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THE d>-TRANSFORMATION FOR INFINITE DOUBLE SERIES
AND THE D,-TRANSFORMATION FOR
INFINITE DOUBLE INTEGRALS

CHEN GREIF AND DAVID LEVIN

ABSTRACT. New transformations for accelerating the convergence of infinite
double series and infinite double integrals are presented. These transforma-
tions are generalizations of the univariate d- and D-transformations. The Dj-
transformation for infinite double integrals is efficient if the integrand satisfies
a p.d.e. of a certain type. Similarly, the ds-transformation for double series
works well for series whose terms satisfy a difference equation of a certain
type. In both cases, the application of the transformation does not require an
explicit knowledge of the differential or the difference equation. Asymptotic
expansions for the remainders in the infinite double integrals and series are
derived, and nonlinear transformations based upon these expansions are pre-
sented. Finally, numerical examples which demonstrate the efficiency of these
transformations are given.

1. INTRODUCTION

We discuss the problem of accelerating the convergence of infinite double in-
tegrals and infinite double series. The methods that are presented in this paper
are generalizations of the D- and d-transformations for univariate infinite integrals
and series, which were developed in [11]. In the following we review some useful
definitions that were used in the course of development of the transformations for
the univariate case:

Definition 1.1. A function p(z) is said to belong to the set AW if, as & — oo, it
has a Poincaré-type asymptotic expansion of the form

(1.1) p(x)rvaﬂZai/xi :

Definition 1.2. B("™) is defined as the set of functions f which are integrable on
(0,00) and which satisfy a linear mth-order differential equation of the form

(1.2) F@) = pe(@) P ()
k=1
where pp € AR k=1,...,m.
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Definition 1.3. B(™) is defined as the set of infinite sequences {a,} whose ele-
ments satisfy a linear mth-order difference equation of the form

(1.3) a, = Zpk(n)Akan ,
k=1

where Aa, = any1 — an and py, considered as functions of a continuous variable,
are in A®) k=12 ... m.

In [11] it is shown that under certain conditions, infinite integrals whose inte-
grands belong to B have an asymptotic expansion that can be used to obtain
an approximation to these integrals, namely—the D-transformation. Similarly, the
d-transformation is derived by applying the discrete analogue of the technique to
series with terms in B(™). The important observation in [11] is the fact that the sets
B™) and B™) include a very large variety of functions and sequences which appear
in applied mathematics. As shown there, the d-transformation is actually a family
of transformations, which includes the e-algorithm [18] and the wu-transformation
[7]. The range of applications of the D- and d-transformations includes very com-
plicated integrals and series which cannot be handled by other methods.

In the two-dimensional case, we are interested in accelerating the convergence of
infinite double integrals on }Ri

(1.4) 1:/000/000 F(s,1) dt ds |

and infinite double series

(o] (o]

m=0n=0
As in the one-dimensional case, we aim at integrals and series which belong to
certain classes which cover a large variety of important cases. The first step is
generalizing Definitions 1.1-1.3 to the two-dimensional case in the following manner:

Definition 1.4. A% is defined as the set of functions ¢(z,y) which have Poincaré
type asymptotic expansions in inverse powers of & and y, as min{z, y} — oo, of the
form
o o o o

(1.6) gz, y) ~ 2y’ (g + —0 4 b p 20 Tl

x Yy x xy Yy
such that the partial derivatives of g, of any order, have asymptotic expansions
which can be obtained by differentiating that in (1.6) formally term by term. The
asymptotic expansion is in the sense

(1.7) glx,y) = xvyé( Z ;Z—g’/‘; + O((min{x, y})_k_l)) , as min{z,y} — o0 .
i+j<k

o 2

5 _|_...)’

Definition 1.5. B("™") is defined as the set of bivariate functions that are inte-
grable on (0, 00) x (0, 00), and which satisfy a linear partial differential equation of
the form

(1.8) Foy) =D prala, )50, f(x, ) |
k=010=0

where py; € Ak and po,0 = 0.
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Definition 1.6. B(™™") is defined as the set of double sequences whose terms sat-
1sfy a linear difference equation of the form

m n
_§ :2 : kAl
(19) Qg r = pk,l(Q’ T)AlAZquT )
k=010=0
where Aya; ; = ajy1;—ai 5, Asa; j = a; 541 —a; ; and p ;, considered as continuous
bivariate functions, are in A%:D with po,0 = 0.

The derivation of the transformations in the bivariate case follows the idea and
the technique in [11]. Using the above definitions, we derive asymptotic expan-
sions for the remainders in double integrals and series whose associated integrands
and series terms belong to B("™) and B(m’”), respectively. The derivation of the
asymptotic expansions is based on repetitive integration or summation by parts
and appropriate assumptions regarding the decay of the integrand/series terms at
infinity. As we shall show, for infinite integrals the asymptotic expansion is given

by

(1.10) /:o /Oo F(s,1) dt ds

1 1 1
Nmz:nz:xk+l l+1akal l‘ y Zi:xll—]]y]]
k=0 [=0 =0 j=0
oo i
+Z$k+1zz/ ZZ jt{? ke, t) dt
=0 0
-
+Zyl+122/ ]ZZ ]]a@l/ (S,y) ds
i=0 j=0

and for infinite series the asymptotic expansion is given by
m—1n

[SSHENS] -1 g
(1.11) SN age~ > lZ;Q’““R’“A’fA aQRZZ Qj‘j}%]

1
g=Q r=R k=0 = i=0 j=0

m—1
+ @ ZAMTZZC;; s

20]0

n—1 (o]
2
+ ZR1+1 ZA aqRZZ qJ]RZ J] )
=0 g=Q i=0 j=0
We use these expansions to formulate linear systems of equations in which one
unknown is the approximation to the underlying integral or sum, and the other
unknowns are the coefficients of the truncated asymptotic expansion. We argue
that all one needs to know in order to apply the transformations, 1s the order of the
partial differential equation satisfied by the integrand, or alternatively, in the case
of series, the order of the difference equation satisfied by the terms of the series. The
derivation of the asymptotic expansions is quite tedious, but the resulting linear
systems are easy to implement. See also [5].
Another point that should be mentioned is that in the bivariate transformations
certain infinite univariate integrals or series have to be approximated. In general,
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we assume that this can be efficiently done, e.g., by the D-transformation for 1D
integrals, and by d-transformation or Padé approximants for 1D series.

An outline of the rest of this paper follows: in Section 2 we review the univariate
d- and D- transformations. In Section 3 we derive the Ds-transformation for infinite
double integrals. In Section 4 we present the ds-transformation for infinite double
series. Sections 3 and 4 also include a brief review of some other techniques for
evaluation of infinite 2D integrals and series. Finally, in Section 5 we bring several
numerical examples in which various aspects of the two new transformations are
discussed.

2. THE D- AND d-TRANSFORMATIONS

We now review the main results and definitions for the d- and D-transformations.
We start with a theorem which is the key to the construction of the latter (see [11]
for the proof).

Theorem 2.1. Let [ be integrable on [0,00) and satisfy a linear mth-order dif-
ferential equation of the form (1.2) with ppy € AUX) i < k, k = 1,...,m. If
limx_mo[pg_l)(x)][f(k_i)(x)] =0 fori<k<m, 1<i<m, and if for any integer
> —1 we have

m

(2.1) Zl(l—1)~~~(l—/€—|—1)~xlin(}o[pk(x)/xk];é1,

k=1

then, as @ — oo, fxoo f(t) dt has an asymptotic expansion of the form

o m—1
2.2 O dt ~ S ) (p)in Ora  Pro
O 0 Y it
where ji < max(ip41,tp42— 1, i —m+k+1), k=0,...,m—1

The D-transformation is defined by truncating the asymptotic expansion (2.2)
and forming the following linear system of N =1+ Zzlz_ol ng equations:

(2.3)

Tr m—1 _
D s :/ f(t) dt + Z F®)(z,) Z
0 k=0 i=0

r=1,...,N .

(m)

The unknowns in this system are Dpgyn,,...n,._,, Which represents the approxima-
tion to fo ) dt, and the set of coefficients {3, Z} An appropriate choice of the
points {l‘r}f«\;l (which yields fast convergence) is discussed by Levin and Sidi in
[11], and by Sidi in [13], [16], [17].

The d-transformation for accelerating the convergence of infinite series is merely
a discrete analogue of the D-transformation [11] :

Theorem 2.2. Leta,, n = 1,2,..., satisfy the linear mth-order difference equation

of the form (1.3), with py, € AU%) | i <k, k=1,....m. If

(2.4) nlingo[Ai_lpk(n)][Ak_ian] =0
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fori<k<m, 1<i<m,and Y l(l=1)--(I—=k+1)-limysclps(n)/n*] # 1
forl=-1,1,2,3, ..., then for N = oo

o0 m—1
(25) Ay ~ N‘yk A an Bk( ) s
n=N k=0
where By € A and jy < max(ipy1,ippo— 1, im—m+k+1), 0<k<m—1.

Theorem 2.2 serves as the basis for the definition of the d-transformation. We
demand that the approximation dﬁfj}m,,,nm_l to Y o7 ay satisfy the
N=1+ 221:_01 ng equations

(2.6)
N; m—1 nE—1 6
(m) _ A N 1 Ik # l=1..-- . N .
nu,nl, HSMm—1 HZ::la Z:: aNl+1 vt ) ZZ:; (Nl + 1)Z ’ ’ ’

From (2.6) it can be observed that setting m = 1 and jo = 0 yields Levin’s ¢-
transformation, and m = jy = 1 yields Levin’s u-transformation (see [6],[7]). The
full derivation of the d- and D-transformations, including special cases, plus ex-
amples which demonstrate their efficiency can be found in [11]. The convergence
analysis of this method has been presented in a series of papers by Sidi [13], [14],
[15]. In [12] it is shown that when applied to power series, the d-transformation
is a rational approximant with some properties that are similar to those of Padé
approximants.

3. THE Dy-TRANSFORMATION FOR INFINITE 2D INTEGRALS

We consider approximations to infinite double integrals, I = fooo fooo f(s,t) dt ds.

In analogy to the 1D case, we assume here that f € B("™") We start by reviewing
the 2D analogue of the confluent e-algorithm, which was developed by the second
author [10] for a special subset of B("") integrands. The assumption that stands
in the basis of this transformation is that the integrand, f(x,y), satisfies a linear
partial differential equation with constant coefficients of the form:

(31) f($ay) = Z ak,laﬁaéf($ay) 3
(k,DeT

where T' is a finite set of pairs, 7" C QT\{(0,0)} where QF = {(i, ;)| ¢,5 > 0}.
Let R be a subset of QF, with the same number of elements as 7', and let A, , be
defined as

(3.2) Avy={(s,t)]s<zort<y, st>0}.

Then, for z,y > 0, the 2D analogue of the confluent e-algorithm is defined as
follows:

(3.3) eT z,y) // f(s,t) dt ds + Z ozkyl@’;_l@é_lf(x,y)

(k,1)ET k-1#0

— Z ozkyo/ 8’“ 1f(xt dt — Z Oz()l/ 6l 1f5y)
y

(k,0)eT (0,0)eT



700 CHEN GREIF AND DAVID LEVIN

where the coefficients o ; are determined by the system of linear equations:
(3.4) B f(xy) = > g 05T O f(x,y) (i,j)eR .
(k,)ET

The following theorem, presented in [10], describes the class of exactness of the
algorithm:

Theorem 3.1. Let [ satisfy (3.1) for s > x and t > y, and suppose that

(3.5) tlirg@@’;@;‘lf(s,t) =0, (k,)ET, 140,

and

(3.6) lim 07719, f(s,1) = 0, (k,)eT, k#0.

Then, if the system (3.4) has a unique solution, E(TZ)(l‘, y) integrates f exactly in

[0, 00) % [0, 00).

The above algorithm handles very well integrals whose associated integrands
satisfy p.d.e.’s with constant coefficients. The Ds-transformation presented below
is meant to be appropriate for the case of variable coefficients. The theoretical
basis for the definition of this transformation is the generalization of Theorem 2.1
to the two-dimensional case. In the following we refer to functions f € Bmn)
and we present a series of propositions leading to the derivation of the asymptotic
expansion (1.10). Throughout the derivation we shall make certain assumptions
with regard to the decay of f and its derivatives. These assumptions are analogous
to the ones given in Theorem 2.1.

Assumption 3.2. Given (1.8), the following holds:
. i—1 k—i gl
lim 0,7 pr (e, )8, 0, f(2,y) = 0,
fork=1...,mi=1....m, [=0,...,n, and for any y > 0.

bl

We now state the following result, concerning one-dimensional integration of f:

Proposition 3.3. Let f satisfy (1.8) and assume that the conditions stated in
Assumption 3.2 hold, then

(3.7)
n m—1 o0

/ Fs.) ds = 32 Y sl )0h0, o)+ [ Tasls,0)d) (s,0) ds}
I=0 k=0 &

where

(3.8)

Toxi(z,y) = Z (—1)j+k8£_k_1pjyl(x,y) , k=0,....m—1, 1=0,...,n,

j=k+1
and
(3.9) boi(z,y) = Z D/ 0ip;i(x,y) [=0,...,n.
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Proof. Intergating (1.8) with respect to x we have

(3.10) / f(s,y) ds = Z{Z/ (8, Y) Yok o f(s,y) ds} .

(=0 k=0

In a way similar to that used in the derivation of the D-transformation, we now

perform a sequence of integration by parts: by Assumption 3.2 with ¢ = 1, we
obtain
311/ f(s,y) ds—Z{ Zpkll‘y 16lf(xy)
1=0
+ / pos(os ) Fse) ds =3 [ Oupias, )58 F(s, ) ds}
z k=177

Integrating by parts the last term of the right hand side of (3.11) and using As-
sumption 3.2 with ¢ = 2 leads to

(3.12) / f(s,y) ds = Z{ Zp’” z,y)0 16l f(x Y)
1=0
+ / [Po(5,9) = Dopra(s, )L F(s,y) ds

03[ e, 0200 5, ) ds)

k=2""

At this point it is clear that assuming the decay conditions stated in Assumption
3.2, we can carry on repeated integration by parts, until all the z-derivatives of f
in the last term of the right hand side of (3.12) disappear, and the result (3.7) is
obtained. O

We now turn to integrate (3.7) in the y-direction:

n m-—1

(3.13) / / fstdtds_ZZ/ aOklxtﬁkﬁéf(x,t)dt

=0 k=0
+Z/ / bou(s,1)0, f(s,t) ds dt .
=0vY z

Performing a sequence of successive integration by parts, we assume the following
decay conditions :

Assumption 3.4. Given (3.8) and (3.9), the following decay conditions hold for
x> 0: limyﬁooﬁé_lgoyl(x,y)@é_if(x,y) =0,fori=1,...,n, l=di+1,...)n
and limyﬁooﬁé_lﬁoykyl(x,y)@ﬁ@é‘i (z,y) =0 ,fork=0,....om—1,i=1,...,n,
l=44+4+1,...,n

Provided Assumption 3.4 holds, we now present formulas for each of the terms

on the right hand side of (3.13).
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Proposition 3.5.

n m-—1

(3.14) ZZ/yooaomxtﬁﬁlf( t) dt
-1

=0 k=

—

n—

m—1
:Z aakyll‘yﬁﬁl _|_Z/ xt@f(l‘t)
k=0

k=0 [=0
where
(3.15)  ap (. y) Z Z A A TR TCR
i=k+1j=l+1

k=0,....m—-1, l=0,....n—1,
and
(3.16) b) 4(x,y)= D> > (—1)HTRGF190p, (2 y) k=0,...,m—1.

i=k+1j=0

Proof. The left hand side of (3.14) is similar in essence to the one on the right
hand side of (3.10) handled in Proposition 3.3. Therefore, interchanging order
of summation, assuming the conditions in Assumption 3.4 concerning @p x,; and
performing successive integration by parts in a way analogous to the one performed

in Proposition 3.3, we obtain (3.14) with

n

(3.17) ag i y) = Y (DA ok (e, )

j=l+1

and

(3.18) 0.5(7,Y) Z ‘76‘7a0k7]xy) k=0,....m—1.

In terms of the pg ;’s, the above two functions are given by (3.15) and (3.16).

Proposition 3.6.

3.19 - [ OOE )8 f(s,t) ds dt
( >§/y/xo,l<s>y<s>s
n—1 o0 00 o
= ¢y 1(s,9)0, f(s,y) ds + do(s,t)f(s,t) dt ds,
> ) [ ]

where

(3.20) g (=, y) Z Z+‘7+l828‘7 - Ypij(z,y), 1=0,....n—1
7=0 : -|—

and

(3.21) do(z, ) =D Y (1)L pi j(z,y) -

i=0 j=0

O



THE dy- AND D,-TRANSFORMATIONS 703

Proof. Interchanging the order of integration, using the conditions in Assumption
3.4 concerning by; and repeating the process of integration by parts, we obtain

(3.19), with

n

(3.22) cimy) = D> (=1 (2, y) 1=0,...,n—1,
j=i+1
and
(3.23) do(,y) =D (=1)8bo i (x,y) -
j:O

Using (3.9) to express the above in terms of the py ;’s yields (3.20) and (3.21). O

Let us examine the effect of Propositions 3.3, 3.5 and 3.6. Using (3.13), (3.14)
and (3.19) yields

m—1n—1

(3.24) / / f(s,t) dtds_ZZaOkll‘yﬁ %f(x,y)
k=0 =0
m—1 00
—1—2/ bykxtﬁfxt dt—i—Z/ 60lsy8f(sy)
k Yy

:0
+ / Eost s,t) dt ds .
y

From (3.15), (3.16), (3.20) and (3.21) the following conclusions can be made:
(325) aak,l € A(k+1’l+1) ) bak € A(k-l_l’o) ) Cal € A(O’l+1) ; EO S A(O’O) s

for 0<k<m-—1and 0<1<n—1.Since dy € A je,
- [} @ @ [} @
(3.26) do = Too+ —0 + —=t 4 20 p b 2y
x Yy x xy Yy

the dominant factor in the last term of the right hand side of (3.24) is

aoyo/ / f(S,t) dt ds.
r Y

Provided @0 # 1, we may move this factor to the left hand side and divide by
1 — @p,0 to obtain a new expression for fxoo fyoo f(s,t) dt ds. In the following we
are going to repeat this process several times, and we shall need to generalize the
assumption regarding @ in the following manner (which will be clarified in the
proof of Lemma 3.8):

Assumption 3.7. For integer values p, v > 0

(3.27) ZZHH —q)(v—=r)]p; £ 1,

i=0 j=0 ¢g=1r=1

where p; ; 1s the leading term in the asymptotic expansion of p; ;.

Remark. We refer to Hq 1(...) as being identically equal to 1.

We now present the generalization of the process started above:
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Lemma 3.8. Let d(z,y) € A=) where i, v are nonnegative integer values, and
assume that for 0 < i <m, 0 < j < n, 9,0]d exist. Under Assumptions 3.2, 3.4,
3.7,

o0 o0 m—1n—1
(3.28) / / d(s,0)f(s,0) dtds =" > ag i(w,9)05 0, f(x, y)
& k=0 =0
m—1 00
+ /bkxtﬁk xtdt—l—Z/ syﬁfsy)
k=0"Y

+/ / d*(s, 1) f(s, 1) dt ds ,
Yy

(3.29)  apy € AR—HFLIZVEL b e glhmpdlmv) g g g mimvdl),
e Al-u=1-v) y gl=p,-v=1)

where

withk=0,...m—1and!{=0,..., n—1.

Proof. The procedure presented in Propositions 3.3, 3.5 and 3.6 starts with repre-
senting f by (1.8). Here we start by representing d - f by a similar representation
with the functions p; ; replaced by d-p; ;. Repeating the same steps yields an equa-
tion of the type (3.28), with the exception that the last term on the right hand side
Is now fxoo fyoo d(s,t)f(s,t)dsdt, with d € AC=#=%) In the process of successive
integration by parts, the required decay conditions are guaranteed to be satisfied
since —p, —v < 0 and Assumptions 3.2 and 3.4 hold. Since d and d both belong to
A=#=7) e can write

(3.30) d(z,y) = a-d(x,y) + d*(z,y) ,

with d* € AG-#=L=v) J A(=#=+=1) " can be computed as follows: since the Dij
are replaced by d - p; ;, we have by Proposition 3.6 that « is the coefficient of the
leading term in the asymptotic expansion of

(3.31) ZZ 1) 9L0i[d - pij] -

i=0 j=0

By writing the formal asymptotic expansion of the form (1.6) for d - p;; €
Al=nti=v+i) | differentiating 7 times in the z-direction and j times in the y-direction
for each required value of ¢ and j, the leading term in dy 18 azty” with

m n iJ
(3.32) o= S D[] r+0(-v+)] B -

i=0 j=0 g=1r=1
Note that o = o [see (3.27)]. We can now rewrite fxoo fyoo d(s,t)f(s,t)dsdt
replacing d(x,y) by « - d(z,y) + d*(x,y). Transferring fxoo fyoo ad(s,t)f(s,t)dsdt
to the left hand side and dividing by 1 — «, which is non-zero by Assumption 3.7,
we obtain (3.28). O
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We now use Lemma 3.8 recursively. First we obtain

m—1n—1

(3.33) / / fstdtds_ZZalklxyﬁﬁéf(x,y)

k=0 [=0

m—1 00
—1—2/ blykxtﬁfxtdt—l—zv/ cllsyﬁf(sy)
y

+/x /yoo di(s,0)f(s, 1) di ds |

where d; € A®~DUA-10) and the first three terms on the right hand side of (3.33)
are of the same form as in the expansion we seek (1.10). The last term of (3.33)
is handled as follows: since this term involves the factor d; € A0~ U ALY we
decompose d; into two factors, one in A%~ and the other in AG-19 and we use
(3.28) for each of the corresponding integrals. As a result we obtain the expansion

EF‘

m—1n—1

(3.34) / / f(s,t) dtds—ZZazkll‘yﬁ %f(x,y)
k=0 =0
m—1 00
+ /bzykxtﬁfxtdt—l—zv/ czlsyﬁf(sy)
k=0"Y

+/ / dy(s, 1) f(s,1) dt ds .
T Yy

Here also the first three terms on the right hand side are of the right form, that is,
as in (1.10), and now dy € A%~ U AGL=D Y A=20) Specifically,

(3.35) g ey € AFFLIHD gy e ABFLO) gy e A

for 0 <k <m-—1and 0 <I<n-—1. Repeating this we can make the last term be
of the form fxoo fyoo dy(s,t)f(s,t) dt ds with d, € U?_, A(=H=a+1) for any integer
qg>0.

We have thus proved the following theorem on the asymptotic expansion of the
infinite double integral:

Theorem 3.9. Let f(x,y) be integrable on [0,00) x [0,00) and satisfy the linear
p.d.e. (1.8) with py; € AFD 0 <k <m ,0<1<n and poo = 0. When As-
sumptions 3.2, 3.4, 3.7 hold, as x, y — oo, fxoo fyoo f(s,t) dt ds has an asymptotic
expansion of the form given in (1.10).

The asymptotic expansion (1.10) serves as the basis for the Da-transformation.
The idea is truncating the three infinite sums indexed by ¢ in the expansion, and
solving a linear system where the unknowns are the approximation to the infinite
integral and the coefficients of the truncated expansions. In order to avoid the usage
of too many indices, we refer to a ‘diagonal’ approximation, in which the above
mentioned sums are all truncated in the same power of # and y. The resulting
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linear system 1s

G30) D= [ [ e das
A,
m—1n—1

+Z Z$r l+1ZZ Zl_jjjakalf(xr,yr)
k=0 [=0 i=0 j=0 Lr Yr

K3

Pyzk—',' ooaﬁf rat
+fo“ZZwiz [ =

i=0 j=0

i

3’53/
Sy e [,

i=0 j= Oyr

where r = 1,..., N, {(z,,y-)}’_, is a chosen set of points in the first quadrant,
A, = Ap, y, asin (3.2), the unknowns are D%lyn;na and the coefficients {62»_]»7]»},
{7k _;;+and {4 i i—j}, and N is the number of equations, given by

(3.37) N=m-n-F(n)+m-F(ny)+n-F(nz)+1,

where F(z) = % “(z+ 1) (z+2). The value Dg’fﬁ;na in the solution vector
represents the approximation to fooo fooo f(s,t) dt ds.

A class of exactness for the D,-transformation. Let us look at a special class
of BU™) functions: those which satisfy (1.8), with pg; being constants. In this
case it follows that in the asymptotic expansions on the right hand side of (1.10)
n)

only the terms with ¢ = 0 are non-zero. Hence D(()né’o gives an exact value for

fo fo (s,t) dt ds in this case. In that respect, the Ds-transformation is similar
to the 2D analogue of the confluent e-algorithm.

Practical implementation of the transformation. The system of equations
that has to be solved in order to obtain the approximation involves some infinite 1D
integrals, fyoo Ok f(z;, t)dt fxoo %f(s, y;)ds , and double integrals ffA, f(s,t) dt ds,
1=1,...,N. Let us refer first to ffA, f(s,t) dtds,i=1,...,N;in order to find a
satisfactory approximation to these double integrals, we split A;, for each i, into 3
subsets, as follows:

Ay = ATV U AT U AY i=1,...N,
where: A7Y = [0, 2] x [0,y], A = [0, ;] x [yi, 00], AY = [2;,00] x [0, y;]. For the

integral over A7Y we have used tensor product composite 6-point Gauss-Legendre
rule, correct to 12 decimal digits. The integrals over A¥ and AY can be computed
in several efficient ways. For example, in order to obtain an approximation to
fAI f= x' foo f(s,t) dt ds, we can take a sequence of finite double integrals,

fy’:(&”l)& f(s,t) dt ds, j > 0, for a fixed small value of &, and apply the d-

transformatlon (or any other sequence extrapolation method) to sum these finite
integrals. Alternatively, the D-transformation can be used. This also refers to the
infinite 1D integrals in (3.36). In many cases examined, it has been observed that
the integrands, as functions of either z or y only, belong to B(™) for some small
m. In such cases, the D-transformation can be effectively applied to evaluate these
infinite integrals. The actual evaluation of the different derivatives of f needed in
the computation of the Ds-transformation can be done by direct differentiation,
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or, it can be done to any required accuracy by appropriate divided differences
approximations.

4. THE do-TRANSFORMATION FOR INFINITE 2D SERIES

We start this section by presenting the [A/S]g approximant for infinite 2D sums
[9] and reviewing some of its properties. See [8], [9], [10] for full details on the
derivation. Further theoretical results and applications can be found in [2], [3] and

[4].
The [A/S]r approximant [10]. Given a 2D series, its terms are assumed to satisfy
a linear relation of the form:
(4.1) aij = Z ap AT A ai g i1, j2>J,

(kDET
where T' is a finite set of ordered pairs with nonnegative indices, with (0,0) ¢ T,
and I > max{i|(i,j) € T}, J > maz{j | (i,j) € T}. For aset A of ordered pairs,
we use the notation

(4.2) AT ={G,7)1(i,7) €A, i>0,j>0}.
Taking
(4.3) A={GEjH|i<Morj< N}, M>I, N>J,
it can be shown that by performing summation by parts, we obtain:
(4.4) Z a; ;= Z a; j + Z OzkylAlf_lAlz_laM—k,N—l
,j=0 (i,5)eAt (k,)ET k-1£0
- Z Qg0 Z A anrogj — Z o Z A v
(k,0)eT j=N (0,H)eT i=M

Let S and R be finite subsets of Q% such that |S| = |R| + 1, where |S| denotes the
number of elements of S. The approximation [A/S]g is defined as the value €' in
the solution vector (', {f; ; }(i,j)er) of the linear system of equations

(45) Q — Z Biyjai_kyj_l = A—k,—l , (]C, l) es ,

(¢,j)ER
where A_j, _; is the partial sum of the (—k, —{) translation of the 4 defined above.
Notice that the system of equations for the computation of [4/S]r involves the
need to compute the infinite 1D sums appearing in A_; _;. In many cases, this
can be efficiently done by using the d-transformation. Numerical examples, and the
generalization to higher-dimensional series can be found in [10].

The ds-transformation. The previous transformation handles well series whose
terms satisfy approximately difference equations with constant coefficients. As in
the case of integrals, we seek a transformation that can handle series of a more
general class, namely series whose terms satisfy difference equations with variable
coefficients rather than constant ones. The generalization is the ds-transformation
which is meant for evaluating infinite double sums (1.5) whose terms satisfy a linear
double difference equation of the form (1.9). As in the case of infinite integrals,
the derivation of the ds-transformation is based upon obtaining an asymptotic
expansion for the remainder of the double sum. The asymptotic expansion involves



708 CHEN GREIF AND DAVID LEVIN

infinite 1D ‘boundary’ series of a certain kind. In most cases, these one-dimensional
sums can be well approximated by the d-transformation. In analogy to Theorem
3.9 for infinite 2D integrals whose integrands are in B"") | we now state a theorem
for the sum of infinite 2D series, whose terms belong to the set of sequences Blmn),

Theorem 4.1. Let |Z;or:0

ference equation (1.9). Denote s (q,7) = Z‘Tzk_l_l(—l)j*'kA{_k_lpjyl(q,r), k=
0,....m—=1,1=0,...,n and let t;(q,r) = Z;@:O(—l)jA{pjyl(q,r), l=0,...,n
Assume the following:
1. limqﬁoo[Ai_lka(q,r)][Ak ZAzaq =0, fork=14d,....m i=1...,m,
l=0,...,n
2. limr%w[A;_lskJ(q,r)][A’fAlZ_Zaqyr] =0 and limrﬁw[A;_ltl(q,r)][Alz_Zaqyr]
=0,fore=1,...,n, l=14,...,n, k=0,..., m—1.
3. Assumption 3.7 (stated in Section 3).
Then, for @@, R — oo, Z;X;Q Yorl g aqr has an asymptotic expansion of the
form (1.11).

agr| < 00, and let {ay,}3% -y satisfy the linear dif-

The proof of this theorem is completely analogous to the proof of Theorem 3.9:
the operator 9, is replaced by Ay, the operator 8y is replaced by A, and integration
by parts is replaced by summation by parts. In a way analogous to the derivation
of the Dy-transformation, we can now define the ds-transformation. Let us make
the following notations:

7 Ala r
wo gy - 3 Aeee.
r=R
and
g - Apa R
(4.7) ViR =3 72qf’ :
=Q
The do-transformation is defined as the value dﬁ{’fnﬁ ns 10 the solution vector of the

following linear system:

m—1n—1 3
(4.8) dglnfﬁ;”f" = Aq.r, + Z ZQ TR, l+122Q ZZ_J]}%JAkAlaQS,
k=0 (=0 i=0 j=0 %5
YOS B, - 3 S v,
i=0 j= 0 i=0 j=0 s

where s = 1,..., N, {(Qs, Rs)}L, is a chosen set of indices, Ag, g, denotes the
corresponding partial double sum,

(o] (o] (o] (o]
(4.9) Agur, =Y Y Jaij— > > aij,

i=0 j=0 i=Q, j=R.:
the unknowns are dﬁ{’fnﬁna and the coefficients {6 it {7k _;;+and {4 i—j}, and
N is the number of equations, given by (3.37).

The value dgffﬁ;na in the solution vector 1s the approximation to Z?}:o as ;.

The approximation to the infinite 1D sums in Ag, g, U(] k) and V(] l) g, can be
obtained by the d-transformation.
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Remark. Application to double power series. In this case, the ‘boundary’ infinite
1D sums that appear in the asymptotic expansion for the remainder, turn the ap-
proximation achieved by applying the ds-transformation into a bivariate function
which does not have a simple structure. However, if one approximates the ‘bound-
ary’ sums by Padé approximants, or by the d-transformation for 1D power series
[12], then the ds-transformation yields a rational approximation.

5. NUMERICAL EXAMPLES

In the tables that follow, the term ‘cdd’ refers to the number of correct decimal
digits, computed by taking the logarithm of the absolute value of the approxima-
tion’s error. The term ‘Size’ refers to the number of unknowns in the linear system
solved for obtaining the approximation.

Example 5.1.
ds dt T
I= = — =0.78539818525 . ...
/ / (1+ (14 s2 +12)2 92 4
The integrand, f(z,y) = W’ satisfies a first-order linear p.d.e. of the type

presented in (1.8). In fact, there is more than one such equation that this function
satisfies. For example, we have

14 222 14 242

f=- Sz Jo + 8y fy

In terms of equation (1.8), with m = n = 1, we can see that p1 ¢ € A9 and
Po1 € A©D hence, f € BUD . Verifying that the other conditions of Theorem 3.9
hold is easy. In Table 5.1 (on the next page) we present the results we have obtained
for this integral. In this case, it is evident that the D-transformation (for infinite
1D integrals) can be successfully applied, due to the fact that f(x,y) satisfies the
following two equations:

1. f(z,y) = —%m,y).

Hence, f(x,y), as a function of one variable (x or y), belongs to B(). In addi-
tion to that, f, as a function of one variable, satisfies all the conditions stated in
the theorem which defines the 1D D-transformation, hence we expect to obtain a
good approximation to the 1D integrals that appear in the asymptotic expansion.
Numerical experiments verify this observation.

As input to the program we took m = n = 1, and (z¢,y0) = (1,1) as the point
whose distance to the origin is the largest, out of all the points that are used in the
system of equations.

The results in Table 5.1 illustrate the fast convergence of the Ds-transformation
even with a zero degree approximation for the expansions involving the ‘boundary
terms’.

Faster convergence is observed for higher degree approximations, as presented in

Table 5.2.
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TABLE 5.1

| nl,nz,n3| Size | cdd || ni, Ny, N3 | Size | cdd || ni, Ny, N3 | Size | cdd |

0,0,0 4 11.30 3,0,0 13 |4.13 6,0,0 31 |6.51
1,0,0 6 |2.46 4,0,0 18 |5.21 7,0,0 39 |7.22
2,0,0 9 |3.76 5,0,0 24 15.96 8,0,0 48 |8.32
TABLE 5.2
| ni, na, n3| Size | cdd || ni, Ny, N3 | Size | cdd || ni, Ny, N3 | Size | cdd
1,1,1 10 |4.31 1,2,2 16 |4.09 1,3,3 24 |7.38
31,1 17 |5.11 3,2,2 23 |5.67 3,3,3 31 |6.91
51,1 28 15.18 5,2,2 34 |8.13 5,3,3 42 19.51
Example 5.2.

2
sin(s” + )ds dt_ 70 oasra0s5013617 ..

=L

R t2 T8
This integral can be easily computed by using polar coordinates. The integrand,
fle,y) = %, satisfies the p.d.e.:
1 1 1
I= 2x(x? + yz)fx C 2y(a? + yZ)fy B mfxy ’

hence f(x,y) € BD. Tt is easy to verify that f(x,y) satisfies all the conditions
that appear in Theorem 3.9. Notice that in terms of (1.8), we can use polynomials
in inverse powers of # and y, with lower degrees than those used in (1.10). The
integral in this example is considered a tough case, since the integrand oscillates
rapidly as « and y grow larger. The matrix which represents the system of equations
becomes ill conditioned very fast as its size grows larger. For systems of size 20 x 20
or so, the numerical instability becomes dominant. Despite the above difficulties,
we obtain up to 4-5 digit accuracy, which is the expected accuracy, considering the
truncation error in the asymptotic expansion.

At this point we mention that Sidi, [13], suggested a way to handle oscillatory
integrals (he referred to the 1D case) by choosing the points #, such that f(k’)(xT) =
0. As a result, we end up with a singular matrix. However, this system can be
reduced, by elimination of a few of its equations, to one that has a unique solution.
The convergence properties of this modification of the D-transformation are brought

n [13]. The same idea can be applied to the 2D case. The resulting system of
equations will be smaller and less 1ll conditioned.
TABLE 5.3
| nl,nz,n3| Size | cdd || ni, N9, N3 | Size | cdd || ni, N9, N3 | Size | cdd |
0,0,0 4 |1.85 0,1,1 8 |2.46 0,2,2 14 | 2.48
2,0,0 9 |3.41 2,1,1 13 |3.34 2,2,2 19 | 4.02
40,0 18 | 4.63 41,1 22 | 4.58 42,2 28 | 4.33
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Example 5.3.

32 sin( i
f(xa y) = 4 n2b
7T4 m:lZZ:S .n:é:B mn(_ + _)

14y 14y

This example is taken from Sidi [13]. The function f(x,y) is the solution to the
problem
{ Af=-2, 0<z<a,0<y<b,

The above infinite double series converges slowly. We use the ds-transformation
to accelerate its convergence. By the form of the series’ terms follows that the
appropriate orders of the double difference equation should be m =n = 2.

There is no known explicit expression for f(z,y), but it can be expressed by an
infinite 1D sum [13], as follows:

8a? cosh[mgz—_bz] . nmx
A P N TE R

LS 205 O

and this series converges very fast when 0 < y < b. Using this, it can be verified
that, to 15 digit accuracy, with a = b = 2 we have
f(1,1) = 0.589370826252111 .. ..
In Table 5.4 we present the results we have obtained, using dﬁfg?}?xna with different
values of ny,ns and ng, so that the size of the system is not larger than 40.

TABLE 5.4

| nl,nz,n3| Size | cdd || ni, N9, N3 | Size | cdd || ni, N9, N3 | Size | cdd |
0,0,0 9 |5.63 0,1,1 17 | 7.43 0,2,2 29 | 7.57
1,0,0 17 | 6.97 1,1,1 25 | 7.57 1,2,2 37 | 7.58
2,0,0 29 | 7.50 2,1,1 37 | 7.44

In order to demonstrate the significant effect of the ds-transformation in this
case, we give some ‘diagonal’ partial sums of f(1,1), using up to 200 terms of the
original double series. Denoting the partial double sums of this series by A; ;, we
have:

A7z = 0587553229 ... , Aysys = 0.589740256... , Ajo1e = 0.580244712. .. .

It is evident that approximating the infinite double sum by the partial sum using
200 terms of the series is only 3 digits accurate, whereas the ds-transformation
brings us to 7-8 digit accuracy by using not more than 40 terms.

Example 5.4.

0 m—1,n—1

R i
f(l’,y) _Tnzz:lnz::l m2+n3 :
This example was presented in [8], where 2D versions of the ¢-transformation [7]
were studied and compared to Chisholm approximants [1]. Sidi, in [13], also used

this example for testing another class of transformations. The function f(z,y) is
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not known analytically, and we learn about the quality of the approximations to
this function by comparing to Sidi’s approximations.

For fixed values of  and y, the series’ terms belong to B Hence, dﬁ};,&,na is
appropriate here. Note that the given double series diverges for |z| > 1 or |y| > 1.
Thus we expect to obtain better accuracy for small absolute values of x and y.
Following is Table 5.5, where we present the approximationsto f(1, 1) obtained with
dﬁ};ﬁ?xna, for different values of ny, ny, and n3. We considered S = 0.3149104237,
taken from [13] as the exact value.

TABLE 5.5

| nl,nz,n3| Size | cdd || ni, N9, N3 | Size | cdd |
1,0,0 6 |5.14 1,1,1 10 | 5.07
3,0,0 13 |6.20 31,1 17 | 7.67
5,0,0 24 | 7.65 51,1 28 | 8.07
0,2,2 14 |6.95 0,3,3 22 | 7.99
1,2,2 16 | 8.34 1,3,3 24 | 8.00

For # = y = —0.5 the series converges. Sidi [13] obtained the value S =
0.3843515211843. In Table 5.6 we present the results using dﬁ};},fwa, referring

to Sidi’s approximation as the correct one.

TABLE 5.6

| nl,nz,n3| Size | cdd || ni, N9, N3 | Size | cdd || ni, N9, N3 | Size | cdd |
0,0,0 4 |5.72 0,1,1 8 | 7.15 0,2,2 14 | 8.62
2,0,0 9 16.62 2,1,1 13 | 8.37 2,2,2 19 | 9.27
4,0,0 18 | 8.97 4,1,1 22 |1 9.15 4,22 28 19.00

For |x| > 1 and |y| > 1 the series diverges. The results obtained by dX!) for
rz = y = —2 were again compared to Sidi’s result, and were identical to the 5th
digit.

Example 5.5. In this example we consider the power series expansion of the func-
tion

Fley) = (142 +0.5y) 712 (1 + 20 4+ 0.2y) 70 47772

about the origin. The power series of f(x, y) = (14+2+05y)"15(1+22+0.2y)7"5
has terms which belongs to B We examine the performance of the approx-
imants d5Y) to f, which is the sum of f and a smooth bivariate function. The
addition of the latter is expected to make a negative effect upon the performance
of the transformation. f has two lines of singularity, at 1 +  + 0.5y = 0, and at
14224 0.2y = 0. The point (—%, —%) is a multicritical point. We first look at the
value of f at a point which is inside the range for which the double power series of

f converges:

f(=0.2,-0.3) = 4.822308536399305 . . ..
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TABLE 5.7
| nl,nz,n3| Size | cdd || ni, N9, N3 | Size | cdd || ni, N9, N3 | Size | cdd |
1,0,0 6 | 2.1b 1,1,1 10 [4.74 1,2,2 16 | 5.80
3,0,0 13 | 4.81 31,1 17 | 5.99 3,2,2 23 | 7.40
5,0,0 24 1 7.21 51,1 28 | 7.47 5,2,2 34 | 7.75

713

For this series, the do-transformation works very efficiently, as is evident from Table

5.7.

Comparing the results we obtained with the partial sums of the series itself, the

efficiency of the transformation is evident: the sum of the first 121 terms of the
power series is

th

Aroji0 = 4.8221925669415 . .

us 1s accurate only to 5 digits, whereas the ds-transformation is accurate to 7-8

digits using not more than 35 terms.

ra

We have also found that the ds-transformation is fairly efficient even beyond the
dius of convergence. At the point (#,y) = (1, 1),

F(1,1) = 0.1912084246051735 . . .

and we can still obtain an approximation which is accurate to 5-6 digits.

10.

TABLE 5.8
| nl,nz,n3| Size | cdd || ni, N9, N3 | Size | cdd || ni, N9, N3 | Size | cdd |
1,0,0 6 1.20 1,1,1 10 | 3.71 1,2,2 16 | 4.68
3,0,0 13 | 3.15 31,1 17 | 5.41 3,2,2 23 | 5.26
5,0,0 24 | 5.15 51,1 28 | 6.05 5,2,2 34 |5.28
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