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Quaternion Derivatives: The GHR Calculus

D. P. Xu, C. Jahanchahi, C. C. Took and D. P. Mandic

ABSTRACT

Quaternion derivatives in the mathematical literature are typically defined only for analytic
(regular) functions. However, in engineering problems, functions of interest are often real-valued
and thus not analytic, such as the standard cost function. The HR calculus is a convenient way to
calculate formal derivatives of both analytic and non-analytic functions of quaternion variables,
however, both the HR and other functional calculus in quaternion analysis have encountered
an essential technical obstacle, that is, the traditional product rule is invalid due to the non-
commutativity of the quaternion algebra. To address this issue, a generalized form of the HR
derivative is proposed based on a general orthogonal system. The so introduced generalization,
called the generalized HR (GHR) calculus, encompasses not just the left- and right-hand versions
of quaternion derivative, but also enables solutions to some long standing problems, such as the
novel product rule, the chain rule, the mean-valued theorem and Taylor’s theorem. At the core
of the proposed approach is the quaternion rotation, which can naturally be applied to other
functional calculi in non-commutative settings. Examples on using the GHR calculus in adaptive
signal processing support the analysis.

1. Introduction.

Quaternions have become a standard in physics [40], computer graphics [1], and have also
been successfully applied to many signal processing and communications problems [9, 10,
11, 20, 37, 38, 39, 43, 45, 46, 47|. One attractive property is that quaternion algebra
[52] reduces the number of parameters, and offers improvements in terms of computational
complexity [23] and functional simplicity [14]. Often, the task is to find the values of quaternion
parameters which optimize a chosen objective function. To solve this kind of optimization
problems, a common approach is to build adaptive optimization algorithms based on the
gradient of the objective function, as in the quaternion least mean square (QLMS) adaptive
filter [9]. However, a confusing aspect of QLMS adaptive filtering, and other gradient-based
optimization procedures, is that the objective functions of interest are often real-valued and
thus not analytic according to the analyticity condition in quaternion analysis [4, 8, 33, 41,
42, 44]. An alternative way to find the derivative of real functions of quaternion variables is
therefore needed. Following the idea of the CR calculus in the complex domain [2, 17, 34,
51], two alternative ways can be used to find the derivative of a real function f with respect
to the unknown quaternion variable q. The first way, called the pseudo-derivative, rewrites f
as a function of the four real components q,, ¢y, q. and g4 of the quaternion variable ¢, and
then find the real derivatives of the so rewritten function with respect to the independent real
variables, ¢4, ¢, g- and qq, separately. In this way, we can treat the real-valued function f as a
real differentiable mapping between R* and R. The second way, called the HR calculus, is more
elegant [15, 18], and aims to find the formal derivatives of f with respect to the quaternion
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variables ¢, ¢, ¢’,¢" and their conjugates. The differentials of these quaternion variables are
independent, and shown in Lemma 1.2 and Lemma 1.3.

In this paper, motivated by the CR calculus [3, 19, 34|, we revisit the theory of HR calculus
introduced by three of the authors [18], and further extend this theory by developing the
product rule and chain rule for the HR calculus. However, as shown in Section 2.3, the
traditional product rule is not suitable for the HR calculus due to the non-commutativity
of quaternion algebra. Other functional calculi [4, 8, 24, 33, 44] in quaternion analysis are
similarly suffering from this barrier.

To this end, we firstly generalize the HR calculus based on a general orthogonal system.
The generalized HR (GHR) calculus encompasses not just the left- and right-hand versions
of quaternion derivative, we also show that for the two versions of the HR derivative, their
results are identical for real-valued functions. One major result is therefore that using the
GHR calculus, it is no longer important which version of the HR derivative is used. Also,
within the GHR framework, we introduce a novel product rule to facilitate the calculation of
the HR derivatives of general functions of quaternion variables, and show that if one function of
the product is real-valued, this novel product rule degenerates into the traditional product rule
shown in Corollary in 3.3. The core of the novel product rule is the quaternion rotation, this
idea can be also naturally applied to other functional calculus in non-commutative settings. In
the process of refining the theory of HR calculus, we revisit two important and fundamental
theorems: the mean value theorem and Taylor’s theorem. Taylor’s theorem is presented in a
compact and familiar form involving the HR derivatives. The GHR calculus poses an answer
to an long-standing mathematical problem [16], while illustrative examples show how it can
be applied as an important tool for solving problems in signal processing and communications.

1.1. Quaternion Algebra.

Quaternions are an associative but not commutative algebra over R, defined as

H= Span{17i7jvk} £ {qa + th +]qc + kqd | day,qb;9c,qd € R} (11)

where {1,4, j, k} is a basis of H, and the imaginary units i, j and k satisfy i* = j2 = k? = ijk =
—1, which implies ij = k = —ji, jk =i = —kj, ki = j = —ik. For any quaternion

q=qa+iq+ jgc + ks = Sq+Vq (1.2)

the scalar (real) part is denoted by ¢, = Sq = PR(q), whereas the vector part Vg = J(q) =
iqp + jqc + kqq comprises the three imaginary parts. The quaternion product for p,q € H is
given by

pq=SpSq—Vp -Vq+ SpVqg+ Sq¢Vp+Vpx Vg (1.3)

where the symbols /- and ' x’ denote the usual inner product and vector product, respectively.
The presence of the vector product causes the quaternion product to be noncommutative, i.e.,
for p,q € H, pg # gqp in general. The conjugate of a quaternion ¢ is defined as ¢* = Sq — Vyq,
while the conjugate of the product satisfies (pg)* = ¢*p*. The modulus of a quaternion is defined
as |q| = Vaq® = V@2 + @ + ¢2 + g2, and it is easy to check that |pg| = [p||g|. The inverse of a
quaternion ¢ # 0 is ¢~ = ¢*/|q|? which yields an important consequence

1 (p)* p* q p 11
(pqg)~"' = - =1 £ _ (1.4)
lpgl?  lql?lpl>  1ql? Ipl?

(note the change in order).
If |g| = 1, we call ¢ a unit quaternion. A quaternion ¢ is said to be pure if R(g) = 0. Then
q¢* = —q and ¢?> = —|q|. Thus, a pure unit quaternion is a square root of -1, such as imaginary

units 4, j and k.
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1.2.  Analytic Functions in H.

A function that is analytic is also called regular, or monogenic. Due to the non-commutativity
of quaternion products, there are two ways to write the quotient in the definition of quaternion
derivative, as shown below.

PROPOSITION 1.1 [26]. Let D CH be a simply-connected domain of definition of the
function f : D — H. If for any q € D

lim[(f(q+h) = flq ) h1 (1.5)
exists in H, then necessarily f(q) = wq + A for some w, A € H. If for any ¢ € D
lim (1 (F(g + 1) — (@) (16)

exists in H, then necessarily f(q) = qu + X for some v, A € H.

Proposition 1.1 is discussed in detail in [4, 36] and indicates that the traditional definitions
of derivative in (1.5) and (1.6) are too restrictive. One attempt to relax this constraint is
due to Feuter [41, 42], summarized in [4, 8]. Feuter’s analyticity condition is termed the
Cauchy-Riemann-Fueter (CRF) equation, given by

0] 0

L o1, 08 0y
94a " Oq = . 8qd
0 .0
/ + z—f +J / + k= of
Ga  Oay 7. Oqa
The limitations of the CRF condition were pointed out by Gentili and Struppa in [24, 25],
illuminating that the polynomial functions (even the identity f(q) = ¢) satisfy neither the left
CREF nor the right CRF. To further relax the analyticity condition, a local analyticity condition

(LAC) was proposed in [44], by using the polar form of a quaternion to give

Left CRF :

(1.7)

Right CRF : =0

Lett LAC: 2L (20 4, 00 dﬁf 7

3(](1 8 8(]0 |V|2 (1 8)
i O Vo ([ 0F  oF L OFY ~
Righ 1A 0+ i (g, + 0y gy, ) =0

where ¢ = q, + do, § = ﬁ and V, = igy + jq. + kqq. This theory of local analyticity is now
very well developed, and in many different directions, and we refer the reader to [21, 24, 25] for
the slice regular functions. More recent work in this area includes [22, 26, 27], and references
therein. The advantage of the local analyticity condition is that both the polynomial functions
of ¢ and some elementary functions in Section 4.1 satisfy the left LAC or the right LAC.

REMARK 1. Note that the product and composition of two LAC functions f and g generally
no longer meet the local analytic condition. For example, if f(¢) = ¢ and g(q) = wq, w € H,
then f and g satisfy the left LAC, but the product fg = qwq does not satisfy the left LAC. Tt
is the same situation for the right LAC, only we need to write the function g as g(q) = qw.

The quaternion derivative in quaternion analysis is defined only for analytic functions.
However, in engineering problems, objective functions of interest are often real-valued to
minimize or maximize them and thus not analytic, such as

fl@) =lal* = aq* (1.9)
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Notice that if the definition of the analytic (regular) function given in [4, 8, 21, 24, 25, 33, 44]
is used, then the function f is not analytic. In order to take the derivative of these functions
(but not limited to only such functions), the HR calculus extends the classical idea of complex
CR calculus [2, 17, 34, 51] to the quaternion field [18]. This generalization is not trivial, and
we show that many rules of the CR and HR calculus are different. The details are given in
Section 2.

REMARK 2. It is important to note that the left (right) terminology in (1.7), (1.8) and
below differ from those in [4, 8, 21, 24, 33, 44]. In this paper, the standard of left (right)
is based on the position of %7 g—;;, g—({c and g—’;, rather than on the positions of imaginary
units ¢, j, k. Although this is only a notational digference, we later show that the left derivatives
(named based on this standard) in Definition 4 and 6 result in a left constant rule (2.2) and
(3.2), that is, the left constant can come out from the left derivative of product, and the left
derivatives stand on the left side of the quaternion differential in (5.6) and (5.10). This allows
for a consistent use of terminology.

1.3. Quaternion Rotation.

Every quaternion can be written in the polar form

Sq , Va |[Vq
q=Sq+Vq=|q <+V||
lal [Vl ldl
where § = Vi¢/|V¢| is a pure unit quaternion and 6 = arccos(S,/|q|) is the angle (or argument)

of the quaternion. We now introduce the rotation and involution operations.

) = |g|(cos @ + §sin6) (1.10)

DEFINITION 1 (Quaternion Rotation [28]). For any quaternion number q, consider the
transformation
$ula) = ¢" = pgp!
where p = |u|(cos @ + fisin 0) € H. This transformation geometrically describes a 3-dimensional
rotation of the vector part of q by the angle 260 about to the vector part of p.

The properties of the operator in Definition 1 (see [38, 43]) are:

* * *\ — M
pg) = pprq(pt) Tt = Iulqu =qu, VpeH (1.11)
-1 - *q * *) — *
") =p 1qu:7u|5:u g(u) "t =¢"), VueH (1.12)
(pg)" = ppgp™" = ppp”'pgut = pt¢", Vp,qeH (1.13)
¢ = (w)q(uv) ™t = plvgr= "™t = (¢")*, Vr,pcH (1.14)
¢ = (@) =pg" ™t = (pgu™h)" = (") = ¢, VYepeH (1.15)

(note the change in order and ¢** # ¢(*")).

DEFINITION 2 (Quaternion Involution [48]). The involution of a quaternion over a pure
unit quaternion 7 is given by

on(0) =q" =ngn™" =ngn* = —nan

and represents a rotation by 7 about 7.
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The properties of quaternion involution are:

(@")"=¢"=q""=q VgcH (1.16)
¢ =q "= (—mg(-n) " =q¢", VgeH (1.17)

DEFINITION 3 (Quaternion Reflection [28]). The reflection of a quaternion about a pure
unit quaternion 7 is given by

¥n(q) = ¢n(—q) = ngn
and the reflection is performed in the plane whose normal is 7.
We should point out that the real representation in (1) can be easily extended to other

orthogonal bases. In particular, for any non-zero quaternion p = g + iy + jue + kg, we
consider an orthogonal system {1,:#, j# k*} given by [28]

. 1 . .

" = e (2 + pg — p2 — p3)i + (28apa + 20pe)j + (2ptppa — 24apic)k)

” 1 . 2 2 2 2y

e ((2ubtic — 2ptapa)i + (s + p2 — py — p3)j + picpia + 2ptapis)k) (1.18)
1 . .

Kt = e ((2paptc + 2pppa)i + pctta — 2pap)j + (12 + pi — pi — p2)k)

so that the matrix representation of the map (-)* becomes

L[ HE Ay ek 2ptafia + 2pppe 2t pta — 2ftafic
=T | 2wt — 2ptatia [o + pE = pE = 2Heitd + 2Ha (1.19)
a ftatic + 2ptppa ictta — 2iafis P2+ 1 — pi — p

It is easily shown that M is orthogonal: MM = I3 and det(M) = 1, so that the linear map
q"* = puqu~! represents a rotation in R3, which implies

L L L Ty W) T L L L | (1.20)
Thus, any quaternion g can be alternatively represented in the u-basis as
4= Ga + qui + qej + qak = qa + qpi" + qoi" + guk" (1.21)

where (g}, .. ) = (qv, g, qa) M.

1.4. The Equivalence Relations and Involutions

Given a complex number z = z, + izp, its real and imaginary part can be extracted as
zo = 5(2+2*) and 2z, = 5:(z — 2*) [30]. Such convenient manipulation offers a number of
advantages, but is not possible to achieve in the quaternion domain. To deal with this issue,
we employ the quaternion involutions (self-inverse mappings), given by [48]

q' = —iqi = qo +iqy — jqc — kqa, G = qa +iq + jqc + kqa

. o o K S (1.22)
¢ =—=Jq) = qa —iq + Jgc — kqa, ¢ = —kqk = qa —iqy — jqc + kqa
and their conjugate involutions given by
"= qq —iqy + jac + kqa, qF = qa —iqp — jgc — k
q Ga qv T Jdc qd q Ga qy — J4c qd (1.23)

" =qa+iq — joc +kqa, ¢" = qa +iq + jgc — kqa
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In this way, the four real components of the quaternion ¢ can now be computed based on (1.22)
r (1.23) as [4, 12, 18, 27]

Go=-(q+d+¢+d")., av=—@+d ¢ —d"

4 4 (1.24)
qc:*z(q*q +q¢ —q%), Qd:*Z(q*q — ¢ +4q")

1 * 7% J* kx* i * 7% J* kx*
Ga==("+4¢"+¢"+¢), w=-"+¢" —¢" —¢")

4 4 1.25

j * e j % kox k * 1% j * kx ( )
qc=1(q —q¢" 4+ ¢ = q"), qd=1(q —¢" ="+ q"7)

This allows for any quaternion function of the four real variables q,, gy, gc, g4 to be expressed as a
function of the quaternion variables {q, ¢*, ¢/, ¢"} or {¢*, ¢"*, ¢’*, ¢**}, whereby, the relationship
between the involutions in (1.22) and conjugate involutions in (1.23) is given by

1 o 1 o
¢ =5(atd+d+d), " =5(-d+d+d)
2 o (1.26)
" =5+td - +d), " =5(e+d+d ")
1 * Q% g kx 3 1 J* kx*
¢=5 (-0 +d"+d"+d"), ¢'=5(" —d"+d" +d")
2 o L ) (1.27)
¢ =5 +¢" =" +d"), =5 +d"+d ")

REMARK 3. Observe that ¢ and ¢* are not independent and thus aq* ;é 0 as shown in (2.1).
This is the main difference from the CR calculus, where the derlvatlve =0.

1.5. Results Used to Introduce GHR Derivatives

The quaternion components, that is, the real variables q,,qp,q. and ¢4 are mutually
independent and hence so are their differentials. Although the quaternion variables g, q’, ¢’
and ¢* are related, it is important to notice that their differentials are linearly independent,
similar to the CR calculus [3]. This condition is very important for distinguishing the GHR
derivatives from the quaternion differential of the function under consideration.

LEMMA 1.2. Let f, : H— H, (n=1,2,3,4) be any arbitrary quaternion-valued functions.
If the left case

frdg" + f2dg"" + f3dg" + fadg"* =0 (1.28)

or the right case
dg" f1 + dg"* f2 + dg* fs + dg** f4 = 0 (1.29)

for Vu € H, u # 0, then f, =0 for n € {1,2,3,4}.

Proof. The Left Case: By applying the rotation transformation on both sides of (1.2) and
(1.22), it follows that
0" = qa+i"q + g + K'qa, 0" = o +i"q — 5"9c — k'qa

nj i 70 M nk _ P 1 M (1'30)
" =qa — " + j"qc — K"qa,  ¢"" = qa — " — 7"qc + K" qa
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By applying the differential operator to the above expressions, and substituting dg”, dg"*, dg'’
and dg"* into (1.28), we have

fi(dga + "dgy + j"dge + E'dqq) + f2 (dga + i*dgy — j*dqe — k"' dga)

+ f3 (dga — "dgy + j"dgc — k"dga) + fa (dga — i"*dgy — j"dgc + k" dga) = 0 e
This is equivalent to
(f1+ fo+ f3+ fa)dqa + (f1 + fo — f3 — fa) i*dgp (132)
+(fi = fa+ fo — fa) jdac + (f1 — f2 — f3 + fa) kM'dga =0
Since the differentials dq,, dgy, dg. and dqq are independent, we have
fitfetfs+fi=0, fitfo—fs—fa=0 (133)

fi—fo+fs—fa=0, fi—fo—fs+f1=0
Hence, it follows that f; = fo = f3 = f4 = 0. The right case can be proved in a similar way. []

The next lemma enables us to identify the conjugate GHR derivatives, and its proof is
essentially the same as that of Lemma 1.2, so it is omitted.

LEmMA 1.3. Let f, :H— H, (n=1,2,3,4) be any arbitrary quaternion-valued function.
If the left case

frdg"™ + fodg"™ + fsdg"’* + fadg"™™ =0
or the right case

dg"* fi + dg""™ f2 + dg"7* f3 + g™ f1 = 0
for Vu € H,u # 0, then f, =0 for n € {1,2,3,4}.

2. The HR calculus

The optimization problems in quaternion variables frequently arise in engineering appli-
cations such as control theory, signal processing, and electrical engineering. Solutions often
requires a first- or second-order approximation of the objective function to generate a new
search direction. However, real functions of quaternion variables are essentially non-analytic.
The recently proposed HR calculus solves these issues by using the quaternion involution,
and we now introduce two kinds of HR. derivatives (the derivation of HR calculus is given in
Appendix A).

DEFINITION 4 (The Left HR Derivatives). Let g = g4 + iqp + jgc + kqa, where gq, @b, 4, 4d €
R, then the formal left HR derivatives, with respect to {q,q’,¢’,¢"} and {q*, ¢**, ¢’*, ¢**} of
the function f, are defined as

or  of \7" or o \"
9q° g 9qq’  Oqq
of 9 oo o R
0qt’ Oaqt* _ 4t oqp’ dq -t 1 2 2
9f  of =7l of _f i =i
g7 Bgi* Dge? Dac J o J J J
of  _9f af  _9f -k k k -k
aqk 9 aqk* aqd ) aqd
where 2L 0L 97 anq 2L are the partial derivatives of f with respect to and
0qa) Oqp’ Oqc 9qq P P qa, qb, qc qd,

respectively.



Page 8 of 38 D. P. XU, C. JAHANCHAHI, C. C. TOOK AND D. P. MANDIC

The properties of Definition 4 are:
9¢ _9¢" _, ¢ _ 9¢

— = = _— = = O
dq Og* T Oqn aq"* .

dgx _ 9q 2 og™  aqn 2

OfNT _ofm (OF\T _ofm

dq¢) — ogn \9gq") g
os) _ 08 _or, ot _of, _ or
dq dqg 9gn"  0q  Og" dq
It is important to note that if a function f is premultiplied by a constant 7 in the second line
of (2.2), then the derivative of the product is equal to the derivative of f premultiplied by the
constant, but not for postmultiplication. In other words, the left constant n can come out from
the derivative of the product, which is the reason we call Definition 4 the left HR derivative.

Vi € {1,i,5,k} (2.2)

DEFINITION 5 (The Right HR Derivatives [18]). Let ¢ = q, + gy + jqc + kqq, where
Qas Qbs Ge; G4 € R, then the formal right HR derivatives, with respect to {g¢,q’,¢’,¢"} and
{q*, ¢, ¢’*, ¢"*} of the function f, are defined as

a'rf arf a_f Y

5% 8% L=t =g =k G
?qi 9 aqz* _ 1 1 —Z ] k’ @7 - %
grf ) 59 TJJi S R A g y T g_
orf  Bif 1 i j -k of  oF
gk Ogk* 0qq’ 0q4

where g—qJ;, %a é% and g—qj; are the partial derivatives of f with respect to q., ¢, ¢. and qq,

respectively.

The properties of Definition 5 are:

orq _ orq” . orq _ orq* B
dq — dq 7 dqn  dgn .
g _ 0" 1 04 _oq 1 "SI (2.3)
dgx  dq 2 Og7 9" 2
( afn ((‘Brf)"_arfn
’ oq")  0Oq .
vn € {1,i,5,k 2.4
Olfn) _ oS _ 8 o) o oy MEtbERM G4

where the second line of (2.4) is just a mirrors image of (2.2). Thus, we call Definition 5 the
right HR derivative, denoted by the 0, to distinguish from the left HR derivatives.

REMARK 4. The only difference between the left HR derivatives and the right HR derivative

is the position of the partial derivative aa qf , g qu , % and df . In the left HR derivative,

gqf , é%{)’ gf and E%{, stand on the left side and imaginary unlts 1,7,k on the right side. It
is exactly the opposite case for the right HR derivative. Note that the %, %’ % and aqd
cannot swap position with the imaginary units ¢, j, k because of the noncommutative nature of

quaternion product.
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2.1. Relation Between the HR Derivatives

By applying the Hermitian operator to both sides of the expression in Definition 4 and using
(AB)H = BH AH | we obtain

af of * . of of *
9q°  Og* 1 4 7 k 0q.°  Oqa
af af 1 1 . i S _%7;“
g’ 8, ik _ 1 -7 — Agqp dqp (2 5)
of f 1 — —k of _of :
: * 1 i
q7 853 . Oq,’ Oq,
of f 1 —i —5 k of  _of
dqF’  Oqk* 994’ 994

* *
by replacing f with its conjugate f* in (2.5) and using (%) = %, € € {qas I, 9c, qa}- Then,

the pair of relationships between the left HR derivatives and the right HR derivatives becomes

Of Ot of  ofT N\ of of OWf* Onfr N\ *

8(1 bl aq* 8[1* ) aq aq* I O aq bl 8(]*

orf  oef of*  of or  of 01" Ot

gt 0 Bgir . 9g > gt 8q*’ g’ o 9qt 0 g

o orr | = 9 af | 8 or | =| ofF o (2.6)
aqj 9 aqj* aqj* ) aqj Agi*? aqj aqj I aqj*

orf O ar of dr  of ot Ot

dgF > DqF* gk 9qF dgk*7  9qF aqk 0 Ogk*

REMARK 5. From the identity (2.6), we can see that the left HR derivative is equal to the
right HR derivative if the function f is real-valued. This result is instrumental for practical
applications of the HR calculus, where the objective function (or cost function) is often real-
valued, such as the mean square error. Using the HR calculus, it is not important to choose
the kind of HR derivative, because the final results are exactly the same. In the sequel, we
therefore mainly focus on the left HR derivatives.

2.2. Higher Order HR Derivatives

Since a formal derivative of a function f:H — H is (wherever it exists) again a function
from H to H, it makes sense to take the HR derivative of HR derivative, i.e., a higher order
HR derivative. We shall consider second order left derivatives of the form

2 0 (of Pf o (of
aqyaqu - aqu aqu ) aq,u,*aqu* - 8(];1,* aqy*

2.7
0% f _ 0 (of *f 9 of 27)
aquaqy* - aqu aqy* ) aq,u,*aqu - aqp,* aqz/
where p,v € {1,4,4,k}. From (2.1) and (2.2), we obtain
() - () - (85)- 8
9q'9q" dq" \ 9¢’ dq \ 9q" 9q0q (2.8)

O \"_ 8 (or\*_ o (orFy _ o
0¢i0g ) Ogki \dg? )  O¢F \Oq¥i ) O¢idqt

If f is a real-valued function, the second formula in the above expression can be simplified as
82 k 62
S i (2.9)
¢t 0qd 0¢? 0¢°
This clearly shows that the mixed second order left HR derivatives are in general not equal,
that is

0% f
OqHoq”

0% f
dq¥ Og+

# (2.10)
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where p, v € {1,1,7,k}. The second order left HR derivatives have a commutative property [4]

0% f 0% f 82f o*f  o0%f  0%f
dqhog T dqrdgr AFE T "o "ot 211
If f is a real-valued function, we obtain
*f \" 0 0*f . O
<5q“6q”) - 9grrogn’ <<’9q“*8qV*>  0grdg" (2.12)
< >*f )* *f < *f >* >*f
aq,u,aql/* aquaq;t* ’ aqu*aqy 8qy*8qu
In a similar manner, the second order right HR derivatives can be defined as
Rf 0 (0.f xRf{ 0 (Of
dgrdq” — dg* (3(1”) T 9grdgr T g <5qV*> (2.13)

Rf 0 (0 2f 0 (0
aqp,aqu* - aqp, aqy* ) aqu*aqu - aqu* aqu

where p,v € {1,4,7,k}. An important commutative property between second order left and
right derivatives of a real valued function f is given by

2f _ Pf 2f _ Pf
aq,uaql/ aquaq“’ 6qu*8qy* aqyxﬁqu* (2 14)
2f & o2f 0 '

6q,uaql/* - 6(]”*6(]“’ 8qp*aqu - 8qy8qp*
2.3. The Validity of the Traditional Product Rule.

Definitions 4 and 5 give a method to calculate the HR derivatives, but are complicated and
inefficient. For example, the power function f(q) = ¢", it is too complicated and inconvenient
to compute using Definition 4 or 5. The greatest difficulty with the HR calculus is that it does
not satisfy the traditional product rule, that is, for any quaternion functions f(q) and g(g), in
general we have

(fg) 5f

#fag
q

We shall illustrate this technical obstacle by two examples.

(2.15)

ExXAMPLE 1. Find the HR derivative of the function f : H — H given by
Q) = = — (@ + ¢ + q7) + 2qa(iqy + jgc + kqa) (2.16)
where ¢ = qq + 996 + jqc + kqd; Ga; by e, qa € R.

Solution: By Definition 4, the left side of (2.15) becomes
g*) 1 (8612 3q2i o 0¢ )

dq 4

1 . N N
=1 (2qa + 2(iqy + jqc + kqa) — (=2qy + 2¢a1)i — (—2qc + 2qaj)j — (—2qq + 2qak)k) (217)

1
= (80 + davi + 4405 + 40ak) = g+ R(q)
Alternatively, using the property (2.1), the right side of (2.15) can be calculated as

dq 0q
8q+a—q qg=2q (2.18)
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This clearly shows that the left side is not equal to the right side of (2.15), and thus the product
rule is not valid.

ExampLE 2. Find the HR derivative of the function f : H — H given by

@) =ldf* = a¢* (2.19)

Solution: By Definition 4, we will first calculate the left side of (2.15) as

2 1 2 2 2 2
gl”) 1 <5|q| _Olgl®, 9ld i gl k)

o 4\ 9q.  Ogy dqc dq4

X ‘ (2.20)
— ~(2q0 — 2q4i — 2q.j — 2 k;):f .
4( q qv? qc] qd 2‘]
while, using the property (2.1), the right side of (2.15) can be calculated as
ag* 0
U (2.21)

¢ dq qu 2
This clearly shows that the left side is not equal to the right side of (2.15).

REMARK 6. Examples 1 and 2 show that the traditional product rule is not applicable for
the left HR derivative in Definition 4. In a similar manner, the traditional product rule is not
applicable for the right HR derivative in Definition 5.

3. The Generalization of HR Calculus

In this section, we propose the GHR derivatives to solve the obstacle of the product rule
within the HR calculus. We achieve this by changing the basis {1,4,j, k} in Definition 4 and 5
to a general orthogonal basis {1,*, j#, k*}, as shown in (1.20). This allows us to give a similar
derivation of the GHR calculus as that of HR calculus in Appendix A, but this is omitted to
save the space.

DEFINITION 6 (The Left GHR Derivatives). Let ¢ = q,+iqy + jqc + kqq, where
Gas Gbs 4c, qa € R, then the left GHR derivatives, with respect to ¢* and ¢** (u # 0, u € H),
of the function f are defined as

o _1(0f 9f, of, of,
¢t 4 \0qa O 9qc 9qa
7] 1/0 0 0 0

f — 'f_|_7f7/#_|_ fjﬂ+7fkﬂ
Oq** 4 \0qa  Ogp 9qc 9qa

where 687]:’ %, g—i and g—f are the partial derivatives of f with respect to q., q», ¢ and gqq,

respectively, and the set {1,i#, j# k*} is a general orthogonal basis of H.

The properties of Definition 6 are:

o . .

2%’ if p=1 %C, if p=1
f _) gk ifu=i of _ ) ais ifu=i (3.1)
dg" L ifp=j5 " o T

2l . .
o ifu=k e, ifp=k



Page 12 of 38 D. P. XU, C. JAHANCHAHI, C. C. TOOK AND D. P. MANDIC

af\  af of \" o
dgn) A \9grm)  Og

owf) _ of _orr ouv) _ of _ of)

Vv € H (3.2)

o~ "ogr g Togr  oge” T agr

where the properties (1.13) and (1.14) are used in the first line of (3.2), and pg = ¢*p and
(1.14) are used in the second line of (3.2). The detail is omitted because the proof is similar to
(2.2). If f is a real-valued function, the conjugate rule of the left GHR, derivatives is given by

or\"_ o (of\'_of
(52) 5 (ok) - 5% (33)

DEerFINITION 7 (The Right GHR Derivatives). Let ¢ = qq + iqp + jqc + kqq, where
Gas G, Ge, 9a € R, then the right GHR derivatives with respect to ¢* and ¢"* (u # 0, € H)
of the function f, are defined as

arf:i(af w0l 0 _kué’f)

dg~ . Oq 7 g 944
of _1(of  .of  .Of ,.0f
g 4 (3% 5% T B Tk 944

where aa—qfa, g—qu, (%J: and aa—qfd are the partial derivatives of f with respect to ¢, ¢, ¢. and qq,

respectively, and the set {1,",j#, k*} is a general orthogonal basis of H.

The properties of Definition 7 are:

L, ifp=1 ggf if p=1
of _) G ifw=i o ) gk ife=i (3.4)
dq* oL, ifu=j 0 Ogm ol ifu=j
Gk ifu=k ook, ifp=k
<arf)”arfv ( o f >"6Tf'/
© T Havr’ v B B
% % % % Vv e H (3.5)

o(fv) o f o, ) 9r(vf) v of arfyl/

o ogr” Tagrr Tagr  Togte T g

Similar to the relation in (2.6), the relation between the two kinds of the GHR derivatives can

be found as
of _(Of N\ of [0\
dgt \ogr*) 7 gt \ gt

of (of\" of (S \"
aq/t - 6(]“* ’ aqu* - aqu

REMARK 7. By comparing Definition 4 and Definition 6, it is seen that the GHR derivative
is more concise and easier to understand than the HR derivative, and that the HR derivative is
a special case of the GHR derivative. More importantly, as shown below, the GHR derivatives
incorporate a novel product rule, which is very convenient for calculating the HR and GHR
derivatives. In addition, the GHR derivative can be extended to other orthogonal systems, such
as {1,n,7',n"} in [31, 32].

Ve H (3.6)
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3.1. The Novel Product Rule.

In Section 2.3, we have explained that the traditional product rule is not feasible for the HR
calculus. Now, we propose a novel product rule to solve this technical obstacle, and show that
the traditional product rule is a special case of the novel product rule in Corollary 3.3.

THEOREM 3.1 (Product Rule of Left GHR). If the functions f,g:H — H have the left
GHR derivatives, then so too has their product fg, and
ofs) _ 09 Of Oy _, 0 Of
Ogqt Ogt  Oq9n”’  Ogn* Ogh*  Ogr*

g

where 6’2@ and 2L can be obtained by replacing p with gu in Definition 6.

8 gu*

Proof. The proof of Theorem 3.1 is given in Appendix B. |

COROLLARY 3.2 (Product Rule of Left HR). If the functions f, g : H — H have the left HR
derivatives, then so too has their product fg, and

ofg) _ ;09  Of  O0fg) _ .09  Of

dq aq " og? Tog ~Tog " oge? (3.7)
ofg) _ ,99  Of ofg) _ .99  Of '
— =55+ 559 =foFt o059
Oqi Ol Dq97 gk 8qk Oqok
o(fg) _ 39 of of9) _ ;0 3f
a(f9g) f of g (fg) g 3f g
8qj* qj* aqgj* aqk* aqgk:*
where gf;, gqu , aaq]; , (,)aq]; and so on are the left HR derivatives in Definition 4, and 8(?;91 , d‘zg] , %
and so on can be obtained by replacing p with gi, gj, jk in Definition 6.
Proof. Set p=1,1%,j,k in Theorem 3.1, then the corollary follows. |

Theorem 3.1 is also valid for the product of quaternion-valued function and real-valued
function of quaternion variables, as stated below.

COROLLARY 3.3. If the functions f : H — H and g : H — R have the left GHR derivatives,
then their product fg satisfies the traditional product rule

ofg) _ 09 O ~ Olfg) _ .9 . Of
Oqt Oqt ~ Ogt 9 Ogh+ Ogh* — dgr* g

where 3‘% and 3 I_ are the left GHR derivatives in Definition 6.

Proof. From ¢9%" = ¢* and ¢9** = ¢"* for the real function g, then the corollary follows. []

THEOREM 3.4 (Product Rule of Right GHR). If the functions f,g : H — H have the right
GHR derivatives, then so too has their product fg, and
or(fg) _ onf Org or(fg) _ O f

8(]# B 8q#g+f8qf*/i7 aqﬂ* - aqﬂ*g+f

Org
aqf*ﬂ*
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where 8jf’f and 83;5}* are obtained by replacing p with pf in Definition 7.

COROLLARY 3.5 (Product Rule of Right HR). If the functions f,g : H — H have the right
HR derivatives, then so too has their product fg, and

G 0Oy U0 S0
dq 0q g Oq(f)’ oq* dq f* (3.9)

9 (f9) _ 8rfg+f Org or(f9) _ 5rfg+f Org '
Oq’ Oq’ dqf*i’ Oq* gk Oqf™k

9r(fg) _ 3rfg ! Org or(fg) _ 3rfg 7 Org

or(fg)  Of g  O(fg) _ Of
g aqj*ng faqf*j* dgh* ag+ 7 g+ f@ f*k*

where aa qf , gq{c , g;{ , grf: etc. are the right HR derivatives in Definition 5.
COROLLARY 3.6. Ifthe functions f : HH — R and g : HH — H have the right GHR derivatives,
then their product fg satisfy the traditional product rule

or(fg) _Of g O(fg) _ Onf Org
6qﬂ - 8q#g + faql"7 aqﬂ* - 8q#g + f@ql‘*

where gq{f and 88 L are the right GHR derivatives in Definition 7.

The proofs of Theorem 3.4, Corollary 3.5 and Corollary 3.6 are conformal with Theorem 3.1,
Corollary 3.2 and Corollary 3.3, and thus omitted.

3.2. The Chain Rule.

Another advantage of the GHR derivative is defined in Definition 6 and Definition 7 is that
the chain rule can be obtained in a very simple form, and is formulated in the following theorem.

THEOREM 3.7 (Chain Rule of Left GHR). Let S C H and suppose g : S — H has the left
GHR derivative at an interior point q of the set S. Let T C H be such that g(q) € T for all
q € S. Assume f:T — H has left GHR derivatives at an inner point g(q) € T, then the left
GHR derivatives of the composite function f(g(q)) are as follows:

0f(g(a)) _ 0f 09  Of 99  Of 09  Of 0g”

dgr dg” Oq ~ dg“* Oqi ~ dg*I Ot~ Og*F Og* (3.11)
0f(g(a)) _ Of 9¢”  Of 0¢”* | Of 9g | Of 9g*

8q“* agu aqp,* agyi 8(]’“‘* aguj 8(]’“‘* aguk aqu*

9f(g(a)) _ Of g™  Of 0g"™  Of 0g* =~ Of 0g**
aqu agy* aqp agui* 8(]’“’ agyj* aqu agyk* aqu (3 12)
0f(g(a)) _ Of 9g™  Of 9¢"™ ~ Of 9¢** = 9Of 0g"™ '
8(1;1,* - agy* aqp,* agui* aqp,* agllj* 8(]“* agyk* aqp,*

where p,v € H, pv # 0.

Proof. The proof of Theorem 3.7 is given in Appendix C. ]
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COROLLARY 3.8 (Chain Rule of Left HR). Let S C H and suppose g : S — H has the left
HR derivative at an interior point q of the set S. Let T C H be such that g(q) € T for all
q € S. Assume f : T — H has left HR derivatives at an inner point g(q) € T, then the left HR
derivatives of the composite function f(g(q)) are as follows:

0f(9(a)) _0f 99  Of 9"  Of ¢’  Of 9g"
Ogt dg gt~ Og* Ogt  Dg? Ogt  Dg* Ogt

. . 3.13
9(9l0) 01 9 01 %' 0f 99 Of Og 1

Ogh+ Og Ogt* ~ dgi Ogt* ~ Dgi Ogr* — Dgk Ogr*

9f(gla)) _ Of 0g*  Of 0g™  Of 0g’*  Of 9g**
dq+ dg* Oq* ~ Og™* Oq ~ Og’* Oq* ~ dg™* dgt (3.14)

0f(9(a)) _ Of dg*  Of 9g™  Of 9g”*  Of 9g**
where p € {1,4,j,k}.

Proof. Set v =1 in Theorem 3.7, then the corollary follows. |

Theorem 3.7 is also valid for complex-valued and real-valued composite functions of
quaternion variables stated in the following two corollaries, whose proofs are the same as
that of Theorem 3.7, thus omitted.

COROLLARY 3.9. Let S CH and suppose g: S — C has the left GHR derivative at an
interior point q of the set S. Let T C C be such that g(q) € T for all ¢ € S. Assume f:T —
C has the CR derivatives at an inner point g(q) € T, then the left GHR derivatives of the
composite function f(g(q)) are as follows:

0f(9(0) _ of 99, 9f 99" 0f(9(e)) _0f 89  Of 99~
Ogt dg Ogt  Og* Ogi’ Ogh+ Og Ogt* ~ Dg* Dgh*

(3.15)

where p € H, u # 0, % and ggji are the CR derivatives in CR calculus.

COROLLARY 3.10. Let S C H and suppose g : S — R has the left GHR derivative at an
interior point q of the set S. Let T C R be such that g(q) € T for allq € S. Assume f: T — R
has real derivatives at an inner point f(q) € T, then the left GHR derivatives of the composite
function f(g(q)) are as follows:

9f(9(q) _ 99 9f(9(q))

W = f’(g)w, W = fl(g)

dg
=7 1
T (3.16)

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

THEOREM 3.11 (Chain Rule of Right GHR). Let S C H and suppose g : S — H has the
right GHR derivative at an interior point q of the set S. Let T C H be such that g(q) € T for
all g € S. Assume f : T — H has right GHR derivatives at an inner point g(q) € T, then the
right GHR derivatives of the composite function f(g(q)) are as follows:

arf(g(q)) _ 0rg” O f argyi O f arguj O f argyk o f
I+ dg* dgv ~ Oqi 9g”* gt Ogvi  Ogqi g+
0rf(9(q)) _ 0rg” Orf  Org” O-f 0rg"? O f argyk o f

g dgh* dgv ~ gh* dgvt - Ogh* Ogvi  Ogh* Dgvk

(3.17)
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arf(g(Q)) - Org”* O f 8rgyi* orf 8rgyj* orf argyk* o f

gt oqt Odgv* dgr  Ogvix Ogr  Ogvix gt 8g”k* (3 18)
arf(g(Q)) _ &"gy* 8rf 87“91/2* 8rf &»g”* 37f argl'k* 8Tf
Oqr* dgr* Dgv* Ogr* 891/2’* Ogr* 8g”j* dgh= agyk*

where p,v € H, uv # 0.

COROLLARY 3.12 (Chain Rule of Right HR). Let S C H and suppose g : S — H has the
right HR derivative at an interior point q of the set S. Let T' C H be such that g(q) € T for all
q € S. Assume [ : T — H has right HR derivatives at an inner point g(q) € T, then the right
HR derivatives of the composite function f(g(q)) are as follows:

Oy Org Oy 0rg' O, 0,97 0, 0,g" 0,
flg(q)) _ Org f 09 0  Og’Of  Org" Orf

dgt  dqt dg ~ 9dgt dgt  Og Dg? gt DgF

i : i (3.19)
9rf(g(q)) _ Org O f Org' Onf  Org’ Orf | Org” Orf
Ogh* Oqt* g  Ogt* gt dgt* Dgi  Ogt* Dgk
arf(g(q)) _ %av’i argi* arf argj* 8rf argk* arf
Og* Oqt 0g ~ Og* dg™ gt dg* g Ig** (3.20)
0-f(9(q)) _ org Orf 8rgi* orf 8ng* orf 8Tgk* O f
aqp,* aq#* ag aq#* agz* 8(];1,* agj* aq,u* agk*

where p € {1,i,7,k}.

COROLLARY 3.13. Let S C H and suppose g : S — C has the right GHR derivative at an
interior point q of the set S. Let T C C be such that g(q) € T for all g € S. Assume f : T — C
has the CR derivatives at an inner point g(q) € T, then the right GHR derivatives of the
composite function f(g(q)) are as follows:

Orf(9(q)) . 81”9% n org* Of o-f(g(q))  Org Of  Org™ Of (3.21)

dg"  9¢rdg = Ogqr Dg*’  Ogrr  dgt* Dg | dgh* Og*

where p € H, p # 0, g—g and gg{ are the CR derivatives in CR calculus.

COROLLARY 3.14. Let S C H and suppose g : S — R has the right GHR derivative at an
interior point q of the set S. Let T C R be such that g(q) € T for allg € S. Assume f : T — R
has real derivatives at an inner point f(q) € T, then the right GHR derivatives of the composite
function f(g(q)) are as follows:

9f(9(a)) drg  0f(9(q) drg

T gt = fl(g)aqu’ T g = f/(g)w (3.22)

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

The proofs of Theorem 3.11, Corollaries 3.12, 3.13 and 3.14 are essentially the same as those
of Theorem 3.7, Corollaries 3.8, 3.9 and 3.10, thus omitted.

3.3. Mean Value Theorem.

The mean value theorem is one of the most important theoretical tools in calculus. In
this section, we propose a version of mean valued theorem for quaternion-valued functions
of quaternion variables.
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THEOREM 3.15 (Mean Value Theorem of Left Form). Let f:S CH — H be continuous
and its left HR derivatives exist and are continuous in the set S. If qy,q1 € S such that the
segment joining them is also in S then, then

0 0 0

1
Far) - Flao) = JO Flgo+ 1) ((qu b N Wx«) gt

1
) a . a . )
= tA) [ =—\* A\ _\I* A ) dt
Jo flgo+42) <3Q* Tt Tag " o )

o o)

where A = q1 — qo, 6%, Bq7 DT % and so on are the left HR derivatives in Definition 4.

(3.23)

Proof. Put g(t) = f(qo +tA), 0 <t < 1. Then g(¢) is continuous on [0, 1] and has derivatives
in (0,1). By using Corollary 3.8, the derivative of g(¢) can be found as

Of(go+1tA), , Of(qo+1tA) i , Of(qo+1tN) ;  Of(qo +1t)\)
/ P g J
(t) 5a A+ o7 N+ o7 N o+ o

By substituting the above expression into g(1) — g(0) = f(l) ¢’ (t)dt with g(0) = f(qo) and g(1) =
f(q1), then the theorem follows. The second equality can be proved in similar manner. O

Ak (3.24)

COROLLARY 3.16. Let f: S CH — R be continuous and its left HR derivatives exist and
are continuous in the set S. If qo,q1 € S such that the segment joining them is also in S, then

1 1
0 tA 0 tA
f((h)—f(%):‘lj' R M)\ dt:4J R MA* dt (3.25)
0 dq 0 dq*
where A = q1 — qo, g—f; and ng* are the left HR derivatives in Definition 4.

Proof. Because f is a real-valued function, then %5 = %, wheren € {1,4, j, k}. From (1.13)
and (2.2), it follows that

of afn af \"

— A= _"NT=[=A 3.26

9q" dq" ( dq (3.26)
Hence, the corollary follows from (1.24) and Theorem 3.15, the second equality can be derived
by using R(pg) = R(p*q"). U

If X\ is sufficiently small in the modulus, the right-hand side of (3.23) can be approximated
as

o, 0 ) ) k) 327

- ~ A A N
) = 5a0) ~ Fa) (oA + N+ 55N +
If the left HR derivatives of f is Lipschitz continuous in the vicinity of ¢ and ¢; with the
Lipschitz constant L, we can estimate the error in this approximation as follows:

0 0., 0 . 0
— —_— —_— v ] I k
Fan) = Flan) = Flan) (god 4 e+ 2050+ 7k )
0 0 0 0

1
L [f(go +tN\) — f(q0)] <8q)\ + o A+ @AJ + aqk)‘k) dt‘ (3.28)

1
<4 J Lt|)\2dt' =2L|\]2
0

THEOREM 3.17 (Mean Value Theorem of Right Form). Let f:S C H — H be continuous
and its right HR derivatives exist and are continuous in the set S. If qy,q1 € S such that the
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segment joining them is also in S, then

L7 o9, Oy Oy 19)
zr J k=T
()\a )\314—)\834—/\8’“

! ) ) 0, 0,
— * T 1% T J* T k* 7
J </\ o TN 5w TN e 8qk*> flgo +t\)dt

far) — Flao) =j

0

) flqo +t\)dt
(3.29)

where A = q1 — qo, g—;, aa—éi,-, %3, % and so on are the right HR derivatives in Definition 5.

COROLLARY 3.18. Let f: S C H — R be continuous and its right HR derivatives exist and
are continuous in the set S. If qo,q1 € S such that the segment joining them is also in S, then

f(q1>—f(qo>=4j:m(AW) gt = 4 Lm( W) it (3.30)

where A = q1 — qo, a—q and 2 a - are the right HR derivatives in Definition 5.

The proofs of Theorem 3.17 and Corollary 3.18 are essentially the same as those of Theorem
3.15 and Corollary 3.16, thus omitted.

3.4. Taylor’s Theorem.

In this section, we derive Taylor’s theorem of quaternion-valued functions as a consequence
of the univariate Taylor theorem.

LEMMA 3.19 (Taylor’s Theorem for Univariate Functions [50]). Let f: D CR — R be
(k + 1)-times continuously differentiable on an open interval D. If x € D, then

2 k
flxo+h) = f(xo) + f/(xo)h + f”(xo)% + -+ f(k)(l‘o)% + Ry (3.31)

where the remainder Ry, is given by

xo+h
Ry, = J ’ #(xo +h—t)kat (3.32)

Zo

THEOREM 3.20 (Taylor’s Theorem of Left Form). Let f:S CH — H be continuous and
its 3-times left HR derivatives exist and are continuous in the set S. If qo,qo + A € S such that
the segment joining them is also in S, then

oo+ flan) = 3 2500 ISV gl DSOVERCS

Oq+ ~ 9q” 0q
(3.33)
8f q0 a f qO Uy Uk 3
_Z S Zaq”*an*A N+ 0N asA—0
where p,v € {1,14, 7, k}, aqyaq“ and Bq”(?“Qéfq“* are the second order HR derivatives, given in

Section 2.2.
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Proof. Define the auxiliary function g(t) = f(qo + t\) with 0 < ¢ < 1. By using the chain
rule in Corollary 3.8, we obtain:

=3 Of (a0 +1N)

ol

14

g//(t) — Z 8 f(QO + t/\) AV MM

=y (3.34)
©~  09"9q
% f(qo + tA)
/// /\77 AV M
Z 9q"dq” Ogt
where p,v,n € {1,1, j,k}. The second order Taylor polynomial in Lemma 3.19 gives
1
9(1) = 9(0) + ¢'(0) + 59" (0) + Re (3.35)
This is equivalent to
af( QO 9 f(q0)
A) N+ R 3.36
a0 +2) *Z Dgr 2 grogr” T (3.36)
where
1 2
(1-1) g" J 17t flgo + 1))
Ry = t)dt = NNV \Bdt 3.37
’ Jo 2 © Z dq"dq” Ogt (3:37)
This integral contains three factors of A in it and the remaining factors are bounded. So, Rs
is of the order of |\|?> making the fraction ‘Rz‘ bounded, as A — 0. Hence, the first equality of
the theorem follows, and the second equahty can be proved in similar manner. |

COROLLARY 3.21. Let f:S CH — R be continuous and its 3-times left HR derivatives
exist and are continuous in the set S. If qg,qo + A € S such that the segment joining them is
also in S, then

o+ 0 = fla) = 4 (2000 + Zm(82 wxn) + 00

:4m<6f @) \ >+2Zm(8 /(40 )\”*A*)+O(|)\3) as A — 0

(3.38)

V*a *

2 2
where v € {1,1, j, k}, 3‘[3”5(1 and 6q?*§q* are the second order HR derivatives in Section 2.2

Proof. By the term 89;( a) given in Table 1 and the chain rule in Corollary 3.8, the corollary

can be proved similar to t}qle proof of Corollary 3.16. |

THEOREM 3.22 (Taylor’s Theorem of Center Form). Let f: S C H — R be continuous and
its 3-times left HR derivatives exist and are continuous in the set S. If qo, qo + X € S such that
the segment joining them is also in S, then

flao+2) — f(@) = Zaf @) yu 4 1 Zv*a /(%) A+ O(\3)

3qu Va I
(3.39)
af qO * 8 f qO vk 3
Z T AP = Z)\M 90" 3q u)\ +O(\°) asA—0
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and

2
where p,v € {1,1,j,k}, aqvazu* aq?*gqu are the second order HR derivatives, given in

Section 2.2.

THEOREM 3.23 (Taylor’s Theorem of Right Form). Let f:S CH — H be continuous and
its 3-times right HR derivatives exist and are continuous in the set S. If qy,qy + A € S such
that the segment joining them is also in S, then

Orf(qo) 92 f(q0) 3
A) A= AR O\

flqo + E D E g g +O(X°)

(3.40)
92 f(q0) 3
H* Lk ) Uk
= E A qu* + E AFEX 9q70q +O0(N\°) asA—0

where u,v € {1,4,j,k}, aq"aq“ and quﬁng are the second order HR derivatives in Section 2.2

COROLLARY 3.24. Let f:S CH — R be continuous and its 3-times right HR derivatives
exist and are continuous in the set S. If qy,qo + A € S such that the segment joining them is
also in S, then

2
flao+X) — = )*22%(”\”8@5};:)) +O(A?)

i (35
_ ( g )+22m(A*Au*83f(qo)>+O(|A|3)QSA_>O(3.41)
a2f

aqu*aq*

orf

Bgvipge are the second order HR derivatives in Section 2.2

and

where v € {1,4, j, k}, 59 0q

The proofs of Theorem 3.22 and 3.23 and Corollary 3.24 are essentially the same as those of
Theorem 3.20 and Corollary 3.21, thus omitted.

REMARK 8. The Taylor expansion in Theorem 3.20 is concisely expressed using the
HR derivatives. This is different from the Taylor expansion given by Schwartz [16], which
decomposes a quaternion ¢ into two mutually perpendicular quaternions in a local coordinate
system. In contrast, our idea is to extend the quaternion ¢ as an augmented quaternion based
on quaternion involutions [48]. Schwartz has also stated that his Taylor expansion would cause
trouble when the function has terms qwgq, where w is a general quaternion, which limits the
admissible class of functions to be real functions, the fixed point to be real and so on. Notice
that there are no such restrictions in Theorem 3.20, which only requires the same condition as
that in [16], that is, the functions f should be real analytic functions.

3.5. Method of Steepest Descent.

In the CR calculus, the steepest descent direction of the real-valued function f(z) is expressed
as — g zf in [17]. For the quaternion case, we now show that the direction of steepest descent

*

of real-valued function f(q) is _aan*v that is, a generic extension from that in R and C. Using
the first order Taylor expansion in Corollary 3.21, we have

@ - 1) = 1% (g a0} + 0 - ) (3.2
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Set ¢ — qr. = ady, @ € RT, then the second term can be neglected by shrinking «. In this case,
dy, is the direction of steepest descent if and only if R (%Z’“)dk) < 0. Obviously, in order to

decrease f(q) — f(qx), the fastest way is to minimize R (%Zk)dk)' It then follows that

‘% <3f ;Ik)dk>‘ < ’af(%)dk‘ _ ‘af(%)

d A4
o A2 i (3.43)

Hence, the R (%Z’“)dk) is minimized if and only if d = — (%Z’“)) = af(q") , showing that

the steepest descent direction of f(q) is —Lg(q‘i’c). The iterative rule of the steepest descent
method can therefore be expressed as
Of (qr)
=qr—« 3.44
dk+1 = 4k dq* ( )

where o € R™ is the step size.

4. Applications of the GHR calculus

The GHR calculus has an important significance in quaternion analysis, and can be used in
optimization, statistics, signal processing, machine learning and other fields.

4.1. The GHR Derivatives of Elementary Functions.

We now present some of quaternion-valued derivatives of elementary functions, these
functions are often used in nonlinear adaptive filters and quaternion-valued neural networks.

EXAMPLE 3 (Power Function). Find the GHR derivative of the power function f:H — H
given by

flg)=4¢" (4.1)

where n is any positive integer number.

Solution: By using the product rule in Theorem 3.1, it follows that

qTL (qqn 1) q ! q —1 qTL ! —1
76 — 0 — 0 0 n _ 0 R(g" 4.9
5 H D H q D 2 9 qn—1 q 1% q a 1% (q :u) ( )

where the term g “,u, given in Table 1, was used in the last equality. Note that the above

expressmn is recurrent about 2 a m u Expanding this expression and using the initial condition
= R(u), yields

q“
aq Z n— mm( m—1 ) (4 3)
In a similar manner, we have
" g ") " dq 1 e
_ — n = — (g™ * 4.4
6q/L*M 6(]”* M q 6(]“* /”L + aqqn—lu*q /1‘ q 8q“* ,U, 2((] M) ( )

which is equivalent to

oq" 1 = m

m=1
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ExAaMPLE 4 (Exponential Function). Find the GHR derivative of the function f: H — H
given by
“+oo
exp(q) 2 ) ¢" (4.6)
n=0

Solution: From (4.3), it follows that

40 n

0
=20 > ) @)
n=0m=1
In a similar manner, we have
0dexpl(q 1ix &
W =y 3 Sy (4.8)
q n=0m=1

REMARK 9. 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 is a power series, and 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(¢)q = ¢f(q), giving an important property, f*(¢) = f(¢*),
which can be used in practical applications, such as quaternion neural networks [48] and
quaternion nonlinear adaptive filters [6]. It is important to note that if the quaternion variable
q degenerates into a real variable x in the definitions of elementary functions in this subsection,
then the GHR derivatives simplify into the real derivative, e.g., the GHR derivative of the power
function in (4.3) will become naz"~!. Therefore, the GHR derivatives are a generalized form of
the real derivatives and the real derivatives are a special case of the GHR derivatives.

4.2. Derivation of the QLMS Algorithm

In this section, we rederive the quaternion least mean square (QLMS) algorithm given in [9]
according to the rules of the GHR calculus. The same real-valued quadratic cost function as
in LMS and CLMS is used, that is

J(n) = le(n)]” = e*(n)e(n) (4.9)
where
e(n) = d(n) —y(n), y(n)=w"(n)x(n) (4.10)
The weight update of QLMS is then given by
w(n+1) =w(n) — aVy-J(n) (4.11)

where « is the step size, and Vy-+J(n) is the conjugate gradient of J(n) with respect to w*.
In Section 3.5, we have shown the conjugate gradient is the direction of steepest descent. By
using the novel product rule in Corollary 3.2, the gradient is therefore calculated by

de(n)  Oe*(n)
S Swelm e(n) (4.12)

To find V~J(n), we need to calculate the following two derivatives

de(n) 8( (n) —w(n)x(n)) _ _3(WT(n)x(n)) _ lx*(n)

) _ 0w X ) 0 ()
de*(n) 0 (d*(n) —x"(n)w*(n x(n)w*(n . .
Fwes Gweln) = e = X (W)R(e(n)e (n)

Vw+J(n) =e*(n)
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where the terms % and 86(;;3: ) are given in Table 1, and are used in last equalities in the

expressions above. Substituting (4.13) into (4.12) yields

Ve T(n) = 5" (m)x” (n) — x* (m)R(e(n)

. ) ) ) (4.14)
= (300 = el ) x (1) = = el ()
Finally, the update of the adaptive weight vector of QLMS becomes
w(n+1) =w(n)+ ae(n)x*(n) (4.15)

where the constant % in (4.14) is absorbed into a.

REMARK 10. Note that if we start from y(n) = w!(n)x(n), the final update rule would
become w(n + 1) = w(n) + ax(n)e*(n). The QLMS algorithm in (4.15) is different from the
QLMS in [9], due to the use of different product rule. Although, the traditional product rule
was used to derive the weight update rule in [9], our counter-examples in Section 2.3 illustrate
that the traditional product rule is not applicable for the HR calculus. We therefore use the
novel product rule within the GHR calculus to derive the weight update rule in (4.12). Another
advantage of QLMS in (4.15), derived based the GHR calculus, is that it has the same generic
form as that of the CMLS [5] and iQLMS [13].

4.3. Derivation of the WL-QLMS Algorithm

In this section, we rederive the WL-QLMS algorithm based on quaternion widely linear
model given in [12, 29, 31, 32]. The cost function to be minimized is a real-valued function
of quaternion variables

J(n) = le(n)]* = e*(n)e(n) (4.16)
e(n) =d(n) —y(n), €*(n)=d"(n)—y"(n) (4.17)

and
y(n) = b (n)x(n) + g" ()x (n) + 0" (n)x/ (n) + v (n)x (n) (4.18)

The weight updates are then given by
h(n+1) =h(n) — aVu-J(n), un
gln+1) = gn) — aVg-J(n), v(n
where « is the step size, Vp+J(n), Vg«J(n), Vu-J(n) and Vy-J(n) are respectively the

conjugate gradients of J(n) with respect to h*, g*, u* and v*. By using the novel product
rule in Corollary 3.2, Vi« J(n) is calculated by

Ode(n)  0Oe*(n)
Oh* + 8he(n)*e

To find Vy~J(n), we need to calculate the following two derivatives

de(n) _ 9 (h"(n)x(n))
ohe oh* = —R(x(n)) (4.21)

1) =u(n) —aVyJ(n)
1

) =v(n) —aVy-J(n) (4.19)

ViuJ(n) = e*(n)

(n) (4.20)

de*(n) a(XH(n)h(n)) 1, . .
Sheor — T gpelms = 5% (m)el(n)e(n) (4.22)
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where the terms and %(q“ﬁ) are given in Table 1, and are used in the last equalities above.

q
Substituting (4.21) and (4.22) into (4.20) yields

(g v)
a *

VihJ(n) = —e*(n)R(x(n)) + %x* (n)e*(n)

= <—9ﬁi(x(n)) + %x* (n)> e*(n) = —%x(n)e*(n)

The gradients Vg«J(n), Vy+J(n) and Vy-J(n) can be calculated in a similar way to (4.23)
and are given by

(4.23)

1 1 .
VhJ(n) = —=x(n)e*(n), VuJ(n)=—=x(n)e"(n)
2 2 (4.24)
Ve-J(n) = fixz(n)e* (n), Vy=J(n)= fixk(n)e*(n)
Finally, the weight update within WL-QLMS can be expressed as
h(n+1) = h(n) + ax(n)e*(n), u(n+1) = u(n) + ax (n)e* (n) (4.25)

g(n+1) =g(n) +ax'(n)e’(n), v(n+1)=v(n)+ax(n)e’(n)

where the constant § in (4.24) is absorbed into .

REMARK 11. There are many variations of WL-QLMS algorithms, such as the WL-QLMS
algorithms based on variants {q*, ¢"*, ¢’*, ¢"*}, {¢", ¢"", "7, ¢"*} and {q*, ¢"*, ¢"7*, ¢"**}, p €
H. If the Hermitian operator in (4.18) is replaced with the transpose operator, another variant
of WL-QLMS algorithm can be found in [15, 7].

4.4. Derivation of Quaternion Nonlinear Adaptive Filtering Algorithm.

In this section, we derive the Quaternion nonlinear gradient descent (QNGD) algorithm given
in [6] according to the rules of GHR calculus. The same real-valued quadratic cost function as
in LMS and CLMS is used, that is

J(n) = le(n)]® (4.26)
where
e(n) = d(n) — ®(s(n)), s(n) =w"(n)x(n) (4.27)
and @ is the quaternion nonlinearity. The weight update is given by
w(n+1) =w(n) — aVy-J(n) (4.28)

where « is the step size, and Vy-+J(n) is the conjugate gradient of J(n) with respect to w*.
By using the chain rule in Corollary 3.8, the gradient is calculated by

Vw-J(n)= > Ole(n)[” 9e* (n) (4.29)

Oer*(n) Ow*

ne{li,g,k}
where the derivatives of |e(n)|? can be calculated using the term g‘q‘ﬂfu in Table 1. It then
follows that
OemP 1, .
36“*(71) - 56 (n)’ V[J, € {17Zaj7k} (430)

To find V-J(n), we need to calculate the following derivative

ag&;gn) _ 3(d#*(na)v;yu*(n)) _ _3%‘;gn) _ _aq»gv(j*(n)), Vae(Ligk  (431)
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By the chain rule in Corollary 3.8, it follows that

0DH*(s(n)) 0P"*(s(n)) 0s”*(n)
ow* - Z osv*(n)  Ow* (4.32)

ve{l,i,jgk}

where the HR derivatives of s*(n) can be calculated by using the term 8(5;{) in Table 1, giving

ds*(n) 0 (x"(n)w*(n))

= =x" 4.
ow* w* x"(n) (4.33)
Using the property (2.2) and the term aé‘;’,f:)u in Table 1, we have
v * v P H %
agw(*n) _ <8;W(ﬁ)> - _VWV = —ux*(n)R() =0, Yve{ijk} (4.34)

Substituting (4.33) and (4.34) into (4.32), we arrive at
09 (s(n)) _ 02" (s(n))

= * 1,2,7 4.

o a5 (n) ¥ (n), Vue{l,ijk} (4.35)
By combining (4.30), (4.31) and (4.35) with (4.29), we obtain
1 0P"*(s(n))

* = —= w — X .

V- J (n) = =5 Z et(n)—p Ol (4.36)
ne{l,ij.k}
Finally, the update of the adaptive weight vector of QNGD algorithm can be expressed as
o

wn+1)=wn)+a Y eﬂ(n)wx* (4.37)

ne{l,i,g,k}

where the constant % in (4.36) is absorbed into a.

REMARK 12. If the function ®(q) = ¢, then the QNGD algorithm will degenerate into
QLMS in Section 4.2, that is, the QLMS algorithm is a special case of QNGD. Using the
GHR calculus for the QNGD algorithm, the nonlinear function ® does not need to satisfy the
odd-symmetry condition required in [6]. We can also derive the augmented QNGD (AQNGD)
and widely linear QNGD (WL-QNGD) algorithms in the same way. In order to save space, we
leave this to the interested readers.

5. Conclusions

A new framework for the efficient computation of quaternion derivatives, termed the GHR
calculus, has been established. The proposed methodology has been shown to greatly relax the
existence condition for the derivatives of functions of quaternion variables, and to simplify
the calculation of quaternion derivatives through its novel product and chain rule, 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 rotation to overcome the non-commutativity of quaternion product,
and the use of quaternion involutions to obtain a quaternion basis, such as {q,q’,¢’,q"} or
their conjugates. The use of quaternion involutions has been instrumental in establishing two
fundamental results: the quaternion mean value theorem and Taylor’s theorem. The proposed
framework allows for real- and complex-valued optimization algorithms to be extended to the
quaternion field in a generic, compact and intuitive way. [llustrative examples in adaptive signal
processing demonstrate the effectiveness of the proposed framework.
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Appendix.

In this section, we give the detail of proofs of theorems and combine some important results
into a table to make them more accessible.

Appendix A: The derivation of HR calculus.

For any quaternion-valued function f(q) € H, we shall start from (since the fields H and R*
are isomorphic)

F(@) = fa(qas @s Gey qa) + i fo(qas @, 9e, a) + 5 fe(Gas b Ges qa) + K fa(da, qb, Qe Ga) (5.1)

where f,(+), fo(*), fe(*), fa(-) € R. Then, the function f can be seen as a function of the four
independent real-valued variables ¢4, gy, g and g4, and the differential of f can be expressed
as follows [4]:

of of of of

df = 94, dgq + 8— e dg. + a—d d (5.2)
or
af af af 8f
d dq, — +dg, 5.3
f=da 0qa Oqp 4 0qc 0qd (5:3)

where %, gqi , g qf and g—i are the partial derivatives of f with respect to q., q», ¢. and
q4, respectively. Note that the two equations are identical since dq,, dqy, dq. and dg, 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 (5.2). There are two ways (1.24) and (1.25) to link the real and quaternion dif-
ferentials, which correspond to the HR derivatives and conjugate HR derivatives, respectively.
Al. The Left HR Derivatives: From (1.24), the differentials of the components of a quaternion

can be formulated as

1 . . ) . .
dgo = 7 (dg +dg" +dg’ + dg"), dg, = —i(dq +dq' —dg’ — dq")

dge = —7(dg — dg’ +d¢’ —dq*), dga =~ (dg — dg" — dg’ + dq")
By inserting (5.4) into (5.2), the differential of the function f becomes
10 , ; 10f j k
- i j _-Y9) Jj_
4:8(1(dq~t-alq + d¢’ + dq*) 19 i(dq +dq" — d¢’ — dq")
1 . 10 . .
=107 g — dg + dg — dg) — > 2L k(dg — dgi — d? + dg”)
4 Oqp 4 Oqp
(AL, (0 0 0, (>
4\, 0g  9q."  Bqa )T 4\0q. g 9q.” " Oga v
L(OF 08, 08 OFN s 1(OF OF 05 05
" <6qa+aqbz 00" 94" ) " T 1\ 00 T 00’ T 007 " 30" )
Now, define the formal left derivatives g—f7 g ! , g—{ and k so that
q’ 9q" 9q
0 o,
df = f O g+ 2L g+ 24 (5.6)

g’ oq’ 0q g~
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holds. Comparing (5.6) with (5.5) and applying Lemma 1.2, we can obtain the following left
HR derivatives

Q!
S [
J—
Q|
S&S
|
<
-
-

1 1 1 1
_Z, o .
=J J
-k k k —k

(5.7)

|
S
2

)
Q
2
R
0

Era 044

A2. The Left Conjugate HR Derivatives: From (1.25), the differentials of the components of a
quaternion can be formulated as follows

1 , . ; . ,
dqe = = (dg* + dg™* + d¢’* + d¢**), dq, = i(dq* + dg™* — dg’* — dg"*)
4 4 (5.8)

L (dg* — dg'* + dg’* — dg™), dgg = Z(dq* +dg™ + dg’* + dg**)

dQC = 4(

By inserting (5.8) into (5.2), the differential of f can be written as

af [ES Jx kx
10 i(dg" + dq"™ — d¢’* — dq™")
ﬂ . * 7% J*x kx* Eﬁ * ik J* kx*
8qb](dq dg"* + dqg dqg™™) + 100 k(dg* — dq dg’* + dg™)
of ~of .  of . Of > ( of f 3f of ) .
+ i g 2k ) dgt + — + = dq'
0qa  Oqy | 0g." " g 00 Oqy  0g.)  Oqa
<8f af +fj_3fk>dqj*+<3f of . 0f 3fk>qu*
0ga  Oqy ' 0g."  Oqa qa

]_ . .
+

(5.9)

_1
~a

of of of

D7 Dy gl so that

and

Now, we define the formal left derivatives aqk*

5)f of i Of je 4 Of © kx
o po " + 5 + 5 rda (5.10)

df =

holds. Comparing (5.10) with (5.9) and applying Lemma 1.3, we can obtain the following left
conjugate HR derivatives

af T af \ T

Baq* 0qq 1 1 1 1

@{* 1 % Tt =i =t (5.11)
oL 4| oL Y I R ’
8y of kE o~k —k K

gk~ 9qq

The Right Case (5.3). There are two ways (1.24) and (1.25) to link the real and quaternion
differentials, which correspond the HR derivatives and conjugate HR derivatives, respectively.

A3. The right HR Derivatives: By applying a rotation transformation on both sides of (5.4),
we have

1 . . . 1 . .
dgo = 7 (dg +dq' +d¢’ +dq"), dg, = (dg)" = — (dg +dg’ — dg’ — dg")i
4 4 (5.12)

1 . . , 1 i _
dge = —(dg — dq' + dg’ — dq")j, dqq = (dga)* = —7(dg—dq' — dg’ + dq*)k
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Then, by substituting (5.12) into (5.3), the differential of f becomes

1 , . of 1 af
—— i 7 ky“YJ & _
df 4(olq—i—dq + dq¢’ + dg )3qa (dq—l—dq dg’ — dq*)i i
1 . , of ; of
2 da — ot J_ 95 g j 97
4(dq dq' + dg? — dg¥);j o (dq dq’ — d¢’ + dg* )kaqb

+ti—+k
0qa 3qb 8qc 0qq 0qq aQb 8qc 0qq

1 f of . Of of 1 f f of af
+ 744’ <8qa+ ae “aq o >+4dq (8qa+ o o 8qd)

Now, define the formal right derivatives %L, 9= 9:L ang 9=f g0 that

(5.13)
:1dq(3f 2 _ 01 kan)+4dqi(af of _ .of 8f)

Oq > Oq’ > Oqi g~
Of  , i0nf O0f . kOrf
df = do g +da' 55+ dad o5+ da” (5.14)

holds. Comparing (5.14) and (5.13) and using Lemma 1.2, we obtain the following right HR
derivatives

Q
B

S N
S
=

dq 1 —i —j -k dq,
Or 9
3q{ I I T A R % 515
o = o af (5.15)
) 1 4 7k o

v f 1 i j -k of
aqk 0994

A4. The Right Conjugate HR Derivatives: By applying a rotation transformation on both
sides of (5.8), we have

1 4 , A A ,
dga = ;(dg" +dg™ + dg’" + dg®), dgy = (dgp)" = ~(dg* + dg™* — dg’* — dg**)i

NG

1 4 . i L1 4 ' . (5.16)
dgc = 7(dq" — dq" +dg’" —dq"")j,  dga = (dga)” = 7(dg” — dg™ — dg’" + dg"*)k
By substituting (5.16) into (5.3), the differential of f can be written as
1 , . of 1 X , Of
d:*d* dz* dj* dk*i *d* dl*—dj*—dk*i
if = 1(dq” +dq" +dg +Q)aqa+4(q+q q q)zaqb
1 . . of 1 ) , of
*d*fdl* d.]*idk?* ~J *d*fdl*fdj* dk*ki
+ 7 (dg" — dg™ +dg Q)Jaqb+4(q q q+q>6qb

5.17)
Lo (25 4 20 08 L OF Lo or o ory
i <8q 0 og Foga) T3 g, Tog 790 Foun

Lo (0f of . Of 8f> (8f 2 _ 01 af)
+ ~dgd* itk rrol

1 (3% 3qb 8(]0 0qq 0¢aq 3qb aqc 0qq

Now, define the formal right derivatives 9=f 9ol 9:f anq 2ol g6 that

dk*
+4q

3 * ) aqw bl an* 8 k*
o f o Orf i O f s Orf
df =dq* dq*™* — dg’* — dq™* 5.18

holds. Comparing (5.18) with (5.17) and using Lemma 1.3, we can obtain the following right
conjugate HR derivatives

Onf of
g 1 1 J k dq,
o f . o5
9t _ {1 4 —j —k D (5.19)
ook I I R A o
9, 1 —i —j k of

gk~ 9qa
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Appendix B: The Proof of The Product Rule.

Within the GHR calculus, when a quaternion-valued function is postmultiplied by a real-
valued function, then the novel product rule will degenerate into the traditional product rule.
This is stated in the next lemma.

LEMMA 5.1. If the functions f : HH — H and g : H — R have the left GHR derivatives, then
their product fg satisfies the traditional product rule

0 7) 0 0 0 7]
(f9) _ % Jrifg’ (f%) _ 5 f*g
g+ gt Ogt oqt oqt g+
where gq ]; and 8(]“* are the left GHR derivatives in Definition 6.

Proof.  Let f = fa +7’fb +]fc +kfd7 where fa7fb7fc7fd € Ra then

fo=fag+ifog+ifeg+kfag, geR (5.20)

Using the property aézﬂ) r]aqH n (3.2), we have

d(fg)  O(fag) , .0(fog) , .0(feg) , , O(fag)
8q“ = 3qﬂ t au + au R g
8 “ 0 Of. 0
—fa ‘|'fb +ch s fd Jo 0y 0y ke
8 oqt oqt g+ (5.21)
@_A'_ 8fa+ %+ 8fc+k% .
agr " \agr " agr o T Nagn )Y
dg . Of
g+ * aq“g

The first part of the lemma is proved, and the second part can be shown in a similar way. []

Proof of Theorem 3.1. From (1.20), it is seen that {1,*, j*, k*} is another orthogonal basis
of H. Then the quaternion-valued function g can be expressed in the following way

9=9a+i"go+j"9c +k"ga,  ga,9v:9e, 94 € R (5.22)
and fg = fgo + fi*gy + fj*gc + fk*ga, f € H. Using the sum rule, it follows

A(fg) _ 9(fga) | O(fi*gs)  O(fi*gc) | O(fi*ga)
og ~ og T ag T og T o (5.23)

By applying Lemma 5.1 to the right side of (5.23), it can be shown that

(fg9) _ ,99a 9ga  Of o(fir) . o(fi") . Ofk")

— u u Lk -
D" faqﬂ + fi + fito=n + fk g oot Togn ot g 9ot g 9
090 | ;u09 3gc u 3gd of a(fi*) a(fi*) a(fk")
—f( a il 8q“+k 9g +aquga+ og g + 0ar ge + g Y
g ﬁ a(fi*) a(fi*) a(fk")
faqu + 977" + g % + g ge + g 9

(5.24)
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Next, by using the result azggu) g 97_p in (3.2), we have

ofg) .99  Of of g of of .
ag g + == ag a+8 " +8qu gc+3q k" 94
99 1(O0f Of . Of . Of . Of _Of o Of o OF 0\
gt * (3% 3qbl chj 8Qdk Ja + 04qa 8qbZ +c’9qc] ank v

+

(08 O OF O8N af OF o 08 0 OF L)

- (aqﬁaqb "9 g 0t g 90 " a T og  aglt )Hd
(5.25)

where the Definition 6 and (1.14) were used in the last equality above. Grouplng aq , g qu , g qfc

and g—{i in (5.25) yields

ofg) _ 09  10f i " af i i
g~ g T 1ag, Wa T+ 7"0e + K 9a) = 55 (G0 + "Gy + g + K ga) "
— 1 f 1 iH © e lﬁ iz w
104, (9a +igo + j*gc + Kk ga) 104, (9a + " gy + " ge + K" ga) k"
2 1 ( I ) wgku)
gt 94, 0g,? 9q. 0qq (5.26)
@ + Z of _ ﬁgiugfl _ ﬁgjugfl _ ﬁgkﬂg,l g .
g+ dqa Oy 0q. 9qa
dg (6f 8f of . of )
7 + 9# gp __ 7]69#
gt 0qa 8qb 8ch 0qa g
a9, 0f
gt aqgug

where (1.14) was used in the second to last equality above, and Definition 6 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.

Appendix C: The Proof of The Chain Rule.

To prove the chain rule, the following lemma shall be used.

LEMMA 5.2. Let q = qq +iqy + jqc + kqa, where qq, v, qc, qa € R, then the partial deriva-
tives of the quaternion-valued composite function f(g(q)) satisfy the following chain rule

9f(g(a)) _ Of 09"  Of 99"  9f 09 ~ Of 9g”*

o Og” 06 9gvi 06  Ogvi 0 - gk O
d0f(g(q))  Of 0g”* aof 39’”*Jr of ag”j*+ of 0g“k*

where 6 € {Qa7qb7 e, qd} and v € H7 v 7& 0.

Proof. Let g(q) = go + i9p + jge + kga, where ga, g, ge, g4 € R. Then, the function f(g(q))
can be seen as a function of the four real-valued variables g,, gy, g and g4, and the partial
derivative of f(g(g)) can be expressed as

of _ Of 0g9a | Of Ogp | Of Og. | Of 994

= + L= + ==
0§ 0gs 0§  Ogy 0§ ~ Og. 0§  Ogq 0§

(5.27)
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By Definition 6, the partial derivatives %, g—;;, gfc

of ]
and 5o, are given by

of _of of of of of _(of  of Of af \ .

dga 09" 0" " ogi 99 g, (89” dgvi  dgI 39”’“) Z

8f_<8f_8f af_af).y <9f:<8f_<9f_8f+8f)ku
agz/ agz/z agvj 8guk 8gd 8_9” 8gm aguj 8gl/k

(5.28)

99e

By applying the quaternion rotation transform (-)” to both sides of (1.24) and replacing g with
g, the real-valued components g,, g», g and gg can be expressed as

Z‘V

Gga=—(9"+9"+97+3d"), g=——(9"+9"—9" —g"")
o - b o (5.20)
ge =~ (9" —9"+9" - "), ga= (9" —g" —g” + g"%)

Taking the partial derivative of both sides of the above equations yields

8ga _ 1 691/ 691/1 agvj 8guk 89() _ i agu aguz 8gl/j 6guk
85‘4(85 o6 " O¢ 85)’ 85“4(85 3&“_85_6§>
agc - ju (agy agm’ agyj agyk) agd _ kv (agu agui agyj N aguk)
o€ o€ 0¢ o )’ o€ 4 \ 0¢ o0& 0¢ 0¢
(5.30)

a4

By substituting the results from (5.28) and (5.30) into (5.27), and using the distributive law
and merging of similar items, a simple result follows

of(g(q)) _ Of 09" = Of 9g** =~ Of 8¢9  Of 0g**
06 og” 06 T ag7 of T agu 0 T ag e (5:31)

Hence, the first equality of the lemma follows, the second equality can be derived in a similar
fashion. N

Proof of Theorem 3.7. By using Definition 6, the left HR derivative of the product fg can
be expressed as

of(g(g) _ 1 <8f(g(q)) _0f9(@) 8f(g(q))ju B 8f(9(q))ku> (5.32)

gt 4\ Oqq oqp dqc dq4

By substituting the first equality of Lemma 5.2 into (5.32), it follows that

9f(9(e) _1 ( of agv  of dag”*  of 9g”  Of 89”’“)
OgqH 4\ 09" 9qa  0g"* 0qa 09" 0qa  Og"* 0qa
1 (0f 9"  Of 9g” | Of 8¢  df 9g"%\ ,
4 (69" dqy 09" Dqy 0”7 dq = Dg”F Day )Z
1(0f dg” = Of 99"  Of dgw  Of dg"*\ .,
4 (89” dgc 09" Oqc 09”7 Dq.  Og”F Dq. )J
1 ( of dg” _ 0f dg"'  Of 9gv  Of 89"’“) ok
4 \0g" dqa  0g* 0qa ~ Og*l dqqa  Og** Oqq

(5.33)
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Grouping around the terms agf,, 3‘3{“ a?{fj and a?;{k in (5.33), we have

]
9f(y(q)) _0f 1 (59” _9¢” ., 0¢” .. 8g”ku)

o¢" 09”4\ 0q.  Oa  O¢.)  Oaa
af 1 (aguz B agwiu B aguzju B 8gmku>

dg"i4 \ dq,  Oqy 9q. 944

of 1 (09”7 0g” ., 9¢ ., 997,
99" 4 \ 0qa gy 9.7 qa

8f 1 agyk B aguki“ B aguk L 8g”kk,lt
dg¥* 4 \ 0qa  Oqp g, ’ 044

_Of 9¢¥  Of 9¢g  Of 09 Of 9g**
~0g¥ dgh  0g”' Ogt  Dg¥i Dgt DgF It

(5.34)

Hence, the first equality of the theorem follows, the other equalities can be derived in a similar

fashion.

Appendix D: Fundamental Results Based on the GHR Derivatives.

Several of the most important results of left GHR, derivatives are summarized in Table 1 and
are easy for the reader to locate, assuming v, w and A to be constant quaternions, ¢ to be a
quaternion-valued variable, and p to be any quaternion constants or functions. To show how

to use Table 1, the following examples are presented.

ExampPLE 5. Find the GHR derivative of the function f : H — H given by

f@) =q=qa+iqy + jqc + kqa

Solution: By using Definition 6, it follows that

9q 1(9¢q 9q., 9Oq. 9q,, 1 s
1 I ST i = (1 — " — it — kM
(3qa oo’ g’ 8Qdk a 4( =gt = kR

agnt' T 4

1 L 1 S
= (p—ipi = jpj = kpk) = 5 (p+p + 7+ pF) = R(p)

In a similar manner, it can be shown that

0q 1 <6‘q 0q . 0q . dq
= NR R W Ly 2
0qa " Ogp | g 9qa

1
_ = —(1 yo K s A 1
agn " T 1 )u 7 (LA a4 55"+ kR p

1

= (tipitjpj +kpk) = 7 (n—p' = p —p¥) = —Sp

ExaMPLE 6. Find the GHR derivative of the function f : H — H given by

fla) = wqv + A
where v,w, A € H are constants.
Solution: Using (3.2), we have
Olwqr + )  O(wgqv) ox  Oqv) Oq B
a M T Tog Mgt T Yo M Yagnt T wR(vp)

(5.35)

(5.36)

(5.37)

(5.38)

(5.39)
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TABLE 1. Important results of the GHR derivatives

le] o]
f(@) b Pt Note
q R(p) 10 -
wq wR(p) —%wu* Vw e H
qu R(vp) —%(u,u)* Vv e H
wqv + A wR(vu) f%w(u,u) Yw, v, A\ € H
q —gh" R(w) -
wq* —%w,u* wR(p) Vw e H
q*v —%(V}L)* R(vp) Vv e H
wq*v + A —%w(uu)* wR(vp) VYw, v, € H
a = |Vl —1Kg Thd Vg =3(q)
~ Ve 2u* q 2 4
q:ﬁ utgu Migu a = |Vl
1Vql pdg* pdq
arctan ('5) 2lq? 2Jq]2 Sq =%(q)
q ! —q R(g7 ) 3q (¢! —
(¢)! s(a) gt —(g") 'R ((g") ) ——
(wgv + X) —fwR(vfu) sfwfp)* Vw,v, A € H
(wg* v+ ) sfofm)* —fwR(vfh) Vu,v, A € H
q° aR(p) + R(gp) —5qn* — 5 (qp)* -
(¢%)? —5q" = 5 (g )* a*R(p) + R(g*p) ——
(wqv + X) gwR(vp) + wR(vgp) —3gw(vp)* — sw(vgp)* g=wqv+ A
(wg*v+A) —39w(vp)® — jw(vgu)* gwR(vp) + wR(vgp) g=wq'v+
%(q) TH Y -
R(wqr + N) %,wa %,uw*u* Yw,v, A € H
R(wg*v + A) i,uw*u* iuyw Yw, v, A € H
q 1 1 1 1
Tal T RW) = qmand” 3t~ agE e -
q* 1 1 %, 1 1«
i T W TR (W) = gEaTrg” ——
A * * *
Gl AR + gt W)t g () — gl R(wrgn) g =wr + A
) f 9lgl f Olgl _
‘$3*5+>\‘ *W(Vﬂ) - WW'M Gjm(l’ﬂ) = Tg] agrr K g=wq'v+A
1 * 1
lal TqTHa T hd -
|q|2 %llq* %pq —
lwgr + Al 2‘g|"-’m(l’ﬂ) | 1Y *(wrgn)* 4‘g|w(1’l‘) + 2|9‘V Rwrgn) g=we+A
wg v + Al g R(w ) = grgwvg )t =gt (W )+ gwR(vgTh) g = wgTy + A
wgr + A2 grwR(vp) — Fv*(w*gp)* —3gtwvp)* + v R(wrgp) g =war + A
lwg* v + A2 g R(w p) — swvg*p)* —3g (W) +wR(vg* ) g=wgtv+ A
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where (5.36) was used in the last equality. In a similar manner, it follows that

dw+) _Oww) _ @) _ g 1
ag 0 agn H=w g = waq”ﬂ* v = — 2w(1/u)>1< (5.40)

where (5.37) was used in the last equality above.

EXAMPLE 7. Find the GHR derivative of the function f : H — H given by
f(a) = (wqv + \)? (5.41)

where v,w, A € H are constants.

Solution: Set g(q) = wquv + A, then f(q) = g(¢)g(q). By using the product rule in Theorem
3.1, we have

0 0 19) 9] O(wqv + A O(wqv + A
of _ (gg):gig+ gg:g(q ) | Owg ) (5.42)
gt oqt gt dqIr ol dq9r
From (5.39), it follows that
Iwgr+A) O wgr+A) .
S = o), R f = o) (5.43)
By substituting the above expressions into (5.42), it is found that
of
ot = gwR(vp) + wR(vgp) (5.44)
q
The next result can be derived in an analogous manner
of  O(gg) Oy dg  Olwqr+A)  O(wqv+ N)
agr — og ~ Toge T aqerd T I pgr dgor~
(5.45)
_ 8(WQV+/\) —1 4 6(wa+)‘) —1 —_ _1 w(u )* -1 _ }w(y )* —1
el L S e L Yl ZONT A CONT
where (5.40) was used in the last quality above. This is equivalent to
of 1 . .
ag = —59wlrp)” = Swlvgp) (5.46)
ExampLE 8. Find the GHR derivative of the function f : H — H given by
f(a) = lwqv + A]? (5.47)

where v,w, A € H are constants.

Solution: Set ggq) = wqv + A, then f(gq) = ¢*g. By using the product rule in Theorem 3.1,

the results 8(wg;f>‘ and 8(w%*qﬁ+>‘) in Table 1, it follows
of _og9 _ .9 O o Owewt)) g+
* 1 * * * .
=g wR(vp) — Sv*(wign)
In a similar manner,
of ~_0lg*g) . 99 Lo LOwgr+A) O gTwt + A7)

1 * * * *
= —59 wlvn)” + v R(wign)
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ExaMpPLE 9. Find the GHR derivative of the function f : H — H given by

1

fa) = wqr + A

(5.50)

Solution: By applying the derivative operator to both sides of 1 = (wqv + \) f(¢), we have

O((wqv + A 0 O(wqv + A
o= AN,y 2 et N
4 q 5.51)
of 5.
= (wqv + )\)TqMM +wR(vfu)
This is equivalent to
0 _
it =~ + 2) R 1) = — FuR () (5.52)
In a similar manner,
O((wqv + A 0 O(wqr + A
TR WO N 22 P
q Og Oqfr
(5.53)
e
= (wgv + )8(]“*/4 = qwfn)
which is equivalent to
af 1 -1 1
== * == * .54
g 5 (way + A) " wvfu)® = 5 fulvfu) (5.54)
ExampLE 10. Find the GHR derivative of the function f : H — H given by
wqv + A
= - = 5.55
flo) = P2 (555)

where v,w, A € H are constants.

Solution: Set g(q e = wqv + A, then g(¢) = f(¢)|g(¢q)]. By using the product rule in Corollary

3.3 and the result q”“" in Table 1, we have
dg a(flg dlg 8 wqu + A
B O, D, Oy O, O
0 aq 5 f (5.56)
wR(v wgp)* + 7ulg|
SR = g .
From the result % in Table 1,
dg  Olwqr+A)
Tw” = TH = wR(vp) (5.57)
By combining (5.56) and (5.57), we arrive at
0 1 * Lo e
i;u = —wR(vp) — f%w%(vu) + [V (Wigp)
dq g 2| | 4g| (5.58)
= Zor(op) — L) + vt wrgn) = o) + L e
9] 2|g] 4|g[? 2|g] 4|g[?
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In a similar manner,

1 o_Olwgr+X) 99 9(flg) _ .0lgl of
W) = = = g T g M= I gt g 91K 559
Olwqv + A| of g f of '
= = —f—wlp)* + =—v*R(w*gu) +
=g " aqu*ulg\ f4|g| () 309 (W gp) aqwulgl
which is equivalent to
of 1 g
= ——w(rvu)* + w(vp)* — VrR(w*
9" = T (vp) f4|g|2 (vp) TE (w*gp) 560
=——w(vp)" — ==V Rw
alg T P "
ExampLE 11. Find the GHR derivative of the function f : H — H given by
fl@) = R(wqv + N) (5.61)

where v,w, A\ € H are constants.

Solution: Set ¢g(¢) = wqv + A. Applying the derivative operator to both sides of f = %g +

%g*, and using the results % and W in Table 1, we have
of 1 9g 1 0g* 190(wqv + A) 10w g*w* + \*)
S =St S = pt 5 p
ol 2 g+ 2 g+ 2 ol 2 oqt
1 1 1 1 1 (5-62)
= ) = 1 (@ )" = 5 (30 = 500" ) = e
In a similar manner,
of 1 dg 19g*  19(wqr+A) 19 g'w* + A7)
dgh* H= 2 Ogh* K 2 Qgh* H= 2 Oghx # 2 dgh*
1 1 1 1 1 (5.63)
= 71w(1/u)* + iz/*i)‘i(w*u) =3 (pr* + %(w*u)) vt = Zuw*v*
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