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Abstract

Several direct recursive algorithms for the solution of band Toeplitz
systems are considered. All the methods exploit the displacement rank
properties, which allow a large reduction of computational efforts and stor-
age requirements. Some algorithms make use of the Sherman-Morrison-
Woodbury formula and result to be particularly suitable for the case of
unbalanced bandwidths. The computational costs of the algorithms un-
der consideration are compared both in a theoretical and practical setting.
Some stability issues are discussed as well.

1 Introduction

A Toeplitz matrix is a matrix whose elements are constant along each descend-
ing diagonal from left to right. Toeplitz matrices appear in many applications
where shift invariance properties are present. Classical examples are the systems
arising from the finite difference discretization of differential equations. Toeplitz
systems arise also in the modeling of queueing problems with Markov chains and
in image deconvolution problems, where the blurring operator is described in
terms of a point spread function space invariant with respect to translation, see
[9] for a survey of some scientific applications.

By exploiting the persymmetry of Toeplitz matrices, these systems can be
easily solved with a computational cost equal to the square of the size (see
[13]). Faster methods employing recursive techniques have been devised (see for
example [5]).

Often the systems with Toeplitz matrices are banded in a natural way or
can be considered banded from a numerical point of view because of the decay
of the coefficients when going away from the diagonal. Since large scale banded
Toeplitz systems are frequently encountered in the applications, efficient algo-
rithms are especially required. Techniques based on the cyclic reduction or on
preconditioned conjugate gradient have been proposed [3], [8], [20].



In this note we consider the problem of solving a linear system whose matrix
A has a band Toeplitz structure, with m upper diagonals and n > m lower
diagonals. Such a matrix can be seen as having a block tridiagonal structure,
with blocks of size n. We assume that the size of A is multiple of n. Matrix
A is said to be unbalanced if m is lower than n. The problem is described in
Section 2.

A fundamental device when dealing with Toeplitz matrices is the displace-
ment rank theory, which allows a substantial reduction in the computational
cost and storage requirements. For this reason a short survey of the basic dis-
placement properties is included in Section 3.

The following four recursive methods are taken into consideration. For all
the methods, except the second one, a considerable saving of the cost is achieved
by using the Sherman-Morrison-Woodbury (in the following SMW) formula for
computing the inverses.

ge a recursive factorization, which in the case of a block tridiagonal matrix
like (3) coincides with the block Gaussian elimination,

cr the algorithm of [3], based on the cyclic reduction, which can be seen as
the block Gaussian elimination of a suitably permuted matrix,

mcr a modified version of algorithm of cr, which implements the SMW formula
as suggested in [17],

st a version of the divide-and-conquer algorithm introduced by Stewart in [22]
and applied [2] to Toeplitz matrices, modified in [11] in order to exploit
the band presence.

The methods are described in Sections 4, 5, 6 and 7. For each method, a
brief sketch of its implementation is presented and an approximation of the
multiplicative cost of the version exploiting displacement properties is given.

An important aspect which should always be taken into account is that of
stability. Citing from [13] “unstable Toeplitz techniques abound and caution
must be exercised”. Block Gaussian elimination is known to be stable for di-
agonally dominant matrices. A brief analysis of the stability of each method
is given in Section 8. We examine also how diagonal dominance properties
influence the stability of the SMW formula used for computing the inverses.

A comparative analysis of the costs is presented in Section 9. Finally in
Section 10 numerical experiments are performed to test the effectiveness of the
different methods and their performance with respect to costs and stability.

2 The problem

We consider here the linear system
Ax =b (1)

where A is a non singular banded Toeplitz matrix, with m upper diagonals, and



n > m lower diagonals

[ apgp a—1 e a_m, 1
aq ap a_1 . a_m
A= Qp ce al ag a—q cee Qe . (2)
a—1
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We consider the case of an unbalanced matrix A, where m is significantly lower
than n. Without loss of generality we assume n N to be the size of A, with
N = 2P p > 2. Then matrix A can be partitioned as an N x N block tridiagonal
Toeplitz matrix

By B_4
By, By B
' KRS , (3)
By By B_;
B, By
where By, By and B_; are Toeplitz blocks of order n

ap P e
By = an | (4)
L An—1 ... cee ‘e ap |
an a1 0
Bl = s B_1 = a_m 0
Qn a1 ... G_py ... 0O

We assume that a,, # 0 and det By # 0. In the following we use the vectors
e;, the jth canonical vector of size n,
€;, the jth canonical vector of size m,
fo = Boei, the first column of By,
f_1 = B_iey, the first column of B_;,

and the matrices



Oy, the null matrix of order h,
I, the identity matrix of order h,

Iy, 1, the rectangular matrix formed by the first h rows of I, if h < k or by the
first k£ columns of I, if k < h,

Jh, the exchange matrix of order h,

F'},, the h x m matrix formed by the first m columns of I,
F,, the h x m matrix formed by the last m columns of I},
E}, the h x n matrix formed by the first n columns of Iy,
E,, the h x n matrix formed by the last n columns of I},.

For the sake of notation simplicity, these matrices will be used without the index
h, i.e. without mentioning the number of rows, when it is possible to infer the
right size from the context. So the persymmetry of A and By is expressed by
A=JATJ and By = JBOTJ (in the first case J = J, v and in the second case
J=Jy).

We consider also the m x m block R in the bottom left angle of B_q, i.e.

a_m o .
R = , such that B_, =FRF .

a_1 e Qo

The function log, used for expressing the computational cost of the algo-
rithms, is the base 2 logarithm.

3 Exploiting the Toeplitz structure

A significant reduction of the computational cost can be achieved by making use
of the concept of displacement rank, introduced in [16], [15], [4]. This concept
allows a compact representation of the matrices involved in the algorithms. In
this section, after the first definitions and properties, we examine how to perform
the basic operations on matrices represented in such a way.

3.1 Basic properties

Let h > 2 be an integer and consider down-shift matrix of order h

0

1 0
Zp, =



For an h x k matrix T the following displacement operator will be considered
here

A(T)=TZ, — Z,T (5)
(the subscripts h and k will be dropped when equal). Matrix T is said to have
d-rank r if A(T) has rank r. In this case A(T) can be expressed in the form

AT) =Y @yl (6)

for suitable h-vectors x; and k-vectors y;, called the d-vectors of T. Matrix T
is said to be Toeplitz-like if its d-rank r is low with respect to its size (more
exactly if » = O(1) for h,k — o0). All the matrices discussed in this paper are
Toeplitz-like.

The d-vectors, together with the first column Te;, allow the complete re-
construction of T'. In fact from (6) it follows that

T = L(Tel)Ih,k +ZL($i) In 1 LT(Zkyi)a (7)

=1

where L(s) denotes the lower triangular Toeplitz matrix whose first column is
s. The set of the d-vectors plus the first column constitute the d-description of
T, while formula (7) provides the d-representation of T.

The components of the vector Z,y, are shifted one place to the right. Since
Zie, = 0, if one of the vector y, coincides with e,, the corresponding ith term
is missing from the sum of (7).

If a Toeplitz-like matrix T is (square and) persymmetric, then
A" = 27T —TT 2T = —J(TZ — ZT)J = —JA(T)J.

Hence, for any pair x;y! J appearing in sum (6), the pair —y,;z} J must appear
too. Then r must be even and (6) becomes
/2
A(T) = Z (%%TJ - yz“’zTJ)

i=1

It follows that under the hypothesis of persymmetry the d-representation (7) of
T becomes

r/2 r/2
T = L(Tey) + Z L(xy) LT (ZJy;) — Z L(y,) LT (ZJx;). (8)

From (5) we derive the following rules:

1. displacement of a sum A(S+T)=A(S)+ A(T),



2. displacement of a product A(ST) = A(S)T+ SA(T),

3. displacement of the inverse ~ A(T~1) = -T-1A(T)TL.
Hence the inverse matrix has the same d-rank as the direct matrix.

We give now the d-description of the matrices we are considering.
Matrix By size n xn  d-rank=2

A(B()) = ele7TLB,1 — B,leleg = elfilz] — f,lelTJ.

The first column f is not a d-vector.

Matrix By sizen xn d-rank=2
A(Bl) = eleZ;B() - Boeleg = elng - foe,{J.

The first column is the d-vector a,e;.

Matrix B_; sizen xn d-rank=0
A(B-1) =0.

The first column f_; is not a d-vector.

Matrix By ' sizen xn  d-rank=2
A(By') = =By 'A(Bo)By ' = =By ' (enfL1] — fiel J) By
~ AT ~ AT
=fifoJ—f2 017,
where N R
fi=B;'B_1e1 =By'f_,, fo=DB;'er.

The first column of By ' is the d-vector }'2.
Matrices E = Ej, and E = E,, (with h > n)

A(E) = —&,;1€7, AET) =0, A(E) =0, AET) = ee; .

where €; is the jth canonical vector of length h.
Matrices F = F,, and F = F,,

A(F) = —6m+16£, A(FT) = Oa A(E) = Oa A(ET) = eleT

n—m:-

3.2 Product of a Toeplitz-like matrix by vector

The most important operation that we have to perform is the multiplication of
T by a vector v. To see how it is made in a fast way and to estimate the cost,
we start with the case of the lower triangular Toeplitz matrix. Let s and v be
two input vectors of order n. To compute the product L(s)v or the product



LT(Z Js)v, the two vectors v and s are embedded into vectors of double size v’
and s’. Then we consider the circulant matrix C(s’) whose first column is s’

v'z[g], s'z[g], O(s) =

Computing

L(s) LT(ZJs)
LT(ZJs) L(s)

z=C(s) =

L(s)v
LY (ZJs)v |’

we find the product L(s)v in the first half of z and the product LT (Z.Js)v in
the second half of z.

Circulant matrices of order 2n are diagonalized by the Fourier matrix Fa,
whose (7, k)th element is f;; = exp(nijk/n), for j,k =0,...,2n — 1. Hence z
can be obtained by computing successively the vectors

w:f(vl)v g:f(sl)v h=g06w, z:}-il(h)v (9)

where ©® indicates the element-wise product of two vectors of the same size and
F and F~! indicate the discrete Fourier transform and its inverse, defined as

1

F(x) = Fo, x, FHz) o

Since the cost for computing the Fourier transform of a real vector of order n
using a specialized FFT routine is 3/4n logn + O(n) real multiplications [21], in
what follows we indicate by m, = 3/2nlogn the cost of each Fourier transform
(implicitly assuming n large enough to neglect the term O(n)). We estimate the
cost of computing the product L(s)v or LT (ZJs)v by the number of Fourier
transforms required (in some cases one or both input vectors may have already
been encountered and transformed).

For a general Toeplitz-like matrix T" expressed as in (7), the product is found
by combining the results obtained for the different triangular matrices. Due to
the linearity of the Fourier transform, the transformation of the initial vector
v and of the final output vector is counted only once. To help estimating the
cost of the product for the matrices involved in the different methods, we will
give for each matrix its d-description and a corresponding sketch of the lower
and upper triangles. The sections of identity matrix dealing with the changes
of size required for nonsquare matrices are represented by rectangles.

Sometimes it happens that different matrices are multiplied by the same
vector or that the same matrix is multiplied by different vectors. To avoid
counting double, we count separately the cost of the transformation of the input
vector and assume that when a vector involved in the d-description of a matrix
is computed, it is immediately transformed and the cost of this transformation is
counted separately. Practically, this means that to each pair of a lower triangle
of size n times an upper triangle of size m the cost m, + m,, is counted, while



no cost is counted for a single triangle. One cost is assigned to the final vector.
Different tables give the costs of the multiplication for the matrices of each
algorithm. If not explicitly indicated, the cost for multiplying the transposed
matrices is the same.

3.3 Inverse of a Toeplitz-like matrix

Many algorithms have been devised for computing the inverse of a Toeplitz-like
matrix T. They are called “fast” and “superfast”, according to the technique
employed. Fast algorithms, like the one by Trench [23], exploit the persimmetry
of Toeplitz matrices and have a computational cost O(n?), where n is the order
of T. Superfast algorithms, which employ recursive techniques, have a lower
computational cost O(n log? n) but are less stable. For this reason we employ
here a fast algorithm modified from Levinson’s for Toeplitz-like matrices [19].
It solves k systems with the same matrix 7" having d-rank r with multiplicative
cost oy, (k) + O(n), where

On (k) = (2k + 51" +1)/2n?, (10)

with 7’ = r if the first column of T is one of its d-vectors and r’ = r+1 otherwise
(see [12], Table 1).

As we will see, all the methods require the knowledge of B 1 To compute
this inverse one can apply also the algorithm described in [2], which exploits
the presence of an upper band and has a cost O(m?log(n/m) + nlogn). This
computation is made in an initialization phase, preceding a transformation phase
and a substitution phase which constitute the core of the algorithm. For this
reason the cost of computing B 1 will be not considered in the theoretical
estimates of the costs given in terms of m,, 7, and o, (k).

4 Algorithm ge

It is well-known that when A is a tridiagonal matrix, the recursive method based
on the partitioned LU factorization coincides with the Gaussian elimination.
Hence the first method we consider for solving (1), which will be called ge,
results to be just the block Gaussian elimination. It is based on the sequence
of the Schur complements

So = By, S; =By — B1S;\B_1, for i=1,...,N—1, (11)
and consists of two phases.
1. Transformation phase, where matrices .S, 1 are constructed.

2. Substitution phase: partitioning the vectors b and « into subvectors
bi,...,by and x1,...,xN of size n, the solution of system (1) is found



by performing a forward substitution, where the vectors z; are computed
from the right hand-side

z1 = By by,
o, ‘ (12)
zZ; :Si_l(bifBlzi,l), for Z:2,...,N,
followed by a backward substitution
LN = ZN,
B 1 . (13)
T, =2;—S,_B_1xiy1, for i=N-—-1,...,1

It is evident that the main part of the computational cost of the method lies in
the transformation phase. This cost can be reduced if we exploit the fact that
according to (11) each matrix S; differs from By by a correction of low rank (at

most m). Since B_; = ERFT, by SMW formula we have

Sk = (Bo— BiS;'FRF')™' = By + By 'UP 'V, (14)

where o
V=RF By', U=BS'"E P=I-VU. (15)

Once Bj ! has been computed, the computation of the inverse of the n x n
matrices S; can be made through the inversion of the smaller m x m matrices
P;.

4.1 Sketchy implementation

The algorithm can be implemented in the following way. All the computations
are carried out by using the d-descriptions of the involved matrices.

Function ge (4, N, b)

—_

compute B Land v,
. fort=0,...,N—1
compute U; and P; by applying (15),

K3
compute S;_ll by applying (14),

2
3
4. compute P!,
5
6. for i =1,..., N compute the vectors z; by applying (12),
7

. for i = N,...,1 compute the vectors x; by applying (13).
4.2 D-description of the matrices
Matrix V = RFTBJI size m x n  d-rank=2. Since A(RFT) =0,

! ~T ~T o~ AT o~ ~T
A(V)=RF AB;Y) =V(f_ fod —er F1J) =tifoJ —tafy J,



where R R
t1 = V-f—17 t2 = Vel.

The first column of V is the d-vector ’Eg. The d-representation of V' has the form

L(t1) LT(Z]f5) L(t2) I+L7(ZJf)

Matrix S; = By — BlS;llB_l size n xn  d-rank=3

A(S;) = s(li)t(li)T + séi)téi)T - fﬁleT

n?

where

SgO) = .f07 tg(J)T - OT; 550) = €y, t;())T = 'leJ’

and for 7 > 1

ng) = Siel, tgi)T = 625;113_1,

s = By5; s, T =T g1 p

Proof by induction. For ¢ = 0 we have Sy = By and the relation holds. For
i > 1, since Biejel eleZBl, we have

A(Sit1) = A(Boy) — A(B1)S; 'B_1 — B1A(S;)B_,

= eleZB,l - B,leleg - eleZBOS_lB,l + BoeleZSi_lB,l

9

_lséi)téi)TSi_lel o BIS_lB—leleTS-_lel

i n*q

+Bieel S B_1S;'B_1 + B1S;
=eelB_; —eel (By— B1S;\B_1)S; 'B_4
+(Bo— B1S; 'B_1)eiel S, By + B, S; s t0T S B — f_ el

i n

= i+1elez;Si_IB71 + B1Si_18(2i)t(2i)TS,le,1 — fﬁlez;.

The first column of S; is the d-vector sgl). The d-representation of S; has the
form

10



NN

Ly 14+ L7zt L(s$) T(zt{)

Matrix U; = BlS-_lF size n xm  d-rank=3
A(U;) = A(B1S;'F) = A(By)S; 'F + BiA(S; HE
= (eleTBO — Bpeje}, )S lp— By S; (sgi)tgi)T + sgi)tgi)T — B_leleg)Si_lF

—(Bo — B1S;'B_1)e1el S F — By S st s
+eiel (By — Bi1S;\B_1)S;'F
— w07 4 DO | TR,

n=’

where

“gi) = —DBpe; + B1S{1Bf161 = fsgi—H), v(li)T = eZSi_lE = té )TE,

uéi) _ 73151;18&1') _ —sg”l), véi)T _ tgi)TSi,lﬁ _ #;‘)TE7

Zéi) and Atéi) are d-vectors of ;" L

The first column of U; is u® = U,e; = BlSi_IEel = BlS €n—m+1 and is
not a d-vector. The d-representation of U; has the form

L(u®) L(u") LT(zo\")  L(uy)

Matrix P, =1—-VU; sizem xm d-rank=4 (since F — B,lBO_lUZ- =F)
A(R;) = -VAU;) — AWU;
= 7(Vu(1i))v(1i)T - (Vu(;))'v(;)T — (Ver)el F
—(VB_1e1) (el By'U;) + (Ver) (el B_.1By'Uy)
- 7(Vu(1i))'v(i)T — (VuS)oP" — (Ve,)(eLEP) — (VB_1e1) (€L By'U;)

TL—
() (I)T (@ (OT (@) (OT () (I)T

+pyqy +pay +pyay

11

LT (Zvy)



where

P = —vuld, g7 — T
P = —vu, g7 = o7

. N , AT

py) = Ve =—t, g7 =elFP =elF~f JU,
i 7 i — i

pz(l) =-VB_ie; = —t, qé(;)T:egBolUi:fQ JU;.

The first column of P; is p{) = P,Fe; = Fe; — VU;Fe; = Fe; — Vu(® and is
not a d-vector. The d-representation of P; has the form

L") L) LT(z¢!) L) LT(Z¢Y) L®Y) L7(Z45)

Matrix SZ-_1 size n x n  d-rank=3

A(STY) = 57 A(S)S;

AT ~DT (iy~DT
=308 4308 1308
where -
~(Z S = —é€q, ’E(lz) :th)TS;I,

)

~()T .
~(z) 5718 (4) t;) :tg)TSi_l,

~ ~(i)™" _
(Z 1f 1 t3 eTSZ- 1 )
The first column of SZ-_ is 3 = S el = Bo_l(el + Ui_lP;llfg) and is not
a d-vector. It must be computed by solving a system with matrix P;_;. The
d-representation of S;" ! has the form

NN &

~(l)

~(l) Tz, ~(l)

12

NN NN

L(p{”) L" (24 ")

L7728,



4.3 Cost of matrix by vector product

Table 1 lists the cost of computing matrix by vector products, for the matrices
used in algorithm ge. As already said, this cost does not include the cost for
the transformation of the vectors of the d-description of the matrix itself and
the cost of transforming the input vector.

matrix cost,
By T

B 4 27,
Byt 5y,

14 27y + 3Tm
U; 4, + 27,
UiT 37, + 3T,
S; ! 5Tm

Table 1: Cost of computing matrix by vector products for algorithm ge.

Note. The product of B_; by an n-vector v is computed multiplying matrix
R by the subvector v of the first m components of v and appending n — m
zeros in front of the result. Hence it requires transforming v even if v has
already been transformed. This explains why the cost for B_; is 27, instead of
Tm. Moreover, to multiply U; by a m-vector v we need two transformed input
vectors: the first one is obtained by transforming v, the second one is obtained
by transforming the vector v followed by n — m zeros. This explains why the
cost for U; is 4w, + 27, instead of 37, + 2m,,.

4.4 Cost of algorithm ge
4.4.1 Transformation phase

(a) Initially the d-descriptions of matrices By 1V and Uy are computed by
solving three systems with matrix By and computing the products

}1 :Bo_lf—b .?2 :Bo_lela }3 :Bo_lenferla z1 :ETB*L?D

ty=F"B_f,, u” = —f, + Bify, ul) = —Bif,, u® = B fs,
~T T

o\ =F,0F, WO =F JE.

All these vectors are then transformed. Since Sy ' = By, we have also the
d-description of S;*

’gg ) = €1, 850) = _/f\27 g;(%()) = .fla g(O) = }2)
~+(0) 70 = 70 =
t, =0, ty = [, ty3" = fod



As already said in Section 3.3, the cost of this initialization is not taken into
consideration.

(b) Now the ith step begins, fori = 0,...,p—1. We assume that the d-vectors
of S;, S;l and U; are known and we compute the d-vectors of S;41, P;, Si;ll
and Ui+1-

For matrix ;41 we have

sgiﬂ) = —ugi) and sé”l) = —ug). It remains to compute

t§”1>T = 63;5;13_1 = ?éz)B_l, the product by Toeplitz matrix R” is per-

)

formed with cost 27,,. The transformation of tg”l costs m,.

~(i)T

1T S;lB_l =t, B_1, as above the costis m, + 27,.

t;

)T

=0
For matrix P; we have to compute four d-vectors and the first column, but we

do not transform them.

pgi) = fVu(li), the product by matrix V with an input vector already trans-
formed costs 27, + 37),.

p;i) = —Vugi), as above the cost is 2w, + 3mp,.

pl) = Fe; — Vu®, as above the cost is 27, + 37pm.

) ~T
qgl)T = el'FP, = elF — f, JU;, the product by Ul with an input vector
already transformed costs 37, + 3m.,.

(T _ TB*I 4_AT . :
q, =e, By U= f,JU;, asabove the cost is 3w, + 3mp,.
Now the vectors
wy = VséiJrl), wl — t§i+1)TBO_1, wl = téiJrl)TBO—l’
wi =wlU;, wl =wlU;
are computed. The product by V with an input vector already transformed
costs 2my, + 3my,. The products by By T with input vectors already transformed

cost 5, each. The products by Ul with input vectors not yet transformed cost
4m,, + 3m,, each.

Then the vectors
y, =P lwi, y, :Piil/t\la Y3 :Pflft\%
_ _ VT - —
yl =wiPl, yl =wlP ', yi=q"P

are obtained by solving six systems, three with matrix P; and three with matrix
PT'. The cost is 20.,,4(3).

For matrix S;rll we have to compute

14



ggﬂ) = —BO_1 (sgﬂ) + Uiyl), one product by matrix U; and one product by
matrix By 1 are required. The input vectors have not yet been transformed.

(i+1)
2

The costs are 10w, + 3m,,,. The transformation of s costs 7.

géiﬂ) = Bofl(f_1 + Uin), as above, the cost is 117, + 3m,,.

0D Bo_l(el + Uiy3), as above, the cost is 117, + 3m,,.
~(i+1)T
t§l+ T wd +yTV, the product by matrix V7 with an input vector not yet

. i+1
transformed costs 3w, + 37,,. The transformation of %411 ) costs .

~(i+1)T

téH - wi +yI'V, as above the cost is 47, + 3mp,.
~(i+1)T AT

téH T foJd +ylV, asabove the cost is 47, + 3mp,.

At this point the d-representation of S;rll is available and we have only to
compute the d-representation of U;; ;. For the left d-vectors we have

ugiﬂ) = f(BO fBlSi__FllB,l)el = ffOJrst'giH), the product by B; with an
(i+1)

input vector already transformed costs m,. The transformation of u, costs
T
uéiﬂ) = 7B15;135i+1) = st'(;H), as above the cost is 27,,.

The right d-vectors of U;4; are obtained by truncating those of S;_ll and must
be transformed, with cost 27,,.

For the first column of Uy 1, i.e. ul*t) = By S;rllen_mﬂ, we have to compute
one product by S;_ll, with input vector already transformed, and one product
by Bi. The first one costs 57, the second one costs 2m,. The transformation
of w1 costs m,.

4.4.2 Substitution phase

For the forward phase z; = i_—ll (b; — B1z;—1), one product by matrix By and

one product by matrix S;_ 11 are required. The input vectors have not yet been
transformed. The costs are 2w, and 6m,,.

For backward phase x; = z; — S;llB_lxiH, one product by matrix B_; and
one product by matrix S;_ 11 are required. The input vectors have not yet been
transformed. The costs are 27, and 6m,.

4.4.3 Overall cost

For the transformation phase the cost of the ith step is

t; = 917, + 487 + 200 4(3),
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for the substitution phase the cost is
s; = 14w, + 2m,.

Both costs must be multiplied by N. According to (10) we assume o, 4(3) =
27/2m?, we have

cge = (ti + 8i)N = (105, + 50m,, + 27m?)N. (16)

5 Algorithm cr

Various different methods go under the name of cyclic reduction. They all share
the characteristic of building a sequence of problems having a progressively re-
duced size. When the size is sufficiently small, the reduced problem is solved and
from its solution the solution of the original problem is reconstructed through
backward steps. We describe here an implementation of the method proposed
in [3], where the reduction of size is achieved by applying a block Gaussian
elimination to a suitably permuted system.
Let N = 2P, with p > 2. Denote by

40)50) _ p(©

the given system (1), where A = A is the block tridiagonal Toeplitz matrix
(3) and b®) = b. The three blocks are renamed as follows

H(()O) = ﬁ(()o) = By, H1(0) = By, H£01) =DB_1. (17)

For ¢ =0,...,p — 1, the matrices

, , NP i) pp ()7L G

HY =Y~ B EY HY - B HD  HY,
) . N—1

Hl(erl) _ _Hl(z)HO(z) Hl(t)

)

(18)
. . N—1 .

HYY = g HY  HY,

~ . ~ . . N —1 .
A = O - g9 g g

)

are computed. In [3] it is proved that all these matrices are Toeplitz-like, with
d-rank equal to 4 for H(gi), to 2 for Hfi) and H(ji, to 3 for H® when i > 0.
Moreover H(()i), H fi), H (fi are persymmetric and H (fi has nonzero elements only
in a lower left square block R of size m. Hence it can be written as

HY = FROF",

where .
RO — R and RG+D — *R(i)FTHéi)i FR®Y,
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The cyclic reduction is based on the sequence of systems
AW () = b(i)7 for 1=1,...,p, (19)

of order 2P~n, recursively obtained in this way:

1. let II; be the even/odd block permutation matrix of order 2P~ with blocks
of order n. Problem (19) is equivalent to

~(@)

/T(i)i(i) 5", A0 — HiA(i)HiT, 53(1') _ ]Lm(i), g(i)

= I;b". (20)
2. Partition vectors ' and 5(1) into two halves, as follows

) lb9]
A R
b(l)

O

4 (@)
gwlw+

3. Apply one step of the block Gaussian elimination to (20) seen as a 2 x 2
block system, obtaining a problem of the form

2 ] [ o
20+ pli+D |7
where

(a) D® and U® are block Toeplitz matrices of order 2°~*~1, D() heing a
block diagonal matrix with blocks Héz) on the diagonal and U being an upper

D@ p©
O AU+

block bidiagonal matrix with blocks H l(i) on the diagonal and H (fi on the upper
parallel.

(b) AU+ s a block tridiagonal matrix of order 2P~*~!. Tt has still a block
Toeplitz structure except for the northwest corner block which is HG+D | The
other blocks are H(()H_l) on the diagonal, fH_l) on the lower parallel and H (ff_ 1
on the upper parallel.

(c) b(”l), 1=0,...,p—1, is the vector whose jth subvector of size n is

. . . =1 . . N—1 . .
B 0 |~ gOEO ), HOEO Y, -1, -, o)

with b;i) =0 for j =0.

Once the vector (1) has been obtained by solving the system AG+Dgli+1) =

b(H‘l), the subvectors of (¥, i =p—1,...,0, are given by
i it+1
125]-),1 = 1:; )’ fi =1 gp—i—1
i AR i) (i+1 ) (i+1 or Jg=5. )
o) = HP ™ (b) - HO — HO ),

with mgz—ﬁl) =0 for j = 2P~ 1,
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After p steps of reduction, system (19) has order n and is

HP 2P = plP), (23)
Now asgp ) can be computed directly. Then p — 1 backward steps are performed
with (22), computing my) fori=p—1,...,0, until ¥ = z is obtained. Hence
method cr appears to consist of two phases: a transformation phase where the
matrices H(gl), Hl(l)7 H(fi and H® are constructed, and a substitution phase
where the vectors b;l) are constructed in a forward way and the vectors 3357)
constructed in a backward way.

are

Remark 5.1 Algorithm cr can be seen as a block Gaussian elimination ap-
plied to a suitable permuted matrix A. In fact, let I; be the matrix obtained
by replacing in the identity matrix of order N the last principal block of order
2P~% with II;. Defining

=TIy 1...InI,

the given system (1) is equivalent to
Az =b, A=0AQT, =0z, b=0b.
Applying block Gaussian elimination we see that
A=LU,

where L is lower block triangular and U is upper block triangular. Matrix L
)—1

has identity principal blocks and one or two blocks of the form H fi)Héi and

o -1
H(_?HO(Z) in the columns of the lower part (exactly elements with index i
stay on 2P~*~1 consecutive columns). Matrix U has principal blocks equal to

Ho(i) (exactly blocks with index i stay on 2P~¢~! consecutive places) and a last
principal block equal to ﬁép ) and blocks equal to H (fi or H fz) in the upper part.

5.1 Sketchy implementation

The algorithm can be implemented in the following way. All the computations
are carried out by using the d-descriptions of the involved matrices.

Function cr (4, N, b)
1. let Héo), Hl(o), H(_Ol) and H©® be defined as in (17)
2. compute H(()O)il,
3. for1=0,...,p—1 compute H(()H_l), Hf“‘l), H(jf'l), Fu+y
by applying (18) and compute Hé”l)_l,
4. fori=0,...,p—1, forj=1,...2°P71

compute b§i+1) by applying (21),
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5. compute ﬁ(”)_l,
6. compute mgp) = ﬁ<P>—1b§p>,
7. fori=p—1,...,0, forj=1,...2P7¢

compute m§i) by applying (22).

5.2 D-description of the matrices

For the d-description of the matrices of algorithm cr we need the vectors of
length n

hg) = Héi)el is the first column of Ho(i),

; LG LG
véz) = — Hl( Jey is the first column of — Hl( ),
a

n [£2%
ﬁ(i) — H®e, is the first column of ﬁ(i),
t® = JHOTe, ie. tT is the reversed last row of H®,
and the vector of length m
r( = RWe, is the first column of R®.

The following recursive relations hold

hgiJrl) _ héi) _ anH(_i%Héi)flvgi) _ Hfi)Héi)ilﬂT(i% hgo) _ .f07

vgiﬂ) _ _Hfi)HO(i)qvéi), UE)O) — e
~(i41 ~(i ; N ; ~(0
h(z+ ) _ h( ) anH(fiH(()z) 11}(()1)’ h( ) _ .

$1) — () _ [—[y)[-[(()i)_lﬁr(i)7 t© = f,.
rit) = _ROF O Er®, O =FTf .

For simplicity sake we introduce also the vector of length m

o) = = ET (R — 1),

Gnp

which satisfies the recursion
'U(IH_I) = vgi) - R(i)FTHéi)_lv((f), 1;50) =0. (24)

It is easy to show that héi) and t® have the first n — m entries in common.

Hence, if ¥ and vgi) are known, there is no need to compute héi) using its

recursive relation because it can be recovered in this way

hY) =t 4+ a,Eol". (25)
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The d-description of Héi), Hl(i)7 H(_Z% and H® can be easily proved by in-
duction or derived from [3].

Matrix H(()i) size n x n d-rank=4 (d-rank=2 if i = 0)
AHS) = —ErOo" ] — h{ T ET ]+ Foh$T T 4+ ol rOTET .

The first column of H(()i) is the d-vector h(()i). The d-representation of this matrix
is not shown here because it is not needed in the following.

Matrix Hl(i) size n x n  d-rank=2
AHY) = DT T 4ot OT .

The first column of Hl(i) is the d-vector anvéi). The d-representation of H 1(i)

has the form

DN

LT (ZJv) L) anI + LT (ZJt®

Matrix R sizem xm d-rank=2
A(RD) = —p@p(T g 4 4{0pOT ],

The first column of R is the d-vector (?). The d-representation of R has
the form

) B z i k z
L) —I+L7(ZJv}") L)y  LT(ZJr®)

Matrix H® sizen xn d-rank=3 (d-rank=2 if i = 0)

AHD) = e, f7,7 — Fr@Do(7T 4 Fo{"tOT .
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The first column of H (i/)\ is fAL(Z) and is different from the other vectors of the
d-description. Matrix H® never enters into a multiplication. Hence the d-
description of this matrix is not shown. Only the last one H®) is used in (23).

a1
Matrix H(()Z) size n x n  d-rank=4 (d-rank=2 if i = 0)

N —1 . . . . . .
AHS ) =707 T e T -5 el — 5l F T,

where
) N1 ) ) =1 . ) N1 )
HO g0 0, 0 g0 50— g ey
1~ L1
The first column of HO(Z) is h( ) _ HO(Z) e; and is different from the other

5 —1
vectors of the d-description. The d-representation of HO(Z)

BN AN

I ﬁ(l) ~(z

has the form

LT(Z2J70)

5.3 Cost of matrix by vector product

Table 2 lists the cost of computing matrix by vector products, for the matrices
used in algorithm cr. As already said, this cost does not include the cost for
the transformation of the vectors of the d-description of the matrix itself and
the cost of transforming the input vector.

matrix | cost
2O 5
H l(i) 5T
R® 5Tm,

Table 2: Cost of computing matrix by vector products for algorithm cr.

5.4 Cost of algorithm cr
5.4.1 Transformation phase

(a) Initially we set

h(()o) _ lAz( ) +0) — = fo, v(()o) —e, r®= ETf vgo) —
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(b) We assume that at the ith step, ¢ = 1,...,p, the vectors véifl), r(i=1),

vgi_l) and 1 have already been computed and transformed, while vectors

- ~(i—1
hg D and h(z ) have been computed but not transformed, since their trans-
formations are not needed.

First the vectors

~(i— . —1 . . —1 R
h( 1) _ Hézfl) el ’7:(171) _ Ho(zfl) ET(’L_l),

. . . 1 .
581—1) _ H(()z 1)~ (z o) %(11_1) _ H(gz_n Evgl_l),

are computed by solving four systems with the same matrix Hoi_l), whose
complete d-description is available. The corresponding cost is oy, 4(4). Now we

have the d-representation of H(gifl)_

cost 4m,.

1
. The four vectors are transformed with

Then the vectors
véz) _ _H(ifl)g(ifl) 2 = Hl(ifl)»f(ifl),

?

— RE-DFTFID, p6) = _RU-DFTHD),

are computed by multiplication. The input vectors of length n have already
been transformed, those of length m have not yet been transformed. Hence the

products by Hfi_l) cost 5m, each and the products by R~Y cost 6m,, each.
We get

4 . . . ~(6)  ~(i-1
t® = ¢(- _ 5 ol =Y 2y, R =R - an F z3.

Vectors 'v((f) and t@ are transformed with cost 27,, vectors () and 'vgi) are
transformed with cost 27,,.

Vector héi) is computed using (25).

5.4.2 Substitution phase
At the ith step first the vectors
. =1 .
Wl = 1 b

are computed for j = 1,...,2P~*"!. The input vectors have not yet been trans-
formed. Hence the cost is 6, for each j.

Then the vectors
b(l‘f‘l) b(l) H(l) FR(z F w; (%)

are computed. The input vectors have not yet been transformed. Hence the
product by Hl(l) costs 67, and the product by R costs 67y, i.e. the cost is
67, + 67, for each j.
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The same cost holds for the computation of
i Nl i) (i+1 =T (i+1
2f) = HY' (b)) — HP2{ MY - FROT &)

At the first step azgi) is computed by solving system (23) with matrix H® whose
d-description is available. The corresponding cost is not considered.
5.4.3 Overall cost
For the transformation phase the cost of the ith step is
ti = 167, + 147, + 0y 4(4) (26)
and must be multiplied by log N. For the substitution phase the cost is
s = (24my, + 127,,)N.

According to (10) we assume oy, 4(4) = 14.5n%. We have

Cer = tilog N + s = (167, + 147, + 14.5n2) log N + (247, + 127,,)N.  (27)

6 Algorithm mcr

It is evident that the main part of the computational cost of the transformation

N—1
phase of algorithm cr lies in the computation of H(()z) . This cost can be

reduced if we exploit the fact that each matrix HO(iH) differs from Ho(i) by a
correction of low rank (at most 2m). Using SMW formula, as suggested in [17],
we propose the following modification.

Let us consider the matrices
. . N —1 R . N N —1 -
v = HOHY T FRO and V) = ROF HY B,

and the matrices

v =[E|U{”], and VO =

Then we can write . .
H(()z+1) _ H(()z) _ U(i)v(i)7

and by SMW formula we have

. -1 N —1 N —1 . N — . N —1
BT g0 g0 @ po Ty oo

where .
PO =1-vOHD g, (28)

In this way the computation of the inverse of the n x n matrix HO(HI) is replaced
by the computation of the inverse of the 2m x 2m matrix P(*). This modification
of algorithm cr will be called mcr.
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6.1 D-description of the matrices
Matrix Ul(i) = Hl(i)H(()irlER(i) size n x m d-rank=4
A(Ul(i)) = t(”l)vyH)T — vé”l)r(”l)T + ’véi)T(i)T — t(i)vgi)T J.
The first column of Uli) is
Ul(i)El — () _ 4G+

and is not a d-vector, but both ¢ and t('_H'l) are d-vectors, and this fact can
be exploited for the d-representation of Ul(z) which has the form

L") LT(ZJo D) — 1 L(v§™™) LT (Z (D)
L) LT(ZJr®) L) Lzl — 1

; RN R ;
Matrix V) = ROF 7 HD = ju""J sizem xn  d-rank=4
A(Vl(i)) _ —J[A(Ul(i))]TJ _ {7v§i+1)t(i+1)T+,’,(i+1)v(()iJrl)T7T(i)v(()i)T+v§i)t(i)T} J.
From (24) it follows that the first column of Vl(i) is

; -l . ,
Vl(z)el _ R(Z)FTHéz) Hl(z)el —a, (,ng) _ vngrl)).

(i+1)
1

It is not a d-vector, but both v(li) and v are d-vectors, and this fact can be

exploited for the d-representation of Vl(i) which has the form
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L@ty anl + LT (ZJt0+0) L(r(HD) LT (ZJu{tY)
L(rt) LT(ZJv) L(v{") anl + LT (Z.Jt0)

. ) N1
Matrix P® = [ — V(Z)HO(Z) U@ gize 2m x 2m  d-rank=8 (d-rank=6 if
i=0).
For 7 > 0 we have

8
APD) =>"pgT,
j=1

where
pgz') _ fV(i)H(()i)_lq;(()iH), qu')T _ pgi)TJ,
pY) = —Fo,r(i+h), g5 = —p"J,
pgi) _ _V(i)géi), qéi)T _ pfli)TJ,
pz(f) = Fopr® — V(i);(i)7 qgi)T _ —pgi)TJ,
) = VOB HORO, 0T =T,
péi) _ 7F2mv§z‘+1) Y F, @, qéi)T _ 7pgi)TJ7
pgi) — T, (vgiﬂ) B vgi)) " V(,-)T}gi)v qgi)T _ p{(gi)T[L
p =Fy,e,  a"" =-pT

. - — ) N1
The first column of P is POF 5, € = F 9,81 — V(Z)HO(Z) €n,—m+1 and is not
a d-vector.

For 7 = 0 the last four pairs of vectors are replaced by
0 0) "1 1(0)~ _ 0)T 0)T
p) = vOr® HF 1 Eye, @) = -pg"

0 o 1 — 0)T 0)T
pé):szmv(l)JrEgmel, qé) :pé) J.
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6.2 Cost of algorithm mcr

Table 3 lists the cost of computing matrix by vector products, for the matrices
used in algorithm mcr which were not introduced for algorithm cr. As already
said, this cost does not include the cost for the transformation of the vectors
of the d-description of the matrix itself and the cost of transforming the input
vector.

matrix cost
U® 51, + 4y,
1740 47, + dmo,

Table 3: Cost of computing matrix by vector products for algorithm mcr.

The cost of the ith step of algorithm mcr is the same as for cr, except for what

concerns the computation of the d-description of HO(Z) 1, which in algorithm cr
is directly computed by solving four systems of order n with cost o, 4(4), while
here is computed by using SMW formula. Hence to find the cost of algorithm
mcr we have to estimate the cost of this formula.

No computation is required to find the d-description of UG and of V-1,
The vectors 'vg*l), 'vg), t=1 (), vglfl), vgz), (=D and r® have already

been transformed.

The d-description of PU~1 is computed as follows. The resulting vectors
are not transformed, since Levinson algorithm does not require them.

. ) -1 o1y -1

For pngl) = —V(’_I)HO(Z D vé), one product by Hé D™ and one product
by V=1 are required. For the first product the input vector has already
been transformed. The costs are 57,, and 57,, + 57,.

For p:(;fl) = —V(i_l)ﬁ((ffl),

formed costs 4m,, + 57y, .

the product by V=1 of a vector already trans-

For pfli_l) = Fopr=D — VE-D5E"D 59 above, the cost is 47, + 5.

j ; i—1) " (i—1)~(i— i—1)~(i—
For péfﬁl) = —V(’_l)H(()Z D H1( D761 The vector 21 = H1( DF6=1) hag
already been computed in cr, hence only two products are required: one
; 1 .
by Ho(lfl) and one by V=1 No input vector has yet been transformed.
The costs are 67, and 5m,, + 57mp,.

For pi'™ " = T, ('v(li) — vgi_l)) + VDY " the product by V=D of a
vector already transformed costs 47, + 57, .

L — ) -1 o1 -1
For P(Z_I)Fgmél = Fgmél—V(’_l)HO(Z b €n—m+1, oneproduct by Hé b

and one product by V(=1 are required. For the first product the input
vector has already been transformed. The costs are 57, and 57, + 57,.
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Hence the cost required for computing the d-vectors of PO~V is ¢p = 437, +
307, .

)—1

To find the representation of Héi , we compute by SMW formula the expres-

sion
L1 i1 NPT B Lo . i1
H(()’L) > = H(gl—l) z 4+ H(gl—l) U(zfl)P(zfl) lv(zfl)H(gl—l) P (29)

for selected vectors z. We compute first z; = H(gi_l) 1z. If z has already
been transformed, it costs 57,. Then we compute zo = V=D z; as previously
explained, with cost 5w, + 5m,,. The vector z3 = P(i_1)7122 is obtained by
solving a system of order 2m applying Levinson algorithm. Now the product
U=V 25 is computed as follows

Z4 = U(i_l)zg = [E ‘ Ul(iil) ]23 = EFQTng + Ul(iil)Eng&

The product Ul(ifl)E ng3 has cost 57, + 57p,. Finally vector z4 is multiplied

-1
by Hézfl) with cost 6m,. The total cost for the computation of (29) is ¢; =
217, + 107y, plus the cost of Levinson algorithm.

N—1
To obtain the d-description of H(()z) expression (29) is computed for the vectors
z = Fri, 2z = vél), z = Evgl) and z = e;. The vectors z = Fr® and
z=F 'v(lz) are transformed with cost 2m,,. Then the cost of this step is

cs = 4dep + 2my + oo 9(4) = 867y, + 407y, + 02m 9(4) = 867, + 407, + 108m?2.

The sum cg +cp = 1297, 4+ 707,,, + 108m? is the quantity we have to substitute
to op,4(4) into formula (26) to get the cost of algorithm mcr, which turns out
to be

Cace = (1457, + 847, + 108m?2) log N + (247, + 127,,)N. (30)

7 Algorithm st

The last method, which will be called st, is based on a doubling algorithm
devised by Stewart for solving block Hessenberg systems. It has been modified
in [2] for matrices with Toeplitz structure, in order to lower its computational
cost. Our goal is to show that a further decrease of the cost can be achieved
with band matrices. The basic idea is the following.

Let N = 2P, with p > 2. Fori =0,...,p, let n; = 2'n and denote by A; the
n; X n; leading principal submatrix of A. We consider the sequence

A Ry

Ag = B, Ajgr = U A

A, = A,

)

with T T
Uy =EBE", Ry =EB_,E =EFRF E .
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At the ith level of recursion we put into relation the solution of the linear system
z t
Aip1z=1t, with z= [ o ] , t= l o 1 , (31)

(where ” and ” indicate the first half and the second half (resp.) of the vector)
with the solution of the system

Ai O y/ t/
U; Ai y// - t’ :
‘We have
y/ _ Ai_lt/
"o__ A—l t" Uy (32)
Yy =4 ( iY )
and
2 = y/ o Ai_lRi 2
Z// _ T—l " (33)
=4 Y
with e
T,=1-A;'U;A;'R;,=1-G,E"H,F E ,
where

Gi=A;7'EB, and H;= A;'EFR.

Due to the band structure of matrix A;;1, matrix GiETHZ-FTET is a low rank
(exactly m) correction to the n; dimensional identity. We can exploit this fact
by using the SMW formula. So we have

T =1+ GE'HP'FE, (34)

where matrix .

P,=1-F E G;E"H;
has size m. In this way the inverse of the n; x n; matrix T; is obtained by
inverting the m x m matrix P,. Replacing (34) into (33) we see that the solution
of system (31) of size n;41 can be expressed as an additive correction of the two
solutions (32) of size n; in the following way

<] [x] ] e

o (35)
GE'H,P'F E y"

The method st is based on the recursive application of this procedure. At the
highest level the solution of the system A,x = b leads to solving two systems
with half sized matrix A,_; and suitable right hand-sides. Each of these two
systems recursively leads to other two systems, and so on, until N elementary
sized systems, all having matrix By, are obtained. They are solved and the
successive application of (35) allows the reconstruction of .

To turn this outlined procedure into a really efficient method, we need a
compact notation of the matrices which appear in (35) and formulas to compute
them recursively. Their computation is the object of the transformation phase.
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7.1 Transformation phase

We consider the upper and lower blocks (called angle blocks) of the matrices G;
and H;

The sizes are m x n for G, n x n for G;, m x m for H; and n x m for H;. For
the index i = 0 we have

_ A
Go=Gy=B;'B1, Go=F G,

1 —_— —=T (36)
Hy=H,=B, FR, Ho=F H,.
Then
(I+ AT RTTATTUDAT | —A7 RTTTAT
-1 _
i+l =
7Ti—1Ai—1UiAi—1 ‘ Ti_lAi_l
(I+ H P 'GET)A! ‘ —H,P'F E A
—Gi(I+ H,PT'GHET AT | (I+ GH P B AT
where v .
P=I-FFEGH,=1-G,H,. (37)
We have now the recursive relations for G; and H;
o e E G, + H;P, 'G,G,
T o | T | —Gue v HiPTGG) |
_ (38)
Hipy = A7} ER —Hib
e T | GHPTH +H; |
From (38) we get the recursive relations for the angle blocks
Giy1 =G + H,PT'GiG,, Hiy =-H;P,'H,, (39)
Qi+1 =-G;(G; + ﬂipflaigi)v Hi = Qz‘ﬁipflﬁi + 4.
In the substitution phase we use also the matrices
M;=G,H,P"', K;=P 'H; and L,=P;'G,G,. (40)

In the following the “over” and “under” line notation is used also for vectors.

. . —T—=T
Given a vector v of any size, we denote by = F E v and v = ETv the
subvectors of the first m components and of the last n components of v (resp.).
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7.2 Substitution phase

Fori=0,...,pand j=1,...,2P7 let b be the jth subvector of size n; of b.

J
Then (i+1)’ (7) (i+1)" (1)
i+ i i+ i
bj = b2j_1, bj = b2j.

We define now recursively a sequence of vectors yg-i) of size n; by means of the
systems

Ay =D for i=p,...,0, and j=1,...,2"7, (41)

where tgp ) = b and

. . ! . . 12 . /
t5) =T ) =0T gAY (42)
Hence (7) (1) (i+1)’
; _1,(6 —1,(i+1
92;—1 = A; 1t2j—1 =A; ltj
and

7

. _ . B 1) .
yh) = A7) = AT (Y Uiyl ).

From (35) we have

(i+1)’ (#) —1 (1)
y(i-i—l) — A1 tjl | Y21 — H; P, y;j
] — i+l . " - ; 1 (i .
! t;”l) y%) +GiH,; P y(;])
Then the vectors of the first m components and of the last n components of
yglﬂ) are given by

(i) _ —() T plai i i ~1g0
g, =m - HPT ),y =) GH P ) (43)

——1==1 " 1

The vectors @;Hl

They can be computed recursively, but we prefer to give the equivalent iterative
version in the next sketchy implementation.

) and g(,”l) are constructed in the forward substitution phase.

Due to the structure of U;, the vector tg-i) differs from by) only in the first n
components. More precisely, we show recursively that

) =b", ), =6y ~EBiy™", for j>1,

e (44)
) =6 - Boaf)
where h and k are defined by the relation
2j =242" .k, with k odd. (45)

In fact, in the even case we have

i i+1)" 1,0 i i i - i
t5) =l —var ) =0y Uiy =) ~EB yy) .

J
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In the odd case we have

. . / . ! .
tgz) _ t§z+1) _ bgz+1) _ b(lz)
and, if j is even

j i+1)’ i+1) - i i = i
0 =4 T g )T,y

withk=j—1, h=1since2j —1=142(j — 1), and if j is odd

i i+1)’ i+1) = i ' - i
t5) = ¢\t = o0t BB,y = pY) | BBy,

with j =1 +2" -k, k odd. Hence 2j —1 =1+ 21 .k,

In the backward substitution phase the solution @ is reconstructed from the
vectors ﬂ(;j) and gg .

}) Fori=20,...,pand j = 1,...,2P7% let my) be the jth
subvector of size n; of . The computation starts with

m(lp) —x— A lp = A;1t(1p) _ ygp)’

i.e.

(p)

5(110) =7t (p) (p)

and z; =y”,
and proceeds with Egi) and @Y) fori=p—1,...,0and j =1,...,277% Asa
matter of fact, only @0) are of interest at the last recursion level.

The even components QSJ) and the odd components féij)q are immediately
given by

i i+1 —( —(i+1
zy) =2, =) ==, (46)

but of course we need also a rule for the other components. We have also

7 i+h
zl) , =z, (47)

where h and k are defined in (45).

From the block tridiagonal structure of A we have
Uiz + A2l + Ral), =6\, for j=1,....J J=2"""

(@)

741 = 0. Then for the odd rows, except the first one, we have

with méi) =z

~EBigy) , - EFRT)

25— 25

A 1’%‘)—1 = bgj)—l

and from (47)

Avad) =0y | ~EB ("™ - EFR%).
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Replacing b%‘)fl from (44) and using (41) we have

A (@) s —ws) ) = —EBi (g™ —y{"™") - EERTY)

hence Q] (i+h) (2)
1+ i —(2
Ly; 1 = y(;j) 1 G, (@k - gl(c +h)) - H, Ty (48)
Proceeding in a similar way we get
— — -~ 7 —(i41
2y =7y —Ci () —ul) ) ~Hizl. (49)

Relations (48) and (49) form a linear system from which 2(2?_1 and E(;]) can be

computed. In fact, replacing Q%LI from (48) into (49) we get

P = 9 + TG (2 — ) T,

and finally

— - h i — 1
) = PG+ PG, (20 -yt - POHEY. (50)

Hence we compute E;? by applying (50) and 2%)—1 by applying (48).

Special subvectors are given by
a) =y — gz, w) =2 - P HE Y,

(1) _ p—1--() 1~ (i4+1) (i+1)
T, =Py, +PGG, ("%/2 1 yJ/2—1)'

(51)

() ()

At the last recursive level the vectors T,/ need not be computed, because T,

F _( )= F m(l) and (48) can be apphed directly in the following way

—T
ng) _ E(10) ~H,F £§1)7

(0) y(o)

h =1 (1 .
Toj 1 =Yy 1—Qo(§,(c —y,(c)) H,F Q;), forj=2,...,N/2.

7.3 Sketchy implementation

All the computations are carried out by using the d-descriptions of the involved
matrices. A first function blocks computes the angle blocks and P; from (37)
for any i, starting with the initial positions (36) and using (39).
Function blocks (A)

1. compute Bgl,

2. compute Go, Gy, Ho and H, from (36),

3. fori=0,...,p—1
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4 compute P; from (37),

5 compute Pfl,

6. compute M;, K; and L; from (40),

7 compute Giy1, Gy, 1, Hiy1 and H, | from (39).
The function forward computes iteratively the vectors needed in the last back-
ward phase by exploiting (43). It makes use of a function takem (u) which take
the first m components of a vector u, and of the logical function even (r) which
returns True if 7 is even.
Function forward (b)

1. ¢=0,

2. fork=1,...,N

3. c= ﬂch) = Bo_l(bggo) — Bic), y}f’ = takem (¢),

4 if even (k) then

5 =k =0,

6. while even(j)

7 J=17/2

s -

9 yg,"“) = ygj)_l — Fiz(;j),
10. e =yt =y 4 Mgy,
11. 1 =1+ 1.

Now function st implements the whole method.

Function st (4, N, b)
1. call blocks (A4),
(1) (7)

2. call forward(b) to compute the vectors ¥, gy) and z,;,

let Egp) — ggp), Egp) _ ggp)’
fori=p—1,...,1, forj=1,...,2°P7 1
set () = 2D and 7| = 7,

compute Egj) and Q%LI by applying (50), (51) and (48),

A T

for j = N/2,...,1 compute Qg;) and 2(22)_1 by applying (46) and (52).
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7.4 Useful vectors

To give the d-description of the matrices of algorithm st we must introduce

some new vectors and give some formulas connecting them.
€; is the jth canonical vector of size n;,
rT = €l'R is the last row of R,

1 is the first column of FZ-,

T; = H;e
x;, = H,e; is the first column of H;,

EZT = TG, is the last row of RG;,
ul = el'G, is the last row of G,
E,L-T =rTH, is the last row of RH;,
vl = el H, is the last row of H,,

—T— 1

1

7 = 1
gl = FéTﬁnGi is the (n; — n)th row of G; for i > 1,
! =&l  H;is the (n; — n)th row of H; for i > 1,

uzs

w; = Jf, — .
From (39) we get

= T p-1707 = o p—l= = =17
Tiy1 = *Hz‘P,L- Hje, = -H; P =, To=F fy,

7

z,, = (H,+GH,P 'Hy)e, =z, + G,H, P ', zy = f1.

K2

€1 is the vector of the first m entries of the first column of A; L

€1 is the vector of the last n entries of the first column of A; L

— — — ~T
ﬁzT—i-l = ELT + TTHiPi_lGiQi = EIT “I‘EZTPi_lGiin ﬁg = .f1 JBla

T
Uit

— — — ~T
v, =-r"H,P'"H,= -9 P"'H;, v, =Ff JFR,

_ez; (Q? + Qiﬁipflaigi) = _HTQz - H?ﬂipflaigm

v _ 37T
wy = foJBu,

— — ~T
Qz'T+1 = EiT + eZQiQinlHi = QiT + Hz'Tﬂz‘Pleiv Qg = fo JER,

L., =-G,(I+H,P "G, £, = fs,
U1 =6+ HPT'Git;,  To=TF &,

9t = —9! (G + H;P'GiG,), gl = —el
hl,=h] +gTH,P"H;  hj=0"
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From Bie; = ane; it follows that
G,-el = an&-, Qz-el = anﬁi.

From
T yT | ~T ~T
f() JE —l—enﬁnan: [0,...,O,Cln,an_l,...,ao] =€ iAi’

it follows that
(foJE" + &, _,an)A;'EFR=¢, EFR=elFR=7r",

hence B
W, H; +a,hi = (f5J —v"G)H; + a,hi =" P,
and analogously
F3 G, + angf = 0.

7.5 D-description of the matrices

Matrix R size m x m d-rank=0.

A(R) = O.

Matrix A;
A(AZ) = (Eel) (eZB,lﬁT) — (EB,lel) (eZET)

Matrix G; = A;'"EB; size n; xn  d-rank=3
A(Gi) = —A7'A(A)AT'EBy + A7 'A(E)By + A7 "EA(By)
= —A7!|(Fer) (el BAET) — (EB-1e1) (e1E")|Gi — AT eninel By
+A; "E(e1el By — Boeiel)
— (A 'EB_1e1) (e2E"G;) + (A; 'Ee) (eX(By — B E ' Gy))
—A; " (an €ns1 + EBoer)el
— (4 'EB_1e1)(e2G,) + (A7 ' Ee)) (£L7 —v7C,) — €€l
since el By = anel and a,é,11 + EBoe; = A;é;.
Matrix G; = F ETG; sizem xn d-rank=3
AG) =F ETAG))
— (F'ETA;'EB_1e,)(e1G,) + (F ETA;'Eey) (f1J —77G,) - F erel

(HF e1)(eTG,) + & (L7 —vTG,) — €€l

n

The first column of G; is the d-vector a,,£;. The d-representation of G; has the
form
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L(@) L7(Zu,) L(E) anl + L(Z,)

Matrix G, = ETG, sizenxn d-rank=3 (since ETé =0)
A(G,) = ETA(Gi) + A(E)G;
= (E"A;'EB_1e1) (el G;) + (E"A; 'Eey) (4] —71G))
*ETENBZ + (6155_”)(11
=z, ul +£,w] +e gl

The first column of G, is the d-vector a,£;. The d-representation of G, has the
form

NYENAN

(z;) u;) L(e,) a,I + LT (Zw;) T(zg,)

(2

Matrix H; = A;'EFR  size n; x m

A(H;) = —A;7'A(A)A; EFR

= (- A;'Ee1) (e!BLiETH;) + (A; 'EB_1e1) (el E" H;)

= (A7 EB1e1) (ef H;) — (A7 Ber) (rTH;).
Matrix H; = F ETH; sizem xm  d-rank=2

A(H,) =F ETA(H,)

(F'ETA;'EB_ie) (eZH,) — (F' ETA;'Fe,) (rH,))

(E-FTel) (egg,.) — 4 (rTH))

zT;v; — 40

The first column of H; is the d-vector &;. The d-representation of H; has the
form
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NN NN

L@)  1+L7(Zv) LE)  LT(Zw)

Matrix H, = E'H; size n xm  d-rank=3 (d-rank=2 for i = 0)
A(H;) = ETA(H;) + A(E")H;
= (ETAT'EB_1e1) (e H,) — (ETA]'Eer) (rTHi) + e1&,,_, H,
= (H,F e1) (eTH,) — £, (rTH,) + e1h”

a7 —T T
=z;v; —£4;v; e h;.

The first column of H; is the d-vector ;. The d-representation of H, has the
form

L(x;) I+ L7 (Zv,) L(L) LT (Zw;) LT(Zh;)

=1

Matrix P, =1 — 6,-&1- size m x m  d-rank=4

—Giz; v +Git; 5" — Gie hY
= -z ul H, — ¢;(w] H; + a,h] ) + Gi£; 0] + (€1 — Giz;) v
=-Ziq] —4iq, +P; 7 +p,v],
where
q' =ulH,, g =r"P=r"-ulH,
P, =G, p. = Pe; =¢e — Giz,.

The first column of P; is the d-vector P, The d-representation of P; has the
form
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SN AN AN R AN

L(z;) LT(ZQ,L-) L&) LT(Zg,) L(p;) L"(Zw;) Lip,) 1+ L"(Zv,)

Matrix Pfl size m x m  d-rank=4
AP = ~PABTE

K2

= (F7F) (@'P7) + (PTE) 0"~ (P7F) BTPTY) — 3 (P

(1) (1)T+p£2) T (3) (2)T —g 653)T7
where
p =Pz, @M =q"P!
pP =P, @ =wIR

~(3) P pw 51(-3” _ Q;PZ_—I.

The first column of P,L-_ isp, = Pi_lél and is not a d-vector. The d-representation

of P,fl has the form
: * & : - B ’ N ‘

L)  Le"M) LTzgV)  Le®) LT(Zr) L) L7(za?) LT(za®)

Matrix M; = QiﬂiPi_1 size n x m  d-rank=4
A(Mi) = A(Qz')ﬁipfl + QiA(ﬂi)Piil + QiﬁiA(Pfl)
= ($UT +£'ET +er Q'T)H'P-il +Qz‘(£i QiT -4, @T +er hzT)Pfl

BT B HO T g
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Since

z,ul H,P7' 4+ G, Hzﬁgl) 5 T = T, GEUT

LW H, P+ Ge hT P+ G H, pP rT = (&, + GH, pP) rT,
—G, o' P — G H, Y G PT e, g

)

Gz, vI' P - G, He q(g)T =0,

we have
AM) =z, g +mP T+ 4,,, 707 + e mP7T

where
D= L +GH,; INIEQ), m'EQ)T =g, H,P .

-1

The first column of M; is m; = G, H,;p, and is not a d-vector. The d-representation
of M; has the form

L(m,;) Lz ) Lr (ZN(l))

Lim") LT(Zr) L(Li) " () L*(zm?)

Note that the first three right d-vectors of M; coincide with the first three right
d-vectors of P,L-_l.

Matrix K; = Pflﬁi size m x m  d-rank=3
A(K;) = APTYH, + P.*lA(ﬁ)
— GOE 4 BT B G e gV, + P o - BT,
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Since (1) (1)T O
H; + P :13 ’U =Dp; _z+1a
~(2) ,’,TH_ o P*l)gET _ 0,

~(3) ~(2)T 7 ~(3
p()qf) H E) z+1a

we have

A(Ki):p(,l) ZT+1—|—p(3) —Elkf, where k:T (B)T H;.

3

The first column of K; is the d-vector PZ-_IE,- = ﬁgl)

K; has the form

NN N - N

L) 1+LT(Zvi)  LEY) LN(Zvw)  LT(ZK)

. The d-representation of

Note that the first two right d-vectors of K; coincide with the two right d-vectors
of Fi+1 .

Matrix L; = Pfléigi size m x n  d-rank=3
A(L;) = A(PTHGG, + PTHA(G) G, + P IGIA(G))
(pgl) 51) +p(2) T §§3) qg T €. q (3) GG,
+P (= ul +¢w] —e el)G, + PT'Gi(z, ul + ¢, w! +eigl).
Since
pV VGG + P E Al G = —p
1352) GG+ P w] G, + P 'Gieng] =0,
*ﬁgg) 652)T6iQi + Pfléiﬁ,- w; = P(3) ﬁzTJrlv
€ ¢"G.G, - P'e el G, + PTG ul = — (uf + 37 CLG,),
we have
A(L;) = —pgl) Ui —|—p(3) W, — e (u +k; ) where E,L-T = HEB)T@L-QZ-.
The first column of L; is the d-vector

P~ GGelfan lGﬁ—anP szanpfg)

The d-representation of L; has the form
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L") LT (Zu;yy) LE®) anl + LT (Z(Wis1))

LT (Z(u; + ki)

Note that the first two right d-vectors of L; coincide with the first two right
d-vectors of G, ;.

7.6 Cost of matrix by vector product

Table 4 lists the cost of computing matrix by vector products, for the matrices
used in algorithm st. As already said, this cost does not include the cost for
the transformation of the vectors of the d-description of the matrix itself and
the cost of transforming the input vector.

matrix cost
61’ 21, + 3Ty,

G; 3Ty + 27y,
Qi Oy,
H, 5Tm
H. 3, + 3T,
H ZT 27y, + 4,
PZ-_1 TTm
M; 51, + 4,
K; 5T,

L; 3Ty + 3Tm

Table 4: Cost of computing matrix by vector products for algorithm st.
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We observe that frequently in the recursive relations of the vectors we have to
compute the products T1z and Tz of two different matrices by the same input
vector z. If 77 and T have some right d-vectors in common, for the product
which is made after we can exploit some intermediate results of the product
which is made before. For example, if T7 and T have two right d-vectors in
common and the length of z is n, the cost of the second product decreases by
27,. An analogous decrease holds for the products 27T} and 2”7 T; if Ty and T
have some left d-vectors in common.

7.7 Cost of algorithm st
7.7.1 Transformation phase

a) Initially the d-description of matrix By ! is computed by solving two sys-
0
tems with matrix By

}1:B(Tlf717 }2:Bglel~

Hence the vectors Top = F f,, zg = f1, £y = 82, bo = F f5, gt = —el and

~T ~T
h{ = 07 are available. The vectors wg = f, JB1, ul = f, JB1, 0p = sT JFR,
vl = s JFR are computed. All these vectors are transformed. The cost of
this initialization is not considered, since we are interested into the cost of the

general ith step of the algorithm.

(b)  Now the ith step begins, for i = 0,...,p— 1. First matrices P; = [ —G;H,
and PZ-_1 are computed:

1. for the vector p; = G;£;, the product by matrix G; of an input vector
already transformed costs 27, + 3m,,.

—T —
2. for the vector P, = F ey — Giz,;, as above, the cost is 2, + 37,,.

3. for the vector q =wul'H,;, one product by matrix H and input vector
already transformed SO the cost is 2w, + 47m,.

4. for the vector ﬁiT =yl — HiTﬂi, as above, the cost is 2w, + 4m,,.
5. for the vector g =g; TH,, asabove, the cost is 2, + 47,.

6. The vectors ﬁz(-l) Pz, E?) P 1e;, p(3) Pqn, p, = P ‘e,

1 K3

~(1) _ qTPi—1, q52)T _ —TP 1 q(3)T = oTP” 1 m(2)T _ gTP 1
(actually this last vector belongs to the d- descrlptlon of M; ) are computed
by solving four systems with matrix P; and four systems with matrix P7.

The cost is 204, 4(4). The vectors are then transformed with cost 8mp,.

Now the vectors which enter into the d-description of éiﬂa Gy, FZ-H, H; .,
K; and L; are computed.
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Cost of the pair
— T op-l1= _ 77 1)
ZTiy1=—H;P] T =—H;p; ',

Tip1 =Z; + GH. P 'T = + Qiﬁiﬁz('l)'

K2

The input vector ﬁgl) has already been transformed. Matrices H; and H; have
two right d-vectors in common, so the cost of the second product decreases by

27,. The result of H Z-ﬁl(-l) must be transformed, then the product by G, is
performed. All this procedure costs 97, + 67,,.

The same cost holds for the pair

biv1 =L+ H,P'Gil; = + Fz‘@@,

1 =—Gil, — GH, PTGty = G, (& + Hp”).
Cost of the pair
LT @)Q-

7 79

ﬂiT+1 =-u/G,; — ﬂz‘Tﬂinlaz‘Qi = _(EZT +4q
1= ~()T 3
oly, =l +ul H,PTVH; =of + ¢V H,,
The input vector '(L(-l) has already been transformed. Matrices G; and H; have
two left d-vectors in common, so the cost of the second product decreases by

27,,. The result of af”@- must be transformed, then the product by G, is
performed. All this procedure costs 9m,, + 57y, .

The same cost holds for the pair
_ T | T 17 T ~T =
al,, =ul + v/ P GG, =ur + 327 GG,
— —T =157 ~(2)T 75
'UiT+1 = —’UiTPZ- "H; = —qz(- ) H;,

for the pair

ng—i-l =-9/G, - giTﬁinlaiQi = _(ng + mz('Q)T ai)gia
hz'T+1 = hiT + giTﬂz'Pflﬁi = hzT + mz('2)T H;,
and for the pair

k =¢P"GG, and kT =gV"H..

The transformation of the 12 output vectors so computed costs 6m,, + 67,,.
For matrix M; we have still to compute
mz(-l) = Q + Qiﬂi 1~71(-2) and m; = Qlﬂzﬁz

Both input vectors have already been transformed, so the two multiplications
by H, and by G, and the transformations of the results cost 20m,, + 6my,.

No cost is required for vector wj1.
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7.7.2 Substitution phase

For the forward phase

1. gz(,o) = 361(b§0) — Bje) two products are required, by B; and by By*,
both input vectors have not yet been transformed, so the cost is 27, and
67y,. Fort=1,..., N the cost is 87, N.

2. z(;j) P~ 1y(;j), the product by matrix PZ-_1 of an input vector not yet

transformed costs 8,,. Vector z(z) is then transformed with cost m,,. For
the N vectors to be computed the cost is 97, V.

3. COSI Of lhe pair
1 — . . i
yg ) y(z_]) -Ii’b Z(ZJ) a‘rld y§ ) y2(]) 1 4 y(;])

The product by H; of an already transformed vector costs 5m,,. The
product by M; costs 5w, + m,, since M; has three right d-vectors in
common with Pfl and the product of Pfl with the same input vector has
just been made. For the N pairs to be computed the cost is (57, +67,,)N.

For the backward phase
1. When they are computed, the input vectors Q,(:) ygf), with¢ =p—1,...,1,

must be transformed for all odd indices k and azgj) must be transformed

for all even indices 2j. Moreover F :1:( )

., N/2. The cost is (7, /2 + 7)) N.

must be transformed for j =

2. By (48) and (52) the N vectors a:QJ fori =p—1,...,1 are computed
performing products by G, and by ﬁ ;- All input vectors have already
been transformed. By the linearity, the last backtransformation can be
counted only once. Hence the cost for all these vectors is (7m, + 37, )N.

3. By (50) the N/2 vectors mé) = zéj) + L; (z;, (i+h) ijJrh)) K; wgfll)
are computed performing products by L; and by K;. We take into ac-

count that the products K; :IZ(H_I) for odd indices j correspond to products

H, mg;r ) already considered for formula (48). Since K; and H,, have

two right d-vectors in common, the cost of K; _§T—11) with j odd is 3m,,.

The other half of the products by K; corresponding to even indices have
full cost 5m,,. The same argument holds for L;. Hence half of the products
cost 7, + 37, and the other half cost 3m,, + 3m,,. As in the previous item
2. by the linearity, the last backtransformation can be counted only once.
Hence the cost for all the vectors to be computed by (50) is (7, + 37, ) N.
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7.7.3 Overall cost

For the transformation phase the cost of the ith step is
ti = 907, + 707y, + 20.,.4(4)
and must be multiplied by log N. For the substitution phase the cost is
s = (21.5m, + 227, N.
Since 20,,,4(4) = 29m?, we have

st = tilog N + s = (907, 4 707, + 29m?)log N + (21.57, + 227,,)N. (53)

8 Analysis of stability

Even if our primary interest in studying the behaviour of the introduced algo-
rithms concerns the computational costs, the stability issue is also briefly taken
into consideration. We do not perform here a detailed stability analysis of the
single methods and refer to known results presented in the literature.

1. For algorithm ge we refer to the discussion presented in [14]. The hypothesis
of block diagonal dominance, expressed in our case as

15 17" = (| Ball + [[B=ll, (54)

guarantees that block Gaussian elimination is stable, i.e. that the matrix Ei
effectively computed in place of B;S; ! satisfies

LiSi=Bi+E, with ||| < c(ni)e| L] ]IS,

where € is the machine precision and ¢(n, i) is a slowly increasing function of the
size n and the recursive index ¢. In practice, this means that the stability of ge
is guaranteed if the Schur complement S; ! defined in (9) is well computed for
any 7. However, also the simpler point diagonal dominance by columns (in our
case the detail "by columns” can be dropped) guarantees that block Gaussian
elimination is stable.

2. For algorithms cr and mcr we refer to [24], where the stability of the cyclic
reduction applied to block tridiagonal systems is studied under the assumption
that the matrix is block diagonally dominant, expressed in our case as

s=@+y<1, where B=|BBy"| and ~=|B_1B;", (55)

for some multiplicative norm. By forward error analysis the following result is
shown in [24]:

IZ =2l _ ¢ Ny e,

]|
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where || || is an infinite block norm, x = || By ' ||(|| Bol|||l=| + [|b]|)/||=|| depends
on the condition number of By, & is the computed solution, and

cnN2log N  if s=1,
Fn N) = { cng(s)logN it s <1,
¢n, being a constant depending linearly on n and g(s) being a fast increasing
function of s alone. If s is too close to 1, then g(s) should be replaced by N2.
For example, if s = 0.9 we have g(s) ~ 100 and the first bound should be taken
for N < 10, while for s = 0.99 we have g(s) ~ 10000 and the first bound should
be taken for N < 100.

3. For algorithm st we refer to [18], which analyzes the stability of the divide-
and-conquer algorithm described by Stewart in [22] and gives an upper bound
to the residual. More precisely, the general case of the system AX = B is
considered and the computed X is shown to satisfy AX = B + AB, with
IAB| < n||All |X]||, n being a small multiple of €. In the case where the right-
hand side B is a vector, this residual stability is the same as the backward
stability. Two important classes of matrices, i.e. the block diagonally domi-
nant matrices (satisfying (54)) and the M-matrices, are identified for which the
residual stability is guaranteed.

All the previous results are obtained under the hypothesis that the rounding
errors which arise in multiplying and inverting matrices at block size are under
control. Then our attention on the stability issue is shifted to the techniques
used for computing the inverse matrices, i.e. to the SMW formula, used for
reducing the size of matrices to be inverted, and to the exploitation of the
Toeplitz structure for computing products.

Regarding SMW formula, its stability depends on the conditioning of the
matrix effectively inverted [25] (examined separately for each algorithm in the
next subsection) and on the stability of the method actually used for the inver-
sion at block size. As already said, we suggest for this inversion a generalization
[19] of Levinson algorithm for Toeplitz like matrices. The stability of Levinson
algorithm has been analyzed in many papers (see for example [6], [10]). It has
been proved that the algorithm is stable for positive definite Toeplitz matrices.
There are variants of Levinson algorithm which embed look-ahead techniques
and guarantee weak stability even in the nonsymmetric case [7]. Anyway, our
numerical experiments have shown that if all the matrices to be inverted enjoy
some diagonally dominance property, the errors arising during the computations
remain of the order of the machine precision.

8.1 Conditioning of the Sherman-Morrison-Woodbury ma-
trix

We investigate now the conditioning x(P) = || P|| ||P~!| of the matrix P in-
verted at block size when the SMW formula is applied by the different methods.
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SMW formula updates the inverse of the matrix
T=B-UV
in terms of the inverse of B
T-'=B'+B'UP'VB™!, where P=1-VB !U.
In the following we use also the relation
Pt=1+VTU.

Since SMW formula is just an intermediate step in a larger algorithm whose
stability cannot be expected unless some dominance property holds, we will
restrict our analysis to the case of point diagonal dominance. Our aim is to
estimate the growth of x(P) with respect to k(A). The norm || || used will be
determined for each method by simplicity consideration.

To this aim, we need some upper bounds on norms which can be derived
considering suitable block factorizations. Let M be a partitioned matrix of the
form

Moy Moo

Let So = M7; and S7 = Moy — MglMﬁlMlg (the Schur complement of Mjq).
The following properties are useful for stability analysis.

M{Mll M12].

1. If M is point diagonally dominant by columns, then

(| Moy My ')y < 1.

2. If M is point diagonally dominant by rows, then
M Miolloo < 1.
These bounds follow (see [14], probl. 12.5 p. 258) from the two factorizations

(the first one is the block LU decomposition of M and the second one is the
transpose of the block LU decomposition of M7

M- 1 0 My Mo
T My Mt T o S |’

o | Mu O I M "M
| My Sy O I '

In both cases S; maintains the same diagonal dominance of M. In the case of
a Toeplitz matrix, which is persymmetric, both bounds hold and we have also
||M12Mﬂ1|‘1 S 1 and ||Mi1M21||w S 1.

Analogous bounds can be derived if we apply a block factorization procedure
to a block tridiagonal matrix M. Then matrix L of its LU decomposition is lower
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block bidiagonal with identity principal blocks and subdiagonal blocks having
1-norm upper bounded by 1, while matrix U is upper block bidiagonal with
principal blocks equal to the Schur complements S;. The Schur complements
S; maintain the same dominance of M.

Since U~! = M 'L, we have

IS < UM < MY ILL]- (56)

8.1.1 Algorithm ge

For algorithm ge we consider the matrix defined in (15)
P =I1-VU;, where V=RF By', U =DBS'F,
and we have

Siy1 = -UV)By, Si}y =By I+UP'V), P~ '=I1+VByS; Ui

The norm used in this case is the 1-norm.

Under the hypothesis of point diagonal dominance for the Toeplitz matrix
A, applying block LU factorization to A or A7 from the considerations made
above it follows that both block matrices BS; L and B_S; ! have l-norm
upper bounded by 1. Then we have

|Uilly = |1B1S; Elly < [|1B1S; < 1.

and
VIl = |RF By 'y < IIB-1By Y < 1,
hence
1Pillr < 1T+ [V |Ui]]x < 2.
Now

1Pl < 1+ IVBoSTA Uil < 1+ VI 1 Bolla 1S54 11 Uil
From (56) we have
1S5l < A7 s U+ 1BuS; M) < 2[1A7 1

Then
1P <1+ 2] Al [A ML

and
Kl(Pi) <24 4,"@1(14).

We conclude that the conditioning of P; is not worse than the conditioning of A.
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8.1.2 Algorithm mcr

For algorithm mcr we consider the matrix defined in (28)

, N R , O] , .
PO =1 —VOHD UO where VO = ;T v =[F|UY]

and
) ) N1 X X N1y —
Vi) =FTHY B HY, and U =HH? HYT.
We have

- - N -1 N1 I PP L |
H(()’H‘l) _ H(()’L) o U(z)V(z)’ H(gl‘i‘l) _ H(()’L) + H(()’L) U(z)PL(’L) V(z)H(gl)

and
)—1

PO = [ VOO ),

The norm used in this case is the 1-norm and for simplicity we assume that
JAlL > 1.

. N —1 . N —1
As already noted in Remark 5.1, matrices H (fi H(()Z) and Hl(z) H(()Z) ap-
pear as blocks of the lower triangular factor L of the block LU factorization

of the matrix A = 2 A 2T and matrices H(()i) appear as diagonal blocks of the
upper triangular factor U. Under the hypothesis of point diagonal dominance
for A also A is point diagonally dominant and we have

. . N—1 . . N —1
= HO B <1 and 7 = |HP HY | <1

Moreover matrices H (_? and H 1(i) appear as blocks of the upper triangular factor
U of the block LU factorization and we have
I < O < L7 Al = 1274l Al < 2 (1Al

and analogously _
|7 < 2 [ AlL

Replacing the expression of V® and U® into P®) we get

PO =1 -FTH'GHF,

F O
“ |, H=
57

. N —1 . N —1
HOHY HOHS ) 2= 5y () ()1
—1Ho o H o {I‘Hl(z)Ho(l) HY B }
I

where
I 0]

F= ,
o H’

and

G:
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Now we have
IG|l1 < (1 +T£ii Tl(i)) max{l,ﬁ(i) T(ji} <2,
POy <14 [H-GHy < 14+V20 |[H- G Hls =1+ Van |Gl
<1+42n |G| <£1+4n.

For what concerns P(")il, we have
N—1 . i —1 i
PO < 1+ [V JHST | ([T@a,
. i i -1 7 7 7
VOl <1+ |HGHY B <1479 B < 1+ 2|4,

; D 7)1 G ; i
[UD(y < max {1, |HVHS  HO|} < max {1,777 |[HO|L} <2 (|4l

and .
+1)" _ _
[HS < A7 (1) < 2 A7)

Hence
k1 (PY) < (1+4n) (1+4(1 +2[|A]1)r1(A)) < ¢ ri(A),

where ¢ is a slowly increasing function of n and ||Al|;. We conclude that the
conditioning of P; is not worse than the conditioning of A.

8.1.3 Algorithm st

For algorithm st we consider the matrix defined in (37)
P=I-G;H, G, =F E A'\UE, H,=E"A7'R/EF.

The norm used in this case is the co-norm.

From the block LU factorization of A7, | we get

A R;
Ui A;

A; 0]
Ui AiQ;

I A7'R;
@) I

Ai+1 =

where
Qi=1-A7'U;AT'R;.

It is easy to verify that P; is the leading principal minor of order m of @), i.e.
P=F E QFEF,

and that @; is block lower triangular. Under the hypothesis of point diagonal
dominance for the Toeplitz matrix A (hence of A4;11), we have

147 Rilloe <1 and A7 Uilloo <1,
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and
IPilloe < Qilloe < 1+ |47 Uilloo |14 ' Rilloo < 2.

For what concerns P(")il, from (57) we have that the right lower block of A7}
is Q;lAi_l. Hence

1P oo < 197 Hloo < 1Q7 A7 HloollAilloe < AT ool Al oo

To put into relation the norm of A Jrll with that of A~—! we consider the decom-
position
Aiy1 Rip

U1 B

Ai+1 O

U1 S

I A7 YR

0] I

A= ~IT, I-=

where B and S are suitable matrices. We see that A;rll is the leading principal

minor of order n;;; of L _1. Hence
-1 + -1 77 -1 -1
[Aivillos S IHL oo < [Ulloo A7 oo <2 A7 oo
and
Foo(Pi) < 2 [ A7} [lool| Alloo < 4 Koo (A).

We conclude that the conditioning of P; is not worse than the conditioning of

A.

8.2 Stability of the computation of products

The product of Toeplitz-like matrices by vectors is performed by multiplying
lower and upper triangular Toeplitz matrices by means of discrete Fourier trans-
forms, as described in Section 3.2. We have then to find error bounds for the
operations listed in (9).

Let fI(-) denote the result of a floating point computation with machine
precision €. In a first order analysis of the error we have for the multiplication

fl( - y) ~zy+6(z,y), where 6&(z,y)=zyc+yd(z)+zd(y), (58)

where  and y are two complex numbers, Z and ¥ their machine approximations,
0(x) = T—x and §(y) = y—y their errors, and € is the local error of the complex
multiplication, with [€] < ¢y €, for a small constant ¢;.

For the FFT we use a componentwise error bound given in [1]: for a vector
x of length n (power of 2) we have

[6(F (@);)| = [fL(F(x);) = F(@);] < c2 Ve | F ()| (59)

where cg is a constant. A similar bound holds for the inverse transformation.
Referring to (9) we have from (58) and (59)

[0(wy)] <2 V2n e [wlo,  [0(g;)] < c2 V2n e |lgllee,
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hj = fI(G; - @;) ~ h; +0(h;), where d(h;) = h; & +w;d(g;) + g; 6(w;).
Since |g;| < |lgllsc < |Isll (and similarly [wj| < [|wl|oc < [|v]|1) we have
hs| < llsllxllvll1,
|0(h)| < ealhjl e+ lw;il16(gi)| + |g;] 6] (w;)| < (1 + 2c2v2n) €||s]1]|v]]1,

B < [1+ (e1 +2¢2v/2n) €] [18]l1 ][]

N e = A (R)y) - F R
< FUFI(BY;) - F1 (B + | F ) — FA ()
< e VI ¢ | F1(B) oo + 17— )]
< e VI [l + |51~ W)

but

IF 7 (h = h)|los < B = hl|oc = max [§(hj)| < (e1+2e2v2n) e[ sll1[[v]l1,

hence _
16(2))] < c2 V21 € | llos + (e1 + 2¢2V2n) €| 8]l o]

In the first order analysis of the error we have
0(2;)] < ca V2n € [[hfloo+(c1+2c2V2n) € |s][1]Jv]|y < (c1+43c2v2n) €||s][1]v]]1.

This means that the computed components of z are affected by an error slowly
increasing with the size of the problem. It follows that the procedure for mul-
tiplying Toeplitz-like matrices by vectors is stable.

9 Analysis of the costs

In this section the multiplicative costs (16), (27), (30) and (53) are compared.
Without loss of generality the bandwidths n and m are taken as powers of 2.
To simplify the discussion we rewrite these theoretical costs in the form

cx = ay log N + B N,

where k indicates the method and its coefficients oy and §j are functions of n
and m. It is evident that method cr outperforms the others when m is equal
to n, but we are interested in comparing the costs for values of n greater than
m, i.e. when the bandwidths are unbalanced.

We must note that values of n and N too ”"small” are not of interest, since
the corresponding computational costs are not significant. Two other reasons
suggest not to accept unquestioningly the conclusions we can draw from the
analysis of the theoretical costs: first, the approximations made for m,,, which
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method | k& oy, O
ge 1 0 105 7, + 507, + 27m>
cr 2 | 167, + 147, + 14.5n? 247, + 127,
mcr 3 | 1457, + 847, + 108 m? 247, + 127,
st 4 907, + 707, + 29 m? 21.5m, + 227,

Table 5: Theoretical costs.

take into consideration only the terms in nlogn and neglect the terms in n,
hold only for large n, and second, the influence of the difference between the
cost of the first step and the other steps of the transformation phase, lowers
with increasing N.

Asymptotically with N, the cost depends mainly on ;. Hence method ge
has the greatest cost (even in the order as a function of m). For this reason it
will be ignored in the following discussion.

Let p = n/m be the ratio between the bandwidths. We expect that for finite
fixed value of N the cost of cr, seen as a function of p, is a more steep function
than the cost of both mcr and st, due to the presence in a5 of a term in n?,
compared with terms in m? for the other two methods. We consider the cases
p=2,p=4and p > 8. For each case a figure shows the graphs of the costs of
cr, mecr and st as functions of m, for the fixed value N = 28.

p = 2, mildly unbalanced (Figure 1): in this case we have 83 = 3 < (4 and
g < ag for any m. Then we expect cr to outperform mcr for any m. A
crossing between the graphs of cr and st (solid and dashed lines) suggests
that the two methods have a different behaviour for small and large values
of m and that st may outperform cr for large values of m.

p = 4, moderately unbalanced (Figure 2): in this case we have 82 = (3 > 4
for large m and a4 < ag for any m. The closeness of the graphs of cr
and mcr (solid and dotted lines) suggests a substantial equivalence of the
two methods, at least for small values of m. Moreover we expect st to
outperforms both cr and mcr for large values of m.

p > 8, severely unbalanced (Figure 3): in this case we have 82 = 5 > (4 and
oy < ag < ag for any m. We expect st to outperform both cr and mcr
for any m.

Asymptotically with NV, methods cr and mcr have a common behaviour. For
p = 2 st is outperformed by cr and mcr, for p = 4 the three methods have the
same behaviour, for p > 8 st slightly outperforms cr and mcr.

Summarizing, we expect that when the bandwidths are at least moderately
unbalanced, the use of SMW formula leads to an improvement of the perfor-
mance, i.e. mcr and st outperform cr for m sufficiently large. Moreover, in
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Figure 1: Graphs of the cost ca (method cr, solid line), ¢ (method mcr, dotted
line), ¢4 (method st, dashed line), for p = 2 and N = 28,
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Figure 2: Graphs of the cost ¢3 (method cr, solid line), ¢ (method mcr, dotted
line), ¢4 (method st, dashed line), for p = 4 and N = 28.
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Figure 3: Graphs of the cost ¢y (method cr, solid line), ¢ (method mcr, dotted
line), ¢4 (method st, dashed line), for p = 8 and N = 25,

this case st appears to be always better than mcr. Also in the case of mildly
unbalanced bandwidths st appears to be better than cr for m sufficiently large.
However, there are cases where cr appears to be better than st for small values
of m and this region shrinks for increasing values of p.
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In next section an experimentation is carried out on methods cr, mcr and
st to validate the previous results, investigating the costs also for small values
of the parameters. This is interesting, since the approximations used to derive
the theoretical multiplicative costs neglect terms linear in the dimensions and
this approach may lead to inaccurate measures, especially in the case of small
values of the parameters.

10 Numerical experiments

The experiments, conducted on a Intel Core Duo @ 3 GHz, 2GB RAM, have
two aims: (1) to measure the errors affecting the computed solution, in order
to analyze the stability properties of the algorithms, and (2) to compare the
effective costs, in order to test if their behaviour agrees with the theoretical
costs given in Section 9.

10.1 Stability tests

Different matrices of the form (2) have been considered:

1. entries generated by specific rules enforcing a decay behaviour of the diago-
nals,

2. positive entries randomly generated,
3. entries randomly generated, with mixed sign.

The left hand-side vector b has been computed from a randomly generated
solution, to which the computed solution is compared.

For each bandwidth ratio p = 2, p = 4 and p = 8 the data depend on the
following parameters:

1. the upper bandwidths m,
2. the number N of blocks,

3. the diagonal dominance factor & = |ao|/ Y, 40 |ai| which varies in the range
[0.2,1.2]. For § > 1 matrix A has point diagonal dominance (both by rows and
columns).

For § > 1, when A has point diagonal dominance, most of the matrices of
the first and second class satisfy block condition (55) in 1-norm, while for the
matrices of the third class the condition is nearly never satisfied. For § < 1
some matrices of the first and second class still satisfy condition (55).

The conditioning of A depends heavily on 6. On average for the matrices of
the first and second class, the growth of the condition number for increasing size
is not significant when ¢ > 0.8 and is slow when ¢ € [0.4,0.8]. When ¢ < 0.4
the matrix may become badly conditioned. The situation is much worse for
the matrices of the third class, where the growth with increasing size of the
condition number is slow for § > 1, but can be very high for § < 0.8. In the
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latter case the matrix may be so badly conditioned that no method (even the
best software Gaussian elimination) can give an acceptable solution.

The stability tests have been performed on all the four methods and, for
comparison, on a simple Gaussian elimination without any pivoting strategy.
The latter test is particularly significant, because none of the four methods,
which are intrinsically recursive, can implement a pivoting strategy.

The results of the tests depend on the diagonal dominance properties.

1. For ¢ > 1 all the methods are stable and produce a solution affected by an
error of the same magnitude of the machine precision € of the arithmetic
which is used.

2. For 6 < 1 we expect the error of the solution to increase with the condition
number x(A) and with the parameter s, which measures the block diagonal
dominance, defined in (55). We observe the following error behaviours
corresponding to the three classes of problems.

2.a The tests on matrices of the first and second class not having point diagonal
dominance show that the methods continue to be stable in regions § €
[6,1], for suitable § < 1, and that this happens also when there is not
a block diagonally dominance. It is important to remark that the value
of ¢ for each problem is the same for all the method, included Gaussian
elimination without pivoting, showing that the methods enjoy the same

stability properties. In most cases the interval [0, 1] stretches to [0.6, 1]
and in some cases even to [0.4, 1].

2.b The tests on matrices of the third class not having point diagonal domi-
nance show that all the methods produce solutions affected by errors much
greater than the machine precision €, suggesting instability, but we must
note that in general these matrices have condition number x(A4) > 1/e.

10.2 Comparison of the effective costs

The effective cost of a method is measured in terms of the total number w
of operations performed, which reasonably represents the running time under
the assumption that multiplications and additions consume roughly the same
amount of CPU time. Due to the results of Section 9, method ge has not been
considered in this part of the experimentation. Figures 4, 5 and 6 show the cost
w of cr (line with the + mark), of mcr (line with the * mark) and of st (line
with the e mark) for N = 28,

These figures are to be compared with Figures 1-3, taking into account that
w measures, in addition to the higher order terms in multiplicative operations
(which are considered in the theoretical costs) also the lower order terms in mul-
tiplicative operations and the additive operations (neglected in the theoretical
costs). We point out that w does not count the cost of the inversion of matrix
By, initial step common to all the algorithms.
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Figure 4: Graphs of the effective cost w of cr (line with the + mark), of mcr
(line with the * mark) and of st (line with the e mark) for p = 2 and N = 28,
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Figure 5: Graphs of the effective cost w of cr (line with the + mark), of mcr
(line with the * mark) and of st (line with the e mark) for p = 4 and N = 28,
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Figure 6: Graphs of the effective cost w of cr (line with the + mark), of mcr
(line with the * mark) and of st (line with the e mark) for p = 8 and N = 28,

It is evident that considering the effective cost w does not alter significantly
the ranking of the methods derived from the theoretical estimates for large m.
By a more accurate analysis of Figure 4-6 we list the ranking of the methods
for small values of m and N = 28.
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For p = 2 we have

Wer < Wet < Wpep, for m < 28,

Wet < Wer < Wpep, for m > 29

For p = 4 we have

Wer < Wet < Wpep, for m < 23,
Wst < Wer < Wner fOI‘ 26 S m S 27,

Wet < Wper < Wep, for m > 28

For p = 8 we have

Wer < Weg < Wpep, for m < 22,
Wst < Wer < Wher, for 23 <m< 25;

Wet < Wper < Wer, for m > 26,

For p > 8 the methods keep the same ranking as for p = 8, but with a shift
toward left of the intersection points. For asymptotically large values of IV,
when the cost of the substitution phase dominates, methods cr and mcr have
the same behaviour and st has a slightly better behaviour only for p > 8.

11 Conclusions

The three methods cr, mcr and st (having excluded ge for its higher cost) have
shown to be effective from the point of view of both the computational costs
and the stability properties. Their running times confirm the rankings predicted
from the theoretical cost measures, pointing out the efficacy of the employment
of SMW formula in the case of unbalanced bandwidths.

The costs we have compared depend on the particular implementation of the
algorithms. Other implementations may give different results, and the ranking
may be altered for finite values of the parameters. But substantially the ranking
depends on two issues:

1. the cost of the substitution phase can be considered equivalent for small
values of p and favorable to st for high values of p,

2. the cost of the recursive phase depends mainly on the sizes of the matri-
ces to be inverted and the ranking advantages st which inverts m sized
matrices, followed by mcr which inverts 2m sized matrices, followed by
cr which inverts n sized matrices. A higher number of matrix by vector
products may alter the ranking only for small sizes.
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