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The present work is devoted to deriving closed form expressions for the
elements of the Moore—Penrose inverse of tridiagonal real skew-symmetric
matrices. In the first part of the work we obtain results, concerning matrices of
even order. A calculation approach for the generalized inverses of odd order
matrices is provided.
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Introduction. A real matrix A is called skew-symmetric if AT = —A.
Obviously such matrices have zero diagonal elements.

Interest in the study of skew-symmetric matrices arose in the first half of
the 20th century, in the works of the German mathematician Ernst Jacobsthal [1].
Now skew-symmetric matrices find applications in various fields, including statistical
analysis, signal processng, matrix games and machine learning. Special methods
and algorithms for solving linear systems with skew-symmetric matrices have been
developed (see [2-5], for instance).

The Moore—Penrose inverse of skew-symmetric matrices is of certain interest.
We are talking about generalized inversion, since skew-symmetric matrices of odd
order are singular, and they may be singular also when their order is even (see [0, 7],
for instance). Recall that for a real m x n matrix A the Moore—Penrose inverse A™ is
the unique n X m matrix that satisfies the following four conditions [8]:

AATA=A, ATAAT =AT, ATA)T =ATA, (AAT)T =A4T. (1)
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If A is a square nonsingular matrix, then AT = A~!. In this sense the Moore—
Penrose inverse generalizes the ordinary matrix inversion. Note that the Moore—
Penrose inverse of a skew-symmetric matrix is also skew-symmetric. Indeed, using
the well-known properties of the Moore—Penrose inverse [0, 8], we have

(A1) = (A7) = (~A)" = -A".

Let us consider a tridiagonal matrix

0 ay
—a; 0 a» 0
A= ; (2)
0 —dp-2 0 an—1
L —an—1 0

where n > 3. We assume that a; # 0 for all i = 1,2,...,n— 1. This requirement is not
restrictive, since if some of the overdiagonal elements of A are equal to zero, then we
can represent this matrix in a block-diagonal form

A =diag(Ay,As,...,A}),

where the diagonal blocks A;, 1 <i <[, are either skew-symmetric matrices with
nonzero overdiagonal elements or zero blocks. In this case

At =diag (AT ,AS,... . A).

We will consider separately the matrices of even and odd orders.
The Matrix of Even Order. Let n = 2m. Then from (2) we have

0 a
—a; O ar 0
A= . (3)
0 —ayn—2 0 A2m—1
i —aom—1 0 |

According to the above assumption about the overdiagonal elements, this matrix
is nonsingular. This statement we conclude from the easily proven equality

detA = (ayaz - ayn_1)>. 4)

Remark 1. The requirement for the overdiagonal elements of this matrix can
be somewhat relaxed. It suffices that only the overdiagonal elements in the odd rows of
the matrix (3) be nonzero. This obviously follows from formula (4). However, for the
sake of clarity of presentation, in the future we will adhere to the above requirement.

Thus, in our case AT = A~!. Let A~! = [z;;]amx2m. To find the jth column
) = [z1j20j - - .ZQmJ-]T of the matrix A~!, we solve the system

A7V = §0), 5)
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where §/) = [0...010...0]7 (the unit is located on the jth place). Let us write the
system (5) in expanded form:

aizzj = 0,

—a1z1j+az3; = 0,

—aj-2zj-2jtajzj; = 0,
—aj1zj1j+azjiy; = 1, (6)

—ajzjjtajrizjie; = 0,

—@m-—222m—2jt@m-122mj = 0,

—aom-122m-1j = 0.

Consider separately even and odd columns of the matrix A~!.
Case j=2k—1, 1<k<m.
System (6) is written as follows:

a -1 = 0,

—a1212k—1 +az3n-1 = 0,

—a0k—322k—32k—1 + A2%—222k—12k—1 = O,
—Q2k—220k—22k—1 + Aok—122k2k—1 = 1, (7N

—Aok—122k—12k—1 + AuZok+12k—1 = 0O,

—Aom—220m-22k—1 + @om-1Z2mak—1 = 0,

—ayn—122m-12—1 = 0.

It is easy to see that system (7) splits into two independent subsystems:
—@i-122i-12k-1 T @i22iv12-1 = 0, i=1,2,....m—1,
—@m-122m-12%-1 = 0
with obvious solution z5; 12,1 =0, i=1,2,...,m and

a1220k—1 0,
—Wiik-1t+@iv122i22%-1 = 0, i=1,2,... k=2,
—ak—220k—22k—1 tAok—122k2%k-1 = 1,
—@ini2k—1+Wiv122i226-1 = 0, i=kk+1,....m—1,

whose solution is

0, i=12,... k-1,
2i2%—1= 1 il (8)
Ci=kk+1,....m,
a2k—1SI;[kps
where u
=2 s=12,...,m—1. )

)
azs+1
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Case j=2k, 1<k<m.
System (6) takes the following form:

a2 = 0,

—ai1ziok+axzzu = 0,

—aok—222k—22k + A2k—122k2k = O,
—Qok—120k—12k T A2k2ok+12k = 1, (10)

—axyZuak t+az122k22k = 0,

—om—22om—22k + @om—12omok = O,

—ayn—120m—-12t = O.

As in the previous case, system (10) is divided into two independent subsystems:
arzzoe = 0,
—wiik T @it = 0, i=12,....m—1
with zero solution 27, =0,i=1,2,...,m, and

—@i 122i-12k T @2i20iv12k = 0, i=1,2,...,k—1,

—Q2k—120k—12k + A2k 2k+12k = 1,
—@i 1212k T @i20iv12k = 0, i=k+1,k+2,....m—1,
—Am—132m—12k = 07

the solution of which is

1 k—1
_ re i=1.2,.. 0k,
i1k = ax—1 g ’ (1D
0, ikt 1 k+2,....m,
where
re=2E s—12,. . m—1. (12)
azs—1

Summarizing the above considerations, i.e. having formulas (8) and (11),
we arrive at the statement below.

Theorem. Nonzero elements of the matrix Al = [Zl‘j]gmxzm are as follows:

i—

1
[1ps i=kk+1,....m,

Di2k—1 =
aAk—1 s—=k
e Ck=12,...m  (13)
Di—12k = — Hrsaizlaza"'vka
ar—1 ¢

where the quantities ps and rg are defined in (9) and (12), respectively.
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Example. Below we give a skew-symmetric matrix A and the inverse
matrix A=Y, computed by formulas (13):

0 1 0 0 0 0 0 -1 0 =1 0 —17
-1 0 1 0 0 0 1 0 0 0 0 0
4|0 -t o 1 00 4y OO0 O0-10-I
0 0 -1 0 1 o] 1 01 0 0 0
0 0 0 -1 0 1 0 0 0 0 0 —1
0 0 0 0 —1 0] 1 0 1 0 1 0 |

Remark 2. Taking into account the fact that the matrix A~' is also
skew-symmetric, we can halve the amount of calculations in formulas (13) by setting

Di-12k = —22k2i-1, i=12,...0k, k=1,2,...,m. (14)

Based on the above closed form expressions (13), let us write a computa-
tional procedure to calculate the elements of the inverse matrix A~! = [z ilomx2om
for skew-symmetric matrix A given in (3).

Procedure MPInverse/even order.

1. Input elements ay,as, ... ,az,—1 of the matrix A (see (3)).

2. Calculate the quantities p; (see (9)):

ps = ars/azs+1, s=1,2,....m—1.

3. Setz;;=0 for i,j=1,2,...,2m.
4. Calculate nonzero elements from the lower triangular part of A~ (see (13)):

Zok2k—1 = 1 /agk—1
,  k=1.2,...m
Vit22%k—1 = 2i2%-1Pi, i=k,k+1,....m—1

5. Set nonzero elements from the upper triangular part of A~! (see (14)):
Di-12k = —Z2k2i-1, 1=1,2,..0k, k=1,2,....m.
6. Output the matrix A~ = [z;;]2mx2m.
End Procedure.
In conclusion, a few words about the computational complexity of the proce-
dure MPInverse/even order. A simple calculations show that computing all nonzero
elements of the lower triangular part of the matrix A~! requires 0.5m* + O(m) multi-

plications. Note that the number of mentioned nonzero elements is m(m+ 1) /2.
The Matrix of Odd Order. Let n =2m+ 1. From (2) we have

0 aq
—daq 0 ar 0
0 —am—1 0 azm
L —aom 0

Regardless of the values of the overdiagonal elements, this matrix is singular.
In the present work, the computation of the Moore—Penrose inverse A" is based on a
special notation of the matrix A.
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Let us introduce bidiagonal matrix
a —ap
as —dag 0
B= _ ' (16)
0 - .
Am—-1 —A2m
of the size m x m+ 1. Next, we define the following matrices:
P = [pijlam+ixm, Pij= {(1): i Z# ij: i—12.m 17)
and
1, if j=2i—1,
O=laulmeiamst, diy= {o, A%, im12mtl D

Then the matrix A can be written as follows:

A= (PBQ)" — PBQ. (19)
The following easily verified properties of the matrices P and Q hold:
PTP =1y, QQ" =lu1, QP =0, PP" + 070 = by (20)

(the subscript of the identity matrix indicates its order).

Lemma. Let the matrix A, defined in (15), be written in the form (19).
Then
A+:(QTB+PT)T_QTB+PT' Q1)
Proof. It suffices to show that matrix (21) satisfies all four conditions (1).
We will use properties (20) of the matrices P and Q. Let us first establish third and
fourth of conditions (1). We have
A*A = [(Q"B*P")" —Q"B*P")((PBQ)" — PBQ)
= P(B")"(0Q")B"P" —P(B*)"(QP)BQ

—QTB+(QP)TBTPT+QTB+(PTP)BQ (22)
= P(BBY)TPT + QT (B"B)Q.
From this it obviously follows that (ATA)T = ATA. Similarly,
AA* = ((PBO)" ~PBOJ((QTB'PT)T — OB PT]

Q"B (PTP)(B*)"Q— Q"B"(QP)"BYP"
—PB(QP)(B*)"Q+PB(QQ")B* PT
— QT (B*B)"Q+P(BB*)PT,
which implies that (AAT)T = AA™T,
Let us now turn to the first two conditions from (1). Taking into account equality
(22), we obtain:
AAYA = [(PBQ)" —PBQ|[P(BB")"P" + Q" (B*B)Q)
= O7B"(PTP)(BB*)TPT + Q"B (QP) (B*B)Q
—PB(QP)(BB")"P" — PB(QQ")(B"B)Q
= QU (BB"B)'PT —P(BB"B)Q = Q"B"PT — PBQ = A.
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Further,
ATAAT = [P(BBY)'PT +QT(B*B)Q)[(Q"B*PT)! — QT B*PT]
= PBBHT(PTP)(BY)TQ—-PBBH)T(QP)'BTPT
+0"(B*B)(QP)(B*)" 0 - 0" (B*B)(QQ")B*P"
= P(B'BB")'Q—-Q"(B"BB")PT =P(B")"Q—Q"B*PT =A".
The validity of representation (21) for A™ has been proved. O

So, the problem of finding the Moore—Penrose inverse for the matrix A given in
(15) is reduced to a similar problem for the matrix B defined in (16).

A Way of Computing the Matrix B". An approach to derive the Moore—
Penrose inverse of the matrix B is based upon the well-known formula

B = lim (B'B+¢€l,, ) 'B" (23)
£e—+0
(see [8], for instance). Our plan is as follows. First we find the inverse matrix

(BTB + €l 1)~!. Further, the elements of the matrix (BB + el,,.1) 'BT are
calculated and a character of their dependence on the parameter € is revealed.
Thereafter, according to equality (23), passing to the limit as € — +0, we will arrive
at closed form expressions for the elements of the matrix B™.

This study will be carried out in the subsequent, second part of this work.
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8ni. [ SUUNA3UL, W \. UULAFLUBUL, N Jd. UPLUBL3UL

BELBELRULESNFLUACUSPL CEAUUPUES PG UUSMh8ULEN D
UNFC-N5LANNFRE SUUUNMUCNFUL. T

Unyl wphiupwipp hpdwd L Unip-Mbbopnnigh hwunupéd dwyphgh
quppiph  pugwhwyp  wpypuwhwppmpnbbbph wppuddwip tphpwblymbw-
gouwghtt hpwywb otnuwuhdtiypphly duypphgbtiph hwdwp: Whougpuiph wnwehl
duund upugywd G wpnymbpbtp qnyq Jupgh dunpphgbtiph hwdwnp: Pwgh
wyn, Yty Jupgh dwgpphgbbiph hwdwp tpgwd £ pnhwipuguwd hwjunwndéh
hwpydwt Swbwuwwphp:

10. P. AKOIIAH, A. A. MAHYKAH, I B. MUKAEJISH

OBPAIIIEHVE MYPA-IIEHPOY3A TPEXIUATOHAJIBHBIX
KOCOCUMMETPUYHBIX MATPUII. I

Hacrosimast pabora IOCBSIIIIEHA BBIBOJY SIBHBIX BBIPAXKEHHUN  JIJTsT
3JIeMeHTOB obpaTHoil marpuribl Mypa—Ilenpoysa B ciaydae TpexanaroHaabHbBIX
BeIlIECTBEHHBIX KOCOCHMMMETPUYHLIX MaTpull. B mepBoil yacTu pabOThI HOJIY-
YCHbI PE3YyJIbTaThl JJigd MaTPUIl 9€THOI'O IIOPAIKA. KpOMe TOro, HaMe4deH IIyThb
BBIUHCIEHNSI 0O0OIEHHOr0 OOpalleHus s MaTPUI] HEIETHOTO MOPSIIKA.



