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The Theory of Quaternion Matrix Derivatives

Dongpo Xu and Danilo P. Mandic, Fellow, [EEE

Abstract—A systematic framework for the calculation of the
derivatives of quaternion matrix functions with respect to quater-
nion matrix variables is introduced. The proposed approach is
equipped with the matrix product and chain rules and applies to
both analytic and nonanalytic functions of quaternion variables.
This rectifies a mathematical shortcut in the existing methods,
which incorrectly use the traditional product rule. We also show
that within the proposed framework, the derivatives of quater-
nion matrix functions can be calculated directly, without using
quaternion differentials or resorting to the isomorphism with real
vectors. Illustrative examples show how the proposed quaternion
matrix derivatives can be used as an important tool for solving
optimization problems in signal processing applications.

Index Terms—GHR calculus, Jacobian, non-analytic functions,
quaternion differentials, quaternion matrix derivatives.

I. INTRODUCTION

Quaternion signal processing has recently attracted consid-
erable research interest in areas including image processing
[1]-[3], computer graphics [4], acrospace and satellite tracking
[5], [6], modeling of wind profile [7]-[9], processing of
polarized waves [10]-[12], and design of space-time block
codes [13]-[16]. Recent mathematical tools to support these
developments include the quaternion singular value decompo-
sition [10], quaternion Fourier transform [17], [18], augmented
quaternion statistics [ 19]-[21] and Taylor series expansion [22].
However, gradient based optimisation techniques in quaternion
algebra have experienced slow progress, as the quaternion
analyticity conditions are rather stringent. For example, the
generalised Cauchy-Riemann condition [23] restricts the class
of quaternion analytic functions to linear functions and con-
stants. One attempt to relax this constraint is the so-called
Cauchy-Riemann-Fueter (CRF) condition [24], however, even
the polynomial functions do not satisfy the CRF condition. The
slice regular condition was proposed in [25], [26], to enable
the derivatives of polynomials and power series with one-sided
quaternion coefficients, however, the product and composition
of two slice regular functions are generally not slice regular.

Manuscript received November 10, 2014; revised January 26, 2015; accepted
January 27, 2015. Date of publication February 03, 2015; date of current ver-
sion February 18, 2015. The associate editor coordinating the review of this
manuscript and approving it for publication was Prof. Subhrakanti Dey. This
work was supported by the National Natural Science Foundation of China (No.
61301202), and by the Research Fund for the Doctoral Program of Higher Ed-
ucation of China (No. 20122304120028).

D. Xu is with the School of Mathematics and Statistics, Northeast Normal
University, Changchun 130024, China, with the College of Science, Harbin En-
gineering University, Harbin 150001, China, and with the Department of Elec-
trical and Electronic Engineering, Imperial College London, London SW7 2AZ,
U.K. (e-mail: dongpoxu@gmail.com).

D. P. Mandic is with the Department of Electrical and Electronic Engineering,
Imperial College London, London SW7 2AZ, UK. (e-mail: d.mandic@impe-
rial.ac.uk).

Digital Object Identifier 10.1109/TSP.2015.2399865

In quaternion statistical signal processing, a common opti-
mization objective is to minimize a real cost function of quater-
nion variables, typically in the form of error power, f(g)
le(q)|?, however, such a function is obviously non-analytic ac-
cording to quaternion analysis [24], [27], [28] and therefore a
direct use of quaternion derivatives is not possible. To circum-
vent this problem, the so called pseudo-derivatives are often
employed, which treat f as a real analytic function of the four
real components of quaternion variable, and then take the real
derivatives with respect to these independent real parts, sepa-
rately. However, this approach makes the computations cum-
bersome and tedious, even for very simple algorithms. An alter-
native and more elegant approach that can deal with non-an-
alytic functions directly in the quaternion domain is the HR
calculus [29], which takes the derivatives of f with respect
to a quaternion variable and its involutions. The HR calculus
has been utilized in quaternion independent component analysis
[30], nonlinear adaptive filtering [31], affine projection algo-
rithms [32], and Kalman filtering [33]. However, the traditional
product rule does not apply within the HR calculus because of
the non-commutativity of quaternion product. The recently pro-
posed generalized HR (GHR) calculus [34] rectifies this issue by
making use of the quaternion rotation. It also comprises a novel
product rule and chain rule and is a natural extension of the com-
plex CR (or Wirtinger) calculus [35]-[37], which has been in-
strumental for the developments in complex-valued signal pro-
cessing [38]-[40] and optimization [41]. In [34], the authors
provide a systematic treatment of the derivatives of quaternion
scalar functions which depend on quaternion argument, how-
ever, the more general matrix case was not considered. Problems
where the unknown parameter is a quaternion matrix are wide
ranging, from array signal processing [10], [11] to space-time
coding [13]-[15], and quaternion orthogonal designs [16].

The derivatives of real matrix functions are well understood
and have been studied in [42]-[44]. For the complex-valued
vector case, the mathematical foundations for derivatives have
been considered in [36], where the major contribution is the no-
tion of complex gradient and the condition of stationary point in
the context of optimization. This work was further extended to
second order derivatives together with a duality relationship be-
tween the complex gradient and Hessian and their real bivariate
counterparts [45]. A systematic treatment of all the related con-
cepts is available in [37]. More general complex matrix deriva-
tives have been thoroughly addressed in [46], [47].

Our aim here is to establish a systematic theory for calcu-
lating the derivatives of matrix functions with respect to quater-
nion matrix variables. To this end, the GHR calculus for scalars
is used to develop a new calculus for functions of quaternion
matrices. The ‘vectorise’ (vec) operator and the Jacobian ma-
trix play an important role in the proposed calculus, allowing,
for the first time, for general matrix product and chain rules. In
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TABLE I
NOTATION FOR FUNCTIONS AND VARIABLES

Function type | Scalar variable ¢ € H | Vector variable g € HNV*1 Matrix variable Q € HN XS
Scalar function f € H flg) f(a) Q)
Vector function f € HM X1 ) f(a) f(Q)
Matrix function F € HM X F F(q) F(q) F(Q)

addition, the proposed rules are generic and reduce to scalar cal-
culus rules when the matrices involved are of order one. For a
real scalar function of quaternion matrix variable, the necessary
conditions for the optimality can be found by either setting the
derivative of the function with respect to the quaternion matrix
variable or its quaternion involutions to zero. Meanwhile, the
direction of maximum rate of change of the function is given by
the Hermitian of derivative of the function with respect to the
quaternion matrix variable. Our results therefore offer a gener-
alization of the results for scalar functions of vector variables
and make possible a direct calculation of the quaternion ma-
trix derivatives without use of the quaternion differentials. The
proposed theory is useful for numerous optimization problems
which involve quaternion matrix parameters.

The rest of this paper is organized as follows. In Section II,
some basic concepts of quaternion algebra and the quaternion
differential are introduced and the GHR derivatives are defined
and compared with the complex CR derivatives. The defini-
tion and rules of the quaternion matrix derivatives are given
in Section III. Section IV contains important results, related to
conditions for finding stationary points, and the steepest descent
method. In Section V, several key results are comprised into ta-
bles and some more practical results are derived based on the
proposed theory. Finally, Section VI concludes the paper. Some
of the detailed proofs are given in the appendices.

II. PRELIMINARIES
A. Notations

We use bold-face upper case letters to denote matrices, bold-
face lower case letters for column vectors, and standard lower
case letters for scalar quantities. Notation for functions and vari-
ables is shown in Table I. Superscripts (-)*, ()7 and (-} denote
respectively the quaternion conjugate, transpose and Hermitian
(i.e., transpose and quaternion conjugate), while the operators
PR(A), Tr(A) and || A|| denote the real part, trace and norm of
A, and ® and ® denote the Kronecker and Hadamard product.
The operator vec(-) vectorizes a matrix by stacking its columns,
Iy is the identity matrix of dimension N, and Oy« denotes
the V x S zero matrix. By reshape(-) we refer to any linear re-
shaping operator of the matrix, examples of such operators are
the transpose (-)7" and vec(-).

B. Quaternion Algebra

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

(1)

IFor advanced reading on quaternions, we refer to [48], and to [49] for results
on matrices of quaternions.

H={qu +ig + jgc + kqa | qu: @ 4, 0a € R}

where {1,4, j, k} is a basis of H, and the imaginary units i, j
and k satisfy i2 = j2 = k> = ijk = —1, which implies
i) =k = —ji, 5k =1 —kj, ki = j = —uk. For any
quaternion

q= Qo +ig + jge + kga = Sq+ Vq 2
the scalar (real) part is denoted by ¢, = Sq = P(q), while the
vector part Vg = J(gq) = igp + jg. + kqq comprises the three
imaginary parts. Quaternions form a noncommutative algebra,
i.e., in general for p, ¢ € H, pg # gp. The conjugate of a quater-
nion ¢ is defined as ¢* = Sq¢ — Vg, while the conjugate of the
product satisfies (pg)* = ¢*p*. The modulus of a quaternion
is defined as |q| = +/qq*, and obeys |pg| = |p||q|. The inner
product of p and q is defined as < p, ¢ >= M(p*¢) The inverse
of a quaternion q # 0 is ¢! = ¢*/|q|?, an important property
of the inverse is (pg) ™! = ¢ 1p~1.If |¢| = 1, we call q a unit
quaternion. A quaternion ¢ is said to be pure if B(q) = 0, then
¢ = —qand ¢*> = —|q|%. Thus, a pure unit quaternion is a
square root of — 1, such as the imaginary units ¢, 7 and k.

Quaternions can also be written in the polar form
q = |q|(cos® + §sinf), where § Vq/|Vyq| is a pure
unit quaternion and ¢ = arccos(S,;/|q|) is the angle (or ar-
gument). We shall next introduce the quaternion rotation, key
concepts for the material in this work.

Definition 2.1 (Quaternion Rotation [48, p. 81]): For any
quaternion ¢, the transformation

A _
q" = pqp 3)

geometrically describes a 3-dimensional rotation of the vector
part of ¢ by an angle 26 about the vector part of u, where o =
|¢|(cos @ + [isin @) is any non-zero quaternion.

In particular, if ¢ in (3) is a pure unit quaternion, then the
quaternion rotation (3) becomes the quaternion involution [50].
Important properties of the quaternion rotation (the proof of (4)
and (5) is given in Appendix I) are

¢ =¢(81) ()t =p" g pg=g"p = 1) Vp.q e H (@)

LV v i iy * ’a *A £
¢ = ("), ¢ (@) =) =¢", Yv,peH (5

where L‘ is an unit quaternion, that is, |ﬁ\ = 1. Hence, the

quaternion £ in (3) does not need to be an unit quaternion due
i ..

to g” = ¢\1»1/ . Note that the real representation in (1) can be

easily generalized to a general orthogonal basis {1, i*, j**, k*}
given in [48], where the following properties hold

L L L O S L .|

(6)
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TABLE II
SUMMARY OF RESULTS FOR QUATERNION MATRIX DIFFERENTIALS

Function A aQp P+Q Tr(Q) PQ P®Q
Differential 0 a(dQ)B | dP +dQ Tr(dQ) (dP)Q + P(dQ) | (dP)® Q + P ® (dQ)
Function Q* Qr* vee(Q) reshape(Q) Q! PoQ
Differential | (dQ)* | (dQ)** vec(dQ) | reshape(d@Q) | —Q~'(dQ)Q™! | (dP)® Q + P (dQ)
Moreover, quaternion rotations around the quaternions D. The GHR Calculus

{1, pi. pj, pk} are given by
7" =qu+i g+ it e+ k" g, ¢ =qo+i" @ — " g — k" qa (7
" =qo— " @+ " e — k" qa, @ =0, —i"q— 3" g+ k" qq

which allows us to express the four real-valued components of
a quaternion g as

—t 13 i Y
(e = =) ®

.y ; .
1 (q—q” _qw_‘_q#k)

1 o
6o =J(a+a" +¢" +¢"), =
_n

J i j ;
4= T(Q—q“ +q" — %), qq=

C. Quaternion Differential

The differential has the same size as the matrix it is applied to,
and can be found component-wise, thatis, (dQ )., , = (@) p-
A convenient way to find the differentials of F(@) is to calculate
the difference

F(Q+dQ)—F(Q) =First-order(d@)+Higher-order(dQ) (9)

Then dF(Q) = First — order(dQ), comprising the first order
terms of the expression for d@ above. This definition complies
with the multiplicative and associative rules

d(aQp) = a(dQ)B, d(P+Q)=dP+dQ  (10)

where o, 8 € H. If P and @ are product-conforming matrices,
it can be verified that the differential of their product is

d(PQ) = (dP)Q + P(dQ) (11)

Some of the most important results on quaternion matrix dif-
ferentials are summarized in Table II, assuming A, B, and «, 3
to be quaternion constants, and P, @ to be quaternion matrix
variables.

The following lemma is useful to distinguish the GHR deriva-
tives from the differential of a quaternion function.

Lemma 2.1: Let @ € HN*S A, € HM*NS and 1 € H,
i % 0.If A, satisfies any of the following equations

Aydvec(Q") + Aydvec(Q™)

+ Agdvec(Q™) + Agdvec(Q"*) = 0 (12)
Ay dvec(Q"™) + Asdvec(Q"™)
+ Asdvec(Q"™*) + Audvec(Q"*™) =0 (13)

for all d@Q* € H¥*5 then A,, = Opsxns forn € {1,2,3,4}.
Proof: The proof of Lemma 2.1 is given in Appendix II.
|

The quaternion derivative in quaternion analysis is defined
only for analytic functions of quaternion variables. However, in
engineering problems, often the goal is to minimize a measure
of error power, typically a real scalar function of quaternion
variables, that is

f(a) = le(@)]” = e(@)e” (q)

Notice that according to the definition of analytic (regular) func-
tion given in [24]-[28], the function f is not analytic. In order
to take the derivative of such functions, the HR calculus extends
the classical idea of the complex CR calculus [35]-[37] to the
quaternion field, whereby the HR derivatives are given by [29]

(14)

of of
2 Lo—i—j k]| %
o | _ L4l gk 9a (15)
o7 401 i —j k of
q7 . N 9q.
af 1 4 i -k of
aq* 9q4

Recently, a complementary version of HR derivative is pro-
posed in [34], [52]-[54], that is

af 1T of 4T

a(] aqa 1 1 1 1

ot 1| 2L i =i i

9q* _ 9gp -t -

o =—| %¢ I (16)
il L g A

af f -k kK kK -k

aq* q4

It is important to note that the traditional product rule is not valid
for the HR derivatives (15) and (16), see Example 2.1.

Example 2.1: Find the HR derivative of the real scalar func-
tion f : H — R given by

o=l =d9=¢ +G +0 +a (17)
where ¢ = qq +iqs + 7qc + K44, Ga» @b Ge-qa € R.
Solution: By (15) or (16), the HR derivative of f(g) is
A(|q|? 1 /dlgl>  9|g)? RIE O\g|?
(!gl ) _ L ( {|f1\ B {|Q| . rltzl L {It1| k) (18)
dq 4\ 9¢, Oqs 9qe 944
1 . , L,
= Z(an — 2qpi — 29 — 2qak) = 24 (19)

Whgn we misuse the product rule of the HR derivatives, we have
% =q" g—g + %q =q" - %q. In Sontrast, using the novel
product rule (44) and (30), we have % =q4* g—g + g%;q =g -
%q* = %q* . This shows that the HR derivatives (15) and (16) do
not admit the product rule, however, the GHR derivatives solve
this problem. ]

We shall now introduce the GHR derivatives (the derivation
of GHR calculus is given in Appendix III).
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Definition 2.2 (The GHR Derivatives [34]): Let ¢ = qo +
iy + 79 + kqa, where ¢4, Gp, Gc, o € R. Then, the left GHR
derivatives of the function f with respect to ¢” and ¢"* (n #
0, € H) are defined as

o f af

of of

1/0f
= - — ] —k# 20

g 1 (aqa a1 aqp aqd ) @0)

of _1v(of of,

L e Y kll 21

g 1 (aqa T o0’ T o 0qc -
while the right GHR derivatives are defined as

onf 0 e i

: f_ ( f of L, of " ) (22)

dg* 9qe qu 9q. 0qd

o of | L Of ., Of ., 0f

S = — - ! — 4 kM 23

ogi* 4 (Oqa + dqy i 0qc dqq @)

where é?T{L’ é?_f;,’ g qf and gTJ; are the partial derivatives of

f with respect to q,, g5, q. and qq, respectively, and the set
{1,i*, j# k*} is a general orthogonal basis of H.

For space consideration, without loss in generality, in the
sequel we only consider the left GHR derivatives and write
% = % and ;’—,f = aaq—,f The GHR derivatives can be
regarded as a generalization of the complex CR derivatives in
[36], [37], [46], however, there are significant differences:

* Placement of imaginary units i*, 3, k*. In (20) and (22),
the terms gqf % % and —f cannot be swapped with

i*, j*, k* due to the non- commutativity of quaternion

product. However, the multiplication operator is commu-

tative in the complex domain.

o The dzﬁ‘erentzal of }‘( ) From (98) and (106) we have
df = dq + dqﬂ Shdg* and df =
dq] ot r]qk *. In comparison

in [36], the complex d1fferent1al is d)‘ = df Ldz + - "f dz*.

* The derivatives of f(q). From (20) and (21) we have ‘)q =

0(1

%

gq* =1and ; ‘)q = ‘)Lq = —3. In contrast, the complex
CR der1vat1ves 5’ = %i =

. Product rule. By Corollary 3. l we have 8(f 9) — fa

aqg g. In contrast, the product rule of the complex CR
(fq) _

derivatives is oz + 0 g, as given in [36], [37].

o Chain rule. When the matrices in (45) are of order one,

wete L G841 L1 o S
In contrast, the chain rule of complex CR der1vat1ves is
2IG) = 9L 99 4 2190 in [36], [37], [40].

Observe that for U € {yl i. 7.k}, the HR derivatives (15)
and (16) are a special case of the right GHR derivatives (22)
and (20), which are more concise and easier to understand. In
particular, we show that for real functions of quaternion vari-
ables, such as the standard real mean square error (MSE) objec-
tive function, the left and right GHR derivatives are identical,
as shown in (24). This indicates that the choice of the left/right
GHR derivative is irrelevant for practical applications of quater-
nion optimization, a major current source of confusion in the
quaternion community.

Lemma 2.2: Let f(q)

of _onf
é)q#‘ B ((9(]'“’7

: H — R. Then the following holds

af
0(]“*

_ o/
= G

24
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af \" _ of af N\ _ of
<3Q”) 9 (GQ“*) 7T
Af\" 7] J 0
‘f :rf’ ,f :(f (26)
d(‘]”‘ dqy* dq/L* dqp,
Proof: The proof can be found in Appendix IV. ]

Lemma 2.3: Let f(q) : H — H. Then the following holds

o fp) af oafp) _ Of
2
C)q” = aql}y/ aqy,* dqdy*ﬂ ( 7)
Or(afpf) onf (afﬂ) o f
dql’f = dq —1u) ﬁ ()q/‘* d (a=1px) /8 (28)
where « and 7 are quaternion constants.
Proof: The proof can be found in Appendix I'V. [ |

One example is when f (q) = g and . = 1, then we have

o(agf) _
3=
GO —ag = aR(B),
doaf) _ g o 1 @
dg*  dgPT 27"
Another example is when f(q) = ¢* and 2 = 1, we have
dog'B)  dq*, 1,
Tq = 8qf3 /3:75()[}3 s
. . 30)
Naq™B) __ og" (
o 8 I d=aR(7)

Example 2.2: Find the HR derivative of the real scalar func-
tion J : H — R given by
(31

= |d — wz|?

where z and d are quaternion constants.
Solution: When we apply the product rule in conjunction
with the HR derivatives, we obtain

oJ  , de + de*  O(wx) O atw)

Hwr ¢ ow* 610*6 - Jw* Jw* ¢
L ow - JOow 1 (32)
N dw - 3'u:*6_26J e

In contrast to the incorrect result in (32), using the novel product
rule (44) and (30), we have

aJ . Oe oe* LO(wx)  O(a*w*)
— = — e = : —
ow* ow* — Owe* dw* ow*
1 dw* 1 1
= 50*.7)*— *d;ﬁ;*() = E(’*J:*—.Jz*ﬂ“l((?) = —iem* (33)

This indicates the generic and general nature of the GHR deriva-
tives with respect to the HR derivatives, which do not admit the
product and chain rules. We should, however, mention that the
HR calculus is perfectly correct when these rules are not used.
|

III. DEFINITION OF QUATERNION MATRIX DERIVATIVES

In the differentiation of matrix functions with respect to a
matrix variable @, it is always assumed that all the elements
of @ are linearly independent.
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TABLE III
NOTATION FOR QUATERNION DERIVATIVES

| Function type | Differential

| Derivatives wrt q, q, Q | Derivatives wrt ¢*, g%, Q*

Order of derivatives

df = oo a,dgt
f(a) d}{f gue{m,mb . Dy f(q) = as Dy f(a) = by 1x1
= 2 pe{tig.k} Or
df = v aldg”
fl@) d‘]{* %ue{l,z,g,k}bququ* Dqf(g) = af Dg+fa) = b 1x N
— fopef{lig.k} T
df =3 er1.i5.k) vecT (A, )dvec(Q*) T T
f(Q) df — Z“ s vee (B, )dvec(@"*) Dq f(Q) = vec" (A1) | Do+ f(Q) = vec” (By) 1x NS
= 2 pe{liig.k} H
— T I
f(Q) = Zue{lm,k}Tr{A;dQ 4 % = A 5%* = B; N xS
df = Zue{l,i,j,k} Tr{BH dQ}
df = .y eudgt
£(a) d; Ezuem,y,k}d e Dyf(q) = e Dy+ £() = dy M x 1
= 2opeqiigky e
df = .. CLdg”
£(a) d;_ gue{l,m,k}D Md;“* Dqef(q) = C1 Dy~ f(q) = Di M x N
= 2ipe{l,ig,kt Pu
= P
£(Q) af = X peqrigey Ondvec(QY) Do f(q) = a1 Do+ f(q) = B1 M x NS
df = Zue{l,i,j,k} Budvec(QH™)
— I
F(q) dvee(F) = 3 e q1,i,5.%) Indd § DyF(q) = g1 Dy=F(q) = ha MP x1
dvec(F) = Zpe{l,i,j,k} h,dg"
— P
F(q) dvee(F) = 3 e 1,156 Guda DqF(q) = G Dg»F(q) = Hy MP x N
dvec(F) = Zpe{l,i,j,k} H,dq"" 9 9
— 7
F(Q) dvec(F) = Zue{l,i,j,k} Cudvec(QH) DQF(Q) = ¢ Do+ F(Q) = &1 MP x NS
dvec(F) =37 cq1i.k} & dvec(QH™)

For a scalar function f(g) of an N x 1 vector ¢, the GHR
derivatives are comprised in the 1 x N vector

af _ | of af of _ | 9f
(9q”' - 3(1{“ 7(9qu ) 8qﬂ* - 0(1;11*7

af
) aqj(f*

} (34

The gradient of f(g) € H is then the vector

afr\T afr \*

The existing quaternion gradients are summarized in [55], illus-
trating that the CRF-gradient [27] is not defined for real func-
tions of quaternion variables, and the calculation of the pseudo-
gradient (also known as component-wise gradients) is cumber-
some and tedious [7], [51], making the derivation of quaternion
optimization algorithms prone to errors. The HR-gradient [29]
and the I-gradient [56] are a step forward, but do not admit the
product and chain rules, complicating the calculation of gradient
of nonlinear quaternion functions. On the contrary, the GHR-
gradients defined in (35) comprise the product rule (40)-(41)
and chain rule (45)—(48), while the gradient V- f denotes the
direction of the maximum rate of change of real function f(g),
see Corollary 4.1 Further, if f is an M x 1 vector function of a
vector variable ¢, then the M x N matrices

ofi Of1
D+ B
of N of !
gt = ? g = (36)
q Ifm 1 Afn
Bt Dgr*

are called the derivatives or Jacobian matrices of f. General-
izing these concepts to matrix functions of matrices, we arrive
at the following definition.

Definition 3.1: Let F : HY*S — HMXP Then the

GHR derivatives (or Jacobian matrices) of F with respect to
Q" Q" (€ H,u #0) are the MP x NS matrices

ovecF (@) OvecF(Q)

DonF = ——==, —

dvee(QM) dvec(@Q")

The transposes of the Jacobian matrices Dgr F' and Dgu~ F are

called the gradients.

Using the matrix derivative notations in Definition 3.1, the

differentials of the scalar function f in (98) and (106) can be
extended to the following matrix case

dvee(F) = Zﬂe{lﬁm’k}(DQHF)dVCC(Q“)
dvec(F) = ZME{M,M}(DQU«} F)dvec(Q")

Do F = (37)

(3%

(39)

This is different from the complex-valued matrix variable case
in [46], where dvec(F) = (Dz F)dvec(Z)+(Dz-F)dvec(Z™).
It can be shown by using Lemma 2.1 that the matrix derivatives
in (38) and (39) are unique.

Table III shows the connection between the differentials and
derivatives of the function types in Table I. In Table III, g € H,
ge HN1 Q e HY*S f ¢ H, f € HM*1 and F € HM* P,
Furthermore, a,,,b, € H, a,.b, € HY*1, A4, B, € HY*S,
Cu dll c HMXI, CH,D# c H]\/IX]V’ awﬁu c HAMXNS’
gu’ hﬂ c HA/IPXI’ GWHH c HMPXN’ CWE/L c HJ\IPXNS"
and each of these may be a function of ¢, ¢ or Q.

A. Product Rule

In [34]s, we have given an example to show that the tradi-
tional product rule is not valid for the HR calculus of quater-
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nion scalar variable. Now, we shall generalize the product rules
in [34] to the case of quaternion matrix variable.

Theorem 3.1: Let H : HV*S — HM*P be given by H =
FG, where F : HVXS — HMXE apnd G : HV XS — HEXP,
Then, the following relations hold

Dor H =
D H =

(Ip ® F)DQI' G + DQ/‘ (FG) |G:const (40)
(Ip & F)DQI‘G + DQ”* (FG)|G:const (41)
Proof: The differential of H can be expressed as

dH = F(dG)IP + d(FG)|G:const (42)

By using the differentials of F' and @G after applying the vec(-)
operator, we have

dvec(H )
= (Ip ® F)dvec(G) + dvec(FG)|g=const

14

Z,f,e{Lw,k}(IP ® F) (Dg-G)dvec(Q")
-
* Z;te{l,i,j,k} Do (FQG)|g=const dvec(@")
Z [(IP ®F)DQNG+ DQ/J(FG)|G:const]dVGC(Q“)

pe{l.igk}

(43)

where (4) and (10) are used in the last equality. Hence, the
derivatives of F'G with respect to @* can be identified as in
(40). The second equality can be proved in similar manner. M

Corollary 3.1: Let f,g : H— H. Then, the following novel
product rules hold

A f9)
dq

o1
dq9* 9

Lof g

afg) _
oq9 9 o

oq*

_f_

(44)

Proof: If p = 1 and the matrices involved in (40) are of
order one, then a( fQ) f + & f‘] lg=const- Upon usmg 27,
we have O(dfg) = f O(j;g) |g const — fgg
the first part of (44) follows and the second part can be proved
in a similar way. [ |

B. Chain Rule

A major advantage of the matrix derivatives defined in Defi-
nition 3.1 is that the chain rule can be obtained in a very simple
form, as stated in the following theorem.

Theorem 3.2: Let U C HV*S and suppose G : U — HMXF
has the GHR derivatives at an interior point @ of the set U.
Let V. C HMXP be such that G(Q) € V forall Q € U.
Assume F' : V — HE*T has GHR derivatives at an inner point
G(Q) € V, then the GHR derivatives of the composite function

H(Q) 2 F(G(Q)) are as follows:
DogH= Y (DeF) (Do G) (43)
ve {145k}
DouwH= ) (DgF)(DyG") (46)
ve{l,d,5,k}
DpH= Y (De-F)(DgG™) ()
ve {145k}
o= Y (D-F)(Dg-G™)  (48)
ve{l,d,5,k}
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Proof: From (38), we have
dvec(H):dvec(F):Zye{l ijyk}(DGVF)dvec(G ) (49)
The differential of dvec(G”) is given by

dvec(G”) =) (Dgr G )dvec(Q") (50)

pe{ligk}

By substituting (50) into (49), we have

Z#.’ye{lvmk}(DGUF)(DQuG”)(lveC(Q“) (51)

dvec(H)

According to (38), the derivatives of H with respect to " can
now be identified as in (45). The other equalities can be proved
in a similar manner. ]

IV. QUATERNION OPTIMIZATION USING GHR CALCULUS

The objective functions in engineering applications are often
real-valued and thus non-analytic. We next show how to use
matrix GHR derivatives to find stationary points for scalar real-
valued functions dependent on quaternion matrices, together
with the directions where such functions have maximum rates
of change.

A. Stationary Points

We shall now identify five equivalent ways which can be used
to find stationary points of f(Q) € R, a necessary condition for
optimality.

Lemma 4.1: Let f : HV*S — R. Then the following holds

(Dqf)" =Dqvf, Dgf=(Dqf)”

Proof: Using (25) and (26), the lemma follows. ]
Theorem 4.1: Let f : HN*S — R,and let Q = Q, +iQ, +
JiQ.+kQ,, where Q,,Q,,Q..Q, € RN A stationary point
of the function f(Q) = ¢(§) can be founded by one of the
following five equivalent conditions

Deg(§) =0 < Def(Q) =0 & Dof(Q)=0

Deg(§) =0 & D= f(Q) =0 & Do-f(Q) =
where € = [Q,.Q,.Q..Q,] and { = [Q,Q". @7, Q"].

Proof: In [42], a stationary point is defined as point where

the derivatives of the function vanish. Thus, Deg(§) = 0 gives
a stationary point by definition. Applying the chain rule (45) on

both sides of (@) = g(€), gives
ZVG{l,i,_j,k}(DQ“f)('DgQV) _ ng

From Q" = Q, + " Q, + 7" Q. + k" Q,, it then follows that

(52)

(53)
(54

(55)

DeQ" = [1,i"1, j71, k" 1], where I € R¥5%NS g the identity
matrix. A substitution of these results into (55), gives
I i 41 kI
T | i —jI —kEI|
(DC]L)J_ (DCf) I —iI I —kI|~ Deg  (56)
I —il —jI kI
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MATRIX DERIVATIVES OF FUNCTIONS OF THE TYPE f(g) and f(q)
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| fla | Do f Dy~ f | Note |
aTqp aTRm(B) —LaTp* Va e HVN*! B e H
aTq*p —1aTp* aTR(B) Va e HV*' g e H
aq’b aR(bT) —Labf Vb e HVX! a e H
aqfb —Lab® am(bT) vb e HV*X! o e H
aTqaq™b a”R(ag”b) + aT qan(bT) f%aT(aqu)* - %aquch Va,b e HV*X!' o e H
aTqaq™b aTR"(aqfb) — %aqusz f%aT(aqu)* +aTqan(®”) | Va,b e HV X! a € H
aTqg*aq’b —%aT(aqu)* +aTqg*an(b?) aTR(aqTb) - %aTq*abH Va,be HVX! a e H
aTq*aq™b —%aT(aqu)* - %aTq*abH aTR(aqb) + aT g aR(bT) Va,b e HV X! o e H
q" Aq a" A+ R((A9)7) 34" A - {(Aq)" VA ¢ HVXY
q? Aq* —3d"A - J(Aq)" q” A+ R((Ag")") VA e HVXN
q’ Aq” -3q" A+ R((Ag")") a"A-1(Aq)" VA e HVXN
q Aq q’A - LAqH 3a’ AL R(A9T) VA c HVXN
Aqp ANR(B) —1lap* VA e HVXN g eH
Ag*B -tAp* AR(B) VA e HYXN g ecH
aqT A aRm(AT) —taA¥ VA e HVXN o cH
aqf A —taA¥ aRm(AT) VA e HYXN o cH

where D¢ f = [Do f: Dg: f. Dgi f, D f] and J is the 4N S x
4N S matrix in (56), which satisfies

T i I kI I I I I

TR e s [ T B
I —iI 4 —kI||—53I 4I —3I 41
T —il 50 kI JL—kI *I I kI
=4l4ng (57

From (56) and (57), the equalities in (53) are equivalent. The
other equivalent relations can be proved by Lemma 4.1. ]

B. Direction of Maximum Rate of Change

We next investigate how to find the maximum rate of change
of f(@) € R, akey condition in steepest descent methods, such
as quaternion adaptive filters.

Theorem 4.2: Let f : HY¥*¥ — R. Then, the gradient
Do f(@)]" = [Dof(@Q)])F defines the direction of the max-
imum rate of change of f with respect to vec(Q™).

Proof: From (38), (52), we have

>

pe{l,igk}

= >

pe{ligk}

df = (Dgr f)dvec(Q")

(D f)" (dvec(@))" (58)

Using (4) and (52), we further obtain

U= s [(Dafidvec(@)"
= 4R [(Dgf)dvec(Q)] = 4R [(Dg- f)"dvec(Q)]
=4((Dg- f)" . dvec(Q)) = 4{(Da )", dvec(Q)) (59)

where < -, - > is the Euclidean inner product between real vec-
tors in R*VS*1 By applying the Cauchy-Schwartz inequality
to (59), we obtain

|df| = 4 |((Dg+ /). dvee(Q))| <4 1D || [|dvec(Q)]] (60)

which indicates that the maximum change of f occurs when
dvec(Q) is in the direction of (Dg- )T = (Dgf)* . Thus, the
steepest descent method can be expressed as

feER

VeC(QnJrl) = VeC(Qn) - n(DQf(Qn))H7 (61)

where > 0 is the step size, and @,, | is the value of the

unknown matrix after n iterations. [ ]
Corollary 4.1: Let f H"}‘YI“ — R. Then the gradient

; T .
Ve f = % = % defines the direction of the

maximum rate of change of f with respect to ¢*.
Proof: The proof follows directly from Theorem 4.2. &

V. ENABLING OF QUATERNION DERIVATIVES IN SIGNAL
PROCESSING APPLICATIONS

A. Derivatives of f(q)

Let f : HY*! — H be f(q) = q" Aq. This kind of
function frequently appears in quaternion filter optimiza-
tion [7]-[10] and array signal processing [10]. For example,
the optimization of the output power g7 Ag, where ¢ is the
vector of filter coefficients and A is the input covariance
matrix. ie., A” = A. Using the product rule in Theorem
3.1, we have Dy f = q Dy (Aq) + Dy (¢ Aq)| ag—const=
—2q" A + R(Ag)T = 1(¢" A)*. Some results for such func-
tions are shown in Table IV, assuming @ € HY*! A € HY*¥N
to be constant, and ¢ € HY*! to be vector variable.
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1) Quaternion Least Mean Square: This section derives the
quaternion least mean square (QLMS) adaptive filtering algo-
rithm [7], [29], [56] using the left/right GHR derivatives. The
cost function to be minimized is a real-valued function

J(n) = le(n)]* = e*(n)e(n) (62)

where
e(n) = d(n) —y(n), wyn)=w"(n)z(n) (63)
and d(n),y(n) € H,w(n),z(n) € H¥*! To illustrate the

versatility of GHR calculus the QLMS algorithm shall be de-
rived using the left/right GHR derivatives. The weight update
of QLMS based on the left GHR derivatives is given by

wn+ 1) =w(n) —n (Dw(n)”

where . > 0 is the step size and (Dy,.J(n)) denotes the
left gradient of J(n) with respect to w*. Using the results in
Table IV, the left gradient in (64) can be calculated as

Dwd = Dy ((d —w"z)(d - 'sz)>
Dy (d*d) — Dy(d*w” z) — Dz w*d)
+ Dy (e w*wT x)

1 1
= —d*R(zT)+ —.'I:Hd* — §:I:H(*wT

(64)

z)* + 2w R(zT)

1 1
= _ide* + 2:1:T(me)*
1 1
= —imT(d —wlz)* = _§2T6* (65)

where time index ‘r.’ is omitted for convenience. Then, the up-
date rule for QLMS becomes

w(n+ 1) =wn) +ne(n)x*(n)
where the constant % in (65) is absorbed into 7.

Based upon the right GHR derivatives, the QLMS update be-
comes

(66)

win+ 1) =w(n) — 1y (DﬂJ(n))H (67)

where 7 > () is the step size, and the right gradient of J(») with
respect to w*, (DEJ(n))¥, can be calculated by

DEJ =D ((d— whz)*(d — w'x))

= DI(d*d) — DE(d*wx) — DI (x"w*d)
+DE (2" ww' x)
1 1
= —R(d)z" + 5:1:Td - §a:T(wac) + Rz w* )2

1 1
— __de* 4 ng(me*)

2
_ _1 T g gD Ve _l T =
=——z (d—wz)=—-x'e (68)
2 2
From (67) and (68), the update rule of QLMS becomes
w(n+ 1) =w(n) +ne(n)z™(n) (69)

Remark 5.1: From (66) and (69), notice that the QLMS de-
rived using the left GHR derivatives is exactly the same as that
using the right GHR derivatives, a consequence of the cost func-
tion J(n) in (62) being real-valued and Lemma 2.2. In addi-
tion, if we start from e(n) = d(n) — wi(n)x(n) in (63),
the final update rule of QLMS would become w(n + 1) =
w(n) + 1 x(n)e*(n). The QLMS algorithm in (66) is there-
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fore a generic extension of complex LMS [57] to the case of
quaternion vector.

Remark 5.2: Comparing (66) with the QLMS given in [51],
we can see that the GHR-QLMS is essentially the same as the
QLMS derived using the pseudo-gradient in [51], however, the
use of pseudo-gradient is cumbersome and tedious [7], [S1]. No-
tice that the GHR-QLMS is different and more compact than the
original QLMS [7] based on pseudo-gradient, the HR-QLMS
[29] based on the HR-gradient, and the I-QLMS [56] based on
the I-gradient. The difference from the original QLMS arises
due to the rigorous use of the non-commutativity of quaternion
product within the GHR calculus in (65). The difference from
the HR-QLMS and [-QLMS is also due to the rigorous use of
the novel product rules (40)-(41) within the GHR calculus in
(65).

2) Quaternion Affine Projection Algorithm: This section red-
erives the quaternion affine projection algorithm (QAPA) [32]
based on the GHR calculus. The aim of QAPA is to minimize
adaptively the squared Euclidean norm of the change in the
weight vector w(n) € HY*1, that is

minimise  ||Aw(n)||? = ||w(n 4+ 1) — w(n)|?
subject to d” (n) = w (n + 1)Q(n) (70)
where d(n) = [d(n),....d(n — S+ 1)]T € H5*! denotes the

desired signal vector and Q(n) = [g(n),....g(n — S+ 1)] €
H™*S denotes the matrix of S past input vectors. Using the
Lagrange multipliers, the constrained optimisation problem (70)
can be solved by the following cost function

I(m) = w(n+1) - w(n)||’
TR { <dT(n) —awtl(n+ l)Q(n)) )\*}
= (w(n +1) — w(n)" (w(n+1) - w(n))

+ % (dT(n) wh (n + 1)Q(”)) A
N % AT (d(n) ~ Q7 (myw(n + 1)) (71)

where A € H”*! denotes the Lagrange multipliers. Using the
results in Table IV, we have

Dty T(n) = 5 (w(n + 1) — ()"
+s (% (@mAT)™ - ,\TQH(n)>
= 5w+ 1)~ w(m)™ — NQ () (72)

Setting (72) to zero, the weight update of QAPA can be obtained
as

wik+1) — w(k) = %Q(n) A" (73)
Using the fact that €7 (n) = d” (n) — y7 (n) = (w# (n + 1) —
w(n))Q(n), and based on (73), A can be solved as
X7 = 26" () (Q (m)Q(m)) (74)
which gives
w(n+ 1) = w(n) + Q(n) (QH(n)Q(n))i e'(n) (75

To prevent the normalization matrix Q™ (n)Q(n) within (75)
from becoming singular, a small regularization term e € H%**
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TABLE V
MATRIX DERIVATIVES OF FUNCTIONS OF THE TYPE f(Q)

F(Q) | 2 | o
Tr(Q) Iy —LiIn

Tr(QH) —1Iy In

Tr(AQ) AT —1aAT

Tr(AQ™) —3A

Tr(QA) n(A”) —3A"

Q" A) —3A” R(A)

Tr(A;1QA2) AT?(A7) —3AT A7
Tr(A1Q* As) —1ATAY ATn(AT)
Tr(A; QT Ay) M(A2)A; —iaTAlHT
Tr(A1QT Ay) —iAaT AT R(A)A;

Q™) 3 @) TrmE@T)T —4 3 @)@

T™Q ™) —@N'Rw@HT s@NH '@ H”
Tr(A1QA2QAs) ATR(A2QA3)" + (A1QA2)TR(AT) —3AT(A2QA3)" — $(A1QA2)" AY
Tr(A1QA2Q" Aj) ATR(A2Q7A3)" — $(A1QA2)T A —3AT (A2Q"A3)" + (A1QA2)"R(AT)
Tr(A1QA2Q" A3) ATR(A2Q7 As)" +:(A3)A1QA —3AT(A2Q7A5)" — 1((A1QA2)T AT
Tr(A1QA2Q" A3) ATR(A2Q" A3)T — 1((A1QA2)T AT —3AT(A2Q7A5)" + R(A3)A1QA
Tr(A1Q" A2 QA;) —5(A7(A2QA5)™)T + (A:1Q" A2)TR(AT) N(A2QA3)A; — 3(AIQ" AT AT

Tr(A1Q” A>Q* As) —3(AT(A2Q"A5)")" — 1(A,Q" A" AY R(A2Q"A3)A; + (A:1Q7 Ay)"R(AT)
Tr(A: Q7 A>Q" A3) —1(AT(A2Q" A3)")T + :(A3)A1Q7 A, R(AQT Az)A; — L((A1QT AT AT
Tr(A:1Q7A:Q" As) | —$(AT(A2Q7 A5)™)T — 1((A:1Q7 A2)T AFHT R(A2Q7A3)A1 +R(A3)A:Q7 A,

is usually added, where I is the identity matrix, while a step size
71 controls the convergence and the steady state performance.
The final weight update of QAPA becomes

-1
w(n+1) = w(n)+n Q(n) (QH (TL)Q(’IL)-I—EI) e*(n) (76)
and is a generic extension from the real and complex case.

B. Derivatives of f(Q)

For scalar functions f : HY*% — H, it is common to define
the following matrix derivatives

af ... _9f or ... 9f

Of . i’)q.fl é’)q'fs af N aq.ff 0q'1uq
5oF | Lo L lage | L (77)
ar ... _9of ar ... _of
94}y 94}y 5 0, 9y

which are referred to as the gradient of f with respect to Q"
and Q"~. Equations in (77) are generalizations of the real- and
complex-valued cases given in [42], [46] to the quaternion case.
A comparison of (37) and (77), gives the connection

Dov f = vecT (%) , Dgv-f=vec (%) (78)

Then, the steepest descent method (61) can be reformulated as

PY.
Qn,+1 = Qn, - W#T f eER (79)

where 7 > 0 is the step size. Some important results of functions
of the type f(Q) are summarized in Table V, where @ € HY**
or possibly @ € HY*¥ and A;, As, A3, A are chosen such that
the functions are well defined.

1) Quaternion Matrix Least Squares: Given A €
B € H¥*F and C € H**F | the task is to find @ € HY*% such
that the error of the overdetermined linear system of equations

HRXN’
F(Q) =T {(C— AQB)¥(C — AQB)}  (80)

is minimized. Using the results in Table V, the gradient of F'(Q)
can be calculated as

or@Q) 0T {OHC —C"AQB - BHQHAHC}
g Q"
dTr {BHQHAHAQB}
Q"
_ %(CHA)TBH _ (A" C)BY

%(BHQHAHA)TBH

+

+ R(A® AQB)B” —

= S(4"C)B 1 (A" AQB)B"
- %AH(C _ AQB)B" (81)

Setting (81) to zero, we obtain a normal equation

A% AQBB"® = A" ¢cB? (82)
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TABLE VI
MATRIX DERIVATIVES OF FUNCTIONS OF THE TYPE F(Q)

| FQ | DoF Do+ F
Q Ins —L1Ins
QY —1Kns Kn,s
AQ Is® A —3Is® A
AQ* 7%[5 ® A Is® A
AQ”T (IN ® A)KN,s 1INy ® A)Kp,s
AQY —1(INn ® A)KnN s (In ® A)KnN s
QA RAT) @ Iy -1A" @Iy
Q*A 1A R Iy RAT)® Iy
QA (R(A") @ Is)Kn,s “L(AF g Is)Kn s
Q7" A LA @ Is)Kn,s RAT) @ Is)Kn,s
A1QA2 (Ir® A1) (R(AT) ® IN) —3(Ip ® A1)(AF ® In)
A,Q° A, —L1(Ip® A1) (AY ® Iy) (Ir® A1)(R(AT) ® IN)
A1Q" Ay (Ip® A1) (R(A]) ® Is)K N, s —1(Ip® A)(AY ®Is)Kn s
A1Q" A,y —1(Ip® A1) (AY ®Is)KN,s (Ip ® A1) (R(A) ® Is)KnN,s
Q" S IN®Q TR 9Ly | —4 3 (v e Q)" @) 9 In)
Q! —INn® Q) 'RQ T ®IN) 1In®Q) (@ H" ®IN)
QAQ” RAQT)" ® IN + (IN ® (QA))Kn,s —L(AQT) " @Iy — L(IN ® (QA))KnN s
QAQ"Y RAQMT @Iy — L(In ® (QA)) KN, s —1AQM " @ In + (In ® (QA))K N, s
Q7 AQ —3((AQ)" 9 Is)Kn,s +Is ® (Q7 A) (RAQ) @ Is)Kn,s — 31s © (Q" A)
Q7TAQ" | —3(AQ")" ®Is)Kn s —3Is® (Q"A) | (RAQ")" ®Is)Kns +1Is®(Q"A)

If A” A and BB" are invertible, then the system (80) has a
unique solution

Q =(A"A)*A"cB" (BB ! (83)

C. Derivatives of F(Q)

We next present the derivatives of some elementary matrix
functions which are often used in nonlinear adaptive filters and
neural networks. Other useful examples of matrix functions can
be obtained by simply applying the basic concepts of this work
and the results summarized in Table VI, where Q@ € HY*5 or
possibly @ € HY* and A;, As, A are chosen such that the
functions are well defined.

1) Derivatives of Power Function: Let F :
HY*¥ be given by F(Q) = Q", where n is a positive integer.
Using the product rule in Theorem 3.1, we have

HN XN N

IDQ(Qn) = (IN & Q)IDQ(Qnil)+DQ(QQn71)|Q”’*1:con,st
=Ixn2Q)De(@" H+RQ"HT oIy (84

where the term Dg(QA), given in Table VI, was used in the
last equality. Note that the above expression is recurrent about
Dg(Q"). Expanding this expression and using the initial con-
dition Dg(Q) = Iy, yields

.

Do(@) =Y IxoQ ™ (RQ" ) @ly) (83)

m=1

In a similar manner, we have

n

S vy (@ & 1y) 86)

m=1

Do (@) =+

2
2) Derivatives of Exponential Function: Let F : HY >V —

v +oo .,
HY*N be given by F(Q) = S 2. From (85), we have
n=0

n!

Joc n
DeF =) 3 —(IxoQ ™ (RQ" ) o 1x) #7)

n=0m=1

In a similar manner, we have

L& -l
Do F = (e Q) aly) (38
Q 22202232,< veQ)" T (@™ M &Ix) (88)
The two examples are a generalization of the quaternion scalar
variable case treated in [34] to the quaternion matrix variable
case. Likewise, the derivatives of the trigonometric functions
and hyperbolic functions can be derived in terms of the expo-
nential function.

VI. CONCLUSIONS

A systematic framework for the calculation of derivatives of
quaternion matrix functions of quaternion matrix variables has
been proposed based on the GHR calculus. New matrix forms
of product and chain rules have been introduced to conveniently
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calculate the derivatives of quaternion matrix functions, and
several results have been developed for quaternion gradient op-
timisation, such as for the identification of stationary points, di-
rection of maximum change problems, and the steepest descent
methods. Furthermore, the usefulness of the presented method
has been illustrated on some typical gradient based optimization
problems in signal processing. For convenience, key results are
given in a tabular form.

APPENDIX |
PROOF OF (4) AND (5)
1) The proofof (4): From (3), we have ¢" = pqu~! =
( ) (”) =q T , where £ is an unit quaternion, i.e.,
[] I1e] Tl
] = = 15 (pg)" = plpg)n" = pp(p~ gt =
(ppp Y(pgp™) = p"q"; pq = pe(p~'p) = (pap™')p =
-1
¢"pipa = (g0 ")pa = (e 'pg) = q (‘Z—‘) p (‘3—‘)

g (¢ p(g*)7) = gp'7).

2)  The Proof of (5): From (3), we have
(@ = (u)q (w»)* (w)atv'u) = plvay ! =
N(Q) = st = (@) = wgeT=
) ( z) 1Iu ro (4)= ) =
(/tfm 1) (¢" é

APPENDIX 11
PROOF OF LEMMA 2.1

Proof: Let Q = Q, + iQ, + jQ. + kQ, € H¥*3,
where Q,,Q,.Q..Q, € RY*5 From (4) and (10), we
have dQ = dQ, + i(dQy) + jM(dQ.) + k*(dQ,),
Q¥ = dQ, + i(dQ,) — "(dQ,) — k' (dQy), dQ" =
dQ, — "(dQ,) + j*(dQ,) — k"(dQ,) and dQ"*
dQ, — i*(dQ,) — j*(dQ.) + k*(dQ,). By substituting
dvec(Q"), dvec(Q""), dvec(Q"7) and dvec(Q"*) into (12),
we have (Al + AQ + A3 + A_l)(]'\/(,(,(Qa) (A1—|—A2 —
A3 - A4)i“dVCC(Qb) + (Al - A2+A3 - A4)j”dVCC(QC) +
(A — Ay — Az+ A k"dvec(@Q,) = 0. Since the dif-
ferentials d@,,dQ,,dQ. and d@Q, are independent, then
A+ A+ A3+ A = 0, A + A — As — A, = 0,
Al—A2 +A3—A4 IO&HdA1—A2—A3+A4 :0.Hence,
it follows that A; = A> = A3 = A, = 0. The second part can
be proved in a similar way. ]

APPENDIX III
THE DERIVATION OF THE GHR CALCULUS

For any quaternion-valued function f(q) € H, we can state
(since the fields H and R* are isomorphic) that

f(q) = .fa(Qua v, qe Qd) + j.fb(qu'/ by Ge; (]d)

+5fe(Gas by ey qa) + Efa(da; o, Gesqa)  (89)

where f.(-), fu(*), fe(*), fa(-) € R. Then, the function f can be
equally seen as a function of the four independent real variables
Gu: O, g and g4, and the differential of f can be expressed as
[24]:

af af af f)f
Left] . df = —dg, + —d dg. + ——d
[Left] - df a4, Qo + o Qb+0q q 0(14 qqa (90)
. . of of of aof
Right| : df =dg, —— + dgy =—— + dge — + dgas—— (91
[Right] : df =dg B4, f%dqb q Ba. QJaqd on

1553

where 2L, 2L " 9F and are the partial derivatives of f with
Bq, * Dy ° Dq.

respect to ¢, , gp, g and qd, respectlvely Note that the two equa-
tions are identical since dq,, dgp, dq. and dgq, are real quantities.
As a result, both equations are equally valid as a starting point
for the derivation of the GHR calculus.

A. The Derivation of the Left GHR Derivatives From (90)

There are two ways to link the real and quaternion differen-
tials, based on the approach in (8) and its conjugate, which re-
spectively induce the left GHR derivatives and conjugate left
GHR derivatives.

1) The Left GHR Derivatives: By applying the differential
operator to both sides of each expression in (8), we have

dg. = ji(dq“ +dg" + dg"? + dgt*) (92)
day =~ (g dg g — gty (93)
da = ~L gt — dg 4 dgh g (94)
dgq = —%(dq“ — dg"* — dg" + dg**) (95)

By inserting (92)—(95) into (90), the differential of f becomes

16 . .
df = 19 o ((lq”’ + dg"* + dg™? + (lq”'k)
s ., o
22 andot 4 datt — dgt — dg®
1og (dg" +dq q a*")
1 df ) ) .
da* — da™ 4 datd — dgt
~10a "(dq ¢" + dg q"")
1 . )
-1 gf M(dg" — dg"' — dg" + dg"*)  (96)
Grouping together dg*, dg"?, dg*J and dg"* in (96) yields
1/9f Bf of . af )
df =~ | - gt — —k* | dg*
/ 4 (f)qa oq 00,0 Ou 1
L(OL 00 00 ey O g
0g0  Oay ' 9. dq
/ f of .. f >
N+ = ni
(dqa oar' dqu‘] g
/ f f of ) k
(dqct dqb dqr: de 1 ©7)

Now, we can define the formal left GHR derivatives

g;—{, ;;,f” aaq’“f, and oa’fk so that
_af o of | zf " af ok
df = B4 ud o dg" + —— B + gt dq (98)

holds. Comparing (98) with (96) and applying Lemma 2.1, gives
the left GHR derivatives in the form

_1 (ﬁ I ﬁku)
0¢.  Ogqp dq. 994

af

Do (99)
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2) The Left Conjugate GHR Derivatives: Apply the conju-
gate operator to equations in (8) and take the differential, to give

dg, = le(dq“‘* + dg"™* + dghI* + dghtr) (100)
dgy = T+ dgt™ — dg e dg)(101)
dq. = J;(dq“* — dg"* 4 dg* — dg"*)  (102)
dgq = %(d M dg" + dg" T+ dgtt)  (103)

By inserting (100)—(103) into (90), the differential of f becomes

19f
d ;L* d i d A d pkx
= 40q,,( +dg" + dgt + dg"t)
Laf ; k
— LB (dgt* O N gl
+4E)qbl (dg"" + dg dg"’* — dg""™™)
LIS g i
(A PN LRI DV 25 LR L
10 ; j
]l k“(d jtx dq;n* _ dqlt]* + dq#'k'*) (104)
49,

Grouping together dg/*, dg"™*, dg"7* and dg"** in (104) yields

df = (d@i daq]; + di %ku> dg"*
1 (dqf " dqu ji "= jqf > g
(% - % + di %ku> dq“j*
(jq}: 3qu jqi + dqfd > dg"** (105)

We can now define the formal conjugate left GHR derivatives
Of Of_ O and g 9l 5o that

Ggh*? Pgrix? Ggri*
_ lf p* df ik
df a yiEy d a /,u* d
alf Y] alf nk
T g0 g (106)

holds. Upon comparing (106) with (104) and applying Lemma
2.1, the following left conjugate GHR derivatives are obtained

af _ / f aof n of
= —LkH
dgr* (dqa e oas' Tt e 0q.” + 94

) (107)

B. The Derivation of the Right GHR Derivatives From (91)

The derivation of the right GHR derivatives is similar to that
of the left GHR derivatives and is omitted for space considera-
tion. We therefore only give the differential of f using the right
GHR derivatives

it rf rf 1 f de vk

yres
df =dg" 2=~ + dy 9 dql’J g (108)
,f o f
df =dg"" = +dg""*
f =dq g T e
iw Onf e Onf
By / pkx :
+dq g d S (109)
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Note that the terms 7 f , gqf : gq*fJ ; 5)(;—,12 cannot swap position

with the differentials dg”, dg"*, dg"?, dg"* because of the non-
commutative nature of quaternion product. By comparing (98)
and (106) with (108) and (109), we notice that the left GHR
derivatives stand on the left side of the quaternion differential
(98) and (106), which is consistent with our common sense.

APPENDIX IV
PROOFS OF LEMMA 2.2 AND LEMMA 2.3

1) The Proofof (24): Since f isreal-valued, its partial deriva-
tives 52—, 5.-, gf and 5~ are real numbers, that is the partial
4. Bap > Oy, ‘ld
derivatives gf , ddf and 2L q can swap positions with the imag-
inary units 1” g, k” Hence, the first part of (24) follows from
(20) and (22), and the second part can be proved in a similar
way.

2) The Proofof (25): Since [ isreal-valued, its partial deriva-
ar 8f of

I3
tives Bao s Bay® Das and are real numbers, so that( g) =
d{ , where £ € {4as Gb, q,,qd} From (5) and (20), we have
GIN_L((P1N"_ (o1
aq“ 4 aqq aqb

—(”) - (ﬂ)”k’”‘)
a(k 3(]d l

( af ()f . 0f N2 ﬁ}-”ﬂ) —
dqq )

T 9q Oq. 9qq
Hence, the first part of (25) follows, and the second part can be
proved in a similar way.
3) The Proof of (26) Since f is real-valued, its partial deriva-

of 9f f
tives Do’ Dar> aq and 5% are real numbers, which yields

(%) = 5. where € € {qa,qb,qc qd} From (5) and (20), we

af 1 of af i gk af A;L* _ Of
oq* | T 99, ~ Oqp J T Ogqrr

Hence, the first part of (25) follows, and the second part can be
proved in a similar way.

4) The Proof of (27): By the definition of the left GHR
derivative (20) and (5), we have

af
aqu;l

have (

NafB)
8q“‘
1 (0(afB) O(afB) o 3(a.f/f)j,l _O(afB) o
4\ 9qa gy dq. 9qq
1/ Of of af .. of
== B — atBit — ol Bi — o=t Bk"
4( R R L R A R
1 [of of g1 Of oy OF 1
- 1 1 ey A
3 (3% aqz)ﬁ 4 3qc’8J g 8Qdﬁ ar)e
of  Of 4. Of 5, Of /,)
_ Plag Ry 3
- (8% oo’ og)  ow )!
of
- am[j

Hence, the first part of (27) follows, and the second part can be
proved in a similar way.
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5) The Proof of (28): By the definition of the right GHR
derivative (22) and (5), we have

dr(afB)
dgt
_1(oefp) i,ﬂ(@fﬁ) o 0efB) o dafB)
4\ 0qa dqy / dqe dqq
1/ af . of . Of af )
- a—p - i*a=—"—8— j*« 3 — ktoa—73
4 ( aqa,/ dqp’ J a(Ic/ aqd/
L (0 . df ., df ., Of
= _—a| ———a “fa=—"——ao "fa=——a k'a=—"10
40((‘3% G T T Y0 " “ 944 &
V(3 @ ot 0f e >5’f>
— _ 4 Z o Y « 7 k (e /1 v 3
4 <3qa dgp J dq. dqq ¢
af
= g

Hence, the first part of (28) follows, and the second part can be
proved in a similar way.
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