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Abstract. When a sequence of numbers is slowly converging, it can be transformed into a new
sequence which, under some assumptions, converges faster to the same limit. One of the best-known
sequence transformations is the Shanks transformation, which can be recursively implemented by the
e-algorithm of Wynn. This transformation and this algorithm have been extended (in two different
ways) to a sequence of elements of a topological vector space E. In this paper, we present new
algorithms for implementing these topological Shanks transformations. They no longer require the
manipulation of elements of the algebraic dual space E* of E, nor do they use the duality product
inside the rules of the algorithms; they need the storage of fewer elements of E, and the stability
is improved. They also allow us to prove convergence and acceleration results for some types of
sequences. Various applications involving sequences of vectors or matrices show the interest of the
new algorithms.
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1. Presentation. Let (S,,) be a sequence of elements of a vector space E on a
field K (R or C). If the sequence (S,,) is slowly converging to its limit S when n tends
to infinity, it can be transformed, by a sequence transformation, into a new sequence
converging, under some assumptions, faster to the same limit. The construction of
most sequence transformations starts from the notion of kernel, which is the set of
sequences which are transformed into a constant sequence with all its elements equal
to S (see [9]).

In section 2, the scalar Shanks transformation for transforming a sequence of
numbers [31] and its implementation by the scalar e-algorithm [36] are remembered.
This transformation and this algorithm were extended by Brezinski [3] to sequences of
elements of a topological vector space E. The two versions of this topological Shanks
transformation are given in section 3. Their original implementation by two types of
the topological e-algorithm is discussed in section 4. Both algorithms need to perform
operations involving elements of the algebraic dual space E* of E.

The topological Shanks transformations and the topological e-algorithms received
so much attention in the literature that not all of the contributions could be quoted
here. They have many applications in the solution of systems of linear and nonlinear
equations, in the computation of eigenelements, in Padé-type approximation, in ma-
trix functions and matrix equations, in the Lanczos method, etc. We refer the reader
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to [6, 19, 30, 9, 20, 21, 11, 18, 32, 33, 35] and the references therein, in particular, for
the older ones.

Two new algorithms for implementing these topological Shanks transformations,
the first and the second simplified topological e-algorithms, are introduced in section
5. They have several important advantages: elements of the dual vector space E*
no longer have to be used in their recursive rules and are replaced by quantities
computed by the scalar e-algorithm, fewer elements have to be stored than with
the topological e-algorithms of [3], a very important issue in applications, and the
numerical stability of the algorithms is improved. Moreover, these new algorithms
allow us to prove convergence and acceleration properties that could hardly have been
obtained from the original topological e-algorithms (section 6). The implementation
of these algorithms is discussed in section 7. Some applications involving sequences
of vectors and matrices are presented in section 8.

In this paper, characters in bold correspond to elements of a vector space E or
its algebraic dual E*, while regular ones designate real or complex numbers.

2. Shanks transformation and the e-algorithm. For sequences (5,,) of real
or complex numbers, an important sequence transformation is the Shanks transfor-
mation [31], whose kernel consists of sequences satisfying the homogeneous linear
difference equation of order k,

(2.1) ap(Sp, —8)+ -+ ar(Sp+x —5)=0, n=0,1,...,

where the a;’s are arbitrary constants independent of n such that agar # 0, and
ap + - -+ ay # 0, and where the unknown S is the limit of (S,,) if it converges, or is
called its antilimit otherwise. The exact expression of such sequences is given in [8].
Assuming that (2.1) holds for all n, the problem is to compute S. We have, for all n,

(2.2) apAS, + -+ akAS7L+k =0,

where the forward difference operator A is defined by AS,, = S, 41 —5,,n=0,1,....
Writing (2.2) for the indexes n,...,n+k—1 leads to k homogeneous linear equations
in the k4 1 unknowns ay, . . ., ax. Adding the condition ag + - -+ a = 1 (which does
not restrict the generality), and solving the system obtained, gives the unknowns, and
then, from (2.1), we obtain, for all n,

S = aOSn + -+ akS7L+k-

Now, if (S,,) does not satisfy (2.1), we can still write down the system giving the
unknown coefficients a; and compute the linear combination a¢S,, + -+ + arSntk-
However, these coefficients and the linear combination will now depend on n and k,

and they will be denoted, respectively, by a§”7’“> and eg(S,,), and we have

er(Sn) = aén’k)Sn + -+ a,g"’k)Sn+k, k,n=0,1,...,

where the agn’k)’s are solution of the same system as above, that is,
aén’k) + -+ a,in’k) = ,
03 ag"%sn + o a§"7k>ésn+k = 0,
ag"v’%'sm,l + o+ a;’L’k>A$‘n+2k,1 = 0.
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Thus, the sequence (S,,) has been transformed into the set of sequences {(ex(S,))}.
The transformation (Sy,) — {(ex(Sn))} is the Shanks transformation [31]. Tt is a gen-
eralization of the well-known Aitken’s A? process which is recovered for k = 1.

Cramer’s rule allows us to write e (S,,) as the following ratio of determinants:

Sn et S77,+k
ASTL e ASn—Q—k
ASpik—1 -+ ASpiok—
er(Sn) = il 2kl , kn=0,1,....
1 e 1
AS, -+ ASuk
ASpip—1 -+ ASpiop1

By construction, we have the following result.
THEOREM 2.1 (see [9]). For all n, ex(S,) = S if and only if Jag, ..., ar, with
apar # 0 and ag + -+ - + ax # 0, such that, for all n,

ag(Sn —8) + -+ ap(Sper — S) =0,

that is, in other words, if and only if (S,) belongs to the kernel of the Shanks trans-
formation (Sy,) — (ex(Sn))n for k fized.

The Shanks transformation can be recursively implemented by the scalar e-
algorithm of Wynn [36], whose rules are

™= 0, n=01,...,
(2.4) Eén) = Su, n=20,1,...,
ey = etV et =) k=01,

and the following property holds.

PROPERTY 2.2. For all k and n, E;Z) = ex(Sn) and E;Z)H =1/er(AS,).

These elements are usually displayed in a two-dimensional array, the e-array (see
Figure 1 for a triangular part of it), where the quantities with an odd lower index are
only intermediate results. The rule (2.4) relates numbers located at the four vertices
of a rhombus in the e-array (see Figure 1).

In passing, let us give two relations which do not seem to have been noticed
earlier. Their proofs are straightforward by induction.

PROPERTY 2.3. For all k and n,

k

k
n n+k—1i n n+k—1i
5513 = Sn+k + Z 1/A‘€§i—1 ), Egk)ﬂ = Z 1/A55i ),
i=1 =0

where the operator A acts on the upper indezes.

3. The topological Shanks transformations. Let us now consider the case
of a sequence of elements S,, of a vector space E. In 1962, Wynn generalized the
scalar e-algorithm to sequences of vectors (S,,) by defining, in the rule of the scalar
e-algorithm, the inverse of a vector u € E = R™ by u~! = u/(u,u), where (-,-) is
the usual inner product [37]. He thus obtained the vector e-algorithm (VEA), which
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6(702 =0
5(()0) =50
1) (0)
€1 =0 I
el = S1 eéo)
69{ =0 sgl) e
{ E(()z) =5, . E;l) 5510)
5(_5} =0 ag ) agl)
B _ S @
(4) _ (3)
er 0 15
1 @ _ g 1
(5) oo
e =0

Fia. 1. A triangular part of the e-array.

had no underlying algebraic foundation. However, it was later proved by McLeod [24]
that the kernel of this vector e-algorithm is the set of vector sequences satisfying a
relation of the same form as (2.1) with a; € R. The proof was quite technical, and it
involved Clifford algebra. Then, it was shown that the vectors egz) € R™ it computes
are given by ratios of determinants of dimension 2k + 1 instead of k+1 as in the scalar
case [17], or by designants of dimension k + 1, objects that generalize determinants
in a noncommutative algebra [29].

To remedy the lack, for the vector e-algorithm, of an algebraic theory similar to
that existing for the scalar one, Brezinski, following the approach of Shanks, obtained
two versions of the so-called topological Shanks transformation [3]. More generally,
they can be applied to sequences of elements of a topological vector space E (thus the
name) on K (R or C) since, for being able to deal with convergence results, £ has to
possess a topology. Starting from a relation of the same form as (2.1), that is,

(3.1) ao(Sp —S)+ -4+ ap(Spsk —S)=0€ E, n=0,1,...,
where S,,,S € E and «a; € K with agar # 0 and ag + - - - + ar # 0, we again write
aOASn + -+ akASn—Q—k =0

for the indexes n,...,n+ k — 1. However, these relations do not allow us to compute
the numbers a; since the S,, are elements of E (in many practical applications they
are vectors of R™ or matrices of dimension m x s). For that purpose, let y € E* (the
algebraic dual space of E, that is, the vector space of linear functionals on E), and
take the duality product of these relations with it. We thus obtain

(3.2) ap(y, AS;) + -+ + ar(y, ASiyx) = 0, i=n,...,n+k—1

As in the scalar case, if (S,,) does not satisfy (3.1), the preceding relations, together
with the additional condition that the coefficients a; sum up to 1, can still be written.
We thus obtain a system of k + 1 equations in k + 1 unknowns, denoted by agn’k),

similar to (2.3),

ag””“) + o ay" 1
vy, AS + -+ Y, ASn k = 0,

) (.48, iy, a8,11)
(n k) <y7 ASTLJrk l> + e + (” k) <y7 Asn+2]€ l> = 07
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and we define the first topological Shanks transformation by
ec(S)) = a8, + - +a"M8, 1k, mk=01,....

Thus, as in the scalar case, we have

Sn . STL+7€
JAS, . LAS,, fop
au(8,) — 0B8] |y g,
1 1
<Y7 ASTL> e <Y7 As7l+k>
(¥,ASnqk-1) -+ (¥,ASpyor-1)

where the determinant in the numerator denotes the element of E obtained by devel-
oping it with respect to its first row by the classical rule for expanding a determinant.
Similarly, the second topological Shanks transformation is defined by

&x(Sn) = a8,k + -+ a8 ok, mk=0,1,...,

where the al(-"’k)’s are again solution of the system (3.3) and, thus, are identical to the
coefficients in the first topological Shanks transformation. These €(S,,) are given by
the same ratio of determinants as above after replacing the first row in the numerator
by Sn+k, ey S7L+2k.

Obviously, the linear functional y must be chosen so that the system (3.3) is
nonsingular for the values of £ and n considered. This condition will always be
assumed in what follows, thus implying that the results hold for all such y. The
choice of y in the vector and matrix cases will be discussed in section 7.

The following fundamental property shows the connection between the scalar and
the topological Shanks transformations.

PROPERTY 3.1. Setting S, = (y,Syn), the systems (2.3) and (3.3) giving the
coefficients az(."’k) of the scalar, the first, and the second topological Shanks transfor-
mations are the same.

We will see below that this property is a quite fundamental one, having important
consequences for the convergence and the acceleration properties of the topological
Shanks transformations.

For the first and the second topological Shanks transformations, the following
theorem holds.

THEOREM 3.2 (see [3]). For all n, €x(S,) = S and €x(S,) = S if Jao, ..., ax,
with agay, # 0 and ag + - -+ + a # 0, such that, for all n,

ao(Sn — S) + -+ ak(sn+k — S) =0.

Remark 3.3. Contrarily to Theorem 2.1, the condition of this theorem is only
sufficient. If the condition is satisfied, we also have, for all n,

a0<Y7 S’n, - S> + - +ak<y, Sn-‘,—k — S> =0.
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Let us mention that other transformations based on a kernel of the form (3.1)
have been studied in the case where E = R™ or R™*¢ (see, for example, [9, 20]).
The idea is always to obtain a system of linear algebraic equations allowing one to
compute the coefficients a; appearing in (3.1). In these methods, the relations (3.2)
are replaced by

a0<yi70,ASn> + -+ ak<yi,k,ASn+k> =0, 1=0,...,k—1,

with y; ; = AS,,y; for the Reduced Rank Extrapolation (RRE), y; ; = AS,yit1—AS, 4
for the Minimal Polynomial Extrapolation (MPE), and y; ; = y;+1 (arbitrary linearly
independent linear functionals) for the Modified Minimal Polynomial Eztrapolation
(MMPE). These methods were recently studied in [21], including the first topological
Shanks transformation.

4. The topological e-algorithms. Let us now discuss how to compute recur-
sively the elements €;(S,,) € E and €,(S,,) € E.

The elements €;(S,) € E can be recursively computed by the first topological
e-algorithm (TEA1) [3], whose rules are

g™ —o0eE, n=01,...,
&M =s,cE  n=01,...,
~(n) ~(n+1) y %
€2k+1 :EQk—l + 1 " EE, k,nZO,l,...,
1) (v, &5 - &)
~(n+1) ~(n)
~(n) ~(n+1) €5k — €9
€okye = € T o — P —~— € FE, kkn=0,1,....
) — &b & &)

Let us recall that the idea which led to the discovery of the two topological
e-algorithms for implementing the two versions of the topological Shanks sequence
transformation was based on the definition of the inverse of a couple (u,y) € E x E*
defined as u™! =y/(y,u) € E* and y~ ! = u/(y,u) € E [3]. Keeping this definition
in mind, we see that the inverse used in the first recurrence relation of the algorithm
é\(zzﬂ) — E(ZZ) in the couple (é\(;,zﬂ) — éé’,?,y) € FE x E*, while, in
the second relation, we use the inverse of 5(2211) — éé’,z)ﬂ in the couple (éé’,zﬂ) —

n n+1 n *
égk)vg(zkﬂ) - éék)ﬂ) €EE XL

The elements ex(S,,) € E of the second topological Shanks transformation can
be recursively computed by the second topological e-algorithm (TEA2) [3], whose rules
are (see [9] for a FORTRAN subroutine)

is the inverse of

g —o0eE, n=01,...,
&M =s,eE, n=01,...,
~(n) ~(n+1) y *
€2k+1 = er—l + 1 " EE N k,nZO,l,...,
(42) et — el
n—+2 n+1
z(n)  _ HAntl) éék )_é(Zk ) E kn=01
a2 = S Vi ) Znt) _ iy © 20 B =01
(€sks1’ — €apr1-E2k  — Eo )

The following property holds.
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Even rule (TEA2)

RO) o)
2k €k
e N
(D) (n) ~(n) ~(n)
€ok—1 €ok+1 €ok+1 €ok+1
N /‘ /‘
(n+1) ~(n+1) ~(n) ~(n+1) ~(n)
€ak €ok €ok+2 | | €2k €ok+2
s+ Sn+)
€241 €ok+1
~(n+2)
€ok

FiG. 2. The relations for the first (TEAl) and the second (TEA2) topological e-algorithms (in
the odd rule € is € for TEAL and € for TEA2).

PROPERTY 4.1 (see [3]).
&y =8i(S.), (.85 = ex({y, Sn)),
el = y/ly, er(AS,)), & =y/e(y,AS,),  Emn=01,....

"’(774) ’

These relations are also true for the €, ’s and the €y’ s

Remark 4.2. Due to the first rule of the algorithms, €2k+1 y Zl 0 1/(y, éé’,zﬂ)
2(n)

€5, ), and a similar relation for Eék)ﬂ, which shows that these elements of E* are
multiples of y.

If E =R or C, the rules (4.1) and (4.2) of the first and the second topological
e-algorithms reduce to those of the scalar e-algorithm.

The relationships between the elements of £ and E* in the topological e-array
involved in these two topological algorithms are shown in Figure 2. The odd rules
(those for computing elements with an odd lower index) have the same structure as
the rule of the scalar e-algorithm, but the even ones need an additional term of the
topological e-array.

In the first and the second topological e-algorithms, the difficulty could be to

compute the duality products appearing in their denominators since they involve linear
functionals which, in the general case, cannot be easily handled on a computer When E
is a general vector space (for example, if S,, is a function and if (y, S f Sh(
Of course, when E = R" or R”*° handling linear functionals is tr1V1al because
those spaces are their own dual spaces. However, the duality product has to be
used recursively at each step of the algorithms. Moreover, in the even rules of the
algorithms, the duality has to be taken with linear functionals computed recursively
by the odd rules. These computational problems will be solved by the new algorithms
given in the next section.

5. The simplified topological e-algorithms. We will now derive new algo-
rithms for implementing the two topological Shanks sequence transformations of sec-
tion 3 which avoid the manipulation of elements of E* and the use of the duality
product with y inside the rules of the algorithms. In these new algorithms, the linear
functional y will only be applied to the terms of the initial sequence (S,,). Moreover,
they require the storage of a fewer number of elements of £ and no element of E*
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since they connect only terms with an even lower index in the topological e-array.
Their implementation will be described in section 7.

5.1. The first simplified topological e-algorithm. Applying Wynn’s scalar
g-algorithm (2.4) to the sequence (S, = (y,S,)), from Property 4.1, we have ag,i) =
er({y,S,)) and, by Property 2.2, we obtain

~(n+1) ~(n) y y

S+l T T (U NS, 1)) (v, en(AS,)

_ ( 1 ! )
T\ (7, A1) ey, AS,)

n+1 n
= Y(ggk-H) - 5gk)+1)~

Thus, the last relation in (4.1) becomes

A1) _ ()
g(;;) , = §(22+1) i Eor, T &g kon—0.1

+ ) 20y D) ) ) Lo
(v.€,  — &gy >(€2k+1 — Eop41)

Moreover, due to Property 4.1, the quantities (y, éé’,zﬂ) — éé’,?) can be computed

by the scalar e-algorithm, and we finally obtain the rule

n n+1 1 n+1 n
(51) é\<2k)+2 = é\ékJr )+ n4+1 n n+1 n (§(2k+ )_é\(Zk;))7 k,'fl = 0713- ..
((+)_())((+)_())
€ak Eok NEoky1 — E2kt1

3

with 80" =S, € E,n=0,1,....

This relation was already given in [3] as Property 10 but not in an algorithmic
form. It shows that the first topological Shanks transformation can now be imple-
mented by a triangular scheme involving the scalar e-algorithm and elements of F
exclusively, instead of extended rhombus rules needing the duality product with ele-
ments of E*. Moreover, we now have only one rule instead of two.

Thanks to the recursive rule of the scalar e-algorithm, the algorithm (5.1) can
also be written under one of the following equivalent forms:

~(n) ~(n+1) 5g]?+1 - 5&23) ~(n+1)  ~(n)
(5:2) =& T o G Ea)s
Cok+1 ~ C2k41

(n) (n+1)
n n+1 Eopt2 — ok n+1 n

(5.3) &G, =eht + 2 e (el —al)),

o T Eop

n n+1 n n+1 n n+1 n+1 n
(5.4) §<2k)+2 = é(zk ) (5ék)+1 - 5&1@71))(5&;@12 - 5;1@ ))(é(zk )~ é\(Qk))'

Notice that (5.3) can also be written as

ORI () g (nt1)
(5 5) é\(n) _ 2k+42 2k ~(n+1)  S2k42 2k é\(n)
: 2k+2 (n+1) _ _(n) 72k (n+1) _ _(n) ~2k
ok Eok ok Eok
~(n) ng&z —Eé’i) (n+1)  (n)
(5.6) =& T v ) (Ear &)
o~ T &gk

This new algorithm, in any of the preceding forms, is called the first simplified
topological e-algorithm, and it is denoted by STEAL.
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Taking the duality product of y with any of the preceding relations (5.1)—(5.6)
allows one to recover the rule of the scalar e-algorithm or leads to an identity. The
same is true when F is R or C.

From (5.5), we have the following property.

PROPERTY 5.1. The computation of éé’,z)“ 1s stable for all n if AMj,, independent
of n, such that

(n) (n)
Cokt2 — ok

(n+1)
ok

(n) (n+1)
Cart2 ~ Cok
(n+1) (n)
Car T ok

< M.

(n)
— E9g

Remark 5.2. Although the §(27,2)+1’s are no longer needed, it holds from Property
4.1 that %2)4-1 = é\(z’:_r? + y/(sgzﬂ) - 8%2)), and thus, similarly to Property 2.3, we

obtain §(2Z) = ny:o 1/A5g7+k7i). Since AS,, = (y,AS,), we also have, from

+1 7
what precedes and Property 4.1, éé’,z)ﬂ = ysglz)ﬂ and sgﬁ)ﬂ =1/ex((y,AS,)). These

)

relations also hold for the éé’,i ‘o

below).

5.2. The second simplified topological e-algorithm. Since similar algebraic
properties hold for the second topological Shanks transformation and the second topo-
logical e-algorithm, we can derive, in the same way, a second simplified topological
e-algorithm, denoted by STEA2. Its rules can be written in any of the four following
equivalent forms:

’s of the second simplified topological e-algorithm (see

~(n) ~(n+1) 1 ~(n+2)  An+1)
627€+2 = & + n+2 n+1 n+1 n (€2k — &g )’
(Egk ) Egk ))(5gk+1) - 5gk)+1)
~(n) ~(n+1) 8%11) _5571?? ~(n+2)  ~(n+1)
okia =€ T G (m (Ear  —E2 )
Eok+1 — C2k+1
(n) o (n+1)
~(n) _ ~n+1) | C2ky2  Con ~(n+2) _ ~n+1)
€kt2 = ok T (nz) iy E26  —E2k )
o T Cak

~ n n+1 n+1 n+2 n n+1 n+2 n+1
€2k+2( = “3{21;r '+ (5ékil) - 5&1@:))(551@&2 - 8ék+ ))(%; = “3{21;r ))7

with &Y =S, e E,n=0,1,....

In these formulae, the scalar quantities are the same as those used in the first
simplified topological e-algorithm, and they are again obtained by applying the scalar
e-algorithm to the sequence ({(y,S,)).

In Figure 3, we show the very simple triangular relationships between the elements
of E in the topological e-array for the two simplified algorithms. Remark that only
the even terms are needed and computed.

Remark 5.3. Since the é(;,i) and the Eéz) are related by a triangular recursive
scheme, they satisfy the theory of reference functionals developed in [12].

6. Convergence and acceleration. Several convergence and acceleration re-
sults for the topological e-algorithm were already given in [3]. However, the conditions
of these theorems are difficult to check since they involved elements of E* which are
recursively computed. The fact that now the simplified algorithms no longer involve
these linear functionals will allow us to obtain new results, easier to verify in practice.
Thus, the simplified e-algorithms not only play a major role in the implementation of
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STEAL STEA2
()
€ok
N
S(n+1) || ) ~(n)
Esp — | Caki2 || Cok — | €242
~(n+2)
€ok

Fic. 3. The relations for the first (STEAL) and the second (STEAZ2) simplified topological e-
algorithms.

the topological Shanks transformations, but they also have a primary impact on the
theoretical results that can be proved.

Property 3.1 means that the numbers eg (S, ), obtained by applying the scalar
Shanks transformation to the sequence of numbers (S, = (y,S.)), and the elements
€x(S,) and €x(S,) of E, obtained by the topological Shanks transformations applied
to the sequence (S,,) of elements of F, are computed by a linear combination with the
same coefficients. It implies that, under some circumstances, the sequences (e (Sy)),
(€r(Sn)), and (€x(S,)) can share similar convergence and acceleration behaviors, and
we will now illustrate this fact.

Let us begin by two results about important classes of sequences which, despite
their simplicity, remained unnoticed.

DEFINITION 6.1. A sequence of vectors in R™ or matrices in R™** is totally
monotonic, and we write (S,) € TM if, for all k and n, (—1)*AFS,, > 0, where the
inequality has to be understood for each component of the vectors or each element of
the matrices. A sequence of vectors or matrices is totally oscillating, and we write
(Sn) €10 Zf ((_1)nsn) € TM.

In the scalar case, these sequences were first studied by Wynn [41], and his results
were complemented by Brezinski [1, 2]. Their construction and their properties were
studied in [5, 42]. For the vector and the matrix cases, we have the following new
results.

THEOREM 6.2. If (S,,) converges to S, if (Sn, = (y,Sn)) € TM, and if Ja # 0
and b € R™ (or R™*% in the matriz case) such that (aS,, +b) € TM, then

0<aéyy), +b<agly) +b, 0<aey" +b<adl) +b,
0<agl, +b<ay™ +b, 0<agl), +b<adli +b,
Vk, fized, H_)m ggz) =8, Vn, fived, khm 5(27;) _s.
n—roo — 00

Moreover, if limy, o0 (y,Sn+1 — S)/{y, S, —S) # 1, then
Vk, fived, lim [|€5) — S||/|Sn+ar — S| =0,
Vn, fived,  lim ||€f;) — S||/[Snsak — S = 0.

The same results hold for the é(zz).

Proof. Since the coefficients agn’k) in (2.3) and (3.3) are the same, then, if (S,) €

TM or TO and if (S,, = (y,S,)) € TM or TO, the scalars ggz), the components of
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the vectors or the elements of the matrices &5, and those of &5,
inequalities, which proves the results. a
Equivalent results hold for TO sequences of vectors and matrices. The proof is
the same as for the preceding theorem.
THEOREM 6.3. If (S,) converges to S, if (S, = (y,Syn)) € TO, and if Ja # 0
and b € R™ (or R™**% in the matriz case) such that (aS,, +b) € TO, then

satisfy the same

2n 2n 2n+1 2n 2n+1 2n
05 a§<2)k+)2 +b SA(ag(Qk )) +b, a(&S; A() - é)(Qk )Z(S a()%mz )A(_ é\(2k51-)2)§ 0, :
2n+1 2n+1 2n+2 2n-+1 2n+2 2n+1
(€g +b<agy , +b<0, 0<a(éy " —Eyyn ) <algy — &y )

0 < agliY, +b <agl"? +b,  Vk, fived lim &) =8,

aé\(ﬁgﬂ'g) +b< aég::gl) +b <0, Vn, fized, klim é\gz) =8S.
—00
Moreover,
Vk, fised,  lim €5 —S|/|Suiz ~ S| =0,

Vn, fized, lim |[&5) — S||/[Sax — S| = 0.

The same results hold for the ég,;).

Remark 6.4. If the vectors S,, belong to TM or TO and if y > 0, then (S, =
{(y,S,)) € TM or TO. If the matrices S,, belong to TM and if y is the linear form
such that, for any matrix M, (y, M) = trace(M), then (S,, = (y,S,)) € TM or TO.
Thus, the convergence of the first simplified topological e-algorithm depends on the
behavior of the scalar one, and the choice of y intervenes in the conditions to be
satisfied. As noticed in [25], if, for all n, S,, € R™ is replaced by DS,,, where D
is a diagonal regular matrix of dimension m, and if y is replaced by AD 'y, where

A is a nonzero scalar, then, for all k£ and n, é\g’,z) becomes Déé’,z) and 5(22)4_1 becomes
D_lé(;,i)ﬂ. The same property holds for the é{k")’s. This remark allows one to extend

the two previous theorems.

Let us continue by some other convergence and acceleration results that would not
have been easily obtained directly from the determinantal formulae of the topological
Shanks transformations or from the rules of the topological e-algorithms.

Assume now that E is a normed vector space and that y € £/ C E*, where E’
is the space of all continuous linear functionals on E. We will consider only the case
of the first transformation and the first algorithm; the second ones could be treated
similarly and lead to equivalent results.

Let us set

n n n+1 n+1 n
(6.1) 7"1(@ )= (5ék)+2 - 6ék+ ))/(5ék+ ) 5ék))-

The rule (5.3) of the first simplified topological e-algorithm gives

= "],

n n+1 n+1 n
e — e /ey — et

which shows that both ratios have the same form and behave similarly. We have the
following convergence result.

THEOREM 6.5. Iflim, o0 &5") =S, and if IM such that, for alln > N, |[r™| <

M, then lim,, o0 €5, = S.
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Proof. The relation (5.3) can be written as

n n n+1 n n
4213+2 (1‘““( ))Ag o 7’1(4 )§(2k)

By the assumption on r,g") and since the two scalar coefficients in the right-hand side
sum up to 1, the conditions of the Toeplitz theorem for summation processes are
satisfied, which proves the result. a

The other forms of the first simplified e-algorithm lead to different ratios linking
its behavior with that of the scalar e-algorithm

Let us now give an acceleration result in the case where £ = R™ m > 1.

THEOREM 6.6. Assume that E = R™, that 7“](6") =71, + o(1) with r, # —1, and
that for all i, (ESy™™ = 8)i/ (€5 — )i = /(1 + 71.) + 0(1). Then lim,, 00 |ES 5 —

S|I/ €5y - S|l = 0.
Proof. Writing (5.3) as (which is the same as (5.5))

n n n+1 n n
Ehie — 8= (L4 ")ERT = 8) — Y (&) - 9),

we have from the assumptions on 7“](6") and on the components of the vectors

(€5 5=9)i = [(Lriro(1)) (ri/ (L+r4)+o(1)) — (re+o(1))] (€S —S); = o(1)(E}) —S)..

Thus, we prove the result since all norms are equivalent. O
Remark 6.7. By the assumptions on the components of the vectors, it holds,
for the scalar e-algorithm, that limn_,oo(sézﬂ) S)/(séz) S) = /(14 rg). Since

r,i”) =7k +o(1) and

(n) n+1 n+1
T](Cn) _ [ S2k+2 T S Egk -5 / Egk -5 -1
séz) - S ag,i) - S E(Z) S

it follows that we also have hmn—>oo(6g]2)+2 S)/ (ag,i) - S)=0.

Let us now give convergence and acceleration results concerning four special types
of sequences. These sequences were considered by Wynn in the scalar case for the
scalar e-algorithm [41]. We will see that his results can be extended to similar se-
quences of elements of E. The first result is the following.

THEOREM 6.8. We consider sequences of the form

n—9Sn~ Zai)\?ui (n—o00) or (b) S, =S~ (=1)" Zai/\{‘ui (n — 00),

where a;, A\ € K, uy € E, and 1 > Ay > Ao > --- > 0. Then, when k is fized and n
tends to infinity,
€5k, — I
—S=04), oy o = Q2 /Aes)")-
1€5:" — Sl

Proof. We consider sequences of the form (a). We have

(¥, 5n) Z ai A} (Y, us).
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If the scalar e-algorithm is applied to the sequence ({y,S,)), Wynn [41] proved that

(Met1 = A1)% o (N1 — Ag)?
)2 (L= )

féz) —(y,8) = arq1

A1y, weya) + O\ 2).

After some algebraic manipulations using (6.1), we get

O ap+2(y, Weta) Mz — M) - Mgz — Men)? (Ak+2 )"
Pl = M e (Y W) O — A2 O — Ae)2 (1= Mg )P\ Ak

)\k+2)n
+o| ——|.
<>\k+1

Assume that

P
é\gﬁ) —S~ E ak,i/\?uiv
i=k+1

where the coefficients «ay; depend on k and ¢ but not on n (by assumption, this is
true for k = 0).

Plugging this relation into the rule (5.3) of the first simplified topological e-
algorithm, and using the preceding expression for r,i”), we obtain (see [4] for a similar
proof) that

P P
2(n) 1 Z +1 Z
€540 — S~ T ak,i/\? u; — Agt1 oAt |,
kL Nizk+1 i=k+1

which proves the first result by induction. The second result follows immediately.

The proof for sequences of the form (b) is similar to the preceding case by replacing
each \; by —\;. a

An application of this result will be given in section 8.1.

The next theorem is obtained by expressing r,i”) as above and using the result of
Wynn for the scalar case [41].

THEOREM 6.9. We consider sequences of the form
Sh—S~ Zai(n +b) 7y (n — o0),
i=1

where a;,b € K, uy € E. Then, when k is fized and n tends to infinity,

~(n) ajux
S~ —211
€2k (k+1)(n+b)

Thus, when n tends to infinity, the sequence (%Z)H) does not converge to S faster

than the sequence (éé’,z)) We finally have a last result whose proof uses (5.6) and the
expression given by Wynn [41] in the scalar case.

THEOREM 6.10. We consider sequences of the form

Su— S~ (-1)"> ai(n+b)wi (n— o0),

=1
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where a;,b € K, u; € E. Then, when k is fixed and n tends to infinity,

2(n)
a1 (k!)*uy €210 — S|

=01 b)).

e A

& — S~ (-1)"

The results of [16] about sequences with more complicated asymptotic expansions
could possibly be extended similarly to the first simplified topological e-algorithm.
Since the vector E-algorithm [7] can be used for implementing the first topological
Shanks transformation, the acceleration results proved for it should also be valid for
the first simplified topological e-algorithm [23].

7. Implementation and performances. To implement all the e-algorithms
and to construct the e-array, the simplest procedure is to store all its elements for
all k£ and n. Starting from a given number of terms in the two initial columns (the
second one for the simplified algorithms), the other columns are computed one by
one, each of them having one less term than the preceding one (two less terms for the
simplified algorithms). Thus, a triangular part of the e-array is obtained (only the
even columns in the simplified cases), as can be seen in Figure 1. However, such a
procedure requires storing all the elements of this triangular part, and it can be costly
for sequences of vectors or matrices.

A better procedure, which avoids storing the whole triangular array, is to add each
new term of the original sequence one by one and to proceed with the computation of
the e-array by ascending diagonal as far as possible (or required). This technique was
invented by Wynn for the scalar e-algorithm and other algorithms having a similar
structure [38, 40] (see also [9, pp. 397fL.]), including the vector e-algorithm [37]. It
can be summarized as follows: after having computed a triangular part of the e-
array and stored only its last ascending diagonal (for example, the ascending diagonal

5((33), 852), aél), aéo) of Figure 1 which contains all the terms needed for computing the

next diagonal), a new element of the initial sequence is introduced (584) =S4 in our
example), and the next ascending diagonal is computed element by element, that is,
53([3), 8%2), aél), 5510), by using the rhombus rule of the algorithm. This technique requires
only the storage of one ascending diagonal and three temporary auxiliary elements.
Let us mention that, for computing the descending diagonal 580), ago), s§0>, ..., the new
ascending diagonal has to be computed as far as possible, while, for computing the
descending column ag(,?, ag?, agi), ..., for a fixed value of k, the new ascending diagonal
has to be computed only until the column 2k has been reached.

In the topological e-algorithms, the odd rule has the same form as the rule of
the scalar e-algorithm, but the even rule needs an extra element, as shown in Figure
2. This is not a problem for implementing TEA2 by exactly the same technique as
Wynn’s since the extra term, namely é{QZ’LQ) needed for computing é{zﬁlza was already
computed in the diagonal we are constructing. Thus, it is necessary to store only the

preceding diagonal consisting of elements of E and E*.

Contrarily to TEA2, for implementing TEA1, the extra element, namely E(ZZ), is in
the diagonal above the preceding one. Thus, in addition to the full preceding diagonal,
we also need to store the even elements of the diagonal above it. Thus, in total, one
and a half diagonals (of elements of E and E*) have to be stored.

For the simplified topological e-algorithms, only elements with an even lower index
are used and computed, and the rules are shown in Figure 3. Similar considerations
as above can be made for the new algorithms. Thus, for STEA1, by the ascending
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diagonal technique, one need only store the elements of F/, that is, those with an even
lower index, located in the two preceding diagonals, and, for STEA2, only the elements
of E located in the preceding diagonal.

Of course, we also have to compute, by the ascending diagonal technique of Wynn,
the elements of the scalar e-array, but this is cheep in terms of storage requirements
and arithmetical operations. Each new scalar term S,, is obtained by computing the
duality product of S,, with y and is immediately used for building the new ascending
diagonal of the scalar e-array. Then, the new ascending diagonal of the topological e-
array consisting only of elements of F is constructed. A paper with the corresponding
MATLAB programs is in preparation.

The storage requirements of the four topological algorithms for computing §<2?e) or

éé?g, including the temporary auxiliary elements, are given in Table 1.

TABLE 1
Storage requirements.

| Algorithm || # elements e-array | In spaces || # auxiliary elements

TEAL 3k E,E* 3
STEA 1 2k E 2
TEA2 2k E,E* 3
STEA2 k E 2

Let us now discuss some possible choices for the linear functional y € E*. When
E = C™, we can define it asy : S, € C™ — (y,S,) = (y,S»), the usual inner
product of the vectors y and S,,, or, more generally, as (y, MS,,), where M is some
matrix.

When E = C™*™  the linear functional y € E* can be defined as y : S, €
cm>xm s (y,S,) = trace(S,) or, more generally, for S,, € C™**, as trace(YS,),
where Y € C™*%. We can also define y by (u,S,,v), where u € C™ and v € C*.

The simplified topological e-algorithms for implementing the topological Shanks
transformations also allow us to improve its numerical stability. This is due to the
existence, for the scalar e-algorithm, of particular rules derived by Wynn [39] for this
purpose, while the topological e-algorithms have no particular rules (such rules also
exist for other acceleration algorithms [28]). These particular rules are used as soon
as, for some fixed p,

n+1 n n _
e =1/l < 107

When this condition is satisfied, a so-called singularity occurs, the particular rule is
used instead of the normal one for computing the term of the table possibly affected by
numerical instability, and a counter ¢ indicating the number of singularities detected
is increased by 1.

Let us give two numerical examples which show the gain in numerical stability
and accuracy brought by the simplified topological e-algorithms with the particular
rules of the scalar e-algorithm. We denote by STEA1-1, STEA1-2, STEA1-3, and
STEA1-4, respectively, the four rules (5.1)—(5.4) of the first simplified topological e-
algorithm, and we use similar notation for the equivalent forms of the second simplified
topological e-algorithm given in section 5.2.

We consider the sequence of vectors defined by

So=r,S; = (1, e 1)T, Sy = (1, cee 1)T + 107111', S3 =Sp, Si=So+ 107111',
S, =3S,-1—Sp,_2+2S,_3+Sp_4— 5Sn757 n=>5,6,...,
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TABLE 2
Performances of the various algorithms for a sequence of vectors.

p=12 p=13

Agorithn | o | 1@ [ o [ 1l
TEA1 9.92 x 1071 9.92 x 10~1
STEAL-X || 2 | 9.35 x 10~4 0 1.15
TEA2 6.01 6.01
STEA2-1 21 942x10713 || 0 3.10
STEA2-2 || 2 | 1.67x 10712 || 0 3.10
STEA2-3 21946 x10713 || 0 3.10
STEA2-4 || 2 | 1.66 x 10712 || 0 3.10

where r is a fixed random vector whose components are uniformly distributed in [0, 1].
Since the vectors S,, satisfy a linear difference equation of order 5 whose constant term
is 0, we must have, from (3.1) and Theorem 3.2, éﬁg) = é%) = 0 for all n. With vectors
of dimension 10000 and y = (1,...,1), we obtain the results of Table 2 (STEA1 X

denotes any of the forms of the algorithm). The notation e%%) corresponds to éﬁ%) for

TEAl and STEA1-X, and to é{lg) for TEA2 and STEA2-X. We can see the important
improvement obtained by STEA2 when o = 2 singularities have been detected and

treated by the particular rules of the scalar e-algorithm.

TABLE 3
Performances of the various algorithms for a sequence of matrices.

p=7 p=2~8 p=10
‘ Algorithm H o ‘ ||eg%)|\oo H o ‘ ”Eg(()))l‘oo H . ‘ ”E%)Hw ‘
‘ STEA1-X H 2 ‘ 6.14 x 1077 H 1 ‘ 1.04 H 0 ‘ 1.04 ‘
STEA2-1 || 2 | 1.31x 10712 || 1 3.02 0 3.02
STEA2-2 || 2 | 1.05x 10712 || 1 3.02 0 3.02
STEA2-3 || 2 | 1.30 x 10712 || 1 3.02 0 3.02
STEA2-4 || 2 | 1.04 x 1072 || 1 3.02 0 3.02

Let us now consider the case where the S,,’s are m x m matrices constructed
exactly by the same recurrence relation as the vectors of the previous example and
with the same initializations (r is now a fixed random matrix). The linear functional
y is defined as (y,S,) = trace(S,). For m = 2000, we obtain the results of Table
3. We remark that the treatment of only one singularity is not enough for avoiding
numerical instability but that, when ¢ = 2, both STEA1 and STEA2 give pretty good
results, which underlines the importance of detecting the singularities and using the
particular rules.

To end this section, we want to add two remarks. In our tests, even if the speed of
convergence is the same, the results obtained with STEA2 are often better. This could
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be due to the fact that STEA2 computes a combination (with the same coefficients)
of Sytks -+, Spyor (which are usually closer to S) instead of S,,, ..., Sy, for STEAL.
Also, from the tests performed, we cannot decide which of the four equivalent forms of
each simplified algorithm seems to be the most stable one. However, these experiments
suggest that we avoid using terms of the scalar e-algorithm with an odd lower index,
and thus, in the next section, where some applications of the topological Shanks
transformations are presented, we will show only the results obtained by STEA1-3
and STEA2-3.

8. Applications. We consider two types of applications, one with sequences of
vectors and another one with sequences of matrices.

8.1. System of equations. There exist many iterative methods for solving
systems of nonlinear and linear equations. For nonlinear systems, the e-algorithms
(scalar, vector, topological) lead to methods with a quadratic convergence under some
assumptions [9]. For linear systems, these algorithms are, in fact, direct methods, but
they cannot be used in practice since the computation of the exact solution requires
too much storage. However, they can be used for accelerating the convergence of
iterative methods. Let us look at such an example.

Kaczmarz’s method [22] is an iterative method for linear equations. It is used, in
particular, in tomographic imaging, where it is known as the Algebraic Reconstruction
Technique (ART). It is well suited for parallel computations and large-scale problems
because each step requires only one row of the matrix (or several rows simultaneously
in its block version) and no matrix-vector products are needed. It is always converging,
but its convergence is often quite slow. Procedures for its acceleration were studied
in [10]. For the parter matrix (a Cauchy matrix and a Toeplitz matrix with singular
values near 7 and with elements 1/(i — j + 0.5)) of dimension 5000 from the MATLAB
gallery of test matrices with x = (1,..., 1)T, b = Ax computed accordingly, and
y = b, Kaczmarz’s method achieves an error of 3.44 x 10~! after 48 iterations. With
k = 1,3, or 5, all our algorithms produce an error between 10712 and 1073 after
41, 24, and 19 iterations, respectively. The simplified e-algorithm requires only the
computation of 2k + 1 scalar products, some simple arithmetical operations, and the
storage of a number of auxiliary vectors, as stated in Table 1. Thanks to the ascending
diagonal technique presented in the preceding section, it can be applied simultaneously
to the computation of the iterates of Kaczmarz’s method. As soon as a new iterate
of it is obtained, its scalar product with y is computed and the iterate is no longer
required. Thus, the parallelism of Kaczmarz’s method is not affected.

Kaczmarz’s method belongs to the class of Alternating Projection Methods for
finding a point in the intersection of several subsets of an Hilbert space. They are
studied in [14], where some procedures for their acceleration are given. The algorithms
proposed in this paper could also be helpful in this context.

8.2. Matrix equations. Matrix equations, such as the algebraic Riccati, Lya-
punov, or Sylvester equations, form an important domain of numerical analysis, and
they intervene in many applications: Newton’s method for computing the inverse of a
matrix, or its square root, or the matrix sign function, etc.; see [15] for some of these
applications. Let us also mention the computation of matrix functions. The solution
of these problems usually requires iterative methods.

To illustrate our algorithms, let us consider some examples where a sequence of
square matrices S,, € R™*™ has to be accelerated. In these examples, the duality
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product with y corresponds to the trace of the matrix.

Ezample 1. A new inversion-free iterative method for obtaining the minimal
Hermitian positive definite solution of the matrix rational equation F(S) = S +
A*ST1'A —1 =0, where I is the identity matrix and A is a given nonsingular matrix,
was proposed in [26]. It consisted of the following iterations, denoted by Ns:

Sni1 =28, —S,A*(I—-S,)A"'S,, n=0,1,...,

with Sop = AA*. All iterates S,, are Hermitian. The inverse of A has to be computed
once at the beginning of the iterations, each of them needing three matrix-matrix
products since S, A™* is the conjugate transpose of A~'S,,. However, in practice,
rounding errors destroy the Hermitian character of S,, when n grows. Thus, it is better
to program the method as written above without using the conjugate transpose of
A~!S,,, and, thus, each iteration requires four matrix-matrix products, as explained
in [27].

We tried the five examples given in [26]. Each of them corresponds to a different
nonsingular matrix A of dimension 3 or 4. For example 1, the gain is only one or two
iterations. For example 2, the same precision is obtained by STEA1l and STEA2 with
k =1 in 19-20 iterations instead of 27 for NS, and in 16 for £ = 2 and k = 3. For
examples 3 and 5, no acceleration is obtained since the NS iterations converge pretty
well. As proved in [13], a universal algorithm able to accelerate the convergence of
all converging sequences cannot exist. Even for large classes of special sequences such
an algorithm cannot exist. Thus, a gain can only be guaranteed under theoretical
results.

For example 4, we have the results of Table 4. If we denote by m the number of
terms of NS used, the results given in this table correspond to the Frobenius norm of
F(z—:;zh%)) for the simplified e-algorithms, and to that of F(S,,) for Ns.

TABLE 4
Performances of the various algorithms for the equation F(S) =0 (Ezample 1).

k=1 k=2 k=3
Algorithm H m Frob. norm m Frob. norm m Frob. norm
sTEAL 60 1.47 x 10715 | 60 1.52 x 107 1% | 43 1.63 x 1071
NS 60 6.80 x 109 | 60 6.80 x 1072 | 43 5.62 x 10~7
STEA2 61 1.84 x 1071° | 61 1.93 x 10715 | 49 1.61 x 10715
NS 61 5.25 x 1079 | 61 5.25 x 1072 | 49 1.18 x 10~7

Ezxample 2. More generally, consider now the matrix equation S+ A*S77A = Q
for 0 < ¢ < 1. It can be solved by the iterative method (2.6) of [43],

S, = Q- A*SIA,
YnJrl = 2Y, - YnSnYn7

with Yo = (yQ)~! and + conveniently chosen. For example 4.2 of dimension 5 with
q = 0.7 and v = 0.9985 treated in [43], the Euclidean norm of the error is 1.30 x 10719
at iteration 13 of the iterative method, while, with k = 3, it is 5.8 x 10! for STEA1
and 6.5 x 107! for STEA2. At iteration 17, the norm of the error of the iterative
method is 4.11 x 1074, that of STEA1 is 3.5 x 1072, and STEA2 gives 1.49 x 1014,
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This example illustrates the fact that no improvement is obtained when the iterative
method converges pretty well. We also see that STEA2 gives slightly better results
than STEA1. However, when full machine precision is reached, the two algorithms are
equivalent.

For the same example, but now with ¢ = 0.5, we obtain the results of Figure
4(left). The solid line represents the iterative method, the dash-dotted curve is ob-
tained by STEA1l, and the dashed one is obtained by STEA2. This example clearly
shows the acceleration which can be brought by the algorithms.

Fic. 4. TIterative method (solid line), STEAl (dash-dotted line), and STEA2 (dashed line) for
Ezamples 2 (left) and 3 (right).

Example 3. We consider now the symmetric Stein matrix equation, also called
the discrete-time Lyapunov equation, S — ASAT = FFT  F ¢ R™*%, s < m, with
the eigenvalues of A inside the unit disk. As explained in [21], this equation can be
solved by the iterative method given in [34], S,,s1 = FFT + AS, AT n =0,1,...,
with SO =0.

The results of Figure 4(right) correspond to the moler matrix for A divided by
an adequate factor so that its spectral radius is equal to 0.9. The moler matrix
is a symmetric positive definite matrix with one small eigenvalue. Its elements are
a;; = min(¢,j) — 2 and a;; = i. The matrix F is the parter matrix of dimension
500 x 30. These two matrices are from the MATLAB gallery of test matrices. We
took k£ = 3 in the simplified algorithms.

9. Conclusions. To conclude, let us summarize the characteristics of the old
and new algorithms for implementing the topological Shanks transformations and
compare them.

TOPOLOGICAL e-ALG. (TEAL, TEA2)

SIMPLIFIED e-ALG. (STEAl, STEA2)

— two rules;

— storage of one and a half ascending diag-
onals for TEA1, and one ascending diagonal
for TEA2;

— storage of elements of F and E*;

— use of the duality product by elements of
E* computed recursively, and by y inside
the rule of the algorithms;

— convergence and acceleration results diffi-
cult to obtain (rules too complicated);

— numerical instability can be present.

— only one rule;

— storage of two half ascending diagonals for
STEA1, and half of an ascending diagonal for
STEA2;

— storage of only elements of F;

— application of y only to S,, € E, and no
use of the duality product inside the rules;

— possibility of proving convergence and ac-
celeration results;

— possibility of improving the numerical sta-
bility.
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