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This paper is concerned with Linear Canonical Transforms (LCTs) associated with two-
dimensional quaternion-valued signals defined in an open rectangle of the Euclidean plane
endowed with a hyperbolic measure, which we call Quaternion Hyperbolic Linear Canon-
ical Transforms (QHLCTs). These transforms are defined by replacing the Euclidean plane
wave with a corresponding hyperbolic relativistic plane wave in one dimension multiplied
by quadratic modulations in both the hyperbolic spatial and frequency domains, giving the
hyperbolic counterpart of the Euclidean LCTs . We prove the fundamental properties of the
partial QHLCTs and the right-sided QHLCT by employing hyperbolic geometry tools and
establish main results such as the Riemann-Lebesgue Lemma, the Plancherel and Parseval
Theorems, and inversion formulas. The analysis is carried out in terms of novel hyperbolic
derivative and hyperbolic primitive concepts, which lead to the differentiation and integra-
tion properties of the QHLCTs. The results are applied to establish two quaternionic ver-
sions of the Heisenberg uncertainty principle for the right-sided QHLCT. These uncertainty
principles prescribe a lower bound on the product of the effective widths of quaternion-
valued signals in the hyperbolic spatial and frequency domains. It is shown that only hy-
perbolic Gaussian quaternion functions minimize the uncertainty relations.
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1. Introduction

The Linear Canonical Transform (LCT) is a four-parameter family of linear integral transforms which was first introduced
in the 1970s by Collins [4] and Moshinsky et al. [24] (cf. Healy et al. [13] and the bibliography quoted there) and has found
many applications in signal processing, design of filters, signal separation, pattern recognition, and optics [11,12,27,29] (see
also Stern [28], Xu et al. [33] and further references given in these papers). The flexibility of choice on the four param-
eters makes the LCT a highly adaptable transformation and, in particular, allows us to recognize that the classical Fourier
Transform (FT), the Fractional Fourier transform (FRFT), the Fresnel transform, scaling operations, and multiplication by chirp
functions are merely particular cases of the LCT. The LCT has more degrees of freedom and is more flexible than the con-
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ventional FT and the FRFT but with similar computational costs as the FT. The LCT is used to analyze and measure chirp
signals and obtain sampling theorems for certain types of non-bandlimited signals with nonlinear Fourier atoms [22]. The
LCT was first introduced within the framework of Quaternionic Analysis in Kou et al. [17]; these transforms were called the
Quaternion Linear Canonical Transforms (QLCTs). The authors investigated an uncertainty principle for the right-sided QLCT,
which prescribes a lower bound on the product of the effective widths of quaternionic signals in the spatial and frequency
domains. The same type of QLCT was employed in deriving a quaternionic version of the Bochner-Minlos Theorem by Kou
and Morais [18]. Concerning further details and applications of the QLCTs, the reader is referred to Kou et al. [16,19,21].

In recent years, Petrov [25] defined the FT and the convolution of functions on the interval (-1, 1) by employing the dif-
feomorphism between R and (-1, 1). The main idea in developing the proposed transforms was to find applications in the
study of differential and integro-differential type equations, including Prandtl, Tricomi, Lavrentjev-Bitsadze, and Laplace-
Beltrami equations on the sphere [25,26]. Recently, in Cardona et al. [3] and Duduchava [6], the authors studied new as-
pects of the FT defined by Petrov, such as solvability and boundedness results for multipliers and convolution equations and
the associated pseudo-differential calculus in the sense of Hérmander. These works have renewed interest in extending
such types of transforms within the Quaternionic Analysis language. In [10], we generalized the transform explored in
Petrov [25] by introducing the two-sided and right-sided quaternion hyperbolic FTs associated with the two-dimensional
quaternion-valued signals defined in an open rectangle of the Euclidean plane endowed with a hyperbolic measure.

The motivation of the present paper is two-fold. On the one hand, it is of intrinsic interest to check whether the Euclidean
QLCTs can be extended to non-Euclidean spaces using hyperbolic geometry tools. More precisely, we introduce the QLCTs
on the spaces of quaternion-valued signals defined in an open rectangle of the Euclidean plane endowed with a hyperbolic
measure. We will call these new transforms the Quaternion Hyperbolic Linear Canonical Transforms (QHLCTs). We replace
the Euclidean kernels of the LCTs depending on three real parameters with two quaternionic hyperbolic factors, where two
quaternion algebra generators take over the role of the imaginary unit. The QHLCTs will pave the ground for extending all
known properties of the QLCTs in the standard 2D Euclidean case, thus unifying the rich canonical structure of Quaternionic
Analysis on Euclidean and hyperbolic spaces. On the other hand, our work is motivated by the potential applications of the
right-sided QHLCT and the analysis of the corresponding hyperbolic quaternionic signals within Quaternionic Signal Analysis.
This understanding can be the basis for more generalizations of the Euclidean Quaternionic Signal Analysis.

The contents of the paper are summarized in the following. The primary background material necessary for our inves-
tigation is contained in Section 2. The new hyperbolic derivative and primitive concepts and their properties are funda-
mental in the analysis. Using the hyperbolic geometry language, Section 3 presents the partial QHLCTs of two-dimensional
quaternion-valued signals defined in an open rectangle of the Euclidean plane endowed with a hyperbolic measure. We
prove the primary operational properties, the Riemann-Lebesgue Lemma, the Plancherel and Parseval Theorems, and an in-
version formula for the partial QHLCTs, representing hyperbolic relativistic counterparts of the corresponding properties of
the Euclidean partial QLCTs. In Section 4, we introduce the right-sided QHLCT and prove some of its fundamental properties,
which form the basis for the later developments. The novel hyperbolic derivative and primitive notions lead to the differen-
tiation and integration properties of the right-sided QHLCT. We further prove the Riemann-Lebesgue Lemma, the Plancherel
and Parseval Theorems, and an inversion formula for the right-sided QHLCT. The results in Bahri et al. [1], De Bie et al.
[2], Chen et al. [5], Ell [7], Hitzer [14,15] of the different definitions of the Quaternion Fourier Transforms (QFTs) or QLCTs
[17-20] can be seen as particular cases of our achieved results as we highlight throughout the paper. The second part of the
paper is devoted to applications. In Section 5, we establish two hyperbolic analogues of the Heisenberg uncertainty principle
for the right-sided QHLCT, which give a lower bound on the product of the effective widths of quaternion-valued signals in
the hyperbolic spatial and frequency domains. It is shown that only hyperbolic Gaussian quaternion functions minimize the
uncertainty relations. Some discussions about the new results and future work related to the QHLCTs are drawn in Section 6.

2. Definitions and terminology
2.1. Einstein’s special relativity in the real line

In one-dimensional special relativity, velocities x and y (whose magnitudes are given as fractions of the speed of light)
do not add in the usual way. We have the following definition arising in the study of the algebraic structure of the open
interval (—t,t) for some t > 0 (cf. Ungar [31]).

Definition 2.1. Let t > 0 be any positive constant and let R; = (—t,t). We define the (Einstein) relativistic addition law by

X+y 1)

X =
ey 1+3

and the relativistic multiplication by real scalars by
A®x = ttanh (x tanh™! (%)) )

for all x,y € R; and all A € R.

It can be seen that the set R, together with the operations @ and ®, forms a vector space over the field of real numbers.

2



J. Morais and M. Ferreira Applied Mathematics and Computation 450 (2023) 127971

The addition (1) is both commutative and associative, so that it is a group operation. The additive identity for the vector
space is the element 0 € R, satisfying 0 @ x = x for all x € Ry and the additive inverse for the element x € R; is ©x € Ry,
such that ©x & x = 0. (We shall note that in this case, ©x = —x.) Moreover, it follows that x 6y = x ® (©y). We observe that
in the limit of large t, the interval R; expands to the whole of the space R, and as we see from (1) and (2), lim; joo X By =
x+y and lim¢. ;A ® x = Ax for all x,y € R, and all A € R. In this way, the open interval R; has an algebraic structure
similar to R, and in the limit t — +oco, the hyperbolic structure agrees with the Euclidean structure. There exists indeed an
isomorphism between (R, +, x) and (R, @, ®) through the mapping f(x) = t tanh(x/t), x € R.

Einstein’s addition law (1) in the one-dimensional case can also be deduced from the Mobius transformations of the
complex unit disk, whose importance in the theory of gyrogroups has been well-known for over thirty years; see, e.g., Ungar
[30,31]. The algebraic properties of the Einstein and Mobius gyrogroups in the context of hyperbolic harmonic analysis can
be found in Ferreira [8,9].

We draw the reader’s attention to the formal similarities between the following concepts in the context of hyperbolic
geometry and the corresponding usual ones in Euclidean geometry. (All results have already been proved in Ferreira and
Morais [10].)

Definition 2.2. Let t ¢ R*, f: Ry — R, and a an interior point of R;. We say that f is h-continuous at the point a if for any
real number € > 0 there exists some real number § > 0 such that for every x € R; with |[x©a| < §, it holds that |f(x) —

f@l<e.
A natural definition of piecewise h-continuity is given as follows.

Definition 2.3. Let t ¢ R™. A function f : Ry — R is said to be piecewise h-continuous in R; if:

(i) the interval R, can be subdivided into a finite number, say m, of intervals (—t, ay), (ay,az),..., (ar, Gry1), ..., (@p_1,t),
in each of which f is h-continuous;
(ii) f is finite at the end-points a;, withr=1,...,m—1.

To express condition (ii), we introduce the standard notation. If € — 0 purely through positive values of €, we say that
f(x®€) — f(x®0) whenever the limit exists. Similarly, if € — 0 through negative values of € only, we say that f(x®¢€) —
f(xoe0). For f(0® 0), we shall write f(0"), and for f(0© 0), we shall write f(0~). Condition (ii) then states that at each
end-point ay, f(ar ®0) and f(ar © 0) should both be finite (though they need not be equal).

Another concept we require is that of a uniformly h-continuous function.

Definition 2.4. Let t ¢ R*. A function f : Ry — R is uniformly h-continuous on R; if for every real number € > 0 there exists
some real number § > 0 such that for every x,y € R; with |[x©y| < § implies that |f(x) — f(¥)| < €.

Definition 2.5. Let t ¢ R*, f:R; — R, and let a be an interior point of R;. We say that f has an h-derivative (or is h-
differentiable) at the point x = a if the following limit

lim f(aeaee) - f(a)

=0

(3)

exists and is finite. We call the h-derivative of f at x = a to the limit value and denote it by f; (a). If the h-derivative exists
and is finite for all points x in R¢, we denote the h-derivative of f by f; (x) and say that f is h-differentiable at every point
of R¢.

We refer to the following relationship between the hyperbolic and the Euclidean derivatives and the operational proper-
ties of the h-derivative, which play a role in Sections 3 and 4.

Proposition 2.1 ([10]). If f : R — R is h-differentiable, then
4 ! X2
hw=e(1-%). 4)
where f’ denotes the standard Euclidean derivative of f. Furthermore, the following properties hold:

L(fxep=f g,
2. (fo), = fr8+ g,
1 fre-fg
3. (P, =255, g#0,
4. (fog), = (f o8) x g,, whenever the composition o is well-defined.

The relation (4) shows that the Euclidean derivative is the appropriate limit of the hyperbolic derivative when t — +oc.
(This limit will frequently occur in due course.)
Considerations in the calculus of primitives within the hyperbolic context lead to the following definition.

Definition 2.6. An h-differentiable function F : [a,b] c Rt — R is called an h-primitive of f in [a, b] if F,;(x) = f(x), for all
x e (a,b).
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Theorem 2.1 ([10]). Let f be an h-continuous function in [a, b] C R, and let

w2\~
dpe(u) = (l - t2> du

be the hyperbolic measure on Ry (which is translation invariant under the operation &). Then the function

Fo=[ " fw) dpae(u) (5)

is an h-primitive of f. Moreover,

b
| fwduew = cb) - 6. (6)
where G is any h-primitive of f.

Proposition 2.2 ([10]). Let f and g be continuously h-differentiable functions defined in R. The formula for integrating by parts
is as follows:

/ FL(w)g(u) dpe () = fu)gu) - / FQu)g, () dpte (w). 7)

2.2. Quaternion signals in hyperbolic space

We will use standard notation for the skew field of (real) quaternions [23]
H :={q = qo +iq1 +jq2 + kg3 : g; € R}.

We will identify H with the real vector space R?%; the binary operations of addition of two quaternions and multiplication
of a quaternion by a scalar coincide with the usual operations on vectors in R*. The multiplication in H is given in terms of
the canonical basis (1, i, j, k) by the formulas

i =j =K =ijk=-1.
Using the customary notation, one writes q = Sc(q) + Vec(q), where Sc(q) = qo and Vec(q) = iq; + jg, + kqs are the scalar
and vector parts of q. The conjugate of a quaternion q is defined by q = Sc(q) — Vec(q), with the property that the conjugate
of a product is the product of the conjugates in the reverse order, i.e., qr =7q, Vq, r € H. The (algebraic) norm of q is defined

by g2 =qq=qq = Z?:o q,.2. It further follows that |gr| = |q| |r], Yq,r € H. A unit quaternion g is a quaternion with |q| = 1.
Throughout this paper, we will adopt the following notation:

R, ={(1.%) e R? 1 [x1| < t1, X < to, t1.6, e RY}

is an open rectangle centered at the origin in the two-dimensional Euclidean space R2. We define the operations of hyper-
bolic addition and hyperbolic scalar multiplication in R?ptz as

(%1,%2) @ 1,¥2) = (%1 ®Y1, %2 ©Y2)
and

A®(X1,%)=(A®X,A QX))
for all (x1,x3), (¥1.y3) € R?Mz and all A e R.

We have found it convenient to introduce a special symbol to denote the extensions of the variables (x1,x;) € Ré-fz to
the whole of the space R? by putting

Xi=(x.%) = (i tanh™’ (x1/t1). t2 tanh™’ (x2/t)) € R2. (8)

We will consider functions f : Ra-tz — H of the form
f&) =fox) +ifi(x) +if(x) + kf3(x), 9)
where x 1= (X1,Xy) € R?sz and f; : R?pfz — R. Properties (such as h-continuity, h-differentiability, or h-integrability) ascribed

to f are defined coordinatewise.
We introduce the following quaternionic spaces, which will be of use in further discussion.

Definition 2.7. Let 1 < p < oo. The left-linear modules LP (R?ptz’ H) are defined to be the classes of all measurable H-valued
functions f defined on R?Mz such that |f|P e L (szrfz’ R), ie.,

LP(R? .. H) = {f:Rfm — H: (/Rz

t1.ty

1/p
|f(x)|pd,ut1,t2(x)> < o0 }

4
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where du, r, (x) = dite, (X1)d e, (x2) denotes the hyperbolic measure on R?Mz:

d X)=———"F"—"—.
Mty 6 (X) . @ 2
g)\U g
For p= oo, the space LOC(Rfl.rsz) contains essentially the bounded measurable functions f with norm | f|| =
ess Sup, g2 [ f)].
12

The primary space L2 (thlvfz’ H) is endowed with the usual definition of the left-quaternionic inner product

(10)

(f. g)LZ(Rf1_[2,H-H) = _/RZ FX) 800 dpaey 1, (%) (11)

1.t

for f, g e L? (Rf21-f2’ H). (It is a (left) quaternionic Hilbert space with the associated norm || f]| ®, ) = (f, f)zz/?th t ,H)')
’ 172

Definition 2.8. Let C* (Rf21~f2’ H) be the space of smooth quaternion-valued functions defined in betz. We further denote by
S(thliz’ H) the Schwartz space of all rapidly decreasing H-valued smooth functions on Rt21_t2:

RZ
xeRq 4,

S(R?,, . H) = { feC*(R, H): sup x93 fx)| < oo 1.

2B1+8
dhl 2

where o = (a1, ®y) and 8 = (81, B,) are multi-indices of non-negative integers such that x¥ = g‘f‘ g‘;z and Bff =g/
ax; 1 ox:
1 2

The hyperbolic partial derivatives 9, f/0x; (i = 1,2) in Definition 2.8 are constructed from (3) by

% fi®e€,x) - f(x1,%)
0X4 €

(X1, %) = lim
e—~0

and

ah f

fxi.xo@€) — f(x1.%2)
8)(2 ’

€

(%1, %) = lim
=0

For later purposes (see Section 4 below), a hyperbolic counterpart of Lebesgue’s Dominated Convergence Theorem for
quaternion-valued functions is given in the following theorem.

Theorem 2.2 (Lebesgue’s Dominated Convergence Theorem). Let {fn}32, be a sequence of measurable H-valued functions de-
fined in R%,tz' Suppose that

1. the pointwise limits f(x) = limy_. fn(x) exist a.e. on x € R?ptz’
2. there exists a nonnegative h-integrable function g : ]R?l_[2 — [0, oo) such that |fn(x)| < g(x) a.e.on x e Ré,rz and for alln e N.

Then f is in L1 (R%,rsz)y as is fp for each n, and

tim [ fa0din 0= [ 500 dae g 0.

ty.ty .ty

Proof. This is proved similarly to its complex version. Since |f;(x)| <g(x) a.e. on x e R%,[Z, for all neN, and g is h-
integrable, it follows that

[, 1h®lduae = [ g0duat < .

L) e
Hence, f, is h-integrable for each n. Similarly, | f(x)| = limp_ | fn(x)| < g(x) implies that f is h-integrable as well.
Now, since |fy(x)| < g(x) a.e. on R?Mz, for all n e N, then it follows that each component of fs, say fy; (i< {0,...,3}),
satisfies |f, ;(x)| < g(x) and limp_. f;;(x) = fi(x) for each i € {0,...,3} a.e. on R?],tz and for all n € N. The rest of the proof
follows from the Lebesgue Dominated Convergence Theorem for real-valued functions f,; € L! (R?ptz, R), and so

n—oo

tim [ i duge®) = [ f6)dpen (0,

t1.ty 1.ty

which establishes the statement. O

When tq,t; — +oo, the above theorem reduces to the corresponding result for quaternion-valued functions defined in
the whole space of R2 (see Kou et al. [21]).
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3. The partial QHLCTs and their properties

In this section, we introduce the definition of the right-sided partial QHLCTs and give their properties for functions in
L1 (R?Mz’ H). We further establish the Riemann-Lebesgue Lemma for the partial QHLCTs, which prescribes the asymptotic
behavior of these transforms, and the Plancherel and Parseval Theorems. Besides, a result will be proven that gives an
inversion formula for the partial QHLCTs. The treatment given here is a generalization of that considered by Kou et al.
[17] and Kou and Morais [18].

3.1. Definition

Partially motivated by the results of Ferreira and Morais [10], we will now introduce a four-parameter family of quater-
nionic hyperbolic plane waves on R;. (Only three of those parameters are free since there is a constraint involving the four
parameters.)

Definition 3.1. Let t1, t; € RY, and let Ay = (ay, by; ¢, dy) be 2 x 2 matrices of real parameters satisfying a,d;, — b,c, =1 for
k=1,2. For (w;,wy) € R? and (x1,x;) € er &y the four-parameter families {Kj‘1 (xl,a)l;ﬁ),th (X3, wy; ty)} of 1D quater-
nionic hyperbolic plane waves are defined by

_iogy

'Zb 5 ‘zb1 o H%l o b 0
Kot ={ i e ) bi#0 (12)
fel w28("1 dy wn), b, =0,

and
J;Jbzlz
. 2 x 9 2 [ 1+7 2
I(AZ(Xz,a)z;tz): ./z;rszelw2 Zele 2(1 22) . b2#0, (13)
Vo ol o} 3(xy —dy ), b, =0,

where § is the Dirac delta function. (Note that 1/vi=e 1%, 1/,/j=e %))
When by, # 0 for k =1, 2, it turns out that we can write (12) and (13) as

K
t T
& (@ + dyw? ~ Tk T Bea? Lo+ Sk w? (14)
K9 (X o t ) _ 1 eﬁ%(ﬂklﬂ' kwk)e ) _ 1 eq b, X ~ B Bkt 2, P
2, X, Ops ) = ——— = ’
k /2mbyq A/ 2mbyq

a 2 4 d,w?
where e (¥ 4@k) 4p pe interpreted as quadratic modulations in both the hyperbolic spatial and frequency domains.
Here g =i for k=1 and q =j for k = 2. (We will often adopt this notation throughout the paper.)

In the limiting cases by — 0, we use the well-known representation &, (x;) = ]/(ﬁ|p,c|)e*(&</Pl<)2 with p, =

(2byq/a;)'/?, combined with the fact that 1/a, — d, as b, — 0, to show that

2
1 Sk (x,— 2k Sk 2
K (X, i ty) = — '™ (J “k) % 7ac i
‘ Z”bkq
1 w, K g2
= —=30p, (&k - fk) e
vk ak

— \/aeq%“’f 8(x, —dywy) as by — 0.

When (ay, by; ¢, di) = (0, 1; —1,0), (14) reduces to the ordinary quaternionic hyperbolic plane waves (with regard to this
special case, see Ferreira and Morais [10]). From now on, we will omit the dependence of (14) on the parameters t, and
write sz (%, @) instead of Kg’ (Xk» Wi ).

When by, # 0 for k = 1, 2, these kernels satisfy the following differential relations

KkKZk (%, @y) = (dpy + qbkawk)sz (Xk, wi) (15)
0
872(1% (X, k) = (k@ — QO K] Xk 1) (16)

which are the hyperbolic analogs of the relationships verified in the Euclidean setting. Thus, it is possible to relate the
QHLCTs we will develop in this paper with quadratic hyperbolic quantum systems (see, e.g., Wolf [32, Sec. 1.2.2] for more
details).

The following proposition summarizes some useful properties of (14). (Many of these properties are similar, more or less
analogous, to the properties of the corresponding 1D quaternionic Euclidean plane waves in the QLCTs. For this reason, we
shall be brief and omit details unless essential differences in statement or proof make the contrary necessary.)

6
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Proposition 3.1. Let A, = (ay, by; ¢, di) be 2 x 2 matrices of real parameters satisfying aydj, — byc, =1 with b, #£ 0 for k=1, 2,
and let tj e R* for k=1, 2. For wy, § € R and X, yi € Ry, we have
(i) ng (X, w) = ng (g, xy), where By, = (dy, by; ¢, ay),
(ii) ng (©xy, wy) = ng (Xg, —wy),
(iii) ng (O, —wy) = ng Xk, @),
)

(iv) K3 (k. @) = K& (% ), where Gy = (@, —by: —cy. d),

di Y 2
/27h a( ps @1k — 75X
(V) K g o+ &) = ”’<1<,§’k(xk,wk)lgg'k(xk,ék)e(bk S )

V=4
a d )
) JZ7h q(bf"mg; 2 )
(Vi) K§ (X ® Yi 0p) = Y55 K§ (X, 0K (e ) €\ Pk,
9 2 1 d 2
1 eq(mxkfﬁkawrmwk)

(vii) Lim KI (x, wp) = ———
oo AT g
(viii) fRfk I(Xk (xk,Xk)ng(&{, wp) ditg, (V) = ngAk (xg, wy), where DA, corresponds to matrix multiplication.
Proof. The first five properties can be directly verified using Definition 3.2. To prove Property (vi), we consider x,/t, =
tanh(oy) € (—1,1) and y,/t;, = tanh(B;) € (-1, 1). On account of the addition formula

tanh(ay) + tanh(By)
1 + tanh(ay) tanh(By)

and the fact that
(1/va) " =1/v=4. (17)

we readily get

= tanh(ak + :Bk),

1 (2 2 (e +B)? — 1t (ot Bowy + s w?
V2mbyq
q d / a q
1 eq(ﬁ“kgﬁ - ﬁxiwk+ ﬁ“ka)f) 27 by, 1 q(ﬁﬁ—bikkak-F ﬁlk)j()

/2mby q v=a ,/ankqe ’

from which the statement follows. Property (vii) is based on the following limits computed using L'Hopital’s rule:

. _ . X
lim t tanh™ (x/t) = lim —%_ = x,.
ty—+o00 ty—+o00 1— )Lk
&
To prove the reproducing property (viii), we first extend the definition (14) of the hyperbolic plane waves I(gk (xy, wy) from
(xk, wy) € Ry, x R to the whole space of R2. The rest of the proof follows the same reasoning as in the Euclidean case. O
Due to the non-commutativity of the quaternions, different formulations are possible for the partial QHLCTs of
quaternion-valued signals. We introduce the following definition, which gives the hyperbolic relativistic counterpart of the
right-sided Euclidean partial QLCTs introduced in Kou et al. [17]. (The derivation of the left-sided partial QHLCTs is also
possible, but we do not dwell further here on this structure.)

Definition 3.2 (The right-sided partial QHLCTs). Let Ay = (ay, by; ¢y, dy) be 2 x 2 matrices of real parameters satisfying a,d; —
bycy =1 for k=1,2, and let (w;, w,) € R2. The right-sided partial QHLCTs of f e L! (Ra,tz*H) are defined as
£ (D@rx2) = [ FGa K (. 01) dpan () (18)
4
and

B, (NG w2) = [ a5k, (o, 02) dya, (). (19)

Here Kz’ (X, ) for k=1,2 have the same meaning as in (14). We refer to (x;,x,) as hyperbolic space-variables and
K
(w1, wy) as angular-frequency variables.

Notice that when b, = 0, the partial QHLCTs reduce, respectively, to

qd

‘C,iq](f)(wlsxz) = f(dq a)l,xz)\/aei ot

and

£ (F) (o, @2) = f(x1.dy ) /dy 655



J. Morais and M. Ferreira Applied Mathematics and Computation 450 (2023) 127971

which are essentially chirp multiplications and are of no particular interest for the objective of this work. Therefore, from
now on, we shall confine our attention to the cases by # 0.
According to Definition 3.2, since

1
/270 by |

for all (x1,%y) € R?],tz and (w;, w;) € R?, it follows that if f e L! (R%ptz,H), then the partial QHLCTs are well-defined, and
the integrals (18) and (19) converge absolutely. )

We shall observe that the factors in (18) and (19) must be written in a fixed order since the kernels Kfi‘1 and Kj‘z do not
commute with every element of the quaternion algebra.

The particular cases when A, = (0, 1; —1, 0) yield the following result involving the basic properties of the partial Quater-
nion Hyperbolic Fourier Transforms (hereafter referred to as the partial QHFTs). (Although the proofs of the statements can
be found in Ferreira and Morais [10], we will include them for completeness.) Applications of these properties will be given
in Section 4.

|f (%1, x2)K} (xe, )| =

|f (%1, %2)] (20)

Proposition 3.2. Let (w1, w,) € R2, and let the right-sided partial QHFTs of f € L (R?ptz’H) be defined as

F(f) (@1, %) = [R FOa, x)e O dpg, (1), % € Ry,
|

(21)
Ao = [ foaxeion dug (), x <R,
bl
The following properties hold:
1. (Partial h-derivatives) Let m,n e N. If f ¢ S(szptz’ H), then
fi(%f(xl,XZ))(wl?XZ) = F(f) (w1, %) (fw1)",
fj(%f(ﬁﬂz))(xh wy) = F(f)(x1, @2) Gwa)".
2. (Riemann-Lebesgue Lemma)
F()(wr,%) = 0 as |w;| - oo
for all x, € Ry,, and
Ff)(x, w2) > 0 as |wy| > oo
for all x; € Ry,.
3. (Inversion) For a.e. on (x1,X;) € R?ptz,
N | . 1 . .
feax) = (F) [FD]eax) = 5 /R FL(f) (@1, %2)e" % day, (22)

whenever the integral exists. A sufficient condition for the integral to exist is that Fi(f) e L' (R x Ry, , H). (A similar statement
holds for the transform Fi(f).)

Proof. Bearing in mind that
ah iw 5 i
e loiX — o, e 11X 23
8X1 1 ( )
then, by induction, for f e S(R%.tz' H) the integration by parts formula (7) yields
s

am . . .
/J;Q[l (E))’;T f(xl,X2)> e tidy, (%) = ()™ /};{[] f(x1,x2) <3X,]ﬂ€_'w‘x1> due, (%1) = F(f) (w1, %2) (iw)™.

The second equality can be established analogously.
We now prove Property 2. Using the change of variable

X +T/wi =y, S Y1=X®T /w1,

where

7?7&; =t tanh(nﬁw])

1
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direct computation shows that

—iw, (51 +2-

F(f)w1,x) = —/}R fx1.x2)e “”)dun (x1)

= 7/ f(y1 e%w;)e’iw% dpee, (1)

1

Therefore,

2|7 () (@r.x0)| = ‘ /R | (Feax) = f(x1 o701 ) Je o dpu, (1)

S /
Re,

Since f e L! (Rfl'tz, H), by dominated convergence theorem, it follows that

dite, (x1).

f(x1,%) —f<X1 9;76_0/1,9(2)

lim F(f) (w1, %) — 0

|1 |00

for all x, € Ry,, which establishes the statement.
By inserting (21) into (22) and using the relation §(x; *X1) =48(x1 —y7), it follows that

1 . . 1 .
g [P D@ don = [ S (5 [ e ndon)di, o0

:/R FOr %208 —y,) dute, (1)
= f(x1.%2),

which proves Property 3.
This completes the proof of the theorem. O

Remark 3.1. It shall be noted that Property 1 remains valid whenever f ¢ L! (R?ptz’H) and the m-th partial h-derivative of

f with respect to the variable x; (resp., the nth partial h-derivative of f with respect to the variable x,) exists and is in
L'(R? ,  H).
1:%2

We are thus led to the following remarkable relationships between the partial QHLCTs and the partial QHFTSs.

Lemma 3.1. Let A, = (ay, by; ¢, di) be 2 x 2 matrices of real parameters satisfying a,d, — byc, = 1 with b, # 0 for k=1,2. If
fell (thl’tl’ H), then

i i 1 sy (7 oL 2
Ly (f)(w1,%2) = F'(f(xl,xz) —e ”)(*’?Q)e By (24)
' 27 bii by
and
£, (N0 w2) = A(fou.x) Lé%ﬁ)(xh 2o (25)
’ /27bsj b,

Proof. By the definition (21) of the partial QHFT of f ¢ L! (R%,tz’ H), we have, as is easily seen,

i 1 P2\ _i%ly i 4L 2
g (@) = ([ (Feax) s e )e 50 dp, () ) 5
A R, V/2mbqi t

. a . d
1 e’ﬁﬁ) (ﬂ,h)e'ﬁ“’%,
27 byi by

An argument similar to that used leads to the statement for L’;‘Z f). O

=]:i<f(X17X2)

3.2. Properties, Plancherel’s Theorem, and inversion formula

In this subsection, we study the elementary operational properties of the proposed partial QHLCTs, which will be used to
establish the properties of the right-sided QHLCT in Section 4. In the following considerations, we again assume that bj, # 0.

9
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Proposition 3.3. Let f ¢ L! (Rt o B, and let (x1,%2), (y1,¥2) € R?m' (w1, w3), (61,6,) € R2, and A1, Ay € R\ {0}. Then
1. (Hyperbolic translation)

i, (fea @y1.%))(@1.%) = Ly ())(@1 +ary, x)e o (@n3n),
L (f@x1,%@2)) (1, w2) = Ly (F) (%1, 02 + a2y, e (@t 35).

2. (Modulation)

£ (f.x) €450 (1, %2) = L4 (f) (@1 — b1, xp) e 767 eldifron,
£J (f(x1 X2) el xzez)(xl wy) = L:J (f) (X1, Wy — by6) e Bh g2 eldabrwr

3. (Hyperbolic dilation/scaling)
4,1 o) @) =y £, (5 (5.30).
L (122 ®%2)) 041 02) = iy 32(f)(><1, ).

where By = (ay/A2. by: Cy. dg)?).
4, (Symmetry)

‘C,ifh (f(@X1 , Xz))(a)1 s Xz) = ,C}‘] (f)(_a)] , XZ),
o (f(xa.0x)) (1. @2) = £ () (1. —wn).
5. (Additivity)
Ly, (£3,)(N) = fm ).
£y, (£h,) () = L, (-
6. (Reversibility)

ch, (L) (h =L (Lh ) (H = 1.
o (2 )(f) ( BIGENE

7. (Partial h-derivatives) Let m,ne N. If f S(Rt1 ty° ,H), then

i o o 1 i2Ly2 w P9 2
m el — Fi| _h_ 126, %1 1 _hi\M el @i
2] ﬁAl(f)(a)lsXZ)—}—(ax;n (f(xl.xz) 27'[b1ie ))(bl ,Xz)( bi)"e ;

8 1 '57235 wy N ';Tzz(ug
wh (N, wz)_fl(a n(f(x1 xz)\/me' 2 ))(Xl’bz)(_bﬂ) @2,

8. (Riemann-Lebesgue Lemma)
Ly (H(@1,%) > 0 as |w| - oo
for all x; € Re,, and
£ (1, @2) > 0 as wp| — o0
for all x; € Ry,.

Proof. The first property follows by using the change of variables x, @ y, =z, for k= 1,2 (which are equivalent to x, =
Z, ©Yy) together with the hyperbolic translation invariance property of the hyperbolic measure (10) and Property (vi) in
Proposition 3.1.

Property 2 follows directly from the definition. To prove Property 3, we make the change of variables A, ® x;, =y, for
k =1, 2 (which are equivalent to x;, = (1/A;) ® ¥}.) Since

|}\k| < _ yfk)
cosh? (M tanh™’ Bk/te)) t2
gives the Jacobian of the change of variables, then by direct computations, we obtain

1 1
d/‘l’tk( ®y7) = mdl‘l‘tk(yk)ﬂ

which establishes the statement.
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The property of symmetry follows from the previous one.

Now, we prove Property 5. We can naturally extend Definition 3.2 of partial QHLCTs to all functions in L' (R2, H) so that
a composition of two transforms can be made. With regard to this fact, we combine Fubini’s Theorem and Property (viii) of
Proposition 3.1 to obtain

b (C,iq1 (f) (w1, Xz))(a)l . X2)
= [ £ (D% K 000 diag 1)

-/ RCED (f 03K, 000 Ao 0 ))dia G)

= Lja, (N (@1,%).

A similar computation can likewise be used to prove the Property of additivity for the other partial QHLCT.
The Property of reversibility is an immediate consequence of the Property of additivity.
We now prove Property 7. By (23), for f e S(]Rt 5 ,H), the integration by parts formula (7) yields

191 2 om 1 .91 42 .
Aok (f(xl x2) =5 ) @r.30) = [ (e (F01.%0) <= @) e dug ()
v/ rrb11 R, \0X] 2 bqi

. a m
1 : elﬁﬁ ( ah e-ixion )dﬂ'h (x1)
1

= 0" [ ) e

= F(fexi) % ) (@1,10) 0", (26)
1

27'[1

By combining (24) and (26), the statement follows.
For the proof of the Riemann-Lebesgue Lemma, we use a density argument as in the classical case and assume that both
f and (38;,/0x;)f are h-continuous with compact support. Obviously, such functions form a dense subspace in L! (betz, H).

By assumption f e L! (]Rt1 t,» H), then

FG1, %) ———— 3% ¢ [V(R? , H).

\/27Tb1l

Combining Lemma 3.1 and Proposition 3.2, direct calculation leads readily to

|E,iq1 (N (w1, %) = )]—'i<f(x1,xz) \/%b]iei;;]ﬁ)(?: xz)’ -0

as |wq| — oo. Hence,
lim £} (f)(w1.%) =0
oy >0

for all x; € Ry,.
Now, for any given € > 0, we approximate f e L! (Rt & ,H) by a compactly supported and smooth function f.. We choose

such an fe so that || f — fe ||L1(R? L) S€ By (20), we ﬁnd
12

fe (X1, Xz)Kfi\] (x1, w1) dpg, (x1)

Ry,

lim sup |24 (f)(@r.x)] < li‘rgw) / (f(m,xz)—f€<xl,xz>>1<z,(xl,wnduh(xn\+ lim

|w1]—00

1
< ———c¢
V27 by
for all x; € Ry,.

Since this holds for any arbitrary € > 0, the statement follows. (A similar statement can be proved for L‘fqz (fH.) O

Now we establish a Plancherel formula for the partial QHLCTSs, which shows that lljh (f) and 4\2 (f) are unitary operators

on [2(R x Re,, H) and 12 (R¢, x R, H), respectively. (We shall return to this result in Section 4, where it will be used to
establish hyperbolic counterparts of the Plancherel and Parseval Theorems for the right-sided QHLCT.)

Theorem 3.1 (Plancherel Theorem for the partial QHLCTS). Let A, = (ay, by; ¢, dy,) be 2 x 2 matrices of real parameters satis-
fying aidi — b = 1 with b #0 for k=1,2. If f,ge L' nL*(R? ., H), then

(f. g)Lz(Rfl_tz,H-H) = (ﬁ,iq] (). E}h @)z @xr,, 1) (27)

1
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and

(.82, m = (Ch, (P L, @2, xks)- (28)
In particular, if f = g, Parseval’s identities read as

1 llizcez oy = 16k, (D iz (29)
and

1z, sy = N2, (D) iz ey (30)

Further, the map f l:j%1 (f) (resp., fr Ef;‘z (f)) has a unique extension to a continuous linear map from L2 (]R%]IZ,H) into
L2(R x Ry, H) (resp., L>(Re, x R, H)) and (29) (resp., (30)) holds, whenever f e L? (thlvtz’ H).

Proof. Combining Fubini’s Theorem with the definition (11) of the quaternionic inner product, we obtain
(ﬁ,iah N, 5341 @) (Rx Ry, H)

:/R fﬂﬁl(f)(wvxﬁmdw]d%(m

= / F(x1,%2) ([ I,Li;] (x1, wl)Kj\l 1, w1) dwl) g1, x2) dpte, (Y1) d e, 1, (X1, X2)
R2 Re, R

.t

l 9 22 _i01 _ -
= m/l; /R Fxy, %) €2 ™ X”(/Re i 0 mdw1>g(y1,?<z)dur] W1)d e, 1, (X1, X2)
ty.t G

i3 (x2_y2 R
= [ ([ foax) @550 8, <) dus () )0 w2 i, 01 ). (31)
.ty ty
Bearing in mind that
8y, — %) =81 —x1), (32)
it follows that
s 2 2
A Fx1, %) 7 4D 8y, —x) dpe, (x1) = f(y1.X2). (33)
ol

Now, putting all these facts together, we can simplify (31) to
(L";\l (f)v ﬁ;h (g>)LZ (RXR,»Z‘H) = ./]Rz f(J’1 s XZ)g(yl s X2> d/’Ltl,fz (J’1 s XZ) = (.f’ g)L2(]R[2].[2,H)‘
ty.ty
For the second part of the statement, we shall first notice that the left-linearity of the map f+— 1221 (f) on the whole
of L'(R x Ry, H) follows from the linearity of integration. Now, we prove that the map is one-to-one. Suppose that f,ge
L'nI? (Rt21-tz’ H) are such that £} (f) = £}, (g). Then £}, (f —g) =0 by linearity, so ||} (f *g)”LZ(Rxth.H) = 0. Hence, by
. . 5

Parseval's identity, || f —gll, (Rgl,tz’ﬂ_j) =0, and so f =g a.e. on RE r,-

Now, let f be in L2 (Rfﬁz,R) but not in L' N L2 (szptz’ R). Since L' N2 (R?ptz’ R) is dense in [? (szptz’ R), there exists a
sequence (f); e L' nI? (IR{?1 t,» R) such that [|(f); — fll;2z2 &) — 0. By Parseval's identity,

’ 1.ty

(2, (1) = (Ch, (DDl 0 = 155 = Dl s,
and hence (Ei‘] (f)); is a Cauchy sequence in I%(R x Re,. H) that converges to some function in I%(R x Re,. H)), which we
still denote by LLI (f). Then we have

128, My ). = 2R, () iy )= N, = W s,
Finally, let f e 2 (Ri,[st)- The previous argument can be extended to every component f; of f in (9) and, hence, £j‘1 €
I2(R x Re,, H). The statement is thus established. O

The following preliminary result will be useful to prove the inversion formula stated in Theorem 3.2. (Such an approach
to the inversion differs from that used in Ferreira and Morais [10].)

Lemma 3.2. Let b, (k=1,2) be positive constants. Then

. e N2 Sil’l(bgy ) G 2
lim 97 =y, K=k d/’Ltk W) =7 el X
a—>00 IR[k Xk
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i 2
Proof. A first observation shows that the QHFT of the function f(x;) = e 211 exists in view of the fact that

12
i g . . a . . b
/ elﬁﬁ et dp (%)) = / elizf e-ion gz, — 2mbqi eilﬁwi.
R R a

1
But since

coosin (& .
/ e loix M dl"’f] (yl) — bil / e—l%lwﬂ-l] SinC(lh)dU] — b]l rect(blwl)’
R a Jr o o

Gl Exl

gl

where rect is the rectangular function given by

tbl B 1, if |w1| <a/by,
ree (E“”)‘ 0. if || > a/by,

we have, after applying the convolution theorem,
in(e
lim eizuTll(&] -,)? Sm(bl ¥,

o—>00 R
1

due, (V1)
74

; i1 i (plae i(ine( % «
= dim (F)TF ) (@) Fsine(gy,)) (@n)] () 3
= 7 (F)FE ) (@1)]()
— el
This establishes the lemma for k = 1. An argument similar to that used leads to the statement for k =2. O

We now derive an inversion formula for the right-sided partial QHLCTs. The result shows that the kernels of the inverse
transforms are obtained from the kernels of the forward transforms by replacing the matrices Ay = (ay. by: ¢, di) with A7! =
(dg, —by; —ck, ai). (In the large limits of t; and t,, i.e., t1, t; — +oo, the inversion formula reduces to the corresponding result
for the Euclidean right-sided partial QLCTs; see [17].)

Theorem 3.2 (Inversion theorem for the right-sided partial QHLCT). Let A{ = (ay, by; ¢1,dq) be a 2 x 2 matrix of real parame-
ters satisfying a;d; — byc; = 1 with by £ 0, and let f e L! (Rgpfz’H)' Suppose that f is h-continuous except for a finite number of

finite jumps in any finite interval and has the self-averaging property f(x,y) = (1/2)(f(xT,y) + f(x~,y)) for all (x,y) € R?l_tz.
The inversion formula for the right-sided partial QHLCT is

fooy) = lim [ £, (D@1 K (@110) doy (34)

for every xy and y where f has finite left and right partial h-derivatives, whenever the integral exists. In particular, if f is
piecewise smooth (i.e., h-continuous and with piecewise first-order h-continuous derivatives), then the formula holds for all xq €
Re, and uniformly in y. Further, if £} (f) € LY(R x Re,. H), the inversion formula (34) takes the form of the absolutely convergent
integral

F0.9) = [ £, (D@1 9)K} @1,30) doo.
(A similar statement holds for the transform 4&2 f).)

Proof. Let Xy € Ry, be a fixed number and assume without loss of generality that b; > 0. By (18) and Fubini’s Theorem,
direct computations show that

0.y = [ £, (D@19KL @1 %) don

-

o . .
=/ (R f@1, Ky, (21,601)thl(Z1)>K,;;1(O)1,X0)d0)1

- [ ([ K, @ 00)K) @130 don ) dp 21)

—a

i i b: - Z . a
(/ fz1.y) el A w dyue, (Zl)>eflﬁ§g
R

1 ia—l(zz—xz)[a i 2L (xg—2) )
7 2, (Z1—X5 5 o2 g d 7
/Rt] f(l’y)<2nble 1 e wy )dpe, (1)
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2

1 o
)i

+(/ E
=— fxoou,y)e® =
T \Jry, Uy

From Lemma 3.2, it follows that

t a sin (&Zu . a
% < A 1 f(xo0U1,Y) e'ﬁ%#’ )’ 7(11’3’ 71) dpue, (m)) eflﬁgg — f(XE’}’)
2 rt B $90 oy SIN (1) Lo
= n( /0 (fxoour.y) — f(xg.y))e ™ Qi () Je % (35)

as o/by — oc.
We proceed by splitting the integral on the right-hand side of Eq. (35) into three terms:

B _ - L 2 sa
2 ([ (D00 td) = F OV Yt i (4, Vi (a5

b4 U,

1 o
eizaTll (Xo—Uy )? Sln( EH] )

2 f —igl 22
+ —( fxoour,y) due, (u1)>e %%
T\

u
1 b oy y2 SIN(EUy) Lo
- Ef("(})’)(/g A T e du, (u1)>e 1%
1
=L+5L L.
Taking account of
b oy SINGEL) b o (x-ty,) siny
/ gm0 0L g (uy) = / gt (o n) SNV g (36)
! u = ®h 14}

as o/b; — oo, we find that the term I3 tends to zero as b; > 0 and « — oc.
Now let € > 0 be given. Since f e L' (thl.tz’ H), there exists a number B; € R, such that

2 (b
*/ [f(xo @ ur. y)ldue, (ur) < €.
T Jg
Thus, it follows that the term I, is bounded:
2/ (h i1 (x,
I = )*</ T
TN

20
<
~ by B

2

sin(g-uy) i
+ d,un (u1))e I3, %0
=1

ty
|f(xo © u1,y)|dpe, (uyg).

1

Now, we see that the function in the term Iy,

fxoour,y) - f(xg.y)
Uy

g(uy,y) =

is h-continuous except for jumps in the interval (0, 1) x Ry,, and it has the finite limit

. fweu.y) - f(xg.y) of
+ _ 0 _
8(0".y) = lim m =5 (X0, ¥)-

This means that g is uniformly bounded in y and thus is h-integrable on the interval. By Property 8 of Proposition 3.3, we
conclude that I; — 0 as B — ty.
All this together gives, since € can be taken as small as we wish,

1 o
E(/[l fxoour,y) eizﬂTl](&’_Hl)z LH(E%)
T \Jo ’

as o/by — oo.

A similar argument also implies that the corresponding integral over the interval (—t;,0) tends to f(x3,y) uniformly
iny.

By taking the mean value of the two results, the statement of the theorem is completed. O

D dpag () ) s x.)
=1

4. The right-sided QHLCT

In this section, we introduce the definition of the right-sided QHLCT associated with two-dimensional quaternion-valued
signals and study some of its elementary properties, such as the Riemann-Lebesgue Lemma, the Plancherel and Parseval
Theorems, and an inversion formula.
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4.1. Definition and properties

The right-sided QHLCT, which gives the hyperbolic counterpart of the corresponding Euclidean right-sided QLCT [17], is
based on two distinct families of 1D quaternionic hyperbolic plane waves of the form (14), each depending on a different
quaternion basis unit (an essential feature to maintain the separation between the two dimensions).

Definition 4.1 (The right-sided QHLCT). Let A, = (ay, by; ¢k, di) be 2 x 2 matrices of real parameters satisfying a,d, — bic, =
1 for k=1, 2, and let (w;, w,) € R2. The right-sided QHLCT of quaternion signals f are defined as

Ja2 O3 (00K (0, @2) djte, 1, (%1.%). by by # 0,
\/Ethz fldiw1,x2) ei#wﬁé\z (X2, w2) dpde, (X2), by =0,b; #0,

(N1, ) = . - (37)
Fitny Vo fr, f1. dawp)KY (X1, 1) @753 dpug, (x1), by #0.b, =0
Vdid; f(dyooy, dyoy) €5+ @ el 20, by =by =0
Here Kq (xk, wy) for k=1,2 have the same meaning as in (14). A sufficient condition for the integrals to exist is that f e

LY (RE o, HD).

The following lemma shows that the right-sided QHLCT separates a real signal f into four quaternionic components, i.e.,
the even-even, odd-even, even-odd, and odd-odd components of f.

Lemma 4.1. Let A, = (ay, by; ¢, di) be 2 x 2 matrices of real parameters satisfying a,d; — b,c, = 1 with b, # 0 for k=1, 2. The
following closed-form representation of the right-sided QHLCT of a function f € L! (Ri,rsz) holds:

£d 4 (D@1, @)

=5 /H i fx1,%) —— \/7 (Zabl]ﬁ— %Kla)l +2dt;1w%) cos(zaleX% b]xzwz+ ):)zjd//vtl,tz(XLXZ)
+ % /IR?M f(x1,%2) \/:)7 sin (;blle—;x]col + zdt:]w%> cos (;bzzx% bl T ) :72] die, ¢, (X1, %2)
/[1 N f(x1,%) — \/7 (;I;]X%—bl&w + zdl;w%> sin (;bzzx b, 2@+ 5 ) \/:)7] dike b, (X1, X2)
ftl . fxi1.%2) \/Tsm(ZaI; X3 bl—]&lw] +2dbl]w%> Siﬂ(zabz % b]xzwz+ d: )\/Ldll«n 6 (X1, %2).

(38)

Figure 1 shows some of the basis functions of the QHLCT in the hyperbolic spatial domain. The frequency parameter is
modified from image to image.
A relationship between the right-sided QHLCT and the right-sided partial QHLCTs follows.

Lemma 4.2. Let A, = (ay, by; ¢, dy) be 2 x 2 matrices of real parameters satisfying a,d; — byc, =1 with b, #0 for k=1, 2,
and let (wq, w,) € R2. The right-sided QHLCT of a function f € L! (Rtptz’ H) is obtained from the composition of two right-sided

partial QHLCTs of f as follows:
£y (D@1, @) = £, (£ () (@1, ). (39)

Proof. According to Definitions 3.2 and 4.1, direct computation yields to

£y (D@, )

:/R (R f(x1,xz)1<,ih(x1,an)duf1 (x1)>1<jb(x2,w2)dﬂf2(><2)

= [ £ (D@ 0K, (o 02) e, ()
=2, (4, () (w1, 02).
O

The following proposition describes the fundamental mapping properties of the right-sided QHLCT. (We assume here that
b, #0 for k=1, 2 as before.)
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A
w2

Fig. 1. The small images are intensity images of the basis function of the first component in (38), up to the dilation and phase factors 1/,/bqi and 1/,/b,j,
with parameters t; =20 and t, =10, A= (5,3;3,2), w; € {n/2,27}, and w; € {7 /4,87 }.

Proposition 4.1. If f e L! (]Rt1 ,H), then

&’
1 1:'(/{ ) is bounded and uniformly h-continuous (and hence a measurable function).

> (Rlemann Lebesgue Lemma)
. ij )
lell\r_r}oo £(A1 ,Az)(f) (w1, w) =0
for all w, € R, and
. ij )
Jm L, (D@1 @) =0
fOT all w1 €R.
Proof. In view of Definition 4.1 and (20) it follows that

e Vi (40)
\/|b1b2| H

which shows that the transform is bounded. B
We pass now to the uniform h-continuity of E'('}h Az)( f). Since h-continuous functions are uniformly h-continuous in

|‘C(A| AZ)(f)(a)lv C02)' =

compact sets, it suffices to show that L’( A )( f) is h-continuous at every point (w1, ;).
Direct computation shows that

‘cl(;lh,lqz)(ah + p1, w2 + 102) - L'(‘/{IYAZ)(wl, 602)

/ fx, Xz)( (X1, 01 + ,01)1(,{\2 (X2, w2 + p2) — K/i;l (%1, 601)1(,];\2 (%2, w2 + pZ))d/Ltl,tz (%1, %2).
t1 ity
For any pq, p5 > 0, the integrand is dominated by a constant multiple of |f(x1,x,)|. Now, since the factor inside the paren-
theses tends to zero, by Theorem 2.2, we find
; ij ij _
pJIpIZ'ILO(E(Al‘AZ) (Cl)] + L1, W2 + )02) - E(Alez) (C()], wZ)) =
This establishes the statement of uniform h-continuity.
For the proof of the Riemann-Lebesgue Lemma, we use a density argument similar to Property 7 of Proposition 3.3 and
assume that both f and (0,/0x;)f are h-continuous with compact support. Such functions form a dense subspace in
! (Rq t,- H). Combining Lemmas 3.1 and 4.2, we find the relation

£ (D@1 @2) = F( L) (N (@1.3) ——— \/_ ) (. G2 ) (a1)

16
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Since f e L'(RZ . H), then

£ (f)(@1.%) &7 ¢ [\(R x Ry, H)

1
/21 byj
for b, # 0.

Now, according to Property 2 of Proposition 3.2, it follows that
123, (D@10 = |7 (L, (D@1, xﬁﬁe'wz"z)(w], )| ~o
as |wq| — oo. Thus,
llm 5‘(2‘1 ap(D(@1,02) =0
for all w, € R. Similarly, we can prove that
Jim £ (P @) =0

for all w; e R.
For any given € > 0, there exists a function fc in the above-mentioned dense class, such that

If— fells ® ) =€

Thus, under these conditions, by (40), we obtain

£ 4 (D@1, )] <12, (f) (@1, @) +3 If = Fell ez,

7T/ |b1b2|

1

—F €
27T/ |b1b2|

On account of the result just proved for the density class, it follows that

llm |l 1

(w1, )] < ———¢
() T o = /by

for all w, € R. Since € is arbitrary, we have

Jim £, (D (@r.w2) =0

Stoo (A1

< |E(A Az)(fe)(a)l,a)z)| +

for all w, € R. Similarly,

lim £U A)(f)(wlva):O

Wy — %00 (A

for all w; e R.
This furnishes the complete proof. O

We will now derive the Plancherel Theorem for the right-sided QHLCT. It states that the quaternionic inner product of
two quaternion signals is independent of the domain of description (hyperbolic spatial or frequency). The primary tool of
the proof is Theorem 3.1.

Theorem 4.1 (Plancherel Theorem for the right-sided QHLCT). Let A = (ay, by; ¢k, di) be 2 x 2 matrices of real parameters
satisfying ady, — by, = 1 with by £ 0 for k=1,2. If f,ge L' N2 (R%pfz’ H), then

(f’ g)LZ(]R[ZIJZ_H-H) < (A1 Az)(f) ‘C(A1 Az)(g)>L2(]R2,]HI)~ (42)
In particular, if f = g, Parseval’s identity reads as
”f”Lz(]th1 ”‘C(/.\1 Az)(f) ”LZ(RZ.H)' (43)

Further, the map f+> L(A 4y (f) has a unique extension to a continuous linear map from LZ(RtZ]IZ,H) into [2(R2,H) and
(43) holds, whenever f e L2 (Rt & B

Proof. Let f,ge L' nI? (Rt1 t ,H). According to the definition (11) of the quaternionic inner product and using the identities
(32) and (33) Fubini’s Theorem and Theorem 3.1, we obtain

(£ (A1 Az)(f) ‘C(A] ) (&) 12(e2 1)

17
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/Rz /1;2 / fa.x2)K} (x1, cm)(K’ (xz,wz)m>

t6 Y RE g

x 81, Y2)KE (1, @1) djde, 1, (%1, %2)dhey 1, 01, Y2)drdeoy

// / fla. %2)K} (%1 w1)(2 b, e (4% / ﬁ(&_&)dwz)
fl 2 L) R

X g(ylayz)l,q1 V1, 1) dpte, 6, (%1, X2)d e, 1, V1, Y2)don
// / ( fa. %K}, (xl,w1)ejﬁ(g*¥§)8(zz—&z)dﬂtz(xz)>
R, \JR,,

t1 U]

><g(yl,}’2)1<fi\1(Vl,wl)d,un(X1)er1.r2(V1,J/2)dw1
- / f ([ foay2K, G 00 dug ()
R JR;, \JRy,

< ([ 203K G0 duae o)) dp, 02)dey

= <£§4] o, [:,iql (&))@ m)
=(f. g)LZ(IRENZ.lHI)'

From this point, the statement that the right-sided QHLCT can be extended uniquely to the whole of [2(R2, H) follows the
same way as in the proof of Theorem 3.1. This completes the proof. O

Parseval's identity (43) shows that the total energy of a signal f(xq,x;) can be obtained by calculating the energy in
the hyperbolic spatial domain or in the frequency domain. As the signal f and the spectrum £l(;:1~ Az)( f) contain the same

amount of energy, the law of conservation of energy applies to the right-sided QHLCT.
4.2. Inversion formula

We now derive an inversion formula for the right-sided QHLCT, which includes the corresponding result of Ferreira and
Morais [10] as a particular case. (This is proved in a similar manner as in Hu and Kou [20], but it is necessary to employ
the definitions (18) and (37).)

Theorem 4.2 (Inversion theorem for the right-sided QHLCT). Let A, = (ay, by; ¢, d) be 2 x 2 matrices of real parameters
satisfying a,dy — byc, =1 with b, #0 for k=1,2, and let f el (Ra.rsz)- The inversion formula for the right-sided QHLCT
given by (37) is

Fox) = [ 28, 4y (D@1, 02K, (@2 K (@1.%0) dondoy (44)

for ae. (x1,x3) € R[ . whenever the integral exists. A sufficient condition for the integral to exist is that £(A 4y )(f) e L'(R?, H).

Proof. Since by assumption f e L! (]Rt1 £y ,H), then Ejh (f)ell (Re,, H) (of the variable x; € Ry,.) This implies that

£ (F) (@ %) I 1182 ).

/21 byj

Now, since ll(A p )(f) e L1(R2, H), by identity (41), we find

AL, (@) L2V e 1 @2 m)

L

Moreover, by the inversion of the right-sided partial QHFT (22) and using (41) again, it follows that

£ (f)(@1.%2) _ 1 2

J2mbs

= 525, [ P (B D wr)——— T &) (en 52 ) 8% don

27Tb / (AIA)(f)(wl w;)e J(T“’Z‘E‘UZ&) da,

for almost every x,.
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With these computations at hand, together with (17), we further obtain

L’iq‘(f)(wl’xz) :/11; :\ A )(f)(wl wy)e” (2”2w2 g 2t 7y xz)mdwz
= [ £y (D@1 02K, (@230 doy (45)

for almost every x,. .
Now an argument similar to that used above, in combination with (24) and the fact that E;h (f) € LY (R, H) (in the vari-

able w1), give after some simplification

1 o x2 l(zdb i-g “’1"1)
f(XLXZ)\/Zib' T 27Tb /CAl (f)(w1,xz)e 1 1 dw,.
TTD11

As a consequence of the last equality, from (45) and Fubini’s Theorem we obtain
Fex2) = [ £, (D@1 %KL @13) dox
= [ £l ap (D@1 02K @2, 52)K s (@1, ) dondaoy

for a.e. (xq,xy) € RMZ, which is the inversion formula (44) for the right-sided QHLCT. (Here the interchange of the order of
integration is permitted since the integrals converge absolutely.)
This establishes the statement. O

In the large limits of t; and t, t{,t; — +oo, the inversion formula (44) reduces to the corresponding result for the
standard Euclidean right-sided QLCT; see Hu and Kou [20].

4.3. Hyperbolic differentiation properties

In this subsection, we derive some equalities between integrals in spatial and frequency domains involving the hyperbolic
spatial differentiation property of a quaternion signal f and the right-sided QHLCT of f, which will be used to establish the
hyperbolic counterparts of the Heisenberg uncertainty principle for the proposed transform. (For the proof, we use the
techniques of Theorem 4.1.)

Theorem 4.3. Let A, = (ay, by; ¢, d) be 2 x 2 matrices of real parameters satisfying a,d; — byc;, =1 with b, #0 for k=1, 2,
and let f e I (Rt ). I (3/0%,) f exists for k=1,2 and is in Lz(Rt 1,0 H), then

Joet
Joet

Proof. We only prove (46). (No other modifications in the argument are necessary to establish (47).)
From the definition (11) of the quaternionic inner product and Fubini’s Theorem, combined with (32) and (33), we find

2
/ a)l
R2

£ 01 2 . .
- /R o} ( /R ey, y)KE 01, 0D, 02, @2) iy ¢, 0/1,}’2))

t1.ty

i 42 2
£ o (85100 3) ) (@1, 02) dite,(x1.%:)  (46)

2
dwydw, = B / \—h FG. %) + P xif (%1, x2)
%, 0% by

and

ah

2
donden =13 [ [ rn )+ 2 ifn)| dus ). @)

RE ¢y

Cl(fjx A )(eiﬁgf(xl ; Xz)) (w1, w7)

. a 2
L, ) (elﬁﬁf(xl . Xz)) (1, wz)‘ dwdw

i 2 . i
x (/;gz e (0, x)KE (%1, 01K (X, @2) d ke, v, (X1,X2)> dwydw,

t1.ty

-/ / / W} ¢ [ 51,3206, 0r o) ([ 16,0 020K, (02, 02) doa)

T .i 2
x K (X1, 01) e f(x1, X0) dide, e, (V1. Y2)d ke, 1y (X1, X2 ) dn

19
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=[ [ [ @ ([ ek, o ond® S50, - y,) du o))
RJRZ IRy Ry

th.ty 2
— Taa
x K (%1, 1) 2N f(x1, %) dine, (V1) d e, ¢, (%1, X2 ) dewy

P ) .
:/2 / e'z"lzlf(J’LJ/z)(/ w%KAI(Vl,a)l)K}h(thl)dwl)
R, JR, R

O
x @210 f(xq, %) djte, (V1) dide, ¢, (X1, X2). (48)
Now, we evaluate the integral inside the parentheses. According to Property 1 of Proposition 3.2, we have, after some sim-
plification
. —_ LI 1 .
/ a)% K/l‘ 1, w1 )KA (%1, 01)dwy = b% elz"]l oi-xh 1 f w% elo1x1-y,) dwq
R 1 1 27T R

9
= _87)(% (X1 —y1).

With these computations at hand, we can simplify (48) to

[ et
-, (]

ty.ty il

- o 2
51(’,3\1,:42) (ellb] K1f(X1,X2)> (w1, @) | dordw,

01 2 s 0 2 42 82 i 4,2
e f(yy, xp)e' 7 U K”a—;z 8(y1 — x1) dpae, (31 )) e f(xy, %) djte, 1, (%1, %)
1

B[ e )
= e~ J(X1,X2) —=
1, 1,42 Ix2

t].ty 1

8 i1 42
_ K2 h 125 %
_bl/Rz ik (e g f(XLXz))

iY2/ 0 a . 2
= b} / e'n (T;f(xlyXZ) + bfj&ﬂf@‘h&))‘ dide, b, (X1, X2)
RZ

L x2
e P17 (X1, X2) dpg, 1, (X1, X2)

2
dpe r, (X1, X2)

2
dpte, e, (X1, X2),

dJ a
_ h2 h 1 .
—blé —axlf(x],xZ)Jr—b1 Xyif(x1.%2)

2
t1.ty

which is the same as (46). This establishes the statement. O
By similar arguments used in the proof of the previous theorem, we also obtain the following result.

Theorem 4.4. Let A, = (ay, by; ¢, d,) be 2 x 2 matrices of real parameters satisfying a,d;, — b,c, =1 with b, #0 for k=1, 2,
and let f e L! (R?ptz’ H). If (3,/0x;) f exists for k= 1,2 and is in LZ(Rah, H), then

.. 2
[ @R 168, 1y (D@1 02) Pdendo = | Qs (1. 2). (49)
t1.ty

Oy
a—)q{f(xmz)

Equality (49) is the generalization of Kou et al. [17, Lemma 17], which corresponds to the case of the Euclidean right-
sided QLCT.
Properties of the right-sided QHLCT are summarized in Table 1.

5. Uncertainty principles for the right-sided QHLCT

In this section, we derive two quaternionic analogues of the Heisenberg uncertainty principle for the right-sided QHLCT,
which generalize the uncertainty principle due to Kou et al. [17] within the hyperbolic context. These results assert that
a quaternion signal and its right-sided QHLCT cannot be well-concentrated around their respective means: narrowing one
broadens necessarily the other. More precisely, we give a lower bound on the product of the effective widths of quaternion
signals in the hyperbolic spatial and frequency domains. It is shown that only hyperbolic Gaussian quaternion functions
minimize the uncertainty relations. Many variations and related information about this result can be found in Kou et al.

20



J. Morais and M. Ferreira Applied Mathematics and Computation 450 (2023) 127971

Table 1
Properties of the right-sided QHLCT.
Left-linearity ﬁl(f\ ap (@f(x1.%2) + Bg(x1.%2)) = Dtlii,{‘,\z)(f)(w wz)+/31i(A A @ @1, @2), @, BeH
Inversion f(x1,%2) = Jr2 (ALA”(J()((UI wz)KJ (w2, Xz)K' (w1, x1)dwdw,
Plancherel (f. g>[_2(];g[2t = (L, Az)(f)-E(A\.Az)(g»Lz(\«‘iz.lH\)
Parseval Hf”LZ(RZ o= HLI(,':‘ AZ)(f)”LZ(RZJH') ,
h-Derivatives [, @2|£{] \ \ (f)(@1, )P dewrde, = bi J, ‘%kf(xl )| dpte, 1, (%1, %5), k=1,2
G 2
Jro QP (€T (%1, %)) (@1, 02) Pdoo do, = b iz , (% %) +  xaf (a, ) [[dpe (6, %2), k=1,2

[19]. Other versions of the Heisenberg uncertainty principle were given for the right-sided QFT by Bahri et al. [1], for the
two-sided QFT by Hitzer [15] and Chen et al. [5], and the QHFT by Ferreira et al. [10].
We have the following definition.

Definition 5.1. Let A, = (qy, by; ¢, di) be 2 x 2 matrices of real parameters satisfying a,d; — byc, = 1 with b, #0 for k=1, 2,
and let g, x,g € [2 (]R[ 1, H), and a)kc‘(jl Az)(g) e [2(R2, H). We define the normalized effective hyperbolic spatial width (or
spatial uncertainty) of g as

”&kg“Lz(]Rfllz.]HI)

AXy 1= s
lgll L2(R2, ,, H)

and the normalized effective spectral width (or frequency uncertainty) of z:( Ay Ay )(g) as

||CUI<[:lJ @le@.n
Awy = (h1.A2) &8

“E(A1 As) (g) ”LZ(]RZ,]HI)

Now we are able to prove our main results of this section Theorem 5.1 gives the uncertainty associated with the right-

sided QHLCT for quaternion-valued signals of the form qubk”‘f(m X3), with f e I? (Rt 5 ,H), while Theorem 5.2 gives the
classical uncertainty for signals f(xq,x2).

Theorem 5.1 (Heisenberg-type Uncertainty Principle I). Let A, = (ay, by; ¢, di) be 2 x 2 matrices of real parameters satisfy-
ing apd, — bkck =1 with by #0 for k=1,2. If f,x,f € Lz(Rt1 6y HD), (3/0%,)f exists for k=1,2 and is in LZ(R?LQ,H), and

qm"‘f) € L2(R2, H), then the following inequality holds:

AX1 AXy Awq Awy > 1sz (50)

a)kﬁ(A A )(e

Further, equality in (50) holds when f is a hyperbolic Gaussian quaternion function of the form

2 2
I (ttanh (/A +8i@ L)) +(tytanh ! (/L + 2]®x2 )
f(x1,%) = Ce 2((1 ( B by 1)) (2 ( PR )) 7 (51)
where By, B, are real positive constants and C = || fll gz ) (B1Bamc?) ™14
t1.ty°

Proof. Because the proof is relatively technical, we will break it into two parts to make it easier for the reader to follow. In
part one, we show that

AXy Awy > % (52)

for k =1, 2. In part two, we prove that (50) becomes an equality when f is of the form (51).

G 2
Part One: Let f e L? (Ri,tz'H)' Applying Definition 5.1 to g(xq1,%3) = qu’JkK"f(xsz), combined with Parseval’s identity
(43) and Proposition 4.3, yields

qz X] e 2
5 (/z K |t 0P Apey e, (31, x2)> (/ wk|£(A A)(eqz”kkz"f)(wbw2)|2d601d602)
(Ax Awy)* = L

q kx2 q kx2
1511 I A G T ST T,

/2 Xp | f(x1, %) 12 dpee, 1, (X1, %2)

Rtl.rz 2
= b
4 k

||f||L2(IR?1_[2,]HI) szl’[z

0 a 2
L f(X1,X2) + = qx, f (1, %2) | die, 1, (X1, X2). (53)
aXk bk
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Now, using the Cauchy-Bunyakovsky-Schwarz inequality,

I{ha, h2>L2(]R[21V[2,H)| < [l ”LZ(]thlvtz,H) ”hZHLZ(RfI_[Z_]H)’ (54)
where
hi (%1, %2) = X, f(%1,%2) (55)
and
. O ag
hay(xX1,%2) = 75— f(x1.%2) + — %,4f (X1. X2). (56)
an bk

combined with Property 2 of Proposition 2.1 and (53), we have after some simplification

9 2
B </R&‘ g (100 )P dj 1, 1.30) )

4

(Axpay) = (57)

4
”f”LZ(RrZ].erH)

This reduces the statement to the discussion of the integral in (57).
Integration by parts (see Proposition 2.2 above) yields

d
/2 Xy 87)2{(|f(xl,x2)|2) dpe r, (X1, X2)

£y

Xe=—";

_ / (xclfo [, - f 1.2 2 dpa (%) ) i, ()
Rep Ry,

_ 2
- ”f”Lz(Ré,lz’H)’

where m € {1, 2}, m # k. This proves (52) and, hence, (50).

Part Two: We show that the equality in (50) is satisfied when f is of the form (51).

First, we observe that (54) becomes an equality when the two functions, h; and h,, defined respectively by (55) and
(56), are proportional, i.e.,

xe f. %) = Bt (aa—; Fonx) + 5 maf . 30)). (58)

where g are real positive constants and u is a unit quaternion.
Moreover, since

ISc((hy, h2>L2(]R[21>[2.]HI))| =< [{h, h2>L2(]R12].[2,H)|s
the sign of equality in (54) also implies that
—=Sc(hy (%1, %2) ha (1, %2)) = [h1 (X1, X2) ha (X1, X2)|. (59)

From (59), we obtain

x, f(1.%2) (%f(xl, ) + 50l (.)) 2 0 (60)

Now, multiplying both sides of (58) from the right by

Oy a
Txkf(xl,xz) + b*kéka(XLXz)

it easily follows that

2
—Xi f(mxﬂ(%f(x],xz) + %Kka(xleZ)) = —Bu ‘a% f(x1, %) + g—';&kqf(xmz) .

Applying (60), we find that u = —1. Combining this with our previous results gives

Bh 1 ag
T f1.x2) = ‘(E + b—kq) %, f(X1. %), (61)

Finally, solving (61), we find that f must be a hyperbolic Gaussian-type quaternion signal of the form
f(x1,%2) :Cef%«ﬁ+ %i)g+<f;7+%j)g), (62)

where the value of C € R is found to ensure that the function f is of unit norm.
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Since 1/B + (a,/br)q € R @ qR, we extend the definition of the operation (2) such that \/1/8; + ay/b,q ® (x;/t;) repre-
sent relativistic multiplications in (-1, 1),

1
‘//3 bkq® —tanh( ,ﬁk bkqtanh ( k)) e(-1,Da@q(-1,1).

In this way, the hyperbolic Gaussian-type quaternion signal defined by (62) can be written as

fx1,%2) Cefé((tlta“hfl( ﬁ*%i®%))2+(tztanh4 (m®xz)>)
1,42) = |

This establishes the statement. O

Finally, we obtain the hyperbolic analogue of the Heisenberg-type uncertainty principle associated with the Euclidean
right-sided QLCT; see Kou et al. [17]. The proof is similar to that of Theorem 5.1; of course, (63) also follows directly from
the formula (53) combined with (49).

Theorem 5.2 (Heisenberg-type Uncertainty Principle II). Let A, = (ay, by; ¢k, d) be 2 x 2 matrices of real parameters satisfy-
ing apdy, — bic, =1 with by, #0 for k=1,2. If f,x,f € [? (Rt . ,H), (0y/0%;)f exists for k=1,2 and is in Lz(Rt 1 ,H), and

w’<£(A1.A2)(f) e [2(R?, H), then the following inequality holds:

b
AX1 AXy Awq Awy > b1472 (63)

Further, equality in (50) holds when f is a hyperbolic Gaussian function of the form

2 2
I (ttanh ™ (.- @ %)) +(trtanh ' (Lo @ 22 >
F(x1, %) =Ce 2((1 (G o)) (o (G 02)) : (64)
where 81, B, are real positive constants and C = ||f||L2(Rt2 ) (B Bpm2)-1/4,
172

In the large limits of t; and ¢, i.e., t;,t; — +oo, the particular case when A; = A; = (0, 1; —1, 0) boils down to the clas-
sical Heisenberg uncertainty principle for the standard Euclidean right-sided QFT investigated by Bahri et al. [1].

6. Conclusion

We introduced the right-sided QHLCT associated with two-dimensional quaternion signals defined in an open rectan-
gle of the Euclidean plane endowed with a hyperbolic measure. The new transform uses a four-parameter family of two-
dimensional quaternionic hyperbolic plane waves and contains the QLCTs as particular cases. Although we confined the
analysis to the right-sided QHLCT, there are two other types of QHLCTs due to the lack of commutativity of quaternions:
the left-sided QHLCT and the two-sided QHLCT. With a slight modification, the same techniques can be used to study the
left-sided QHLCT employing the definition of a right-quaternionic inner product. Further investigations on the two-sided
QHLCT are now under research and will be reported in a forthcoming paper.

Various properties of the right-sided QHLCT were discussed, such as the Riemann-Lebesgue Lemma and the Plancherel
and Parseval Theorems, and an inversion formula was obtained. The algebraic approach requires the introduction of novel
hyperbolic differentiation and integration concepts. The results were applied to establish two quaternionic versions of the
Heisenberg uncertainty principle for the right-sided QHLCT. These uncertainty principles give a lower bound on the product
of the effective hyperbolic spatial width and the effective spectral width of a hyperbolic quaternion signal. It was shown
that only hyperbolic Gaussian quaternion signals minimize the uncertainty relations.

All the results presented in this paper have a Euclidean counterpart in the large limit of t; and t;, t;,t; — oo.
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