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Abstract Split Quaternionic least squares (SQLS) problem is one method of solving overdetermined
sets of quaternion linear equations AX = F that is appropriate when there is error in the matrix E.
In this paper, by means of real representation of split quaternion matrices, we derive an iterative
method for finding the minimum-norm solution of the SQLS problems in split quaternionic mechanics.
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1 Introduction

The quaternion invented by William Rowan Hamilton(1805-1865) has been widely used in quaternionic
quantum mechanics and many other fileds. In 1849, James Cockle found the split quaternion, which has
the following form:

q=q + @i+qj+qki®=-17"=k=1ijk=1,

where ¢1, g2, q3, g4 are real and ij = —ji = k, jk = —kj = —i, ki = —ik = j. The set of all split quaternions
is a ring, denoted by SQ. This ring is an associative, noncommutative four-dimensional Clifford algebra
and has zero divisors, nilpotent elements and nontrivial idempotents[1]. SQ is different from the quaternion
ring and has more complicated algebraic structure. For details, see [1] and the references therein.

In complexified classical and non-Hermitian quantum mechanics, there are surprising relations between
quaternionic and split quaternionic mechanics [2]. In the literature over the past decade, the complexified
mechanical systems with real energies are studied extensively, which can alternatively be viewed as certain
split quaternionic extensions of the underlying real mechanical systems [3].

For dealing with some problems in the theory and numerical computations of split quaternionic
mechanics, one will meet problems of approximate solutions of split quaternion linear equations AX ~ FE,
that is appropriate when there is error in the matrix E, i.e. split quaternionic least squares (SQLS)
problem. The main difficulty in solving this problem is the non-commutative and non-skew-field of the
split quaternion and the standard mathematical methods(see [4,5,6] and their references) of the complex
number field cannot work. In [4], for the first time, the split quaternionic least squares (SQLS) problem
was discussed by means of the real representation and the complex representation, which is also main
methods for researching the quaternionic least squares (QLS) problem([7,8].

In this paper, by means of our real representation, we study the split quaternionic least squares (SQLS)
problem, and derive iterative methods for finding solutions of the SQLS problem in split quaternionic
mechanics.

Let R and SQ = R @& Ri & Rj @ Rk denote the real number field and the split quaternion ring,
respectively. For a = a1 + asi + asj + aqk,b = by + bai + b3j + byk € SQ, the conjugate of a is defined as
a = a; — azi — azj — ask, then aa = a3 + a3 — a3 — a3. The module |a| of a split quaternion a is defined
as |a| = v/]aa] = \/|a3 + a% — a3 — a?]. a is said to be a unit split quaternion if its norm is 1.and their
multiplication is defined as

ab = (a1b1 — a2b2 + a3b3 + a4b4) + (a2b1 + albz + a4b3 - a3b4)i
+(a3b1 + asbs + a1b3 — a2b4)j + (a4b1 — agbs + asbs + a1b4)k:.
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For any quaternion matrix A, AT and A¥ denote the transpose, and conjugate transpose of A, respectively.
A(i: j,k : 1) represents the submatrix of A containing the intersection of rows i to j and columns k to I.
I,, denotes the unit matrix of order n.

In this paper, we will define a real presentation of the split quaternion matrix and study its properties.
As the application of our real presentation, then we will give an alternative of the split quaternion norm,
which enable us to define and study the split quaternionic least squares(SQLS) problem. Iterative methods
are obtained for finding solutions of the SQLS problem in split quaternionic mechanics. At last, one
numerical experiment will be provided to demonstrate the efficiency of our algorithms.

2 Real Representation of Split Quaternion Matrices
For any A = Ay + Asi+ Asj + Agk € Q™™ 4, e R™*™ (1 =1,2,,3,4), define

Ay —Ay Az Ay
Ay Ay Ay —Aj
Az Ay A —As
Ay —A3 Ay Aq

AR = € RAmx4n, (1)

The real matrix AT is known as the real representation or the real representation matriz of the split
quaternion matrix A. The set of all matrices shaped like (1) is denoted by Rr*™*4™.
Let

0-I; 0 O 00 0 L 00110
|y 0 0 O 0 0 —-1,O 1 0001I
@=1090 o1]|"> o-r, 00| ®=|rLoo0o0
0 0 —-I;0 I; 0 0 O 0;00
Then Qq, R;, Sy are orthogonal matrices.
By simple computation, we can obtain the following properties.
Theorem 2.1 Let A,Be€ Q™ ", C € Q"*%,a € R. Then
(1). (A+ B)E = AR 4+ BE (aA)F = a AR, (AC)E = ARCE;
(2) an = _I4m;R72n = S»,Qn = I4m7Q% = —meRﬁ = Rm,Sgrl = Sm;
(3). QL ARQ,, = AR RT ARR, = AR ST ARS, = AR
It is easy to verify that the following results are right.
Theorem 2.2 For any V € RAm>4n,
V+QLVQ., + RLVR,, + SLVS,, € R 4
and it is the real representation matrix of the commutative quaternion matric
I,
R | i
V= 5 Ty s L, k) (V + @V Qi+ BV R + S5,V ) II;.Z
—I,k

Proof. Partitioning V into

Vi1 Via Vig Viu
Va1 Vag Vag Voy
Va1 Vag Va3 Vay
Va1 Vag Viz Vi

and taking .
V=V+QlVQu+RNVR, + SEVS,,
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we can verify V € Rr*™*4"with

Vii = Viy + Vag + Vaz 4 Vg, Vay = Vag — Vig + Viz — Vau,
Va1 = Va1 + Vg + Vizg + Vau, Vi = Vg — Vo + Va3 — Vg,

and V is the real representation matrix of the commutative quaternion matrix

I,
V = Vit + Vari 4 Varj o+ Vink = 4 (T I I L0V | 1 0
—Ik

Further, we can also get the following construction method.

Theorem 2.3 For any V € R¥™*",
(V. QmV, RV, S, V) € R4,
The following judgment rule can be obtained from Theorem 2.1 and Theorem 2.2.

Theorem 2.4 For any V € R4V e Rr*™*" if and only if

V=Q'VQ,=R'VR,, = SLVS,,.

3 The Split Quaternionic Least Squares Problem

Firstly, we discuss the norm of the split quaternion matrix. By the Frobenius norm of complex matrices, we
define the following Frobenius norm of the split quaternion matrix A = Ay + Aqi + Asj + Azk € SQ™*™.

1Al = A% p, (2)

which has the following properties:

)
) for o € R, [laAl|(r) = ||| Al (r);
) 1A+ Bl < [|1Allry + 1Bll(r):
) HABQ”(F) < HAH<F2)||BII(F>~2 , ,

) ARy = 2(1 Aol % + [[AllE + [[A2ll7 + [[As][7)-

But, different from the Frobenius norm of complex matrices,

(1) for o € SQ. a4 () # [ol]4]:

(2) |All(ry # V/trace(AHA) = /3" a2

Therefore, it is not a natural generality of Frobenius norm for complex matrices, but it is enough to

measure the proximity of two split quaternion matrices.
Let A € SQ™*" E e SQ™*!. If

AX =F (3)
has the solution X € SQ™*!, then we have
ARXR _ gR
and therefore real linear equation
ARY = BR(1:4m,1:1) (4)

has the solution Y € R*"*!,
On the other hand, if (4) has a solution Y € R*"*!| then we have

ARQ,Y = QnARQTQ,Y = QB (1 : 4m, 1),
ARR,Y = R, ARRTR,Y = R,,ER(1: 4m,1),
ARS,Y =8, ARSTS, Y = S,, ER(1 : 4m,1),
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and then
AR(Y,QuY, RyY, S,Y)
= (ER1 :4m, 1), QmER(1 : 4m,1), Ry ER(1 : 4m, 1), S, ER(1 : 4m, 1))
=CF,
From Theorem 2.3, we know that (Y,Q,Y, R,Y,S,y) is the real representation matrix of a split

quaternion matrix(marked as X), and obtain AX = FE.
In conclusion, we have the following result.

Theorem 3.1 Let A € SQ™ ", E € SQ™*'. Then the equation (3) has a solution in X € SQ™*" if and
only if the real linear equation (4) has a solution in R*™*'. And if (4) has the solution Y € R*"*!  then

(In, Ini, Inj, Ink)Y
is the solution of (3).

If the equation (3) has no solution, on the basis of the above norm definition, we want to find a matrix
X € 8Q™*! such that

||AX - E”(F) = min. (5)

This problem is called the split quaternionic least squares (SQLS) problem.
On the same time, we construct the following real least squares problem

||ARY — ERHF = min, (6)

with unknown real matrix Y € R4nx4,

In [4], Z. Zhang studied the SQLS problem (5) through the real LS problem (6), but here ¥ has special
structure. In fact, Z. Zhang turned the SQLS problem into a real constrained least squares problem.

Because
[AX — B2y = 4J(ATX = BR)(1: am, 12 D)

if we find the solution Y of the real unconstrained least squares problem
|AY — E||r = min, (7)

with A = AR E = ER(1:4m,1:1) and unknown real matrix Y € R*"*! and let (Y, QmY,RnY, Smd)
be the real representation matrix of the split quaternion matrix X, then X is a solution of the SQLS
problem (5).

3.1 LSQR Algorithm

First, we review the LSQR algorithm prosed by Paige and Sauders[9] for solving the following lease
squares problem:

Mz — f|2 (8)

min

zER"
with given M € R™*"™ and f € R™, whose normal equation is

MT Mz = M"f. (9)

Algorithm LSQR
(1)Initialization.

Brur = f,oqvy = MTuy, by = v1,20 =0,(1 = B, 1 = .
(2)Iteration. For i = 1,2, - -

(i) bidiagonalization
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(a)Bit1uitr = Mv; — ajug
(b)ai+1vi+l = MTUi+1 - 5¢+1U¢
(ii)construct and use Givens rotation

Pi =1/ ﬁf + 51‘24_1

ci = pi/pis8i = Bit1/pis 0ix1 = siiga
Pit1 = —Ciiy1,G = CiGi, Gip1 = 8
(iii) update x and h
x; = xi—1 + (G/pi)h
h¢+1 = Vi+1 — (9i+1/pi)hi
(iv) check convergence.
We can choose ~
IMT(f = May)lla = |1 Cryrcr] <7

as convergence criteria, where 7 > 0 is a small tolerance.

Theorem 3.2 ([9]) The solution generated by Algorithm LSQR is the minimum norm solution of (8).

3.2 LSQR Algorithm for the Split Quaternionic Least Squares Problem

We consider a more general SQLS problem. Here, we are given data matrices A € SQ™*", B € SQ?*1,
an observation matrix £ € SQ™*?, and are asked to find a matrix X € SQ"*P such that

IAXB — El|(p) = min. (10)

For any X € Rri"*4

Xy —Xo X3 Xy
Xo X7 Xy —X3
X5 Xy X; —X,
X4 —X3 X2 Xh

4 4
€ RYP,

define
vec; (X) = vec(X (:,1: p)).

It is easy to know
vec(X) = Fvec;(X),

where
dlag I4n7 e 7I4n

( )
_ dlag(Q’ru e 7Qn) 16npx4np
P = | diag(Ru---Ra) | €8 ’
diag(Sp, -, S

It is easy to know that F is of full column rank, and
FU'F = 4Ly, F© = FTFFT
Because
1
|AXB ~ Bty = {|A"X"BR - B7|}

1 T
= (B @ AT)veo(X™) — vec(E)|I3
1

= (B ® AR) Fec,(X™) = vee(B")|3,

where M ® N denote the Kronecker product of matrices M and N, the SQLS problem (10) is equivalent
to

i Mx — 11
Jmin (M £ (1)
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with
M = (B® ® AR)F e RY6max4np ¢ — vec(ER) € R1O™,
Notice that the solution  of (11) corresponds to vec;(X %), where X is the solution of (10).

Now, we will apply Algorithm LSQR to (11). The vector iteration of LSQR will be rewritten into
matrix form so that the Kronecker product and the F can be released. To this end, it is required to
transform the matrix-vector products of Mv and M7Tu back to a matrix-matrix form for variant vectors
v € R and u = vec(U) € R4, where U € QR ™. Notice that we do not want to construct the
matrix M explicitly.

Let mat(a) represent the matrix form of a vector a. For any v € R4 and u = vec(U) € R16™4,
where U € Q7. Let

V = mat(v) = vec ! (v) € R"*P,

V=(V,Q,V,R,V,S,V) € Re""*".
Then we have
mat(Mv) = mat((BRT @ AR Fv) = mat((BRT @ AR) Fvec(V))

= mat((B® ® A®)Fvec;(V)) = mat((BE @ A%)vec(V))
= ARV BE,

mat(MTu) = mat(FT(BR @ AR Yu) = mat(FT(BE @ AR Jvec(U))
= mat(fTvec(ART UB®" ) = mat(}'T}"}"Tvec(ART UBRT))
= mat(4L4,, Fvec(A® UBR")) = mat (41, vec; (AR UBR))
=Z(,1:p),
where
7 = 44" UB®" € Ret i,
Therefore, we can get the following algorithm.

Algorithm 3.1 (Algorithm LSQR-SQ for (10))
(1)Initialization.
Xo=0¢ R"™? B = |EE||p, U = ER/B,, Z; = 4AR U, BF",
Vi=21(1:p)ar = Villr, Vi = Vi/au, Vi = (V1,Qn Vi, Ry VA, SuVi),
Hy =V1,(1 = B1,p1 = 1.
(2)Iteration. Fori=1,2,---
(i) bidiagonalization
(a)Uiyr = ARV;BR — Ui, Biy1 = |Uisa || py Uigr = Ui/ Bita,
(0)Zit1 = 4A% Ui 1 B Viiy = Zia (411 p) = Bia Vs, . .
ir1 = [|[Vigillps Vigr = Vigr /a1, Vier = (Vigr, QuViga, RaVigr, SnViga).

(ii)construct and use Givens rotation

pi = \/P; + Brsci = pi) pis i = Bir1/pis Oir1 = sicita,

piy1 = —Cittip1, G = Gy, Gigr = $ii-
(iii) update X and H .
Xi=Xi1+(G/pi)Hi, Hixr = Vigr — (0iy1/pi) Hi.
(iv) check convergence. Output
X=X0:n:)+X;i(n+1:2n,:)i+ X;(2n+1:3n,:)j + X;(3n+ 1 : 4n,:)k.
Algorithm 3.1 can find the minimum norm solution z = vec;(X ) of (11), that is,
[|[vec; (X )|z = min.
Again,
1
1X10Ery = FIX TN = llvee: (XT3,
so we have the following result.
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Theorem 3.3 The solution generated by Algorithm 3.1 is the minimum norm solution of the SQLS
problem (10).

Making the best of the structure of U; and V;, we can simplify Algorithm 3.1 to reduce operation
amount and storage space greatly.
At last, we directly give the simplified algorithm for the SQLS problem (5).

Algorithm 3.2 (Algorithm LSQR-SQ for (5))
(1)Initialization.
XV =0e R j=1,2,34.60 =/ |E|%
UM = /80,5 =1,2,3,4.
ViV = ATul) + AFUD + ATUSY + ATUY,
V! = —Afu) + ATuy) + ATUSY - AfuY,
ViV = ATul) + ATuD 4+ ATUY + ATULY,
vV = Afu) - afu) - Ao + ATuY,
a(l) — Zj:l ||‘_/J(1)| %‘ V(l) V(l /04(1 H(l) _ ‘/'](1),] =1,2,3,4.
cW = g 5(1) — o),
(2)Iteration. Fori=1,2,---
(i) bidiagoualz'zation
()T = 4,V — 4,V + A3V + A, v — o, U9,
@”“_Am”+Aw)+A@) AV — U,
U5 = 43V 4 A8+ A v — A — U,
O = 4 — AV — A 4+ 4, v — U,

B = [ O3, U = By /a0 = 1,2,3,4.

(b)f/l(i-i-l) _ A?Ul(l-l-l) + ATU (i+1) + A§U§i+1) + AZUilJ’_l) B ﬂ(i+1)‘/1_(i),
‘_/2(1) _ _A%“Ul(1+1 ATU(“F1 AZU:EZJFU B A§U5+1) _ B(i+l)‘é(1)7
@”:A@ﬁ”l+Aﬂ5””+AﬁA””+A@d””—mHU@%

‘_/4(1) :AZUl(i'H) _Ag“U(i‘H) ATU(H‘U +ATU(i+1) ﬁ(i+1)v4(i)’
aitl — 2?21 ||‘7j(i+1)||F7V(2+1) V(Z+1)/a(z+1) j=1,234.
(ii)construct and use Givens rotation
p) = 1/(ﬁ(i))z + 5(i+1)2,c(i) — ﬁ(i)/p(i)’s(i) — 5(i+1)/p(i),g(i+1) = s+
HHD = (i1 ¢ = (OE0D Fi+D) — s0)F)
(iii) update X and H
X](_Z) _ + (¢ /plé )) O] H(ZH) _ Vj(i+1) (00+D) /(0 )) () ji=1,2,3,4.
(iv) check convergence. Output
X=x1"+ x50+ x5+ x{k.

Example 3.1. Let

1+j 24k 1—k1+i
A=| —i i+j |, E= —j j+k
—1+i k i+j1+k

In [4], the authors got the solution Y € R®*® by solving the real matrix
(AR)TARY — (AR)TER7

and then obtained the unique solution X of (5) as follows.

¥ — 0.5698 — 0.31847 — 0.21795 — 0.8547k —0.2849 — 0.0279¢ — 0.12295 — 0.2793k
~\0.0978 — 0.1788; — 0.08385 — 0.0810k 0.6006 — 0.0112¢ + 0.3436; + 0.0503k
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Error m

1 15 2 25 3 a5 4 45 5 55 [5
Iteration step |

Figure 1. The relation between error and iteration step.

By our Algorithm 3.2, we also get the above result. Let 1, = log 10(|MT Mxz; — M” f||r) denotes the
normal equation error after the Ith iteration. Figure 1 give the relation between the normal equation error
7, and iteration step [, and show that Algorithm 3.2 is efficient.

4 Conclusion

In this paper, we define a real presentation of the split quaternion matrix and study its properties in
detail, give an alternative of the split quaternion norm, which enable us to define and study the split
quaternionic least squares(SQLS) problem. By the real presentation and the classical LSQR algorithm,
we derive two iterative methods for finding solutions of the SQLS problem in split quaternionic mechanics.
Due to our limited programming capabilities, the performance of current algorithms is not very efficient.
We think that these algorithms can be further optimized to improve efficiency. This is also one of the
directions we will study in the future.
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