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NEW CONVERGENCE RESULTS ON THE GENERALIZED
RICHARDSON EXTRAPOLATION PROCESS GREP(
FOR LOGARITHMIC SEQUENCES

AVRAM SIDI

ABSTRACT. Let a(t) ~ A+ ¢(t) Y52, Bitt as t — 0+, where a(t) and ¢(t) are
known for 0 < ¢t < ¢ for some ¢ > 0, but A and the §; are not known. The
generalized Richardson extrapolation process GREP(1) is used in obtaining
good approximations to A, the limit or antilimit of a(t) as t — 0+. The
approximations Aslj ) to A obtained via GREP() are defined by the linear
systems a(t;) = AY + <p(tl)2?=-01 Biti, 1=j,j+1,...,5 +n, where {t;}{2,
is a decreasing positive sequence with limit zero. The study of GREP(D) for
slowly varying functions a(t) was begun in two recent papers by the author.
For such a(t) we have p(t) ~ at® as t — 0+ with § possibly complex and
6 #0,—1,—-2,... . In the present work we continue to study the convergence
and stability of GREP(1) as it is applied to such a(t) with different sets of
collocation points ¢; that have been used in practical situations. In particular,
we consider the cases in which (i) ¢; are arbitrary, (ii) lim;_, o t;41 /¢ = 1, (iii)
t; ~ cl™9 as | — oo for some ¢,q > 0, (iv) t;+1/t; < w € (0,1) for all I, (v)
lim;_, o0 141/t = w € (0,1), and (vi) t;41/ti =w € (0,1) for all L.

1. INTRODUCTION AND GENERAL BACKGROUND

In two recent papers Sidi [Si6] and Sidi [Si7] we began a theoretical investigation
of the convergence and stability of GREP(1)| the simplest case and prototype of
the generalized Richardson extrapolation process GREP(™) due to the author, see
Sidi [Si1]. Here m is a positive integer. GREP(™) is a very effective extrapolation
method that is used in accelerating the convergence of a very large family of infinite
sequences that arise from and/or can be identified with functions A(y) that belong
to a certain class of functions denoted F(™).

In the present work we continue the investigation of [Si6] and [Si7] by adding
various theoretical results pertaining to the application of GREP( to functions
A(y) € FO) that vary slowly. What is meant by slowly varying A(y) will become
clear shortly.

We recall that A(y) € F(U if there exist a constant A and a function 3(y) such
that

(1.1) A(y) = A+ ¢(y)B(y), y € (0,b] for some b >0,
where y can be a continuous or discrete variable, and 3(£), as a function of the

continuous variable £, is continuous in [0, f] for some é > 0 and has a Poincaré-type
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TABLE 1. The Romberg table.

At()l) A(O)
A(()2) A(l) A(20)
Ag*) A(2) Agl) Ago)

asymptotic expansion of the form

(1.2) B(&) ~ Zﬂ,{" as £ — 0+, for some fixed r > 0.
i=0

We also recall that A(y) € F{Y if the function B(t) = B(t/"), as a function of the
continuous variable ¢, is infinitely differentiable in [0, é’] (Therefore, in the variable
t, B(t) € C[0,1] for some £ > 0 and (1.2) reads B(t) ~ 3.2, fit* as t — 0+.)

We assume that the functions A(y) and ¢(y) are computable hence known for
y € (0,b] (keeping in mind that y may be discrete or continuous depending on the
situation) and that the constant r is known. The aim is to find (or approximate)
A that is limy_,o4+ A(y) when this limit exists and the antilimit of A(y) otherwise.

Approximations to A can be obtained by GREP(!) that is defined via the linear
systems

n—1
(1.3) Alw) = AD + o(w) Y Biwt™, 1=34,5+1,...,5+n,
=0

where {y;} C (0,b] such that yg > y1 > y2 > ---, and lim;_,oc y; = 0. Here A,(f) is
the approximation to 4 and §; are additional auxiliary unknowns.

The approximations A§3 ) can be arranged in a two-dimensional array called the
Romberg table (see Table 1).

Two limiting processes pertaining to the A are of importance: (i) Process I,
in which n is held fixed and j — oo, and (ii) Process II, in which j is held fixed and
n — oo. Thus, Process I concerns the convergence of the columns in the Romberg
table, while Process II concerns the convergence of the diagonals.

If we set t = y", a(t) = A(y), ¢(t) = ¢(y), and ¢t; = y], | = 0,1,..., then,

provided ¢(t;) # 0,1 =0,1,..., which we assume throughout, we can express Agj )
as in
) D(j)
» ap - D fl0/e))
{1/0()}
where DY ){g(t)} denotes the divided difference of the function g(t) over the set of
points {t;,t;41,... ,tj+n} and is thus given by
(15)  DP{g(t)} = Zcfi)g (i) &) = ————) i=0,1,...,n
=0 eco Liti ~ Litk

k#i
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From (1.4) and (1.5) it is clear that AY can also be expressed as in

)
D Jptiv) .
16)  AD =S 1Da(t;p); AP = LT 01, 0.
; D {1/0(8)}

Obviously, "7 ,+%) = 1.
A quantity that is of special importance in the stability analysis of GREP() is

n n (J)
0 — )| =
(17) Lw ;0 | [D(’){1/<P(t)}| M "P(”f“)'

Of course, I'Y) > 1. We recall that T'{’ determines the rate at which errors (round—
) <

off or other) in the a(t;) propagate into AY). We also recall that if sup;
with n fixed, then the sequence {Ag{ )}]=0 is stable, i.e., Process I is stable. Slml-
larly, if sup,, Y < co with j fixed, the sequence {A%J )};?:0 is stable, i.e., Process
IIis stable ,

The A ) and I‘ﬁf ) can be computed recursively in a very economical fashion by
the W-algorithm of Sidi [Si4] and [Si6] as follows:

1. Set MY = a(t )/o(t;), N =1/p(t;), and HY = (=1))|N?|, 5 =0,1,... .

2. Compute MY ,N () , and Hy; () recursively from

(J+1) (4) @(G+1) ()
(1.8) M(]) M—t*]:l— N(J) ﬁ—t-———];[n-——l, and
j+n — Uj j+n — U
(7+1) )]
HY) = _H____h j=01,...,n=1,2,....
titn —tj
3. Set
(4) ©)
(1.9) A55’=M?~ and T = |2
Nnj) 7(1:7)

Surprisingly, GREP() is quite amenable to rigorous and refined analysis, and
the conclusions that we draw from the study of GREP( are relevant to GREP(™)
with arbitrary m, in general. It is important to note that the analytic study of
GREP(® is made possible by the divided difference representations of Aslj ) and 1"5? )
that are given in (1.4) and (1.7) respectively. With the help of these we are able
to produce results that are optimal or nearly optimal in many cases. We must also
add that not all problems associated with GREP(!) have been solved, however. In
particular, various problems concerning Process II are still open.

The slowly varying functions A(y) we alluded to above are those for which

o0
(1.10) @(t) =t°H(t); 6#0,-1,-2,..., H(t)~) hit' ast— 0+, ho #0.
=0
Here § can be complex in general. Thus, A(y) has the asymptotic behavior A(y) ~
A + hoy” as y — 0+, for some 7y that is related to § through v = r§. We note
that a sufficient condition for (1.10) to hold is that H(t) € C*[0,] for some # > 0,
although this condition is not necessary in general. In the next section we present
examples of such A(y) that arise from some classes of infinite integrals and series. In
particular, they arise very naturally from convergent or divergent infinite sequences
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that behave logarithmically, as has been shown in [Si6]. We recall that it is very
difficult to accelerate the convergence of such sequences, the source of the difficulty
being the instability of the extrapolation processes.

In this work we aim at presenting a detailed convergence and stability analysis
of GREP( for slowly varying A(y) = a(t) and different choices of the t;. As will
be seen later, some of these choices give rise to instability, while others do not.
In particular, in Section 4 we deal with the case in which the ¢, are arbitrary. In
Section 5 we consider the case in which lim;_, o, (£;41/t;) = 1 in general and ¢t; ~ ¢l ™9
as | — oo for some ¢ > 0 and ¢ > 0. In Section 6 we look at the cases in which
lim;_, o0 (t141/t:1) = w for some w € (0,1). Finally, in Section 7 we analyze the case
in which #;41; < wt; for all I, again for some w € (0,1). These choices of the ¢,
are the ones most commonly used in applications. Thus, by drawing the proper
analogies, the results of this chapter and the next apply very naturally to the DM
dM-transformations of Levin and Sidi [LS], and to a new sequence transformation
that we denote the d(™-transformation.

We shall come back to these transformations in Section 8, where we shall actually
show how the conclusions drawn from the study of GREP() given here can be used
to enhance their performance in finite-precision arithmetic.

In the next section we give some technical preliminaries that will be of use in
the remainder of this work.

2. EXAMPLES OF SLOWLY VARYING a(t)
We now present practical examples of functions a(t) that vary slowly.

Example 2.1. If f(z) ~ Y oo, viz? ™t as £ — oo, for 1y # 0 and for some possibly
complex v # —1,0,1,2,..., then we know from Theorem 4.1 in [Si7] that

Fa) = [ 1@ dt=110] + 2f@)gla)i gla)~ > gia™ a5z =00 g0 #0.
a =0

This means that F(z) < a(t), I[f] « A, 27! — t, zf(z) « ¢(t) with ¢(t) as
above and with § = —y — 1. This is valid both when f;o f(t) dt converges and
when it diverges. In the former case I[f] = [° f(t) dt, while in the latter I[f] is
the Hadamard finite part of f;o f(t)dt. The use of GREP() as in this example
(with t; = 1/x; for an increasing unbounded sequence {;}) results in the Levin-Sidi
DM _transformation for infinite integrals.

Example 2.2. If a, ~ Y ;oqv;n? ™" as n — oo, for vy # 0 and for some possibly
complex v # —1,0,1,2,..., then we know from Theorem 4.1 of [Si6] that

An =" ar = S{ar}) + nang(n); g(n)~Y gn~* asn — oo, go #0.
k=1 i=0

This means that A, < a(t), S({ar}) & A, n™! & t, na, — ¢(t) with ¢(t) as
above and with § = —y — 1. This is valid both when Y > | a, converges and when
it diverges. In the former case S({ax}) = > or, an while in the latter S({ax}) is the
antilimit of 3°°° | a,. The use of GREP() as in this example (with ¢, = 1/R; for an
increasing sequence of integers {R;}) results in the Levin-Sidi d})-transformation
for infinite series. With ¢; =1/(I+1),1{=0,1,..., the dM-transformation reduces
to the u-transformation of Levin [Le] that is one of the best convergence acceleration
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methods known. The convergence and stability of the Levin transformations were
analyzed in the papers Sidi [Si2] and [Si3], whose results were summarized in Sidi
[Si5).

Example 2.3. If a, ~ 0 v;n? "™ as n — oo, for vy # 0 and for some possibly
complex v # —1,0,1,2,..., and a positive integer m > 1, then we can proceed as
in the proof of Theorem 4.1 in [Si6] to show that

An = ar = S({ak}) + nang(n); g(n) ~ > gin~™ asn — oo, go #0.
k=1 =0

This means that A, < a(t), S({ar}) < A, n™Y™ < t, na, < @(t) with o(t)
as above and with § = —y — 1. This is valid when > °7 | a,, converges and when
it diverges. In the former case S({ar}) = > oo, a, while in the latter S({ax}) is
the antilimit of 3°°7 | a,. The use of GREP() as in this example (with t; = 1/R;
for an increasing sequence of integers {R;}) obviously results in a new bona fide
sequence transformation that we now denote the d("™)-transformation. Numerical
experiments show that this is a very effective convergence acceleration method for
the type of infinite series considered here. Of course, the d(1)-transformation is
nothing but the d)-transformation.

3. TECHNICAL PRELIMINARIES

We start by deriving an error formula for A,(f ) that has been stated and proved
as Lemma 3.1 in [Si6].

Lemma 3.1. The error in AY) is given by

(9)
3.1 Ag)—A:M; B(t) = B(tY").
-1 DOy =

In some of our analysis we assume the functions () and B(t) to be differentiable,
while in others no such requirement is imposed. Obviously, the assumption in the
former case is quite strong, and this makes some of the proofs easier.

The following simple result on A,(f ) will become useful shortly.

Lemma 3.2. If B(t) € C*[0,t;] and ¥(t) = 1/p(t) € C*(0,t;], then for any
nonzero complex number c,

R[eB™ (t,, )] +iS[cBM(t), ,)]

AW _ A=
(3.2) " Ry ™ (£, 1)] +iS[ep™) (8], )]
for some 5, 1, tiy o, Uiy 15 tin o € (tjgn,ty).

Proof. 1t is known that if f € C"[a,b] isreal and a < zg < x1 < --- <z, < b, then
the divided difference f[zo,z1,... ,z,] satisfies

A

flzo,x1,. .- 20 = ' for some £ € (xg,zn)-
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Applying this to the real and imaginary parts of the complex-valued function u(t) €
C™(0,t;), we have

(3.3)

) _ 1 p,m (™)
D {u(t)} = - Ru'™ (tjn1) +iSu'™ (tjnz2)|, for some tjn 1, tin2 € (tjtn,t;)-
The result now follows. O

The introduction of the constant ¢ in (3.2) will serve us in the proof of Theorem
4.1 in the next section.

Note that in many of our problems it is known that B(t) € C>[0,{], while
¥(t) € C*(0, 1] only, for some £ > 0. That is to say, B(t) has an infinite number of
derivatives at t = 0 while () does not. This is an important observation.

Useful simplifications take place for the case ¢(t) = t that has been studied most
extensively in Bulirsch and Stoer [BS] and Laurent [Laure]. The recursion relation

for the A,(,j ) in Lemma 3.3 was first given in [BS], for example.

Lemma 3.3. If p(t) = t, then the AY and the TY can be computed recursively
from

(3.4) AQ =a(t;) and T =1, j=0,1,...,
i+1 j j+1 j
AG) = tjAS—l) - tj+nA5£1 and TG — tjrg—l) + tj+nrsfl1
" ti —tjtn " tj —tj4n ’

j=0,1,...,n=12,....
Lemma 3.4. If o(t) =t, then
(3.5) AP — A= (-1)"DYP{B(1)} (H tm) .
=0
Thus, for some t}, 1, ti, 2 € (tj+n,t;), we have

(3.6) AV — A= (-1)" %[B(n)(t;'nyl)] + iS‘[B(")(t;'n,z)] (ﬁ tj+i> .

n!

1=0

The proofs are achieved by invoking the fact that

(37) DYt} = (—1)"(ﬁt1~+z~) .
=0

We leave the details to the reader.

Obviously, by imposing suitable growth conditions on B(”)(t), Lemma 3.4 can
be turned into powerful convergence theorems.

The last result of this section is a slight refinement of a result of [Sil] concerning
Process I as it applies to GREP(),

Theorem 3.5. Let sup; 'Y = A, < 00 and &(yj+1) = O(é(y;)) asj — oo. Then,
with n fized,

3.8 AY) — A =O0(>pt)t"™*) asj— oo,
(3.8) n w(t;)t; J

where Bpn, 1s the first nonzero B; with i > n.
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Proof. Using in (3.1) the fact that DY ){22_0 ¢;t'} = 0 for arbitrary constants c;
we first have

(39) AP -A= Z%(i) (t5+)[B(ti4s) — u(ts+a)]; u(t)—Zﬂktk

The result now follows by taking moduli on both sides and realizing that B(t) —
u(t) ~ Bnyput™* as t — 0+ and recalling that t; > tj11 > tjyo > - . We leave
the details to the reader. O

Note that Theorem 3.5 does not assume that B(t) and ¢(t) are differentiable. It
does, however, assume that Process I is stable.

As we shall see in the sequel, (3.8) holds under appropriate conditions on the #;
even when Process I is clearly unstable.

In connection with Process I we would like to remark that, under suitable con-

ditions we can obtain a full asymptotic expansion for A,(f ) _ Aas j — oo. If we
define

, DY 14k
(3.10) oY) = T_ﬁ_}_, =0,1,...,
Dr’{1/¢(t)}

and recall that DY ){tk} =0, for k=0,1,...,n — 1, then this expansion assumes
the simple and elegant form

oo
(3.11) AD — A~ S 07, as j— .

k=n

If B+, is the first nonzero §; with ¢ > n, then Ag ) _ A also satisfies the asymptotic
equality

(3.12) AY — A~ By, @9, asj — 0.

Of course, all this will be true provided that (i) {CIJ(j k1o, is an asymptotic se-
quence as j — 00, i.e., limj <I>,f)k+1/<1>(’ =0 for all k > 7, and (i) AY’ — A —

Z;L ﬁkq)g}c = O(@S{)s) as j — oo, for each s > n. In the next sections we will
aim at such results whenever possible. We will actually show that they are possible
in most of the cases we treat.

We close this section with the well-known Hermite-Gennochi formula for divided
differences that will be used later.

Lemma 3.6 (Hermite-Gennochi). Let f(z) be in C™[a,b], and let o, x1,... , Ty, be
all in [a,b]. Then

flwo, o1, ... ,@p] = / 5™ (Zm) déy -+ - dép,

=0
where

To={(n- &) 0<& < i=1,...,n, Y &<1} &=1-) &
i=1 =1
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For a proof of this lemma see, e.g., Atkinson [A]. Note that the argument
z = E?:o &x; of f(") above is actually a convex combination of zg,x1,...,Tn
since 0 < ¢ <1, i=0,1,...,n, and Z?:o & = 1. If we order the z; such that
x9g <z < -+ < Ty, then z € [z, z,] C [a, b].

4. ANALYSIS WITH ARBITRARY t;

We start with the following surprising result that holds for arbitrary {¢;}. (Recall
that so far the t; satisfy only g > t; > -+ > 0 and lim;_, o t; = 0.)

Theorem 4.1. Let ¢(t) = tSH(t), where § is in general complex and § # 0,1,
~2,..., and H(t) € C®[0,{] for some t > 0 with hy = H(0) # 0. Let also
B(t) € C*®(0,#], and let By+, be the first nonzero B; with i > n in (1.2). Then,
provided n > —R4, we have

(4.1) AV — A = O(cp(tj)t?“‘) as j — oo.

Consequently, if n > —RJ, we have lim;_, A%j ) = A. All this is valid for arbitrary
{t:}-

Proof. By the assumptions on B(t) we have

oo

BM(t)~ Y i(i—1)---(i—n+1)Bit" " ast— 0+,
i=n+up
from which
(4.2) B™(t) ~ (1 + 1), it ast— O+,

and by the assumptions on ¢(t) we have for ¥(t) = 1/¢(t)

n

00 = 3 (1) P HOI S ~ O HO ~ () g a5t =0t

k=0
from which
(4.3) P (t) ~ (—1)"hal(§)nt_5_" ~(=1)"(8)(t)t™™ ast—0+.
Also, Lemma 3.2 is valid for a{l sufficiently large j under the present assumptions
on B(t) and ¢(t), since t; < t for all sufficiently large j. Substituting (4.2) and
(4.3) in (3.2) with |c| = 1 there, we obtain
(4.4)

AP = A= ()" (u+1),
[R(cBrtn) + o(1)](t)5,1)" +1[S(cBrsp) + 0o()](tjn2)"

[Ratjn,1 +o(1)])(8, 1) 7™ +1[Sayn,z + o(1)](th, ) 0 "

as j — oo,

with ojpn,s = cho_l((5)71(1%.’"’8)_13‘s and the o(1) terms uniform in ¢, |c| = 1. Here
we have also used the fact that lim; .o t, ; = limj 1}, ; = 0. Next, by 0 <
thns <tjand p >0, it follows that (¢}, )" < t¥. This implies that the numerator
of the quotient in (4.4) is O(t%) as j — oo, uniformly in ¢, |c| = 1. As for
the denominator, we start by observing that a = hy'(0), # 0. Therefore, either
Ra # 0 or Sa # 0, and we assume without loss of generality that Ra # 0. If we

16 .
now choose ¢ = (t}, )", we obtain a;,1 = a and hence Rajn1 = Ra # 0, as
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a result of which the modulus of the denominator can be bounded from below by
|§Ra+o(1)|(t;~’n’1)_m_", which in turn is bounded below by |Ra+o(1)| tj_m_” since
0 <t} s <tjand R6 +n > 0. The result now follows by combining everything
in (4.4) and by invoking t% = O(y(t)) as t — 0+ that follows from ¢(t) ~ hot® as
t — 0+. O

Theorem 4.1 implies that the column sequence {Agﬂ )}]0.10 converges to A if n >
—R6, and it also gives an upper bound on the rate of convergence through (4.1).
The fact that convergence takes place for arbitrary {t;} and that we are actually
able to prove that it does is quite unexpected.

By restricting {¢;} only slightly in Theorem 4.1, we can show that Agf ) A has the
full asymptotic expansion given in (3.11) and, as a result, satisfies the asymptotic
equality of (3.12) as well. We start with the following lemma that turns out to be
very useful in the sequel.

Lemma 4.2. Let g(t) = tPu(t), where 8 is in general complez and u(t) € C*|0, ]
for some t > 0. Pick the t; to satisfy, in addition to t;11 < t;, 1 = 0,1,..., also
tiy1 > vty for all sufficiently large I with some v € (0,1). Then the following are
true:

(i) The nonzero members of {D,(f ){t9+i}}§go form an asymptotic sequence as
J — 0.
(i) D¢ ){g(t)} has the bona fide asymptotic expansion

oo
45) DP{g(t)} ~ > *a:DPH{t**} as j— o0; gi=uP(0)/il, i=0,1,...,
i=0
where the star on the summation means that only those terms for which
D,(»f){t‘;”} £ 0, i.e., for which @ +i # 0,1,... ,n — 1, are taken into ac-
count.

Remark. The extra condition ;41 > vt; for all large [ that we have imposed on the
t; is satisfied, e.g., when lim;_,o(t;+1/%;) = A for some A € (0, 1], and such cases
are considered further in the next sections.

Proof. Let a be in general complex and o # 0,1,... ,n — 1. Denote (z) = M for
simplicity of notation. Then, by (3.3), for any complex number ¢ such that |¢| =1,

we have
(e POV = R[M (L) ] i [eM(t,2) "]
: for some tjn1, tjn2 € (tjin,t;),

from which we also have
(4.7) DD {t*}] > max{|R [eM (tjn,1)* "], S [eM (tjn,2)* ]|}

Since M # 0, we have either RM # 0 or SM # 0. Assume without loss of
generality that RM # 0 and choose ¢ = (tjn1) "% Then R[eM(tjn1)* "] =
(RM)(tjn,1)®* ™ and hence

(4.8) Dt} 2 [RM|(tjn, )" " > [RM| _min (7277,

Eltj+n,ts]
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Invoking in (4.8), if necessary, also the fact that t;,, > v™t; that is implied by the
conditions on the t;, we obtain

49)  [DP{t} 2 C,(ﬁ)t?a_" for all large j, with some constant c? > o.

nl
We can similarly show from (4.6) that
(4.10) |DP{t*}]| < C,(g)t?"‘_" for all large j, with some constant C'%) > 0.

The proof of part (i) can now be achieved by using (4.9) and (4.10).
To prove part (ii) we need to show (in addition to part (i)) that, for any integer

s for which D,(Lj){t"“} #0, i.e., for which § + s #0,1,... ,n — 1, there holds

s—1
(4.11) DP{g(t)} ~ 3 a:DP{t+} = 0 (DGHE*}) as j — oo.
i=0

Now g(t) = 32575 git?™* + v, (£)t°+* , where vy(t) € C®[0,{]. As a result,

s—1
(4.12) DP{g(t)} - > g:DP{t***} = DY {ws(1)1°+°}.
=0

Next, by (3.3) and by the fact that

n

@1 =3 (7 I (O ()

i=0
ast — 0+,
and by the additional condition on the ¢; again, we obtain
(4.13) DD {u,(t)t7F} = O(tF*+7™) = O(DP{t°*°}) as j — oo,

the last equality being a consequence of (4.9). Here we assume that g, # 0 without
loss of generality. By substituting (4.13) in (4.12), the result in (4.11) follows. This
completes the proof. a

Theorem 4.3. Let ¢(t) and B(t) be ezactly as in Theorem 4.1, and choose the t;
as in Lemma 4.2. Then A£," ) — A has the complete asymptotic expansion given in
(3.11) and hence satisfies the asymptotic equality in (3.12) as well. Furthermore, if
Bn+y is the first nonzero B; with i > n, then for all large j there holds

(4.14)
Q)| 7+ < |AD) — A < Qolp(t;)| 77, for some i > 0 and Q3 >0,

whether n > —R or not.

Proof. The proof of the first part can be achieved by applying Lemma 4.2 to B(t)
and to 1¥(t) = 1/p(t). The proof of the second part can be achieved by employing
(4.9) as well. We leave the details to the reader. g

Remark. It is important to make the following observations concerning the behavior
. . oo
of AY — A as j — oo in Theorem 4.3. First, any column sequence {Aﬁf )} =0

converges at least as quickly as (or diverges at most as quickly as) the column

. ]
sequence {AS{ ) 1}j=0 that precedes it. In other words, each column sequence is at
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least as good as the one preceding it. In particular, when §,, # 0 but G411 =+ =
Bs—1 = 0 and 85 # 0, we have

(4.15) AV — A4 = o(AY) —A) asj—o00, m+1<n<s,
AY) —A = o(AY) — A) asj— oo

In addition, for all large j we have

9n1|A§]) —_ A' S ,Asg) _ AI S 0’!12IA§'7) _ A,,

(4.16)
m+1<n<s—1, forsome 6,1, 0,2 >0,

which implies that the column sequences {Agf )};10, m+1 < n < s, behave the
same way for all large j.

In the next sections we continue the treatment of Process I by restricting the ¢
further, and treat the issue of stability for Process I as well. In addition, we treat
the convergence and stability of Process II.

5. ANALYSIS WITH limy_, o0 (t141/t;) =1

5.1. Process I with ¢(t) = t°H(t) and complex §.

Theorem 5.1. Assume that ¢(t) and B(t) are ezactly as in Theorem 4.1. In ad-

dition, choose the t; such that lim;_ o (t;41/t;) = 1. Then A%j ) _ A has the complete
asymptotic expansion given in (3.11) and satisfies (3.12) and hence satisfies also
the asymptotic equality

(5.1 AP = A~ (0P as o

n
where, again, Bn4, is the first nonzero B; with i > n in (1.2). This result is valid
whether n > —R4 or not. In addition, Process I is unstable, i.e., sup, F(] )=

Proof. First, Theorem 4.3 applies and thus (3.11) and (3.12) are valid.

Let us apply the Hermite-Gennochi formula of Lemma 3.6 to the function t¢,
where o may be complex in general. By the assumption that lim; o (¢;41/%) = 1,
we have that the argument z = >~ &t;4; of the integrand in Lemma 3.6 satisfies
z ~t; as j — 00. As a result, we obtain

(5.2) DOD{t*} ~ ( )t" " as j — oo, provided a #0,1,...,n—1.

Next, applying Lemma 4.2 to B(t) and to ¥(t) = 1/¢(t), and realizing that
PY(t) ~ 350 it 70+ as t — 0+ for some constants 1; with 1o = hy', and using
(5.2) as well, we have

(5.3)

DB}~ S BDGE} ~ By DD} ~ ( ' “)ﬁnwt;‘ as j — oo,
i=n+p
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and
(5.4)

. Ny N _ L -5 . )
D;ﬁ{zp(t)}rv; ;DD {t79F} ~ g DOt %) ~ (n)w(tj)tj as j — oo.

The result in (5.1) is obtained by dividing (5.3) by (5.4).

For the proof of the second part we start by observing that when lim;_, oo (t;41/%1)
=1 we also have lim;_,oo(tj4%/tj+i) = 1 for arbitrary fixed ¢ and k. Therefore, for
every € > 0, there exists a positive integer J, such that

t
(5.5)  |tjqi —tjan] = |1— t’*’“ tivi <etjpi <et; for 0<i,k<mandj>J

j+i

As a result of this,
(J)
(5.6) )| = H 7
k#t

Next, by the assumption that H(t) ~ hy as t — 0+ and by lim;_, o (t;+:/t;) = 1,
we have that ¥(tj1:) ~ ¥(t;) as j — oo, from which [¢)(t;44)] > Ki|(t;)| for
0 < i< nand all j, where K; > 0 is a constant independent of j. Combining this
with (5.6), we have

> _t]+kl > (et;)™" fori=0,1,...,n, and j > J.

(5.7) Zic"’nw(tﬁz|>Kl(n+1)<et) "(t;)] for all j > J.

Similarly, ]D,(zj){zp(t)}| < Ko|(ty)|t;™ for all j, where K3 > 0 is another constant
independent of j. (K> depends only on n.) Substituting this and (5.7) in (1.7), we
obtain

(5.8)
rY > M,e™ for all j > J, with M,, = (K;/K>)(n + 1) independent of € and ;.

Since € can be chosen arbitrarily close to 0, (5.8) implies that sup ry) = O

Obviously, the remarks following Theorem 4.3 are valid under the conditions of
Theorem 5.1 too. In particular, (4.15) and (4.16) hold. Furthermore, (4.16) can
now be refined to read

Aﬁf)—ANGn(Agj)—A) asj — 00, m+1<n<s—1, for some 6, #0.

Finally, the column sequences {A,(f )};ozo with n > —Ré converge even though
they are unstable.

In Theorem 5.3 below we show that the results of Theorem 5.1 remain unchanged
if we restrict the t; somewhat while we still require that lim;_, oo (t;4+1/t;) = 1, but
relax the conditions on ¢(¢) and B(t) considerably. In fact, we do not put any
differentiability requirements either on ¢(¢) or on B(t) this time, and obtain an
asymptotic equality for I‘slj ) in addition.

The following lemma that is analogous to Lemma 4.2 will be of use in the proof
of Theorem 5.3.
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Lemma 5.2. Let g(t) ~ Y oo, it ™" as t — 0+, where go # 0 and 6 is in general
complex, and let the t; satisfy

(5.9)

ti~c™ and t;—tiy1 ~cpl™9 ! asl — oo, for somec >0, p>0, and q > 0.

Then the following are true:

(i) The nonzero members of {D,(lj ){t‘9+i}}g°§0 form an asymptotic sequence as
J — oo.
(ii) DY ){g(t)} has the bona fide asymptotic expansion

(5.10) DPH{g(t)} ~ > g DP{t**'} as j — oo,
=0

where the star on the summation means that only those terms for which
fo){t‘“‘i} # 0, i.e., for which @ +i # 0,1,...,n — 1, are taken into ac-
count.

Remark. Note that lim;_,o(t;41/t) = 1 under (5.9), and that (5.9) is satisfied by
t1 = c(l +n) ", for example. Also, the first part of (5.9) does not necessarily imply
the second part.

Proof. Part (i) is true by Lemma 4.2 since lim;_, o (ti4+1/t;) = 1. In particular, (5.2)
holds. To prove part (ii) we need to show in addition that, for any integer s for

which DY) {t0+2} + 0, there holds
s—1

(5.11) D {g(t)} =D g:DP{t*} =0 (Dﬁf’{t"“}) as j — oo.
1=0

Now g(t) = Z;’;Bl git?t" + v, ()9 where |v,,(t)] < O, for some constant
Cp, > 0 and for all ¢ sufficiently close to 0, and this holds for every m. Let us fix s
and take m > max{s + n/q, —R}. We can write

s—1 m—1
(5.12)  DP{g)} =D gD} + Y g:DP{tF} + DY {vm (1)t}
=0 i=s

Let us assume without loss of generality that gs # 0. Then by part (i) of the lemma

m—1 0+ s
Z gz.DgJ){t0+z} ~ gsD,(f){te"”} ~ gs< . )t?+8—" as j — 00 .
i=s

Therefore, the proof will be complete if we show that DY {vm(H)t9T™}=0 (t?“‘")
as j — oo. Using also the fact that ¢;,; ~ t; as 7 — co, we first have that

(513) [ DD{on (B < O Y (e ERF™ < Ot RO (Z |c£32|> :
=0 1=0

Next, from (5.9)

(5.14) tivi —tivk ~ep(k —i)j77  ~p(k —i)j 7t as j — oo,
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as a result of which,

(5.15)
n . n n . n
9 1 1()(]) ) 1<2J>
= —~ (1) = = and ¢l ~— 1 —
ni ]'1 tivi — titk -1 ! u ;] " nl \pt;

k#i
as j — 00.

Substituting (5.15) in (5.13) and noting that (5.9) implies j ~ (t;/c)~/9 as j — oo,
we obtain

(5.16) D)™} = O™ = (R as j — oo,
by the fact that 0 +m —n — n/q > R + s — n. The result now follows. O

Theorem 5.3. Assume that ¢(t) = t°H(t), with § in general complez and & #
0,—1,-2,..., H(t) ~ Y2 hit' ast — 0+ and B(t) ~ Yo, Bit* ast — 0+. Let
us pick the t; to satisfy (5.9). Then Aslj ) _ A has the complete asymptotic expansion
given in (3.11) and satisfies (3.12), and hence satisfies also the asymptotic equality
n (5.1). In addition, F%j ) satisfies the asymptotic equality

. 1 /25\"
5.17 rd)~ ——— (= j )
(5:17) ; |(6)n|(p> 45 J = oo

That is to say, Process I is unstable.

Proof. The assertion concerning AY can be proved by applying Lemma 5.2 to B(t)
and to ¥(t) = 1/¢(t), and proceeding as in the proof of Theorem 5.1.

We now turn to the analysis of I‘(J ). To prove the asymptotic equality in (5.17),
we need the precise asymptotic behaviors of Y- ¢ |[4b(t;44)] and DY {y(t)} as
Jj — oo. By (5.15) and by the fact that 1(t;4;) ~ ¥(t;) as j — oo for all fixed i,
we obtain

(5.18) Zlc | J+z|~<2|c“>)|¢(t> ( )w( )| as j — oo.

i=0
Combining now (5.18) and (5.4) in (1.7), the result in (5.17) follows. O

So far all our results have been on Process I. What characterizes these results is
that they are all obtained by considering only the local behavior of B(t) and ¢(t) as
t — 0+. The reason for this is that Asf) is determined only by a(t;), j <! <j+mn,
and that in Process I we are letting j — oo or, equivalently, t; — 0, 7 <I<j+n.
In Process II, on the other hand, we are holding j fixed and letting n — oo. This
means, of course, that AY is being influenced by the behavior of a(t) on the fired
interval (0,t;]. Therefore, we need to employ global information on a(t) in order
to analyze Process II. It is precisely this point that makes Process II much more
difficult to study than Process I.

An additional source of difficulty when analyzing Process II with o(t) = tS H(t)
is complex values of §. Indeed, except for Theorem 6.2 in the next section, we do
not have any results on Process II under the assumption that § is complex. Our
analysis in the remainder of this section assumes real 4.
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5.2. Process IT with ¢(t) = t. We now would like to present results pertaining to
Process II. We start with the case ¢(t) = ¢t. Our first result concerns convergence
and follows trivially from Lemma 3.4 as follows: Assuming that B(t) € C*°[0,t;]
and letting

)| — (n)

(5.19) 1B 0B |B™ (1)l
we have

DY {B(t BM|| [
5.20 Vo) 1820 (7, ).

Dy’ {t='} v i=0
from which we have that lim,_ o AY) = A when p(t) =t provided that

IB™| -1
(5.21) o =0 Htj+i as n — oo.

i=0

In the special case t; = ¢/(I +n)? for some positive c,n, and g, this condition reads
(5.22) [B™|| = o((n!)? ¢ ™n0*M9) as n — oo.

We are thus assured of convergence in this case under a very generous growth
condition on ||[B(™||, especially when g > 1.
Our next result in the theorem below pertains to stability of Process II.

Theorem 5.4. Consider ¢(t) =t and pick the t; such that lim;_(t141/t;) = 1.
Then Process II is unstable, i.e., sup,, I‘szj ) = 0. If the t; are as in (5.9), then
'Y — 00 asn — oo faster thann® for every o > 0. If, in particular, t; = c/(l + n)?
for some positive c,n, and q, then

qn
(5.23) ry > Eéj)n‘l/2 (g) for some E‘g’) >0, ¢g=1,2.

Proof. We already know that when ¢(t) = ¢t we can compute the r$) by the
recursion relation in (3.4), which can also be written in the form

)
. . w . ; . t;
(5.24) PG — P+ 4 1_';(]) (FSZl +TYD); w = L o1,
J— n J
Hence,
(5.25) Q) >0t >l >

from which I'Y ).2 Tt for arbitrary fived s. Applying now Theorem 5.1, we

have limy,_,00 TY "™ = 00 for s > 1 from which lim,_,o, T'Y) = 0o follows. When
. S

the ¢, are as in (5.9), we have from (5.17) that T¥ ") ~ 4 (%) n® as n — oo.

From this and from the fact that s is arbitrary, we now deduce that 1‘53' ) 5 o0 as

n — oo faster than n? for every o > 0. To prove the last part we start with

n
. t k i
5.26 @ TT —2**  i=0,1,...,n,
(5.26) Vi k|=|0 ox —fom
ki

that follows from (1.6) and (3.7). The result in (5.23) follows from ry > |'y,(372 . O
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We can expand on the last part of Theorem 5.4 by deriving upper bounds on
FS? ) when t; = ¢/(l +n)? for some positive ¢,n, and ¢. In this case, we first show
that w,(f +1) > ng ) from which we can prove by induction and with the help of
(5.24) that I'Y) < TY*YD. Using this in (5.24), we obtain the inequality TY) <
ngl)[ 1+ (J))/( w,(lj))], and, by induction,

) n 1+ w(]"")
(5.27) ré® <yt (H m .
=0 n—i
Finally, we set ng *") — 1 and bound the product in (5.27). It can be shown that
when g = 2, T¥) = O(n=1/2(e2/3)") as n — oo. This result is due to Laurie [Lauri].
On the basis of this result Laurie concludes that the error propagation in Romberg
integration with the harmonic sequence of stepsizes is relatively mild.

5.3. Process II with o(t) = t° H(t) and real §. We now want to extend Theorem
5.4 to the general case in which ¢(t) = t* H(t), where § isreal and § # 0, —1,-2, ...,
and H(t) € C*[0,¢;] with H(t) # 0 on [0,;]. In order to do this we need additional
analytical tools. We shall make use of these tools in the next sections as well. The
results we have obtained for the case ¢(t) = t will also prove to be very useful in
the sequel.

Lemma 5.5. Let 6; and 6o be two real numbers and 61 # 63. Define A;(t) =
t=%, i =1,2. Then, provided §; #0,—1,-2,...,
. ) - -
Dslj){Ag(t)} = 252;71 61—62D {A )} for some tjn € (tj+n,tj).

Corollary 5.6. Let §; > 0, in Lemma 5.5. Then for arbitrary {t;}
(B2)n | 5130 ~ |D“>{A WY _ ‘
(0)n | 7" T DP{AL()} T 1 (01)n
from which we also have

D (A0} _

DA )}
for some constant K > 0 independent of j and n. Consequently, for arbitrary real

0 and arbitrary {t;}, the nonzero members of {D,(Ij ){t0+i}}::0 form an asymptotic
sequence as j — 00.

té, —d2

i

K71,‘52“51t?‘_52 =o0(1) asj— oo and/or asn — oo,

For the proofs of these results see [Si6].

The next lemma expresses l"%j ) and A,(f ) _ A in factored forms. By analyzing
each of the factors it becomes easier to obtain good bounds from which powerful
results on Process II can be obtained.

Lemma 5.7. Consider o(t) = t* H(t) with § real and § #0,—1,-2,... . Define

(9) g1—-1 () fs—6
(5.28) xo 2 DE Ty o DA

D{t-9} " DP{H@®Y
Define also

. 1
(5.29) 6)(8) = ——}:W i

IDP {3} =
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Then

(5.30) £9(8) = [X9(E) TP (1) for some Ejn € (tjin, ),
(5.31) TO) = [YO||H(E;,)| ' TG (8) for some £ € (tj4n, ),
and

(5.32) A 4= X(:)yéa)w

D(J) {t-1}
In addition,

(5.33) X9 = (i)

These results are valid for all choices of {t,}.

for some tjn € (tjin,tj),

Proof. To prove (5.30) we start by writing (5.29) in the form

PO (6) = | X9 | — 3 (19451 117,
D(J){t 1}|Z( J+) J+

The result follows by observing that, by continuity of t=% for ¢ > 0,

n
1-5 .
Z (|c(J)| t]+l) t;+f = <Z 19 ¢ ]+z> (En) for some &, € (tj4n,t;),

=0 =0
and by invoking (5.29) with § = 1. The proof of (5.31) proceeds along the same
lines, while (5.32) is a trivial identity. Finally, (5.33) follows from Lemma 5.5. O

In the next two theorems we adopt the notation and definitions of Lemma 5.7.
The first of these theorems concerns the stability of Process II, while the second
concerns its convergence.

Theorem 5.8. Let & be real and § # 0,—1,-2,..., and let the t; be as in (5.9).
Then the following are true:

(i) f‘g)(é) — 00 faster than n° for every o > 0, i.e., Process II for (t) = t° is
unstable.
(ii) Let p(t) = t° H(t) with H(t) € C*°[0,t;] and H(t) # 0 on [0,t;]. Assume that

(5.34) [V, 9)| > Cin® for alln; Cy >0 and oy constants.

Then I‘Slj ) 00 asn— o0 faster than n® for every o > 0, i.e., Process II is
unstable.

Proof. Substituting (5.33) in (5.30), we obtain

- 6-1
. s .
5.35 FO(6) = — <ﬂ> TO)(1).
Invoking the asymptotic equality

(@ _ T()T(n+a) _T(b)
®)rn T(@)T(n+b) T(a)

n as n — o0,
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in (5.35), we have for all large n

5-1
(5.36) TW(8) > K(6)n' (tjt’L")l |IV‘,(.f')(l) for some constant K(8) >0
j
Now t;é;,zl' ~ cl¥=lp=ald=1l a5 n — oo and, by Theorem 5.4, I’ (1) - o as
n — oo faster than n° for every o > 0. Consequently, F£{')(5) — 00 as n — 0o
faster than n? for every o > 0 as well. The assertion about F,(f ) can now be proved
by using this result in (5.31) along with (5.34) and the fact that |H (fjn)l—l >
(maxeeo,e,] |H(t)|)~1 > 0 independently of n. O

The purpose of the next theorem is to give as good a bound as possible for |A£f )
Al in Process II. A convergence result can then be obtained by imposing suitable
and liberal growth conditions on ||B(™| and Y% and recalling that DY ){t‘l} =
(—=1)"/ (ITi=o ti+i)-

Theorem 5.9. Assume that B(t) € C®[0,t;] and define |B™|| as in (5.19). Let
p(t) be as in Theorem 5.8. Then, for some constant L > 0,

, . )
(5.37) |AY) — Al < L|Y,9| ( max t‘s‘l) nl-éw (H tj+i> .

tE[t 4n,t;] n! o

We note that it is quite reasonable to assume that Y(] ) is bounded as n — cc.
The “justification” for this assumption is that Y, ) = A(")(t’ ) /w(")(t;’n) for some
ti, and t7, € (tj4n,t;), where A(t) =t~ ¢ and 9(t) = 1/p(t) = t=%/H(t), and that
A (t) /™ (t) ~ H(0) as t — 0+. Indeed, when 1/H(t) is a polynomial in ¢, we
have precisely D,(lj){t S/H(t)} ~ (J){t"‘s}/H ) as n — 00, as can be shown with
the help of the corollary to Lemma 5.5 from which Y ~ H (0) as n — oo. See also
Lemma 7.5. Next, with the ¢; as in (5.9), we also have that (maxte[tﬁmtj]t‘s‘l)
grows at most like n91%~1! as n — co. Thus, the product IY,fj)l(maxte[thtj] o1y
in (5.37) grows at most like a power of n as n — oo, and, consequently the main
behavior of |A(]) Al as n — oo is determined by (|| B™||/n!) ([Tiq t;+:) - We also
note that the strength of (5.37) is primarily due to the factor [ - ,t;+; that tends
to zero as n — oo essentially like (n!)”? when the ¢, satisfy (5.9). We recall that
what produces this important factor is Lemma 5.5.

6. ANALYSIS WITH lim;_, o (ti41/t;)) = w € (0,1)

As is clear from our results in Section 5, both Process I and Process II are unsta-
ble when ¢(t) is slowly changing and the t; satisfy (5.9) or, at least in some cases,
when the t; satisfy even the weaker condition lim;_,o(¢;41/%) = 1. These results
also show that convergence will take place in Process II nevertheless under rather
liberal growth conditions for B(™)(t). The implication of this is that a required level
of accuracy in the numerically computed AY may be achieved by computing the
a(t;) with sufficiently high accuracy. This strategy is quite practical and has been
employed successfully in numerical calculation of multiple integrals.

In case the accuracy with which a(t) is computed is fixed and the AY) are
required to have comparable numerical accuracy, we need to choose the t; such
that the AY) can be computed stably. When o(t) = t°H(t) with H(0) # 0 and
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H(t) continuous in a right neighborhood of ¢t = 0, best results for AY) and TY) are
obtained by choosing {#;} such that ¢, — 0 as [ — oo exponentially in . There are
a few ways of achieving this and each of them has been used successfully in various
problems.

Our first results with such {t;} given in Theorem 6.1 below concern Process
I and, like those of Theorems 5.1 and 5.3, they are best asymptotically. These
results were given as Theorems 2.1 and 3.1 in [Si6], which in turn, are special cases
of Theorems 2.2 and 2.4 in [Si5].

Theorem 6.1. Let p(t) = t H(t) with § in general complex and § # 0,—1,-2,... ,
and H(t) ~ H(0) # 0 as t — 0+. Pick the t; such that lim;_, o (ti+1/t;) = w for
some fized w € (0,1). Define

(6.1) e =0t k=1,2,... .
Then, for fized n, (3.11) and (3.12) hold, and we also have

(62  AY-A~ (H L——) Barup(t) 0 as j— oo,

1—-c¢
i=1 B

where By, is the first nonzero B; with i > n in (1.2). This result is valid whether
n > —R6 or not. Also

(6.3) 313}1;02'7(’)Z’ = H %Z = anizia

so that limj_, T erists and

(6.4) lim I'Y) = Z |oni =

Jj—oo

=0 =1

hence Process I is stable.

We note that Theorem 6.1 is valid also when ¢(t) satisfies p(t) ~ hot®|logt|”
as t — 04 with arbitrary «. Obviously, this is a weaker condition than the one
imposed on ¢(t) in the theorem.

Upon comparing Theorem 6.1 with Theorem 5.1 we realize that the remarks
that follow the proof of Theorem 5.1 and that concern the convergence of column
sequences are valid without any changes also under the conditions of Theorem 6.1.

So far we do not have results on Process II with ¢(t) and {¢;} as in Theorem
6.1. We are able to provide some analysis for the cases in which 9§ is real, however.
This is the subject of the next section.

We are able to give very strong results on Process II for the case in which {#;}
is a truly geometric sequence. The conditions we impose on ¢(t) in this case are
extremely weak, in the sense that o(t) = t°H(t) with § complex in general and
H(t) not necessarily differentiable at t = 0.

Theorem 6.2. Let p(t) = t* H(t) with § in general complex and § # 0,—1,-2,... ,
and H(t) = H(0) + O(t%) as t — 0+, with H(0) # 0 and 6 > 0. Pick the t; such
thatt; = tow!, 1 =0,1,..., for somew € (0,1). Definec, =’k k=1,2,... .
Then, for any fized j, Process II is both stable and convergent whether lim;_,o4 a(t)
ezists or not. In particular, we have lim,,_, o, A(] ) = A with

(6.5) AV — A =0(w™) as n— oo, for every o >0,
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and sup,, r'Y) < oo with

1+ [c]
(€) v
(6.6) nan;oF H e < 0.
The convergence result of (6.5) can be refined as follows: With B(t) € C[0,{] for
some t > 0, define

s—1
(6.7) B, = max <|B(t) - Zﬁitil/ts> ,8=0,1,...,
i=0

te[0,f]
or when B(t) € C*®|0,1], define
(6.8) Bs = max (|IBO(t)|/s!), s=0,1,... .
te[0,f]

If B or By is O(e’™") as n — oo for some o > 0 and T < 2, then, for any e > 0
such that w + € < 1,

(6.9) AY —A=0 ((w + 6)n2/2) as n— oo.

We refer the reader to the paper Sidi [Si7] for the proofs of the results in (6.5),
(6.6), and (6.9).

We would like to make the following observation about Theorem 6.2. We first
note that all the results in this theorem are independent of 6, i.e., of the de-
tails of p(t) — H(0)t? as t — 0+. Next, (6.5) implies that all diagonal sequences
{4 ])}n_o, j =0,1,..., converge, and the error A(j) A tends to 0 as n — o0
faster than e~*" for every A > 0, i.e., the convergence is superlmear Under the
additional growth condition unposed on B, or B, we have that Ay @) _ 4 tends to
0 as n — oo at the rate of e=*"" for some x > 0. Note that this condition is very
liberal and is satisfied in most practical situations. It holds, for example, when Bn
or B3, are O((pn)!) as n — oo for some p > 0. Also, it is quite interesting that
limy_,o0 I'Y is independent of j, as seen from (6.6).

Finally, we note that Theorem 6.1 pertaining to Process I holds under the con-
ditions of Theorem 6.2 without any changes as lim;_, . (t;+1/t;) = w is obviously
satisfied since t;41/t; = w for all [.

7. ANALYSIS WITH REAL § AND ¢41/t; < w € (0,1)

In this section we would like to consider the convergence and stability properties
of Process II when {#;} is not necessarily a geometric sequence as in Theorem 6.2 or
lim;_, o (t;4+1/%;) does not necessarily exist as in Theorem 6.1. We are now concerned
with the choice

(7.1) tiv1/ti <w, 1=0,1,..., for some fixed w € (0,1).

If limy oo (t141/t;) = A for some A € (0, 1), then given € > 0 such that w = A+€ < 1,
there exists an integer L > 0 such that

(7.2) A—e<tip1/ti<A+e forall 1> L.

Thus, if tg,t1,... ,tr_1 are chosen appropriately, the sequence {t;} automatically
satisfies (7.1). Consequently, the results of this section apply also to the case in
which lim;_,o0 (t41/8) = A € (0,1).
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7.1. The case ¢(t) = t. The case that has been studied most extensively under
(7.1) is that of p(t) = t, and we will treat this case first. The outcome of this
treatment will prove to be very useful in the study of the general case.

We start with the stability problem. As was done in Lemma 5.7, we shall denote
the I'Y corresponding to p(t) = t0 by Y )(5) and its corresponding vm) by '7,(1’2) (6).

Theorem 7.1. With ¢(t) =t and the t; as in (7.1), we have for all j and n
n 1 % O 1 %
(7.3) ro)(1) = 2’7}3) ‘<An_H [ <

1—wi 1—w
=1 =1

Therefore, both Process I and Process II are stable. Furthermore, for each fixed i,

we have lim, o0 7 (1) = 0, with

(7.4) 59 (1) = O(w™/*t%") asn — oo, d; a constant.
Proof. Let ; = tow!, | = 0,1,..., and denote the 'y?(i) and I‘,(f ) appropriate for

(t) =t and the #;, respectively, by 'y(] ) and TY). By (5.26), we have that
590 - 1
75 D)l =
(75) b= (H 1- tJ+z/tJ+k> (,CLL tivi/tive — 1)

<1_1 1 ) ( n :
— — yi—k -k _
k=0 1 w k=i+1 w* 1
i—1 n
ioo L= titi/tik )\ (25 Givi/tiek — 1

Therefore, I'Y’ (1) < TY. But T¥) = A, by Theorem 2.1 in [Si7]. The relation in
(7.4) is a consequence of the fact that

(7.6) 7| = (H(l - ck>) o ek

k=1 1<k1< - <kpn—i<n
with ¢, = w®, k=1,2,..., that in turn follows from
n n
Z:”’=H@—%W“*ﬂ
=0 k=1

O

We mention here that the fact that T'Y/ )(1) is bounded uniformly both in j and
in n was originally proved by Laurent [Laure]. The refined bound in (7.3) was given
without proof in [Si6].

Now that we have proved that Process I is stable, we can apply Theorem 3.5
and conclude that lim;_, ASLJ ) — A with

(7.7) AQ) — A= O as j — oo,

without assuming that B(t) is differentiable in a right neighborhood of ¢t =0
Since Process II satisfies the conditions of the Silverman-Toeplitz theorem, see,

e.g., Hardy [H] or Powell and Shah [PS], we also have lim,_ AY) = A. We now

turn to the convergence issue for Process II to provide realistic rates of convergence
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for it. We start with the following important lemma due to Bulirsch and Stoer
[BS]. The proof of this lemma is very lengthy and difficult and we, therefore, refer
the reader to the original paper.

Lemma 7.2. With ¢(t) =t and the t; as in (7.1), we have for each integer s €
{0,1,...,n}

(7.8) YRt <M ( II tm)
=0

k=n—s
for some constant M > 0 independent of j, n, and s.
This lemma becomes very useful in the proof of the convergence of Process II.

Lemma 7.3. Let us pick the t; to satisfy (7.1). Then, with j fized,

IDP{B(1)}

(7.9) |D(J){t 1}

= O0(w™) asn — oo, for every o > 0.

This result can be refined as follows: Define Bs ezactly as in Theorem 6.2. If
Bn = 0(e’™") as n — oo for some o > 0 and T < 2, then, for any € > 0 such that
w+e<l,

(J) B
(7.10) G ){ 2l =O0((w+ e)"2/2) as n — oo.
IDJ {t=1}

Proof. From (3.9) we have for each s <n
(7.11)

) Dn B s—1

QY = D(],{t D & S RO W Bty trass Bl) = 1BO - 3 Bt
l { }l =0 k=0

By (1.2) there exist constants n, > 0 such that E,(t) < nst* when t € [0, {] for some
£ > 0 and also when t = t; > f (note that there are at most finitely many ¢, > £).
Therefore, (7.11) becomes

n
(7.12) QY <, Zl'y“’ |tst SMns< 11 tM).

=0 k=n—s

the last inequality being a consequence of Lemma 7.2. The result in (7.9) follows
from (7.12) once we observe by (7.1) that [[_, . tj+k = Ow"C*V) as n — oo
with s fixed but arbitrary.

To prove the second part we use the definition of 3 to rewrite (7.11) (with s = n)
in the form

(7.13) QY < > W Ealtisd) tiva +Bn Y. BRI
t1+1>t t,+,§t
Since E,(t) < |B(t)| + Ez;é 18| t*, |Bk| < By for each k and 3, grows at most

like e for 7 < 2, 9 (1) = O(w"*/2*+%") as n — co from (7.4), and there are at
most finitely many ¢; > £, we have that the first summation on the right-hand side
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of (7.13) is O((w + e)"2/2) as n — oo, for any € > 0. Using Lemma 7.2, we obtain
for the second summation

ﬂ Z h'(J)(l |t;z_-’_|-11 < /an:h’(]) n+1 < M/B'n (H tJ-H) ,

titi St =0 i=0

which, by (7.1), is also O( (w + e)"2/2) as n — oo, for any € > 0. Combining the
above in (7.13), we obtain (7.10). O

The following theorem is a trivial rewording of Lemma 7.3.

Theorem 7.4. Let ¢(t) = t and pick the t; to satisfy (7.1). Then, with j fized,
limy, oo Agf) =A, and

(7.14) AP — A=0(w’™) asn— oo, for every g > 0.

This result can be refined as follows: Define Bs ezactly as in Theorem 6.2. If
B = 0(e’™") as n — oo for some o > 0 and T < 2, then, for any € > 0 such that
wte<l,

) n?/2
(7.15) A —A=0((w+¢€¢)" ") asn— oo.

Theorem 7.4 first implies that all diagonal sequences {A,(f )}:o=0 converge to A
and that |A£,] ) — A| — 0 as n — oo faster than e~*" for every A > 0. It next implies
that with a suitable and liberal growth rate on the Bn it is possible to achieve that
|A,(1j) — A| — 0 as n — oo practically like e=*"" for some K > 0.

7.2. The case ¢(t) = t’ H(t) with real § and t;41/t; <w € (0,1). We now come
back to the general case in which o(t) = t° H(t) with 6 real, § # 0,—1,-2, ... , and
H(t) ~ H(0) # 0 as t — 0+. We assume only that H(t) € C[0,%] and H(t) # 0
when t € [0,#] for some £ > 0 and that H(t) ~ > o, hit' as t — 0+, hg # 0.
Similarly, B(t) € C[0,%] and B(t) ~ > o, Bit’ as t — 0+, as before. We do not
impose any differentiability conditions either on B(t) or H(t). Finally, unless stated
otherwise, we require the ¢; to satisfy

(716) v<ti41/ti<w, 1=0,1,..., for some fixed v and w, 0 <v <w <1,

instead of (7.1) only. (We recall from the remark following the statement of Lemma
4.2 that the additional condition, v < t;41/t;, is naturally satisfied, for example,
when lim;_, o (t141/8) = A € (0,1), cf. also (7.2). It also enables us to overcome
some problems in the proofs of our main results).

We start with the following lemma that is analogous to Lemma 4.2 and Lemma
5.2.

Lemma 7.5. Let g(t) ~ Y oo git?*" as t — 0+, where go # 0 and 0 is real, such
that g(t)t=% € C[0,1] for some t > 0, and pick the t; to satisfy (7.16). Then the
following are true:
(i) The nonzero members of {D(J ){te‘“}} 2o form an asymptotic sequence both
as j — 0o and as n — oo.
(ii) DY ){g(t)} has the bona fide asymptotic expansion

(7.17) DD{g(t)} ~ > *g:DP{t*"} asj — oo,
1=0
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where the star on the summation means that only those terms for which
D,(f){ta*"'} # 0, i.e., for which 0 +i # 0,1,...,n — 1, are taken into ac-

count.
(iii) When 8 #0,1,... ,n— 1, we also have
(7.18) DY {g(t)} ~ goDP{t’} asn — oco.

When 6 < 0, the condition in (7.1) is sufficient for (7.18) to hold.

Proof. Part (i) follows from the corollary to Lemma 5.5. For the proof of part (ii)
we follow the steps of the proof of part (ii) of Lemma 4.2. For arbitrary m we have
g(t) = ZZ’;BI ittt + v, () t9T™, where |v,(t)| < C,y, for some constant Cp, > 0,
whenever t € [0,7] and also t = t; > £ (recall that there are at most finitely many

t; > 1?) Thus

m—1
(7.19) DP{g(t)} = 3" DD () + DY (v (£)17+™).
i=0

We therefore have to show that DY) {v,, (t)t+™} = O(DY{t+™}) as j — 0o when
6+m+#0,1,...,n—1. | .
By the fact that '7(11-)(1) = W] /D&J){t_l}, we have

n ni “j+1
n
(7200 D9 o™ < Y 1| fom (1) |57
1=0
. n :
< Con [DPHE Y B (D157
=0

Now taking s to be any integer that satisfies 0 < s < min{f + m, n}, and applying
Lemma 7.2, we obtain

(7.21)
n . n . n
SRl < (Zlﬁ(l)lt;ﬂ) tyrme < M( II tj+k) e
=0 =0 k=n—s

Consequently, under (7.1) only,

(722) D H{om (D)} SMcmlD;“{t—l}!( 11 w) g,

k=n—s

Recalling that |[DY) {t~1}] = (ITp—o tj+k) ! and ti41 > vt;, and invoking (4.9) that
is valid in the present case, we obtain from (7.22)

(7.23) DI v (1)t} = O(t9t™ ™) = O(DPH{PT™}) as j — oo

This completes the proof of part (ii).
As for part (iii), we first note that, by the corollary to Lemma 5.5,

m—1
lim Y ;D9 {174}/ DY{t} = go.
n—oo

1=0

Therefore, the proof will be complece if we show that

lim DY) {v,,, (t)t**™}/DW {1} = 0.
n—oo
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By (7.22) we have

(724) TV = ng‘J){”’T‘(t)th}' < MCy, 'Dm{t_l} | f[ +m=s
DY {t0}| DD} oL, ’

By the corollary to Lemma 5.5 again,

D(J) t—l
p N (e ),
| Dy’ {0} €[t 4n .t
and by (7.1),
(7.26) II tir < Katitjpnw™,
k=n—s

where K7 and K> are some positive constants independent of n. Combining these
in (7.24), we have

(7.27) TO) < LVOn*0, 0™ VO = max 7177,

tE[tj4n,t;]

for some constant L > 0 independent of n. Now (a) for § < —1, V9 = t_l =0 (b) for

~1<8 <0,V = ;1% while (c)for 6 > 0, Vi) = ;1,0 < 717 ’ y—n(146) 1y
(7.16). Thus, (a)if 6 < —1, then TP = O(n'*9%,,,w™®) = o(1) as n — oo, (b)if
~1<6<0, then TY) = O(n1+9tﬂnw”s) = 0(1) as n — o0, and (c)if 6 > 0, then
T = O(n1+0y=n(1+0)yns) = o(1) as n — oo, provided we take s sufficiently large
in this case, which is possible since m is arbitrary and n tends to infinity. This
completes the proof. O

Our first major result concerns Process I.

Theorem 7.6. Let B(t), o(t), and {t;} be as in the first paragraph of this subsec-

tion. Then AY) — A satisfies (3.11) and (3.12), and hence AP A= O(p(t;)t ”'“‘)
()

Iy

as j — oo. In addition, sup, < 00, i.e., Process I is stable.

Proof. The assertions about AY) — A follow by applying Lemma 7.5 to B(t) and to

P(t) =1/p(t). As for 'Y we proceed as follows. By (5.30) and (5.33) and (7.16),
we first have that

[6-1]
n! ts . n! L.
(7.28) I8 < ( J ) roa) < yI=PG) (7)),

O = 130\ ®)
By Theorem 7.1 it therefore follows that sup; Iy )(5) < oo. Next, by Lemma 7.5
again, we have that Y9 ~ hg as j — o0, and |H(t)|~! is bounded for all ¢ close to
0. Combining these facts in (5.31), it follows that sup; Y < co. O

As for Process II, we do not have a stability theorem for it under the conditions

of Theorem 7.6. (The upper bound on Y (6) that is given in (7.28) tends to infinity
as n — 00). We do, however, have a strong convergence theorem for Process II.
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Theorem 7.7. Let B(t), ¢(t), and {t;} be as in the first paragraph of this subsec-
tion. Then, for any fized j, Process II is convergent whether lim; o4 a(t) exists or

not. In particular, we have lim,_, Aslj ) = A with
(7.29) AV —A=0W™) asn — oo, for everyo > 0.

This result can be refined as follows: Define Bs ezactly as in Theorem 6.2. If
= 0(e?™") as n — oo for some o > 0 and T < 2, then for any € > 0 such that
w+e<l1

(7.30) AD —A=0((w+ e)n2/2) asn — oo.
When § > 0, these results are valid under (7.1).

Proof. First, by (5.28) and part (iii) of Lemma 7.5, we have that Y ~ H (0) as
n — 00. The proof can now be completed by also invoking (5.33) and Lemma 7.3
in (5.32). We leave the details to the reader. d

8. PRACTICAL CONCLUSIONS

We have analyzed the convergence and stability of GREP() for slowly varying
functions a(t) with different types of collocation sequences {t;}. From the stability
analyses we have given we can derive the following practical conclusions on how we
can use GREP() in these cases.

In case we must stick with the choice of the ¢; as in (5.9), and cannot allow
a fast growth as in (7.1), we have seen that GREP( is not stable. In this case
we can avoid the problem of loss of accuracy by doing all of our computations
in high-precision floating-point arithmetic, if this is possible, as explained in Sidi
[Si8]. It is also clear from Theorem 5.3 that 1"5,] ), in spite of being unbounded as
J — 00, is small when |4 is large since it is proportional to 1/|(6)|. In this case
|A${ ) A| is small as well since it too is proportional to 1/|(8)| as j — oco. Thus,
when |Q4] is large, we may be able to obtain high accuracy in the Agf ) despite
the fact that the extrapolation process is definitely not stable. In the case of the
dM)-transformation, for example, we can ensure that the t; satisfy (5.9) by choosing
tt=1/R, Ri=(1+1),1=0,1,... .

When we are able to choose the ¢; as in (7.1), we can attain high accuracy and
good stability properties in GREP(!), as we have seen in Sections 6 and 7. (Nu-
merical experience seems to suggest that more stability is achieved by decreasing
w in (7.1).) Now in most practical situations, as ¢ — 0+, either the computational
effort spent in obtaining a(t) increases drastically or the computation of a(t) be-
comes prone to roundoff error. Therefore, we must make sure that the ¢; do not
decrease too quickly with . This can be achieved by choosing w not too small. For
the d(V-transformation on infinite series this can be achieved by letting t; = 1/R;,
where R; are positive integers determined, for example, as in

(8.1) Ry=1, Ry =|oRi-1]+1, 1=1,2,..., 0 >1 some constant.

(Note that when o = 1, we will have Ry = [ + 1 for all {, in which case the dM-
transformation reduces to the Levin u-transformation.) It is easy to see that, with
t1=1/R; and w = 07! < 1, the t; satisfy wt;/(1 + wt;) < t;41 < wt; for all [. We
thus have a sequence of t;’s that satisfy vt; < t;;; < wt; with some v < w, and
hence decrease like w'. In addition, they satisfy lim; oo (ti41/t;) = w. (Therefore,
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all the conclusions of Sections 6 and 7 are valid for the d(!-transformation with
these R;.) Note that since a(t;) = Ag, for the dV)-transformation, it is essential
that 1/¢; be integers that grow exponentially but in a mild fashion. As explained
in [Si6], we can choose o € [1.1,1.5], for example. This provides us with a sequence
of t;’s that decrease exponentially but at a reasonable rate. Note that the choice of
the R; we have described here was first suggested in Ford and Sidi [FS].

We would like to end this work by recalling the following facts concerning the
acceleration of convergence of the logarithmic sequences discussed in Examples 2.2
and 2.3 by various well known methods. These sequences have formed a very active
test ground for convergence acceleration methods. An extensive numerical study
that included many known methods was carried out by Smith and Ford in [SF1]
and [SF2]. These authors conclude in [SF1] that, as far as logarithmic sequences are
concerned, the Levin u-transformation is the across-the-board winner, followed by
the f-algorithm of Brezinski [B]. Both transformations are prone to roundoff error
propagation and hence are unstable. In other words, in finite-precision arithmetic,
their accuracies increase up to a certain point only. Following that, they decrease
and are destroyed completely. Another method whose performance is comparable to
those of the u-transformation and the #-algorithm is the p-algorithm of Wynn [W],
but it works only when a, ~ Y o vin~ "2 asn — oo, i.e., when y = —2,-3,...,
in Example 2.2. When + is not an integer in Example 2.2, it can be shown rig-
orously that no convergence acceleration is achieved by the p-algorithm. That is,
the p-algorithm has a very limited scope. We recall that the p-algorithm is derived
from the continued fraction of Thiele [T] that is an elegant implementation of inter-
polation by rational functions. On the other hand, as we mentioned in the previous
paragraph, the d)-transformation with R; as in (8.1) is stable and produces more
accuracy without deterioration when applied to logarithmic sequences. This is the
conclusion reached in the comparative numerical study of Van Tuyl [V] as well. See
also the numerical results given in Example 5.1 and Table 5.1.2 of Sidi [Si6], where
the dV)-transformation is applied to the infinite series 3 po ; k%1710 with R, as in
(8.1) and o = 1.2. (This series diverges and its antilimit is {(—0.1410i), where ((z)
is the Riemann zeta function.) In quadruple-precision arithmetic (approximately
35 decimal digits) this strategy achieves an accuracy of 29 significant figures, while
the u-transformation achieves an accuracy of 22 significant figures. This suggests
that, with such Ry, the d")-transformation is a most effective convergence acceler-
ation method for logarithmic sequences in that it produces the highest accuracy in
finite-precision arithmetic.
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