z;, ¥ = J,  'Fi I,

H" =J,'H),, w, = J,/'w¢{, and v = J,/'v{ while the error
covariance matrix are related by P} = J,,'P¢J, . We can now
obtain an expression relating the MSEs of the quaternion and
real-valued Kalman filter in the form
Tr(Py) = Tr(J; 'PL M)
= Tr®P{3, 73,

1
—Tr(P9).
2 r( k)

99)

Because of the redundant information in the augmented
pseudocovariance matrix P} [see (51)], the MSE for the widely
linear Kalman filter is (1/4)7r(P{) and not Tr(P{), thus
giving the same MSE as the real quadrivariate Kalman filter.

Remark 15: Tt follows from (99) that the performance of
the widely linear quaternion Kalman filter is identical to that
of the real Kalman filter. The duality between H and R* only
exists for widely linear models, reflecting the fact that strictly
linear models are suboptimal, and are thus suitable only for a
very restrictive class of circular data.

Remark 16: When the underlying signal generating model
is strictly linear, both the real Kalman filter and WL-QKF are
over-parameterized and the quaternion Kalman filter provides
better convergence performance.

X. SIMULATIONS

To illustrate the advantages offered by widely linear quater-
nion Kalman filters over their strictly linear counterparts, we
considered the following scenarios: 1) filtering of a quaternion-
valued signal from noisy measurements where the state model
is known and the first- and second-order statistics of both state
and measurement noise are also known; 2) multiple step ahead
prediction of a nonstationary 3-D wind field; and 3) estimating
the position of a target using bearings-only measurements.
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Fig. 1. Performance comparison between QKF and WL-QKEF for the AR(4)
process in (101), under varying degrees of noncircularity of the state and
observation noise. (a) Noncircular observation noise. (b) Noncircular state
noise.

A. Filtering of an Autoregressive Process

In the first experiment, the state model was described
by a fourth-order quaternion autoregressive process, AR(4),
given by

xrp = 1.4xp_1 —0.7x3—1 +0.04x;_1 —0.05x;—1 +wr  (100)

where the driving noise w; was quadruply white zero
mean Gaussian noise with the variance and pseudovariance
defined as

Elwiw;] = adk—n Elwiw,"] = fk—n

Elwxwy ] = y Sk—n E[wxw*] = ndk—n

where 0 is the discrete Dirac delta function. In the first
experiment, the state x; was observed in the presence of
additive quaternion-valued white noise v, of varying degree
of circularity,4 that is

Zk = Xk + Uk. (101)

In the second experiment, the state x; was observed through
a nonlinearity, given by

zx = arctan(xg) + wg. (102)

The quantitative performance measure was the prediction gain
Ry, = 1010g(03/062). where a}% and 062 are, respectively, the
powers of the input signal and the output error. Fig. 1 compares
the performances of the QKF and its widely linear counterpart,
the WL-QKE, for the signal in (101). Fig. 1 shows the results
for a circular state noise and an observation noise of varying
degree of a circularity, while in Fig. 1 the observation noise
was circular and the state noise noncircular. Conforming with
the analysis, for both sets of experiments, when the noises
were circular, the strictly linear and widely linear QKF had
the same prediction gain. However, for noncircular noises, the
QKF was inferior to the WL-QKF, as it did not cater for
the full second-order statistics of the noises. This was also
reflected by the performance of the QKF being independent
of the noise noncircularity. Fig. 2 compares the performances
of the QEKF and WL-QEKF for the nonlinear signal in
(102). Similarly to the results for the linear observation model
in the previous experiment, we observe that the WL-QEKF

4The noncircularity measure ry = g+ y + n/3a, where ry € [0, 1] and
the value ry = 0 indicates a circular source while ry = 1 indicates a highly
noncircular source.
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Fig. 3. Multistep ahead prediction of real-world 4-D wind data using QKF
and WL-QKF.
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10

outperformed the QEKF when either the observation noise
or state noise were noncircular. However, unlike the previous
experiment, for noncircular state noise, the performance of
the strictly linear QEKF was dependent on the degree of
noncircularity.

B. Multistep Ahead Prediction

The performances of the QKF and WL-QKF were next
investigated for the multistep ahead prediction of a real-world
noncircular and nonstationary 4-D wind field.> Fig. 3 shows
the prediction performance in terms of the MSE for both the
QKF and WL-QKEF. Observe that, owing to its ability to utilize
all the second-order information available, the WL-QKF was
able to capture the underlying dynamics of the wind signal
better than the QKF. This confirms that the wind signal is
inherently noncircular (as shown in Fig. 4) and so should
be processed using the widely linear Kalman filter. This is
also true for most real-world scenarios, including orientation
tracking in aeronautics.

C. Bearings-Only Tracking

In the bearings-only tracking problem, the aim is to esti-
mate the position of an object based only on noisy bearings

5The wind speed measurements in the North, East, and vertical direction
formed the imaginary part of the quaternion while the temperature was
incorporated in the real part to form a full quaternion. The data set was
recorded using the WindMaster, a 3-D Gill Instruments ultrasonic anemometer,
which was resampled at 5 Hz for simulation purposes.
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Fig. 4. Geometric view of the wind signal noncircularity via the six scatter
plots of quaternion components. (a) gr vs g;. (b) gr Vs gj. (¢) gr Vs gi.
(d) gi vs qj- () gi vs q- () q; vs g

measurements of the object from one or more sensors.
Bearings-only tracking is useful in military applications, for
example, in submarine tracking by passive sonar. Since the
range of the target must be estimated from bearings mea-
surements, the problem is inherently nonlinear. To estimate
the position (xg, yx, zx) and velocity (Xx, yk, zx) of a target
using a system of L observers located at (xgk, ygk, ng) for
i=1,...,L, the WL-QEKF can be used with the state and
observation model described as follows.

D) X = [ixp 4 jyx + w2k, 16+ yk + K2k ]

2) Matrices F and B are defined as

] el

where T is the sampling interval.
3) yx are the noise corrupted bearing measurements and
h[x;] is a nonlinear defined as

Ork+10L y  + P+ KLy
Or +101 1 + 12k T HPL 4

hx;] =
OLy +10Lk+JPL  +KPLK
where
Yk — y?k
Ok = arctan——~
e = Xik

Zk - ng

@i x = arctan -
(Gcx = xP)2 + e = 2032

are, respectively, the azimuth and elevation angles.

4) wr = Xr + jXk + kX is the zero mean noncircular
state noise (accounting for the target accelerations) and
Vi = [01,k 02,k . .. 0L k] is the zero mean.

The function h[x;] is nonholomorphic and therefore the
first-order approximation using the quaternion Taylor series is
widely linear. To illustrate the necessity of the widely linear
model, we simulated a scenario where two static sensors are
located at (—1200, 1300, 0) and (1000, 1500, 100). The sam-
pling interval of 7 = 0.1 was used and the target was made
to have an initial position of (200, 100,300) and velocity
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Fig. 5. Bearings-only tracking using the WL-QEKEF. (a) Trajectory of an
object tracked in a 3-D space. (b) MSE performance.

(2,1,0.5). The statistics of the state and observation noise
were as follows:

wr = N (10, 10, 10, 10)
v = N(0.001, 0.001, 0.001, 0.001).

Fig. 5(a) shows the trajectory of the target and the position
estimated by the WL-QEKF. The MSE shown in Fig. 5 shows
that the WL-QEKEF achieved a better MSE performance than
the QEKEF, for both the position and velocity estimation of the
target. This conforms with Remark #14 where we showed that
due to quaternion nonlinear functions always being nonholo-
morphic, the extended Kalman filter must always be widely
linear since the first-order quaternion Taylor series is also
always widely linear.

XI. CONCLUSION

The quaternion Kalman (QKF) filter and its widely linear
counterpart (WL-QKF) have been introduced for the process-
ing of 3-D and 4-D signals in the quaternion domain. In this
way, both second-order circular (proper) and noncircular
(improper) are catered for, giving a natural solution in a divi-
sion algebra where the data reside, as opposed to the existing
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approaches, which use the duality that between H and R? to
convert the quaternion quantities into real vectors. Both strictly
linear and widely linear Kalman and extended Kalman filters
have been developed, which was made possible by the recently
introduced HR-calculus. We have also illuminated that owing
to the widely linear nature of the first-order quaternion Taylor
series, the QEKF is in general widely linear, an issue that
has so far prevented its development. The proposed class
of quaternion Kalman filters fully operate in the quaternion
domain where the data reside, and are a generic extension of
their real- and complex-valued counterparts, simplifying into
the existing widely and strictly linear complex solutions when
operating on 2-D data [38]. The duality with the quadrivariate
real Kalman filters and some computational issues have also
been addressed. Simulations have shown that for a range of
signals, for which either the state model is widely linear
or the noises are noncircular, the WL-QKF filter, and the
WL-QEKEF offer better performance over their strictly linear
counterparts.

APPENDIX A

PROOF FOR THE FIRST-ORDER QUATERNION
TAYLOR SERIES

The Taylor series of a real
u(qa> qb» qe» 9a) is given by [39]

quadrivariate function

0
oqr

00
1
u(grs qis q;, qx) = u(gro, 4.0, 4,0, qx0) + E ; |:Aqr
n=1

n
i| u(qr0, 4:05 4,05 Gx0)
(103)

0 0 0
+ Agq— + ACI/_ + Agy
9 " oq, 0qx

where Ag, = g, — qy0, for n = {r,1, j, k}. Using the identity

o T or 7"

gy ]

& i i i ]] KK

a4, _ | 37 —-J -

L e I I PR (104)
oq oq/

a d 1 —1—J &

0qx oq*

to related the real partial derivatives to quaternion partial
derivatives, we next derive the quaternion Taylor series.
For a real function of quaternion variables, we have
flq,q'.9’,9") = u(qr,q,q;,qc) and so substituting (104)
into (103) and using the identities Ag, = 1/4(Aq +
Aq' + Ag’ + AgF), Aq, = 1/4(Aq + Aq' — Ag’ —
Ag¥), Aq, = 1/47(Aq — Aq' + Aq’ — Ag¥), and
Age = 1/4x(Agq — Aq' — Ag’ + Ag*), we obtain the
quaternion Taylor series

fla.q' 9, 4%) = f(qo. 490, a4 a3)

o0 n

1 d d d 0

+> = |Ag— + Ag'— + Ag/ — + Ag"
n—1"[ Tog 7oy TR o T 861"}

x £(q0, 94 93> 98-
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For a multivariate quaternion function, we thus have

fa, 9,9, 94) = f(qo, 95, 4. 45}

o0
1 G G
+> = |Aq" — +AqT —
n—ln[ q q

a n
A jT_ A KT_
oq oq' A4 oq/ A4 oq”*

x f(qo, 4f, 49, q5))-

Using the notation v =

[4.9' ¢/, q“1" and of/oq =

[of /oq of /oq’, of /oq’ , of /oq]T, the first-order quaternion
Taylor series can be written as
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