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Quaternion derivatives exist only for a very restricted class
of analytic (regular) functions; however, in many applications,
functions of interest are real-valued and hence not analytic,
a typical case being the standard real mean square error
objective function. The recent HR calculus is a step forward and
provides a way to calculate derivatives and gradients of both
analytic and non-analytic functions of quaternion variables;
however, the HR calculus can become cumbersome in complex
optimization problems due to the lack of rigorous product
and chain rules, a consequence of the non-commutativity of
quaternion algebra. To address this issue, we introduce the
generalized HR (GHR) derivatives which employ quaternion
rotations in a general orthogonal system and provide the left-
and right-hand versions of the quaternion derivative of general
functions. The GHR calculus also solves the long-standing
problems of product and chain rules, mean-value theorem and
Taylor’s theorem in the quaternion field. At the core of the
proposed GHR calculus is quaternion rotation, which makes
it possible to extend the principle to other functional calculi
in non-commutative settings. Examples in statistical learning
theory and adaptive signal processing support the analysis.

1. Introduction

Quaternions have become a standard tool in many modern
areas, including image processing [1,2], aerospace and satellite
tracking [3], modelling of wind profile in renewable energy [4]
and in the processing of polarized waves [5,6]. Compared to real
vector algebra, quaternion algebra [7] has been shown to both
reduce the number of parameters in the modelling and offer
advantages in terms of functional simplicity and accuracy [8,9].
The most common optimization approach in applications is based
on the gradient of the objective function; one such algorithm
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is the quaternion least mean square (QLMS) [4]. The objective functions in practical applications are
typically based on the mean square error (MSE), a real function of quaternion variables, and are thus not
analytic according to standard quaternion analysis [10-12]. This is a major obstacle to a more widespread
use of quaternions in learning systems.

The existing ways to find the derivative of a real function f(g) with respect to the unknown quaternion
variable ¢ are:

— The pseudo-derivative, which considers f as a function of the four real components g, g3, . and
qq of the quaternion variable g, and then takes componentwise real derivatives with respect to
the real variables g4, gy, gc and g4. In other words, the real-valued function f : H — R is treated
as a real differentiable mapping between R* and R. This leads to unnecessarily long expressions
and is especially cumbersome and tedious in complex optimization problems and when dealing
with nonlinear functions.

— The HR calculus, which is compact and elegant [13], as it finds formal derivatives of f with
respect to the quaternion variables and their involutions in a direct way. This applies to both
real functions of quaternion variables and nonlinear functions. This approach is based on the
differentials of g, 4', ¢/, 4, which are independent in the quaternion field, as shown in lemmas A.1
and A.2. The advantage of using HR derivatives is that the computations and analysis are
kept in the quaternion domain rather than using quaternion-to-real transformations, and many
algorithms can be readily extended from the complex to the quaternion domain.

Although the HR calculus is a significant step forward, the product and chain rules are not defined within
the HR calculus, which complicates the calculation of derivatives of, for example, nonlinear quaternion
functions. Other functional calculi [10-12,14] in quaternion analysis similarly suffer from this obstacle.

The aim of this work is to revisit the HR calculus [13] and to equip it with the product rule and chain
rule in order to solve these long-standing problems in quaternion calculus. Motivated by the complex
CR calculus [15-17], we first consider a general orthogonal system which, in conjunction with the HR
calculus, introduces the generalized HR (GHR) calculus. The GHR calculus comprises both the left- and
right-hand versions of quaternion derivative; these are necessary to consider due to non-commutativity
of quaternion product. In particular, we show that for real functions of quaternion variables, such as
the standard MSE objective function, the left and right GHR derivatives are identical. An important
consequence of this property is that within the GHR calculus, the choice of the left/right GHR derivative
is irrelevant for practical applications of quaternion optimization; this is currently a major source of
confusion in the quaternion community. Another consequence of the novel product rule is that it not
only enables the calculation of the GHR derivatives for general functions of quaternion variables, but
also it is generic—if one function within the product is real-valued, this novel product rule degenerates
into the traditional product rule, as shown in corollary 4.11. A family of chain rules is also introduced
in order to calculate the derivatives of nonlinear functions of quaternion variables, which include
complex- and real-valued functions as degenerate quaternion functions. Since at the core of the GHR
calculus is the quaternion rotation, this approach can be naturally extended to other functional calculi
in non-commutative settings. Finally, we revisit two fundamental theorems in quaternion calculus—the
quaternion mean value theorem and quaternion Taylor’s theorem—and derive them in a compact and
generic form, based on the GHR derivatives. The GHR calculus therefore provides a solution to some
long-standing mathematical problems [18] and promises a tool for a more widespread use of quaternions
in practical applications. Illustrative examples in statistical signal processing support the analysis.

2. Background on quaternions

2.1. Quaternion algebra
Quaternions are an associative but not commutative algebra over R, defined as
H = span{l,i,j,k} £ {ga + iqp + jgc + kqa | 42, 9p, G, 9a € R}, (2.1)

where {1,i,],k} is a basis of H, and the imaginary units i,j and k satisfy i* = j* =k? = ijk = —1, which
implies ij =k = —ji, jk=i=—kj, ki=j=—ik. For any quaternion q=gq, + iqy + jqc +kqs =S5 + V,, the
scalar (real) part is denoted by g, = S; = 91(g), whereas the vector part V,; =J(q) = igp + jqc + kqq spans
the three imaginary parts. For p, g € H, the quaternion product is given by pq= 5,5, — V- Vg + 5,V +
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S4Vyp + Vp x V;, where the symbols " and ' x” denote, respectively, the standard inner product and vector
product. The presence of vector product makes the quaternion product non-commutative, i.e. in general
for p,q € H, pq # qp. The conjugate of a quaternion 4 is defined as g* = S; — V;, while the conjugate of a
quaternion product satisfies (pg)* = g*p*. The modulus of a quaternion is defined as |g| = /4%, and thus
Ipql = Ipllq|. The inverse of a quaternion q# 0 is g~! = ¢*/|g/> which yields an important consequence
(pq)"'=q"p~ 1. If |g| =1, we call q a unit quaternion. A quaternion q is said to be pure if %(g) =0. For
pure quaternions, §* = —q and g% = —|g|?. Thus, a pure unit quaternion is a square root of —1; examples
are the imaginary units 7,j and k.

Quaternions can also be written in the polar form q=|q|(cos 6 + §sin6), where §=Vq/|Vq]| is a pure
unit quaternion and 6 = arccos(PR(q)/|q]) € R is the angle (or argument) of the quaternion. We shall next
introduce the quaternion rotation and involution operators.

Definition 2.1 (quaternion rotation [19]). For any quaternion g, the transformation

q“’ £ Mq'u_l (22)

geometrically describes a three-dimensional rotation of the vector part of g by an angle 26 about the
vector part of u, where = ||(cos 6 + [ sin ) is any non-zero quaternion.

Properties of the quaternion rotation (see [6,20] used in this work) are
Py =p"q", pi=q'p=gp'", VpqeH (23)
and
=", ¢ =@ =" 2q", Yvpell 24)

Note that the representation in (2.1) can be generalized to a general orthogonal basis {1, i, j*,k"}, where
the following properties hold [19]:

= = R = R = 1. 2.5)

Definition 2.2 (quaternion involution [21]). The involution of a quaternion g around a pure unit
quaternion 7 is given by
q" =nqn~" =ngn* = —nqn
and represents a rotation of g about 5 by .

Of particular interest to this work are quaternion involutions around the imaginary units ,j, k, given
by [21]

q=0qa+iqe +jgc +kqa, ' =—iqi=qa +iqy — jgc — kqa

: (2.6)
q = —jaj=q0— gy +jgc —Kqa, 4= —kak=aq0— iqy — jgc +kqa,
which allows us to express the four real-valued components of a quaternion g as [13,21]
1 PPk 1 ik
Go=7G+q+d+0), @=0q+q -4 -1), (2.7)
1 i,k 1 ik
- - ) — - - —q - . .
T=g@-0+7-0) @=g5a-q-7+0) (2:8)

This is analogous to the complex case, where x = %(z +z")and y=—(i/2)(z — z*) forany z=x+iy e C
[22]. Note that the quaternion conjugation operator (-)* is also an involution and can be written in terms
of q,4',4/ and ¢* as

7 =3(~q+4q +q +q. (2.9)

2.2. Analytic functions in HI

To arrive at the notion of analytic (regular, monogenic) function in H, recall that due to the non-
commutativity of quaternion product, there are two ways to express the quotient in the definition of
quaternion derivative, as shown below.
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Proposition 2.3 (Sudbery [10]). Let D C H be a simply connected domain of definition of the function f : D —
H. If for any q € D

lim[(f(g +h) = flg)h™"] (2.10)
exists in H, then necessarily f(q) = wq + X for some w, A € H. If for any q € D

lim (™ (£(q + 1) — f(g)] (211)
exists in H, then necessarily f(q) = qv + A for some v, A € H.

Proposition 2.3 is discussed in [10,23] and indicates that the traditional definitions of derivative in
(2.10) and (2.11) are too restrictive and apply only to linear functions of quaternions. One attempt to
relax this constraint is due to Fueter [24,25], whose analyticity condition is termed the Cauchy-Riemann-
Fueter (CRF) equation, and is given by [10,11]

9 9 3
Left CRE: L 4 fz+—fj+%k=0
d

0qs  0qy  9qc (2.12)

Right CRF : UYL Y
9o Bqp  "99c  9qq
The limitations of the CRF condition were pointed out by Gentili & Struppa in [14,26], who showed that
general polynomial functions (even the identity f(q) = q) satisfy neither the left CRF nor the right CRF. To
further relax the analyticity condition, a local analyticity condition (LAC) was proposed in [12], by using
the polar form of a quaternion, to give

3 3 3
Left LAC: —f+<q—f+qc f+q f) 2—0
94a aq aqc 994 /) |Vql
3f y o " ’ (2.13)
Right LAC: — + —L (g,—~ ) =o,
& M7 (q g T 8%1)

where g =g, + V,; and V; =igp + jgc + kqg. The theory of local analyticity is now well developed, and we
refer the reader to [14,26,27] for the slice regular functions and to [28] for applications. More recent work
in this area includes [29,30], and references therein. The advantage of the LAC is that both the polynomial
functions of g and some elementary functions satisfy either the left LAC or the right LAC. However, in
general, the products and compositions of two LAC functions f and g no longer meet the local analytic
condition. For example, if f(7) = q and () = wq, w € H, then f and g satisfy the left LAC, but the product
fg = qwq does not satisfy the left LAC. The same applies for the right LAC, when the function g is written
as g(q) = qe

Quaternion derivative is defined only for analytic functions; however, in optimization it is often
required that the objective function to be minimized or maximized is real-valued. A typical example
is the mean square type objective function given by

w) = [[f(w)[%. (2.14)

Note that according to the definition of analytic (regular) function given in [10-12,14,26,27], the function
] is not analytic. In order to take its derivatives (but not limited to only such real quadratic functions),
we can, however, use the HR calculus [13] which extends the complex CR calculus [15,17,31] to the
quaternion field. This generalization is not trivial, and the rules of the CR and HR calculus are different;
for more detail see §3.

Remark 2.4. It is important to note that the left (right) terminology introduced in (2.12), (2.13) and
in the sequel differs from that in [10-12,14,27]. We adopt the use of the left (right) terminology based
on the position of df/dq., 3f/dqp, 3f /99, and df/dq,, rather than on the positions of imaginary units
i,j, k. Although this is only a notational difference, we later show that the left derivatives (using this
convenience) in definitions 3.2 and 4.1 are in this way equipped with a left constant rule (4.3), that is, the
left constant comes out from the left derivative of product, and the left derivatives stand on the left side of
the quaternion differential in (A 12) and (A 16). This also allows for a consistent, intuitive and physically
meaningful use of terminology.
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3. The HR calculus

Optimization problems involving quaternions arise in a number of applications in control theory, signal
processing, robotics and biomechanics. Solutions often require a first- or second-order approximation of
the objective function; however, real functions of quaternion variables are essentially non-analytic. The
recently proposed HR calculus [13] solves these issues through the use of quaternion involutions. The

HR derivatives (the derivation of HR calculus is given in appendix A) are introduced below.

Definition 3.1 (real-differentiability [10]). A function f(9)=/fa(Ga, b, e, 94) + ifo(Ga, 9b, 9e, 9a) +

Ife(@a, 90, 9e,9a) + Kfa(qa, qb, Gc,qa) is called real differentiable when  fa(qa, b, qc, 9a), fo(a, 9b,9c,9a),
fc(Ga, b, e, 94) and f4(qa, Gb, 9¢, 94) are differentiable as functions of real variables qg, 45, qc and 4.

Definition 3.2 (the HR derivatives [13]). If f : H — H is real-differentiable, then the formal left HR
derivatives of the function f with respect to {g,q', ¢/, 4} and {¢*, g™*, ¢*, g} are defined as

A R AT
oq"  og* s’ 0qa
of  of of of 11 1 1
agi’  dgi* 1| dgs"  Bq e 3.1)
of 0 /A I e A R Y |
ag/’  og* ag.”  0qc -k k k -k
of of of
Logt o] Load”  9g4]
and the formal right HR derivatives of the function f are defined as
fof 0 KRS
aq’  og* a" 344
o - of 1 —i - k||
gt dgi* 1 1 —i k aqp ! aqp (3.2)
W W | Tal1 i o k|| of of | '
ag’ o 1 i j —k||oag”  9qe
of - of of _of
Lagk”  agk* KT

where 0f /944, 9f /9qp, 3f /09 and df /dq, are the partial derivatives of f with respect to g4, gp, gc and g4.

Remark 3.3. It is important to note that the right HR derivatives exist if and only if the left HR

derivatives also exist. The only difference between the left HR derivatives and the right HR derivatives is
in the position of the partial derivative df /9qq,, 9f/9qp, 9f/9qc and 9f /dg4. Within the left HR derivatives,
df/0qa, 0f /3qp, 3f /9g. and 9f /9q, stand on the left side and imaginary units i,j,k on the right side (cf.
(3.1)). It is exactly the opposite case for right HR derivatives. Note that the terms 9f /944, 9f /9qp, 3f /9.
and 9f /9q; cannot swap positions with the imaginary units i, j, k because of the non-commutative nature
of quaternion product.

3.1. The validity of the traditional product rule

A straightforward use of the HR derivatives may become too tedious for complicated functions, for
example, for the power function f(q) = ¢". This is because the HR calculus does not satisfy the traditional
product rule which would simplify the calculation. Indeed, for two quaternion functions f(q) and g(g),
in general we have 9(fg)/dq #f(3g/3q) + df /39g. We shall illustrate this difficulty through the following
two examples.

Example 3.4. Find the HR derivative of the function f : H — H given by
f@) =" =45 — (@5 + ¢ +97) + 24a(iqs + jgc + kqa), (33)

where g =q, + iqp + jgc + kq4, Ga, b, 9c, 94 € R.
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Solution: By definition 3.2, the left HR derivative of 4> becomes

8(072)=1<3q2 o7 . 8q2._8172k)

o9 4\0q dqp  oqc  9qg

1 , , . .
= 1(2‘7“ +2(igp + jqe + kqa) — (=2qp + 2qa0)i — (—2qc + 24aj)j — (=244 + 2q2K)k)

1 ) .
= Z(ng + 4qpi + 4qc] + 494k) = g + R(9). (3.4)
Alternatively, q(dg/9q) + (99/99)q = 2q. This shows the traditional product rule is not valid.
Example 3.5. Find the HR derivative of the function f : H — H given by

f@) =191 = qq*. (3.5)
Solution: By definition 3.2, the HR derivative of g1? is

a(lg? 1 (a1 alq®. 0. alg? | 1 - .
= - — — — kl=-(2 -2 -2 —2q.k) = = )
o 4\ g, oq 0g.)  oq 120 = 2051 = 24cf = 2q4k) = 547, (3.6)

while q(dg9*/9q) + (99/39)q* = —q/2 + g%, and thus the traditional product rule is not valid.

Remark 3.6. Examples 3.4 and 3.5 show that the left HR derivatives do not admit the traditional
product rule. Similarly, the traditional product rule is not applicable for the right HR derivative in
definition 3.2.

4. The generalization of HR calculus: generalized HR derivatives

We now introduce the novel GHR derivatives which comprise both the product and chain rules. This is
archived by replacing the basis {1, 1, ], k} in definition 3.2 with a general orthogonal basis {1, i*, j* k/*}, see
also (2.5). The derivation of the GHR calculus is similar to that of the HR calculus in appendix A and is
omitted for space considerations.

Definition 4.1 (the generalized HR derivatives). If f : H — H is real-differentiable, then the left GHR
derivatives of the function f with respect to g* and g** (u # 0, u € H) are defined as

o _1 (i AT T iku)
gt 4 \dq, gy 9qc 994 4.1)
and af :1<i+ilﬂ+ﬂjﬂ+ikﬂ>’
agh* 4 \9dq,  aqp 9qc 994
while the right GHR derivatives are defined as
of =1<i_iui_jui_k#i>
gt 4\ 9qa aqp aqc g4 42)
1 .
and arf =7<i+lﬂi+]ﬂi+k#i>,
agh* 4\ 9q, aqp aqc 94

where g =g, + iqp + jqc + k44, Ga, v, G, 94 € R, 3f /944, 3f /3qp, 3f /9qc and df /9q, are the partial derivatives
of f with respect to qa, 3, ¢ and g4, while the set {1, i*,j*, k*} is an orthogonal basis of H.

Remark 4.2. The GHR derivatives are more concise and physically more intuitive than the HR
derivatives, which are a special case of the GHR derivatives for u={1,i,j,k} (definitions 3.2 and 4.1).
The concept of the GHR derivative can also be applied to other orthogonal systems, such as {1,n, 7', 7"}
in [32].

Proposition 4.3 (constant rule). Let f : H — H be real-differentiable. Then, the following holds:
o) _ of ol _ of

aql’- aqll’ aqll - aqVM

v (4.3)

and
ar(fv) _ orf ar(vf) - orf
agh  agr T agh T agUH’

(4.4)

where (1, v € H are non-zero quaternion constants.
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Proof. By the definition of the left GHR derivative in (4.1), we have

awf) 1 <8(vf) B 8(vf)iu o) 8(vf)kﬂ>

agt 4\ 0qq aqp e 944
:l(vi_viiu_vﬁju_viku>:vi, 5)
4 04a aqp 0qc 994 aqh

Using the equality (g")” = ¢""* in (2.4), the second equality of (4.3) is proved as

a(fv) _1 <a(vf> IR I P 1) kﬂ)
agt 4\ 9q, gy aqc g4
1
(L L Lo o)
4 \ 9q, aqp aqc 0q4
1
YA L U o
4\0q0  Oqp 9qc 9q4 g
Hence, (4.3) immediately follows, and (4.4) can be proved in a similar way. |

Remark 4.4. It is important to note that if a function f is premultiplied by a constant 5 in the first
equality of (4.3), then the left GHR derivative of the product is equal to the left GHR derivative of f
premultiplied by the constant, but not for postmultiplication. In other words, the left constant v can
come out from the derivative of the product; for this reason we refer to (4.1) as the left GHR derivative.
The equalities in (4.4) complement those in (4.3). Thus, we refer to the derivatives in (4.2) as the right
GHR derivatives, denoted by 9, in order to distinguish them from the left GHR derivatives in (4.1).

Proposition 4.5 (conjugate rule). Let f : H — H be real-differentiable. Then, the following holds:
= (5he) =5 @)
aqﬂ aqﬂ* aqﬂ* 8q14

Proof. By the definition of the right GHR derivative in (4.2), we have

9. F% \ * 1 /9f* oF* 9f* Af*\ *
( rf ) :,<L+Z‘ML+]'ML +k#i> . (4.8)
agh* 4\ 9, aqp aqe 094

Using the equalities (pq)* = g*p* and (g%)* = (¢)* in (2.4), the above equality becomes

(arf)=1<i_ﬁiu_ﬁjﬂ_ﬁkﬂ>=i. (4.9)
dgh 4\dq, oqp aqc 944 aqk

Hence, the first part of (4.7) follows, and the second part can be proved in a similar way. |
Proposition 4.6 (rotation rule). Let f : H — H be real-differentiable. Then the following holds:
af \" ofY Y v
—f = f and of = of . (4.10)
agh agH agH* aqvm*

Proof. Using the equalities in (2.4) and the left GHR derivative in (4.1), we have

(i) _1 (ﬂ ST T iku>”
agh 4\09q, Oqp aqc 094

v v v v v
— 1 (i _ iivu _ i'vu _ ik”ﬂ) = Lf . (4.11)
4 \0q, 9qp aqc 0q4 agvH
Hence, the first part of (4.10) follows, and the second part can be proved in a similar way. |
Corollary 4.7. Let f : H — H be real-differentiable. Then, the following holds:
of \" of" of \" of"
(i) _o ( f ) ek, 4.12)
dgq" 9q g aq*

Proof. Since df/dq™ =9f/dq for any ne{l,ijk}, then the proof follows directly from
proposition 4.6. |
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Proposition 4.8. Let f : H — R be real-differentiable. Then, the following holds:

* *
i=< of ) o e Y =<i> _ (4.13)
agh agh* agh agh* agh agH*

Proof. Since f is real-valued, its partial derivatives df /dq,, 9f /dqp, f /0qc and 9f /dq, are real numbers,
which yields (3f/d&)* = 9f /0&, where & € {qa, Gy, qc, qa}. Using the equality (3#)* = (¢)" in (2.4) and the
left GHR derivative in (4.1), we have

* *
(L) =1L L 2y D)
agH* 4 \9q, Oqp aqc 044
_1 (ﬁ_iui_jui_kui>=%
4\ 9, aqp aqe 044 agh
(L B By O s
4\0q, Oqp 9qc 994 agh
Hence, the first part of (4.13) follows, and the second part can be proved in a similar way:. |

Remark 4.9. From the identity (4.13), observe that the left GHR derivative is equal to the right
GHR derivative if the function f is real-valued. This result is instrumental for practical applications
of quaternion optimization, where the objective function (or cost function) is frequently real-valued.
By virtue of the GHR calculus, the choice of the left/right GHR derivative therefore becomes obsolete
as shown in (4.13). In the sequel, without loss in generality we shall mainly focus on the left GHR
derivatives.

4.1. The novel product rule

We now introduce a novel product rule into quaternion analysis and show that the traditional product
rule is a special case of the proposed product rule in corollary 4.11.

Theorem 4.10 (product rule of left GHR). If the functions f,g : H — H are real-differentiable, then so too is
their product fg, so that

a(fg) _f87g+i g 2UR) _f g of

aqr 7 aqn  dgsH g g T age (15
where df /g3 and df /9q8** can be obtained by replacing p with g in definition 4.1.
Proof. The proof is given in appendix B. |

Corollary 4.11. If the functions f : H — H and g : H — R are real-differentiable, then their product fg satisfies
the traditional product rule

Lfg):faingjg nd B(fg)_f o8 of

- ; 416
dq dgit dqt dqir 7 g 3‘7”*g (+10)

where df /9g" and 9f /9" are the left GHR derivatives in definition 4.1.
Proof. Since g8"* = g* and g8"* = g** for a real function g : H — R, the corollary follows. u

We now present some GHR derivatives of nonlinear quaternion functions enabled by the GHR
calculus. These are very useful in applications, such as in nonlinear adaptive filters and quaternion-
valued neural networks.

Example 4.12 (split-quaternion function). Find the GHR derivative of a split-quaternion function
f:H— H given by

f(@) = ¢qa) + jo(qp) + je@qc) + ko(qa), (4.17)

where g =g, + iqy + jgc + kg; € R and ¢ : R — R is a real-valued differentiable function.
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Solution: By the definition of the left GHR derivatives in (4.1), it follows that

o 1,0, i)

g 4\ 9qq 094 qa qa

= 166 + @) + 90 + o) @.19)

and

fq _1 <3f(ﬂi) AC 3f(ﬂl)] of@), )
ag* 9qa 0qaq 9qa 9qa
1 / / /

= 1'(@2) = ¢'@Gp) = ¢'@c) — ¢'(4a))- (4.19)

This shows that the GHR derivatives of the split-quaternion function are real-valued.
Example 4.13 (power function). Find the GHR derivative of the power function f : H — H given by
flo)y=q", (4.20)

where 7 is any positive integer.

Solution: Using the product rule in theorem 4.10, it follows that

a n a n—1 8 8 a n—1
9 (99" ) q- 9 n-1 q Z
q*

ot ag n= qaqu +8q'7”71“q

w4 RE@ ), (4.21)

where the term (d9/99")u, given in table 1, was used in the last equality. Note that the above expression
is recurrent in (94" /dg"*) . Upon expanding this expression and using the initial condition (3q/3g")u =
R(w), this yields

3(] n—m m—1
agih = Z qRG" ). (422)
In a similar manner, we have
ag"  _ 04" _ 09" 0 w1, _ 07" 1
= = - = 4.2
aqu* /'L aqu* q aqu* + aqqnflu*q /’L q Bq/‘* ,bL 2(‘7 M) 4 ( 3)
which is equivalent to
n—m  m— 1
=—= ( (4.24)
5 q“* "21 9"

Example 4.14 (exponential function). Find the GHR derivative of the function f : Hl — H given by

exp(q) = ‘Zl, . (4.25)
n=0
Solution: From (4.22), it follows that
dexp(q) =1 & _
g =0 o 0TRG ), (4.26)
n=0 m=1
In a similar manner, we have
9 exp(q) _ = Z Z qn m(qm 1 (4.27)
g 'm 1

Remark 4.15. The exponential function is the most important elementary function, as both
trigonometric functions and hyperbolic functions can be expressed in terms of the exponential function.
The elementary function in example 4.14 is a power series, and it does not change the direction of the
vector part of quaternion. Therefore, such elementary functions can swap positions with a quaternion g,
i.e. f(9)9 = qf(9), giving an important property, f*(q) =f(q"), which can be used in practical applications,
such as quaternion neural networks [33] and quaternion nonlinear adaptive filters [28]. It is important
to note that if a quaternion variable g degenerates into a real variable x in the definitions of elementary
functions in this subsection, then the GHR derivatives simplify into the standard real derivatives, e.g. the
GHR derivative of the power function in (4.22) will become nx"~1. Therefore, the GHR derivatives are a
generalized form of the real derivatives and the real derivatives are a special case of the GHR derivatives.

S606L:Z s uado 205y BioBuiysiqndizaposieforsos:


http://rsos.royalsocietypublishing.org/

Table 1. Summary of the rules for the left GHR derivatives.

(wqv 4+ A)™

(v + )

2
1
_E(”“)* R(vu) VveH
1
—-wlvu)* wR(vu) Yow,v,A e H
L
—q'R@ ') S0 W) —
1
E(Cl*)qﬂ*qf1 —(g*)"R((¢") ') —
—foR(vfu) —fao(vfu)* Vo,v, e H
—fo(vfu)* —fwRfu) Yo,v, e H
.................................................................................................................................. e
qR (1) + Rigu) —5a = Sl —
1 1
=g =Sy 7 R(k) + R(g* ) —
1 1
goR(vu) + woR(vgu) —ng(v,u)* — Ew(vgu)* g=wqv + A
1 1
—ng(vu)* - ia)(vgu)* goR(vu) + wR(vgu) g=wq'v+ X
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, S e e
i i
! L v reH
4pww 4/uu v w,V,
1 1
‘—‘,ua)*v* Z;ww Yw,v,AeH
.............................. 1 q*1q
— — _
41q| 4lq|
1 1
2Mq 2#‘1
1 g 1 gv* g=wqv + A
— gt — w*qv = wqv
4lg] 4g|
1 1
— pw*gv* — gt g=owqv+Ar
4lg| 4lgl
1 1
i,uvg*a) E,ua)*gv* g=awqv + A
1 * * 1 * >k
iuw [ i/wga) g=wq'v+ A
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Table 1. (Continued.)

a 19‘%( ) 1 quaq* L 1 quq
— —R(u) — —qu — = ——qu —
lq] lq] 4)qP? 2|q 4)q?
q* L 1q*q* 19%() 1q*q
— —— = —q"u —R(u) — —q*n —
lq] 2|q 4)q? lq] 4)qP?
wqv + A w [ w g
_ —Rvu) + —v*(w*gu)* ——(wu)* — —=v*R(w*gu) g=wqv + A
|wqv + Al 2|g| 4)gP? 49| 2|g?
g v + A w f dlg| w f dlg|
—_— —— ) ———u —Rlvp) — — I g=wq"v + A
logtv+Al 2g| lg| 9g* lq] lg| 9g~*

4.2. The chain rule

Another advantage of the GHR derivatives is that they admit the chain rule, which is formulated in the
following theorem.

Theorem 4.16 (chain rule of left GHR). Let S C H and let g:S — H be real-differentiable at an interior
point q of the set S. Let T C H be such that g(q) € T for all q € S. Assume that f : T — H is real-differentiable at an
interior point g(q) € T, then the composite function f(g(q)) satisfies the following chain rules:

ofQg) _ of dg"  of 9g"  of ag”  of og™
agh agv dqr  agvi agh  agvi gt 9gvk gt

@) _ o 03" | of 8g"  of 9 of ot
aq/l,* 3gv aqu* 3gvi aqu* aguj aq/l,* 3gvk 3@"“*

(4.28)

and

o) _ of ag”  of ag  of agUt  of ag'™
317“ 3gv* 3‘]“ agvi* 3qu 8gvj>x< 3‘7“ 3gvk>k 8‘7“

o) _ of og" | of ag™t  of agt  of ag®
3‘]”* agv* 3‘7”* agvi* aqp,* aguj* 3‘7“* agvk* 817“* ’

where p,v € H, pv #0, and 3f /08" = 3f(g)/0g" and 9f /83"* = d8f(g)/0g"* are the left GHR derivatives.

(4.29)

Proof. The proof of theorem 4.16 is given in appendix C. |

Theorem 4.16 is also valid for complex-valued and real-valued composite functions of quaternion
variables, as stated in the following two corollaries, the proofs of which are similar to that of theorem 4.16,
and are thus omitted.

Corollary 4.17. Let S C H and let g: S — C be real-differentiable at an interior point q of the set S. Let T € C
be such that g(q) € T for all q € S. Assume that f : T — C is real-differentiable at an interior point g(q) € T, then
the left GHR derivatives of the composite function f(g(q)) are as follows:

@) _f a3 of 9T QW) _of by o dg”
agh dg agt  ag* agt agh* dg gk ag* agrr’

where w € H, u # 0, and 9f /08 = 0f(g)/dg and 9f /0™ = 9f(g)/9g™ are the complex CR derivatives within the CR
calculus.

(4.30)

Corollary 4.18. Let S C H and let g: S — R be real-differentiable at an interior point q of the set S. Let T C R
be such that g(q) € T for all g € S. Assume that f : T — R is real-differentiable at an interior point f(q) € T, then
the left GHR derivatives of the composite function f(g(q)) are as follows:

f @) _ £ 98 I (8(@)

reon 98

g’

where p € H, u # 0 and f'(g) is the real derivative of a real-valued function.

Theorem 4.19 (chain rule of right GHR). Let S C H and let g: S — H be real-differentiable at an interior
point q of the set S. Let T C H be such that g(q) € T for all q € S. Assume that f : T — H is real-differentiable at an
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inner point g(q) € T, then the right GHR derivatives of the composite function f(g(q)) are as follows:

afQ(q) _ 98" df + 8" df + 8" af + g"* d,f
agh o dgh ag¥ agh agvi gt Bg“j agr 3g”k

i ; (4.32)
fQ@) _ 98" 9f + 08" of + 08" orf + Brg”k orf
aql/«* B Bqlf-* Bgv 3qu* agvi 3qp.>k agv]' 3(1“* ang
and
fQ@) _ g™ df 08" Af g af 98" of
gl gt v dgh  §ovix gt ot 3gi 9evk
' . ! X ! s ! g (4.33)

M_K af 3rg”i* orf arg”f* o f 8rg”k* 0, f
dgh* - dgrs gy aghr agrix g Bg"j* agi 8g”k*'

where p,v e H, pv #0, and d,f/9g" = 9,f(g)/0g" and d,f/9g"* = 9,f(g)/0g"* are the right GHR derivatives.

Proof. The proof of theorem 4.19 is similar to that of theorem 4.16 and is thus omitted. |

4.3. Mean value theorem

The mean value theorem is one of the most important tools in calculus, and we next introduce its compact
version for general quaternion-valued functions of quaternion variables.

Theorem 4.20 (mean value theorem of left kind). Consider a continuous function f : S € H — H for which
the left GHR derivatives exist and are continuous in the set S. Then, for any qo, q1 € S for which the segment joining
them also lies in S, we have

Lo Lo
fan) —f@qo) =) L %A" dt=>" JO %k“* dt, (4.34)
" Iz

where we{l,i,j,k}, »=q1 —qo, and 3f(qo + tr)/3q" = 3f(q)/ 09" |4=qo+t». is the left GHR derivative as in
definition 4.1.

Proof. Denote F(t) = f(g(t)), where g(t) = qo + tA and 0 <t < 1. Then F(f) is continuous on [0, 1] and has
derivatives in (0, 1). By theorem 4.16, the derivative of F(t) is

o 0@, Q) ;i Q). ).«
F()= T 2 A+ > Yt 26 A
_ @ o 3f(7) M af(q) Py f(q)
99 lg=gostr 9" lg=gostn O 1 g—gostn ag* q=qo+tr
_ @+t f@tt),;  flgoth),; g+t
aq ag g/ ag~ ’

2k

(4.35)

Upon substituting (4.35) into F(1) — F(0) = f(l) F'(t)dt, with F(0)=f(g0) and F(1)=f(q1), the theorem
follows. The second equality can be proved in a similar manner. |

Corollary 4.21. Consider a continuous function f : S € H — R for which the left GHR derivatives exist and are
continuous in the set S. Then, for any qo,q1 € S for which the segment joining them also lies in S, we have

1 1
Flq1) — f(go) = 4J R (MO df = 4J R (Mx*> dt, (4.36)
0 dq 0 o
where ). = q1 — qo and 3f(qo + t1)/3q" = 8f(q)/3q" |q=q,+2 is the left GHR derivative as in definition 4.1.

Proof. Function f is real-valued, and therefore df /8g = 8f" /9q, where n € {1,1,], k}. From (2.3) and (4.10),

we now have

" n

LSV v (%) . 4.37)
agn agn aq

The corollary then follows from (2.7) and theorem 4.20, while the second equality can be derived using
R(pq) =Rp*q"). u
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For A which is sufficiently small in the modulus, the right-hand side of (4.34) can be approximated as n
ad
fq) - f@o)~ Y %x“. (4.38)
weitijry 07

If the left GHR derivatives of f are Lipschitz continuous in the vicinity of g and g1, with the Lipschitz
constant L, we can estimate the error in this approximation as

F(ql) -y L
ne

m
ik 1

>

ne(lijk}

Jl <af(qo i) af(q‘))) A dt
0

1
< 4J Lt[A)? dt = 2L)A)2. (4.39)
agh aqr 0

4.4, Taylor's theorem

We can now introduce a novel, rigorous version of Taylor’s theorem for quaternion-valued functions of
quaternion variables, as a generalization of the standard univariate Taylor’s theorem.
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Lemma 4.22 (Apostol [34]). Consider a (k + 1)-times continuously differentiable function f:D CR — R.
Ifx € D, then

2
Fxo + h) =f(x0) + £ (xo)h + f”(xo)% 0 (xo + Ry, (4.40)

where the remainder Ry, is given by

(xo + 1 — Hkdt. (4.41)

xo+h f(k+1)(t)
Ri= J -
X0 .

Theorem 4.23 (Taylor’s theorem of left kind). Consider a third-order continuous real-differentiable
function f : S CH — H. If g0, q0 + A € S such that the segmentjoining them also lies in S, then

M,

" 3‘7”34“
2
Z af q0) A4 2 Z MAV*AM* + O(}ﬁ) as L — 0, (4.42)
dgh* 2 o gV ogh*

where w,v € {1,1,j,k}, and 9*f /39" 3" and 8°f/3q"*dq"* are the second-order left GHR derivatives.

Proof. Define an auxiliary function g(f) =f(qo + fA) with 0 < f < 1. Using the chain rule in theorem 4.16,
we obtain

=3 Of@o+11)

aght
32 £ 3 £ “4)
and g//(t)zz f(‘10+ ))\U)\”‘, gw(i’)z Z f(q0+ ))Ln)hv)hu
dqvoqH 9q"9gaqk
jTRY wvm
where 1, v, 1 € {1,1,],k}. The second-order Taylor polynomial in lemma 4.22 then gives
8(1)=8(0) +g'(0) + 38"(0) + Ry (4.44)
which is equivalent to
9 1« 92
f(q0 +») =f(q0) + Z f(qo s > 3 {(”’03 AR 4 Ry, (4.45)
o % aq
where
1 1_¢ 2 1 1—t¢ 2 3 I
0 2 0 2 aqaq¥oqht
wvn

This integral contains three factors of A, while the remaining factors are bounded. Therefore, R; is of
the order |A], making the fraction |Rz|/ |A|® bounded as A — 0. Hence, the first equality of the theorem
follows, and the second equality can be proved in the same way. |
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Corollary 4.24. Consider a third-order continuous real-differentiable function f : S CH — R. If go,q0 + A € S
such that the segment joining them also lies in S, then

Fqo + ) — Flgo) = 4% (afa(;’” ) £y (3 J00) ) +O()

— 4R (af(q")x*) + ZZm (83 f(gO) A”*A*) +0(1%) asr—0, (4.47)

where v € {1,1,],k}, and 32f/3q" dq and 9*f/3q"*dq* are the second-order left GHR derivatives.

Proof. Using the result for 393(g)/9q in table 1 and the chain rule in theorem 4.16, this corollary is proved
similarly to the proof of corollary 4.21. |

Theorem 4.25 (Taylor’s theorem of centre kind). Consider a third-order continuous real-differentiable
function f: S CH— R. If qo,q0 + A € S such that the segment joining them also lies in S, then

2
12 v

agh dg¥agh*
_ af(ﬂlo) * d f(qO) vk 3
_%: S AN Z Ma ag 00 asa—0, (4.48)

where w,v € {1,i,],k}, and 3>f /39" 9q"* and 3> /39" 3q"* are the second-order left GHR derivatives.

Proof. Define an auxiliary function g(t) =f(qo + tA) with 0 <t < 1. Using the chain rule in theorem 4.19
and using the property in (4.13), we obtain

« 0f (o + 1) «0f(qo + t3)
Z M i Z A g (4.49)

Using the constant rule (4.3), we arrive at

Mgy * af(% + t)\) * 2f(¢70 + t)») v
g (t)_XM: A <T> ZAM P RiEAY VY (4.50)

where i, v € {1,1,],k}. The rest of the proof is almost the same as that in theorem 4.23 and is thus omitted.
|

Remark 4.26. The Taylor expansion in theorem 4.23 is concisely expressed using the GHR derivatives.
This is different from the Taylor expansion given by Schwartz [18], which decomposes a quaternion g
into two mutually perpendicular quaternions in a local coordinate system. In contrast, our approach
treats the quaternion g as an augmented quaternion based on quaternion involutions [21]. Schwartz has
also stated that his Taylor expansion would cause trouble when the function has terms gwq, where w is a
general quaternion. Note that there are no such restrictions in theorem 4.23, which only requires the real-
differentiability condition in definition 3.1, that is, the functions f(q) should admit the partial derivatives
with respect to the four real components qg, qp, 4c and q.

5. Applications of the generalized HR calculus

We now illustrate the utility of the GHR calculus in optimization, statistics, signal processing, machine
learning and other application areas.

5.1. Derivation of the widely linear quaternion least mean square algorithm

The widely linear QLMS (WL-QLMS) algorithm is based on the quaternion widely linear
model y(1n) =wT(n)p(n) which deals with the generality of quaternion signals (both proper and
improper) [8,22,35], where p = (T (n),x'T (n), ¥/ (n), T (n))" is the augmented input vector and w=
(hT (n), gT (n), uT (n), v (n))7 is the associated weight (parameter) vector. The cost function to be minimized
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is a real-valued function of quaternion variables

J(n) = le(n)[?, (.1)

where e(n) = d(n) — y(n) is the error between the desired signal d(1) and the filter output y(). The weight
update of WL-QLMS is then given by

dJ(n) )T/

Awn)=w(n+1) —w(n) = —aVy:J(n) = —a <
ow*

(5.2)
where « is the step size, ()T denotes the transpose and the gradient Vy-J(1) defines the direction of the
maximum rate of change of | [13,36]. By the product rule within the GHR calculus, given in theorem 4.10,
we have

aJ  , de de*

awr - owr + wer

(5.3)

where the time index ‘n’ is omitted. Note the convention that df /0w is a row vector whose nth element
is 9f /dwy,. The above GHR derivatives are calculated as

e _dd-—w'p) _ awlp) 1 y

ow* ow* ow* 2

de* a9 (d* — Hw* ) Hw*
and £ o= ( p ) e=— (p7w) e=—plR(e),
wWe* JWE* JWE*

(5.4)

where the terms d(qv)/dq* and d(wq™)/dg"* are given in table 1 and are used in the last equalities in the
expressions above. Substituting (5.4) into (5.3) yields

O V1w Hypon (L H__ 1 n
Gwr =2 P TP R(e) = 5¢ Re) |p’ = 7P (5.5)

Finally, the update of the adaptive weight vector of WL-QLMS becomes
w(n +1) = w(n) + ae(n)p*(n), (5.6)
where the constant % in (5.5) is absorbed into «.

Remark 5.1. There are many variations of WL-QLMS algorithms, such as the WL-QLMS algorithms
based on variants {x*,xi*,xf*,xk*}, {x*, xH xH | x“k} and {x*,x/‘i*,x“j*,x“k*}. Note that if we start from
y(n) = wH(n)p(n), the final update rule would become w(n + 1) = w(n) + ap(n)e*(n).

5.2. Derivation of quaternion nonlinear adaptive filtering algorithms

Tools of the GHR calculus allow us to concisely derive quaternion nonlinear adaptive filtering
algorithms, a basis for fast-growing area of quaternion learning system. The same real-valued quadratic
cost function as in real LMS and complex LMS is used, that is

J(n) = le(n)|* = e2(n) + e (n) + €2(n) + (), (5.7)

where e(n) = e,(n) + iey(n) + jec(n) + keg(n), e(n)=d(n) — d(s(n)), s(n)=wr(n)x(n), and @ is the
quaternion nonlinearity. The weight update is given by

T
Awn)=wn + 1) — wn) = —aVyJ(n) = —« <2]v($)> , (5.8)

where o > 0 is the real step size, ()T denotes the transpose, and the gradient Vi J(11) defines the direction
of the maximum rate of change of ] [13,36]. By using the chain rule in theorem 4.16, the above gradient
can be calculated as

o] 3 ] ask

ow* < Jsir gwr’
well,ijk}

(5.9)

where time index ‘n” is omitted for convenience. Note the convention that df /dw is a row vector whose
nth element is 9f /dw;,. Using the term d(wq™)/dq" in table 1, we have
0s* _a0TwWY) _

=—F . 5.10
ow* ow* ( )
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Upon applying the second equality in (4.12) and using the term d(wgq*)/dg"*n in table 1, this yields

dsh* as* \* 3 (xTw¥) H o
T (3W“*) = —MWM =—ux"R(u)=0, Vwuelijk}. (5.11)
Using the chain rule in corollary 4.18, we have
aJ de, aep dec dey
gar =2 205 2ecg o 2ey
0P, 0P 0P 0P,
_ e, a(s) 2, b(s) e, o(s) 2, d(S)' (5.12)
as* as* as* as*

Upon substituting (5.10)—(5.12) into (5.9), we arrive at

o _ ODa(s) | 0Pp(s) | 9Pc(s) | 3Pa(s)\ m
T -2 (ea Py +ep Py +ec Py +ey4 Py X (5.13)
Finally, the weight update for this quaternion nonlinear adaptive filtering algorithm becomes
Aw(n) = (ex(n )8<1>u( stm) es() 9Py(s(m) ec() 9c(s(m) e.(1) 9P4(s(1)) (), (5.14)
ds*(n) ds*(n) 9s*(n) as*(n)

where the constant 2 in (5.13) is absorbed into the step size a.
For illustration, consider an example where @ is a nonlinear split-quaternion function @(s) = ¢(ss) +
ip(sp) + jo(sc) + ¢(s4) and ¢ : R — R is a real-valued differentiable function. Then,

IPa(s) _ dg(sa) _ 1
§S£S)= (gii)=;¢ (8a)- (5.15)

In a similar manner, we have

0dy(s) i 00(s) |

0Dy(s) k
L= 0, o=t and ZEE = 2/ (5.16)

The weight update for such a quaternion nonlinear adaptive filtering algorithm becomes

AW(n) = a(ea(n)¢'(sa(n)) + ey ()¢’ (sp(n)) + jec(n)g' (sc(n)) + kea(n)¢' (sa(m)))x"(n), (5.17)

where the constant % in (5.15) and (5.16) is absorbed into the step size a.
Another example is when @ is a quaternion linear function ®(s) =s, that is ¢(x) =x in (5.17). Then,
the update of the adaptive weight vector within the QLMS algorithm becomes

w(n + 1) =w(n) + ae(n)x*(n) (5.18)
illustrating the generic nature of the GHR calculus.

Remark 5.2. From (5.17) and (5.18), we note that quaternion linear and nonlinear adaptive filtering
algorithms have been developed in a unified form. This also shows that the GHR calculus gives us
much more freedom in the design, as the nonlinear function @ is not required to satisfy the odd-
symmetry condition [28,37]. We can derive many other algorithms, such as the augmented quaternion
nonlinear gradient descent algorithm [38], in the same way. In the interest of space, we leave this to the
interested reader.

Remark 5.3. The QLMS algorithm (5.18) is different from the QLMS in [4,13], due to the use of different
product rule. The traditional product rule was used in [4,13] to simplify the derivation; however, our
examples in §3a illustrate that the traditional product rule is not applicable to the HR derivatives. On the
other hand, the chain rules within the GHR calculus result in the QLMS in (5.18), which has the same
generic form as that of the complex LMS [39]. For the performance comparison and steady-state analysis
of the existing QLMS algorithms, we refer the reader to [40] for more details.

6. Conclusion

A novel and rigorous framework for the efficient computation of quaternion derivatives, referred to as
the GHR calculus, has been established. The GHR methodology has been shown to greatly relax the
existence conditions for the derivatives of general nonlinear functions of quaternion variables, and to
simplify the calculation of quaternion derivatives through its novel product and chain rules. We have
shown that, unlike the existing quaternion derivatives, the GHR calculus is general and can be used for
both analytic and non-analytic functions of quaternion variables. The core of the GHR calculus is the use
of quaternion rotations in order to overcome the non-commutativity of quaternion product, and the use
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of quaternion involutions to obtain an elegant quaternion basis. Through the analysis and examples, the
proposed framework has been shown to allow for real- and complex-valued optimization algorithms to
be extended to the quaternion field in a generic, compact and intuitive way. Application case studies in
statistical signal processing and learning systems demonstrate the effectiveness of the proposed GHR
framework.
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Appendices

Several results and proofs of statements from the main body are next detailed.

Appendix A. The derivation of the HR calculus

The following lemmas are useful to distinguish between the GHR derivatives and the standard
quaternion differential.

Lemma A.1. Let f, :H— H(n=1,2,3,4) be any arbitrary quaternion-valued functions and p € H, u # 0. If
for the left case

fdg" + Hrdqg" + frdql + fadg"* =0 (A1)
or for the right case
dg"fy + dq"'f, + dg"ifs + dg"*fy =0, (A2)
then f, =0 for n € {1,2,3,4}.
Proof. The left case. By applying the rotation transformation on both sides of (2.6), it follows that

qu =qa + i“qb +]~/th + k“qd, q”“i =g+ i”qb —j”qc _ k“qd A3
" =q0 — "y + " qc — k"0, 9" =q0 — "y — e + K" qa.

Upon applying the differential operator to the above expressions and substituting dg*, dg*!, dg*/ and dg"*
into (A 1), we have

f1(dga + i*dqy + j*dqc + K*dqq) + fo(dqa + i*dqy — j*dge — K*dqq)
+ f3(dqa — *dqy + j*dge — k*dqa) + fa(dga — *dqy — j*dqe + K*dgq) =0. (A4)
This is equivalent to
(i +f2+f3+f0dqa + (i + 2 — f5 — fa)i*dagp
+ (i =2+ f5 = fo)j*dqe + (fr —f2 — f3 + fa)k"dga =0. (A5)
Since the differentials dq,, dqy, dg. and dq, are independent, this yields
fith+fs+f=0, i+thr—fs—fa=0,
fi—h+fs—fa=0, fi—fr—f3+fa=0.

Hence, it follows that fi = f, = f3 = f4 = 0. The right case can be proved in a similar way. |

(A6)

Lemma A.2. Let f, :H— H(n=1,2,3,4) be any arbitrary quaternion-valued function and p € H, u #0. If
for the left case

g + g™ + fadg* + fudg* =0
or for the right case ' '

dq/t*fl + dq/u*fz + dq“]*fa + dq“k*fél =0,
then fy, =0 for n € {1,2,3,4}.
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Proof. The proof of lemma A.2 follows from that of lemma A.1 and is omitted. ] n

We now provide the derivation of the HR calculus. For any quaternion-valued function f(q) € H, we
can state (since the fields H and R* are isomorphic) that

(@) =1a(Ga, b, 9¢,94) + if6(Ga, b, 9c, 9a) + ifc(Gar Gbs Ge, 9a) + Kfa(Gar qu, Ges 9a), (A7)

where f(-), fp(-), fe(-), fa(-) e R. Then, the function f can be equally seen as a function of the four
independent real variables g, 45, 4c and g4, and the differential of f can be expressed as [10]

of of of of
Left] : df = ——dg, + dgy + dge + d A8
[]fa%qa a0+ 5go e+ 5 ddd (A8)
and
[Right]: df =dg, ; + dqy —; +dge ; + dqg —; (A9)

where df /94,4, f /9qp, 9f /9q. and 9f /dq, are the partial derivatives of f with respect to g4, gp, 4c and g,
respectively. Note that the two equations are identical since dq,, dqy, d4. and dq, are real quantities. As a
result, both equations are equally valid as a starting point for the derivation of the HR calculus.

The left case (A 8). There are two ways to link the real and quaternion differentials; these are based on
(2.7) and its conjugate which correspond to the HR derivatives and conjugate HR derivatives.
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A.1. The left HR derivatives

From (2.7), the differentials of the components of a quaternion can be formulated as

1 ) ) i . .
dga = ~(dq +dg +dgi +dgb), dgy,=—(dq +dg — dgi — dg")
4 4
. ‘ (A 10)
dge = —i(dq —dq' +dg —dg"), dgs= — (- dq' — dg/ + dg").

By inserting (A 10) into (A 8), the differential of the function f becomes

df = - —f(dq +dq +dg + dg*) - f i(dq +dq' —dg — dq)

1 f . ' k f
— > idg—dd' +dd —d
48%1(61 q +dq —dg) - 940

k(dq — dq’ — dq +dq")
1/ of of . of . of
=1<———1————k>d

,<i of )
0qa aqp 0qc 9494 0qa aqb 8 Bqd

L(of ~of . of. of J P
(ot o~ 000 )“*(@% i o) AW

Now, we can define the formal left derivatives df /dq, df /dq’, 8f /dq/ and 9f /a4, so that

d a a )
df:%dq+£ 7+ ;dq aT],:quk (A12)

holds. Comparing (A 12) with (A 11) and applying lemma A.1, yields the left HR derivatives

o T -of 1T

aq 9a

o F 1 11 1

g’ 11 9gp -1 =i i i

of | Ta|ar | | | (19
o ae | |-k k k —k

of of

L ogk [ 94a ]
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A.2. The left conjugate HR derivatives n

Upon applying the conjugate operator to both sides of (2.7), the differentials of the components of a

quaternion can be formulated as g
, 3
_ 1 * i el Jox _ i * i gofk g ks : §
dfa = 7(dq" +dq"™ +dg”* +dq™), dqy =7 (dq" +dg" —dg” —dq™), L g
4 4 '
. . (A14) 5
dge = L(dq" - dg’* + dg* —dg™), das = (dq" — g — dg* + dg"). ¥
=
By inserting (A 14) into (A 8), the differential of f can be written as é'
_li * i jox ks 11 * ix _gofk g ok é
df—4a (dg* + dg"* + dg”* +dq )+48%z(dq +dg™* — dg”* — dg™) =
fw
19 19 : ; 'R
" = A+ dg = )+ g — dg” = d g 3
.
.S
1/9 9 . of .0 - 8
i a ) (f LIRS P B
4 3qb aq aq 4 \9q, gy aqc 0q4 D
Al
. =]
1<i_£i+i'_ik>dq]*+,<i_ii_£]’+ of )qu*, (A15) -5
4\09q, 0qy 09 Oqq 4\0dq, Ooqp 0q 044
We can now define the formal left derivatives af /dq*, 8f /89", 3f /d¢/* and 9f /94", so that
of of of f k
df = ——dq* g™ + —dq Al6
=g +3ql*q a1 T g (A16)

holds. Upon comparing (A 16) with (A 15) and applying lemma A.2, the following left conjugate HR
derivatives are obtained:

raf 7t rafT

aq* 0qa

of |11 1 o1

ag™* 1| g i =i =i

of | Ta|of | i - - (A1)
g™ age | |k —k —k k

of of

L ogk* L 944

The right case (A9). There are two ways to link the real and quaternion differentials, the approach
in (2.7) and its conjugate, which induce to the right HR derivatives or conjugate right HR derivatives,
respectively.

A.3. Theright HR derivatives

Applying a rotation transformation to both sides of (A 10), we have

dgo = 1(dg+dq' +dg +dg"), dg,=—1(dq+dq —dg —dg), } (A18)

dge=—1(dq — dq' +dg — dg")j, dgq=—1(dq—dq' — dg + dgb)k.

Then, by substituting (A 18) into (A 9), the differential of f becomes
1 : : f 1 S _of
df = =(dq +dq' + dg + dg") == — ~(dg + dq' — dg — dg")i—
If = ;g +dq +dg + q)aqﬂ 1(dq+dq —dg q)za%
1 S of 1 : : af
— (g —dq +dg —dgd°)ji—L — —(dg —dq' — dg/ + dgF)k——
19 —dq +dg q)Jch 19 —dq —dq +dq) 900

of  .of .of 3f> 1 1-<8f Jof L of 8f>
= d —————— k—)+-d| — —i— +j— +k—
! q <8qa laqb 9qc 094 4 1 9qa Zaqb 0qc 044

1 (o of .of af) 1 k(af Jof L of af>
+—df<—+z +k—)+-di | =—+i—+j— —k A19
2T \ogs " oy o age oga) 477 \age " oqy Tagc ag (A1)
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Now, define the formal right derivatives 3,f/dq, 3,f/3q’, 8,f /8¢ and 8,f/3q", so that

dfd§+dlf+qf+qk% (A 20)

g ag/ gk
holds. Comparing (A 20) and (A 19) and using lemma A.1, the following right HR derivatives are

obtained:
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_%_ _i_
aq 0qa
af 1 —i - —k||2f
agt 111 —i | k aqp
af | 4l1 i — k|| of (A21)
agl 1 i j —k|| g
of o
L agk | L 994
A.4. The right conjugate HR derivatives
By applying a rotation transformation to both sides of (A 14), we have
dgo = 1(dq* +dq”* + dg™* +dg™), dgy = §(dg* + dg"™* — dg™* — dg™)i, (A22)
dge = §(dq* — dg"* + dg’* —dq™)j, dqq=3(dg* —dq" — dg”* + dg"*)k.
Upon substituting (A 22) into (A 9), the differential of f can be written as
_ - % J* ks f ik gojx g ks i
df = (dq +dg™ +dg”* + dq ) + - (dq +dg™ —dg* —dq )zaq
b
1 v e gy . o
Z(dag* — dg™* d]*—dk*f fd*—dl*—d]* dk*kf
+ (g —dq™ +dg q)Ja g =g = dg” A dg ks
ad . ) ) .0 )
_q(f f]fJr f) q<f . Of i_ki>
4 qa Bq 9qc aq 4 aq aqb aqc 0q4
1. ..o .of .of 8f) 1 k(af . of of f)
+7d1*<——z—+——k— +-dg™ = —i— —j— +k A23
£ \oge ™ "oqy Togc ™ “aaa) T2 \oge " oqy a0 T g (A2
Now, define the formal right derivatives d,f/dq*, 8,f/9q™, 8,f /3¢/* and d,f /34", so that
arf g g 3{ (A24)
g™ g aq**
holds. Comparing (A 24) with (A 23) and using lemma A.2, we obtain the following right conjugate HR
derivatives:
ag* 0qa
df 1 i j k]|
gt 111 i —j —k|| g
of |~ 41 —i j —k||of (A25
aq]* 1 —i —j k 8q«:
i o
L agh* L 9q4 |

Appendix B. The proof of the product rule

Within the GHR calculus, when a quaternion function is post-multiplied by a real function, the novel

product rule degenerates into the traditional product rule. This is stated in the next lemma.

Lemma B.1. If the functions f : H — H and g:H — R have the left GHR derivatives, then their product fg
satisfies the traditional product rule

agh

a(f3) 8g
=f< o

f
8 qH

a9 a
(f3) ~f g

a

ag

where df /9g" and 9f /g are the left GHR derivatives in definition 4.1.

(B1)
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Proof. Let f=f,+ify + jfc + kfs, where f,fp,fe,fa €R, then fg=fug+ifyg+jfcg +kfsg. Using the n
property d(vf)/dg" = v(df/3q") in (4.3), we have

A(fg) _ I(fa +ify +jfc + kfa)g)

aqt agh
_fag) | 3(/e8) +].8(fcg) L+ 2vas)
8ql‘ Bqﬂ aqt aqt
98 08 08 o 08 Ofa  Of i 0f L O
fa +f +Jﬂaqﬂ+ faqﬂ ot aqugﬂaqﬂg aqﬂg
fa . Ofp  .Ofe o Ofa of
= k—— =f— 4+ ——q. B2
faqu +(3‘J” +13‘i +]3qﬂ * aqt g faq“ 3‘7“g (52)
Hence, the first part of the lemma is proved, and the rest follows in a similar way. |

The proof of theorem 4.10. From (2.5), note that {1,i*,j",k/} is another orthogonal basis of H. Then, the
quaternion-valued function g can be expressed in the following way:

g§=8 +i'gy +j'gc+ k81, 84,808, 84 €R, (B3)
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and fg =fg, + fi* gy + fi"* gc + fk* g4, f € H. Using the sum rule, it follows that

a(fg)  9(fga) | 9(fi*ge) | (fi*ge) | 9(fi*gu)
2gh ~ g + 2" + o + Py (B4)

Applying lemma B.1 to the right side of (B4) yields

a(f9) 0086 | 08 | o084 Of a(fit) a(fi*) a(fk*)
aqt _faq/‘ +ﬁ aq# +f 36]“ +fk aq# 3[7# at agh 8+ agh ot agh 8d
98a ; 2086 | . 08 M@ of a(fi*) a(fi") a(fkH)
f(aq“ aqn aq“+k agn ) T oque T Togr 8 Togi 8 Toq
9 a(fir a(fin (Fkt
P i W T D W L0 .

agr  ogt ! agqt b aqt aqt
Next, by using the result d(fv)/9g" = (3f /9g"*)v in (4.3), we have

afg) _ .08 | of of . Of wy O 4

8qﬂ = aqﬂ + Bqﬂ a + aqﬂil gb"’ 8q/’L]] gc a /.Lk gd
(LB B F o (LB e W
3”]“ 99 99y dqc dqa 3o 0qp qc 9qa

of of . of . of ) ( of of . of . of )
+ - =+ —i* = —j*+ =k +- + =i+ = — k") k'gs, (B6
4 (3(1,, gy BqC] 994 I8¢ aqa gy an] 0q4 8d (B6)

where definition 4.1 and (2.4) were used in the last equality above. Grouping together df /dq,, 3f /94y,
df/9q. and 9f /dq, in (B7) finally yields

9 ag 19
a(ﬁ) =f3qgﬂ +Za—f(gg+z“gb +j1gc + K'ga) — iai(ga+lﬂgh + j1gc + Kga) i*
—lﬂ( + i gp + M ge + k' gq) * — ——f( + gy + 1 ge + K'ga) K
48q 8a T8 T 8e T K8a)J" = 4 8a T 18 J#8c + K84
of o af _of )
- kll
34" (aq 57 0" g] " g%
— - i of 'ﬂ*l_l'ufl_i u71>
—faqu+4< P L S A gkg™ )8
dg 1 ( Of _ Of o O qu O ) +
—r % — L gn 8l ) o =f S , B7
g I T TR TH f aq” T agend ®7)

where (2.4) was used in the second to last equality above, and definition 4.1 was used in the last
equality. Hence, the first part of the theorem follows, and the second part can be proved in an analogous
manner. |
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Appendix C. The proof of the chain rule

To prove the chain rule, we shall use the following lemma.

Lemma C.1. Let q=q, + iqy + jqc + kqg, where qa,qp,qc, 94 € R. Then, the partial derivatives of the
quaternion composite function f(g(q)) satisfy the following chain rule:

dsa) _ of o' | of ag" o ag | of o
o agv 08 agvi 0E  9g¥ dE  9gvk g

(@) _ o g of gt of agt  af agt
o€ agv* 9E agvi* & 8gvj* & agvk* A& 4

€1

and

where & € {qa, 9, 9c,q4) and v € H, v # 0.

Proof. Let g(q) =ga + iy + jgc + kg4, where g4, 1, 8c,84 € R. Then, the function f(g(g)) can be seen as
a function of the four real-valued variables g5, g1, gc and g4, and the partial derivative of f(g(g)) can be
expressed as

aof of 0 Jaf d Jaf o Jf o
O _ O b3 O dn | O dg O o

= . (C2)
08 0g, 08 0gp 06 0gc 06 dgy 0§
By definition 4.1, the partial derivatives df /39,4, df /0y, 9f /dgc and df /g, are given by
ad d d d
¥ o
dgs 08" agVi agYl agvk
LA RN S A
a9y T\ 9 govi - W - dovk !
8 s s g s C3)

j_(af_ of o _ 3f)~v
agc  \0g” agv  oagu  agUk /

and i—(af o of + o )k”.

dga \dg" ag g agt

Upon applying the quaternion rotation transform (-) to both sides of (2.7) and replacing g with g, the
real-valued components g;, g, §¢ and gz can be expressed as

1 . ) v . )
Sa= Z(gv +guz +gv] +gvk)/ = _Z(gv +guz _ gu] _ gvk)/

) " (C4)
§c= —]4 (6" -8 +87-8"), ga=-76"-8" -8 +5".
Taking the partial derivatives of both sides of the above equations yields
% _1 agv agvi aguj aguk
ag_4<ag+ag+ag+ag ’
ogy _ 1" (08" g 9g” g™
9 4\ ot dE dE 0 |’
, , (C5)
% . -i agl) agl)l + agl)] ag\)k
08— 4\ ot A€ dE o€
v v vi vj vk
and 98 _ K (08" dg" 08" 08
& 4 \ 3¢ B¢ & 0%

Upon substituting the results from (C 3) and (C5) into (C 2), and using the distributive law and merging
similar terms, we finally have

@) _ of g, of ag | of ag  of ag”
0 agv 05 agvi 98 agY & - agvk o9&

(C6)

Hence, the first equality of the lemma follows, the second equality following in a similar way. | |
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The proof of theorem 4.16. Using definition 4.1, the left HR derivative of the product fg can be

expressed as

V) 1 () S, Y, H5w)) -
agh 4 0qa aqp aqc 094
Upon substituting the first equality of lemma C.1 into (C7), it then follows that
o) _1(of ag"  of ag" | of g of g™
g 4\ 0g” g,  9g" 39, 8gY 9q.  3gYk qa
1( of ag” of og”  of ag”  of 0g"*\.
- = 4 =2 R =)
4 \ogvaqy agvi dqy  9gY dqy  agYk gy
C(oragr | of ag af agd o agt)
4 \ogvoq.  agvi dqc  agY dgc  dgvk dqc
1( of ag" = of ag"  af 9g”  of 9g™"
_L(ofogn, of 98 of 987 Of 987 C8)
4\ 09" 9ga ~ 0g" 992~ 98" dqa 08" 4
Grouping the terms df/9g", df / 8g"i, of/ ag"j and df / ag“k in (C8) together, we have
W) _ 100 0 )
agh gV 4 \9q, Oqp aqe 0494
1 (o a, . ag,
9gv 4 \ 04q, aqp 9qc 0q4
o 1 (ol o, el o,
99" 4 \ 94a aqp 9qc 094
of 1 (g™ ag, g, 9g,
gk 4\ 99, Ay aqc 0q4
o ag o ag | of g of ag o)
= agu aqu ag\;i aqu 3gvj 35]/‘ 3g"k 30]/1 .
Hence, the first equality of the theorem follows, the other equalities following in a similar fashion. W

Appendix D. Fundamental results based on the generalized HR derivatives

For convenience, several of the most important results for the left GHR derivatives are summarized in
table 1. The symbols v, @ and A denote quaternion constants, g is a quaternion-valued variable and p any

quaternion constant or expression.
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