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Multistep e—algorithm, Shanks’ transformation, and
Lotka—Volterra system by Hirota’s method
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Abstract

In this paper, we give a multistep extension of the e-algorithm of Wynn, and we show
that it implements a multistep extension of the Shanks’ sequence transformation which is
defined by ratios of determinants. Reciprocally, the quantities defined in this transformation
can be recursively computed by the multistep e—algorithm. The multistep e—algorithm and
the multistep Shanks’ transformation are related to an extended discrete Lotka—Volterra
system. These results are obtained by using the Hirota’s bilinear method, a procedure quite
useful in the solution of nonlinear partial differential and difference equations.

el

The scenery

Let (S,) be a sequence of numbers converging to S. If its convergence is slow, it can be trans-

formed, by a sequence transformation, into a set of new sequences {(Tén))}, depending on two
indexes k and n, and converging, under certain assumptions, faster to the same limit, that is such

that @ )

7, — S T, — S

lim = —— =0, or lim £ —=—
A well-known example of such a transformation is the Richardson extrapolation process,

which gives rise to the Romberg’s method for accelerating the convergence of the trapezoidal rule

=0, or both.
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for approximating a definite integral. Let us mention that sequence transformations can also be
applied to diverging power sequences, thus leading, in some situations, to interesting results such
as analytic continuation (this is the case of the e—algorithm which, applied to the partial sum of
a divergent power series, computes its Padé approximants).

In many sequence transformations, the terms of the new sequences can be expressed as ratios
of determinants, and there exists, in each particular case, a (usually nonlinear) recursive algorithm
for avoiding the computation of these determinants and implementing the transformation under

consideration [111,[38,[42-44].

The most well-known transformation of this type is due to Shanks [36L37]. It can be imple-
mented via the e-algorithm of Wynn [45]. Recently, a new recursive algorithm for accelerating
the convergence of sequences was derived by He, Hu, Sun and Weniger [14] from the lattice
Boussinesq equation. This algorithm resembles to the e-algorithm, and it was proved that the
quantities it computes can be expressed as ratios of determinants, thus extending the Shanks’
sequence transformation. In this paper, inspired by this approach, we will extend further the e—
algorithm, and we will show that it implements an extension of the Shanks’ transformation, thus
leading to a multistep e-algorithm and a multistep Shanks’ transformation. The proof makes use
of the Hirota’s bilinear method [I7] which was invented for resolving integrable nonlinear partial
differential or difference evolution equations having soliton solutions.

For some years now, there has been a great concern for convergence acceleration algorithms
among the community of mathematical physicists working on integrable systems, KdV and other
equations, soliton theory, Toda lattices, etc. [924]25,31,[32]. These researchers are interested
by the fact that convergence acceleration algorithms are nonlinear difference equations in two
variables whose solutions are explicitly known. Determinants often play a central role in this
type of problems as exemplified, for example, in [4I]. An important procedure for obtaining a
closed—form solution of soliton equations is the Hirota’s bilinear method [I7] which consists in
writing the solution as a ratio, and then working with its numerator and its denominator.

In Section 2] we discuss the Shanks’ sequence transformation and its implementation by the
e—algorithm of Wynn. The quantities involved in this transformation and in this algorithm are
expressed by ratios of Hankel determinants. In Section 3], we present our multistep extension of the
e—algorithm, and the corresponding multistep extension of the Shanks’ transformation. Section [4]
is devoted to some relations between determinants that will be useful for our purpose. The Hirota’s
bilinear method is presented in Section Bl In Section [6] we show that the quantities recursively
computed by the multistep e—algorithm correspond to the ratios of determinants defining the
multistep Shanks’ transformation, and, reciprocally, in Section [7, we show that the multistep
Shanks’ transformation can be implemented by the multistep e—algorithm. Finally, in Section [§]
the connection between an extended discrete hungry Lotka—Volterra system and the multistep
e—algorithm is discussed. Hirota’s method is essential for obtaining these results. The paper ends
by some considerations on further researches.



2 The Shanks’ transformation and the s—algorithm

The Shanks’ sequence transformation [36L37] e : (S,,) — {(ex(S,))} consists in transforming a
given sequence (S,,) into the set of sequences {(ex(S,))} whose terms are defined by

o Hk—l—l(Sn)

=—-, kn=0,1,... 1
,Hk;(AQSn)’ ,77, ) ) ( )

ek<Sn>
where A is the usual forward difference operator whose powers are defined by
ATIS = A'S, . — A'S,

with A%S,, = S, and where Hy(u,) denotes the Hankel determinant

Unp, Up4+1 Un+k—1
Un+1 Upy2 - Un+k
H"“(u") - : : : ’
Untk—1 Untk - Upg2k—2

with Ho(u,) = 1.
Obviously, replacing each row, in this determinant, by its difference with the previous one,
repeating this operation several times, and performing it also on the columns, we have

u .. u _
A" A"”Lk ! Uy, Au, --- AFly,
U e U .
”Hk(un) = AT A Unp+k—1 = ) )
. . k—1 k 2k—2
Ak_lu L Ak_lu ket A un A un A A un
n n+k—

The e-algorithm is a recursive algorithm due to Wynn [45] for implementing the Shanks’
transformation without computing the Hankel determinants appearing in (). Its rule is

1
n n+1
&']E:Jr)l:&']gil)—i—m, /{;,n:(),l,... (2)
€ T &k
with 5(_"1) =0 and 58") =5, forn=0,1,...
The connection between the e-algorithm and the Shanks’ transformation is given by

n n 1
5&;2 =e,(S,) and 5;k)+1 = m, k,n=0,1,... (3)

Thus, the 5;&1’8 are intermediate results, and we have

() _ Mit1(Sh) m _ Hi(A’S,)
2 =g (as,) M T 3 (AS,)



The quantities eé") are usually displayed in a two—dimensional array (the e—array) where the

lower index k remains the same in a column of the table, and the upper index n is the same in
a descending diagonal. Thus, the rule ([2)) relates four quantities located at the four vertices of a
lozenge in three different columns and two descending diagonals as showed below

(n)

€k
(n+1) (n)
€r—1 i) k11
n-+
€k

For implementing the e-algorithm efficiently, the best technique, due to Wynn [47/48], consists
in storing the last ascending diagonal of the e—array (in this diagonal the sum of the lower and the
upper indexes is constant), and to add, one by one, the terms of the sequence to be transformed.
Then, a new ascending diagonal is built step—by—step, by moving up the lozenge, and the new
diagonal gradually replaces the old one. The corresponding FORTRAN subroutine can be found
in [11].

Since the quantities with an odd lower index are intermediate computations, they can be
eliminated, thus leading to the cross rule also due to Wynn [49]

1 n 1 B 1 n 1
(n) (n+1) (n+2) (n+1) — _(n+2) (n+1) (n) (n+1)”°
Cokt+4 — Coky2 G2 T Copg2 Cok+2 ~ o2 Cok+2 T Cokq2
with the initial conditions z—:(fz) = oo and 58") =5, forn=0,1,... Obviously, it is also possible to

eliminate the eé")’s with an even lower index for obtaining a rule only involving quantities with a
lower odd index, although this is less useful from the numerical point of view.

The proof given by Wynn for his e-algorithm was mostly a verification of the link between the
Shanks’ transformation and the algorithm, since he introduced the ratios of Hankel determinants
for ex(S,,) and ex(AS,,) into the rule of the e-algorithm, and he showed that the equality held by
making use of the Sylvester’s determinantal identity and the Schweins’ one which can be found,
for example, in [I] (see [8, pp. 142-143] for their proofs). The difficulty of the proof resided in
the nonlinearity of the algorithm. Of course, Wynn’s great merit was the idea of the e-algorithm
itself, followed by this verification.

There are three approaches for linking a sequence transformation and a (usually nonlinear)
recursive algorithm for its implementation. By increasing order of complexity, they are

1. Verification: the transformation and the algorithm are both known, and one has to verify
that they lead to identical sequences. This is the way followed by Wynn in [45] when he
gave his e-algorithm.

2. Derivation: only the transformation is known, and one has to derive an algorithm for
its implementation. This is the case, for example, of the E—transformation which is the
most general sequence transformation known so far, and which can be implemented by
the F-algorithm, an algorithm which appeared almost simultaneously in various contexts
[6L13,22,[35]. This was also certainly the way Wynn followed when he derived his e
algorithm, although it was not presented like that in his paper [45].
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3. Proof: only the algorithm is known, and one has to guess a formula (that is a ratio of
determinants) for the transformation it is implementing, and to prove it. This was the
situation for the second generalization of the e-algorithm proposed in [5], whose form was
obtained by Salam [33/[34]. Let us mention that the #—algorithm [4] is an extrapolation
algorithm for which no determinantal formula is known yet, if it exists.

Now, after presenting the multistep e—algorithm and the multistep Shanks’ transformation
(Section B]), we will show, with the help of determinantal identities (Section M) and the Hirota’s
bilinear method (Section [l), how to go from the multistep e-algorithm to the multistep Shanks’
transformation (Section [d), and back (Section [).

3 The multistep c—algorithm and the multistep Shanks’
transformation

Let m be a fixed strictly positive integer. We define the multistep c—algorithm by the recursive

rule .
(n) (n+1)
Ek+l7m :Ekfm,m+ m (n+1) (n) 5 k’n: 0,]_,..., (4)
Hizl( k—m~+im k:feri,m)

with the initial values

O

—m,m

= 07 E(—ngﬂ—l,m = 6(—71721-1—2,771 == E(—nl),m =n, E(()fbgm - S7H n = 07 1a S (5)

Displaying these quantities in a double array similar to the e-array, we see that this rule relates
2m + 2 quantities located in an extended lozenge covering m + 2 columns and two descending
diagonals as showed below

(n)

ey
n+1 n
gkfm,m €k7m+2,m
(n+1)
gkferl,m

(n)
oy T
n+1 n
Ek:fl,m ( ) €k+1,m

n+1

Ek,m

The implementation of this algorithm using the technique of ascending diagonals, as described
above for the e—algorithm of Wynn, is more difficult, and it requires the storage of m ascending
diagonals for computing the (m + 1)th one.



In Section [6 we will prove that, for all k& and n, it holds

Hi41(Sn)
(n) _ _Mk41On)
E(m+1)k,m - Hk(AerlSn) ) (6)
(n) _ Hya (A™2S,)
5(m+1)(k—1)+1,m - Hk<ASn) ) <7>
(n) e (AT1S)
Emt) (k=) +im m, 1=2,3,...,m, (8)

where the determinants H; and ®;, which depend on m, are defined by

A™u,, AUy 1 AUy g1
Hk(un> = AQmun A2mun+1 AQmu"+k_1 R k= 17 27 , N = 07 17 B
A(kfil)mun A(Icfl).munJrl A(kfl)n;unj%,l
with H_(u,) =0 and Hy(u,) = 1, and where
n n+1 n+k—1
Uy, Up41 Un4k—1
Amun Amun+1 AmuyH,kfl
Op(u,) = A2y, A2y, A2y | k=1,2,..., n=0,1,...,
A(kfé)mun A(l<af2).mun_’_1 A(k72)rr;un+k_1

with ®_;(u,) =0 and ®g(u,) = 1.
Let us notice that, when m = 1, Hy(u,,) is identical to the usual Hankel determinant Hy(u,).

For proving these determinantal identities, we will follow a procedure similar, although more
difficult, to the procedure used in [14] (which is based on the Hirota’s bilinear method) for deriving
a determinantal expression for a new acceleration algorithm obtained from the lattice Boussinesq
equation. However, instead of the Jacobi’s determinantal identity, we will only use the Sylvester’s
one (which is, in fact, the same after a permutation of rows and columns), and we will not use
the Schwein’s identity.

Let us now define the multistep Shanks’ transformation ey, : (Sy) — {(ex.m(Sn))} by

(n)  Hia(Sn)

%mwﬁzgmﬂmm_ﬁﬂgﬁﬁﬁ” Fn=0,1,... 9)
Obviously, after proving (), we will also have
1
et = — k,n=0,1,...,

(m+1)k+1,m ek,m(ASn)’
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a result similar to the second relation (3)) for the e—algorithm of Wynn. Thus, only the quantities
e,gny)n’s whose first lower index is a multiple of m + 1 are interesting for the purpose of convergence
acceleration. All the other ones are intermediate computations. The computation of ey, ,,(S,) =
5E"m)+1)k,m needs the knowledge of S,,, ..., Shime-

For simplicity, we will omit to indicate that all the symbols used in this paper depend on the

fixed integer m.

We see that, when m = 1, the algorithm (H]) reduces to the e—algorithm (2]), and the trans-
formation (@) reduces to the Shanks’ transformation (). When m = 2, the recursive rule ()
reduces to the algorithm obtained in [14] from the lattice Boussinesq equation; see also [29.30)].

Let us mention that, due to (6)), the multistep Shanks’ transformation can likewise be imple-
mented by the E-algorithm [6] with g;(n) = A"™S, for i = 1,2,..., and for all n, and that we
get, for all k£ and n, E,g") = em(S,). Thus, by the fundamental property of the E-algorithm,
the kernel of the transformation (@) (that is the set of sequences which are transformed into a
constant sequence) is given by the

Theorem 1
A necessary and sufficient condition that, for all n, ey,(S,) = S is that there exist constants
ai,...,ag, ap # 0, such that, for all n,

S, =8 +aA™S, + a;A*™S, + - - 4+ aAF™S,,.
Let us remind that the kernel of the Shanks’ transformation ey, : (S,) — (exm(Sn) = 5;271)
is the set of sequences such that, for all n, S,, = S + b AS,, + - - - + by, AF™S,,, where by, ..., bim,
bim # 0, are constants. Thus, we have the

Corollary 1
The kernel to the multistep Shanks’ transformation ey, ,,, is contained into the kernel of the Shanks’
transformation ey, .

Moreover, due to the connection with the E—algorithm, all the convergence and acceleration
results proved for it [6,21] also hold for the multistep Shanks’ transformation.

In the next Sections, we will link the multistep Shanks’ transformation (@) and the multistep
e—algorithm (@) by means of the Hirota’s bilinear method. First, in Section M some relations
between the determinants Hy(A'S,) and ®;(A’S,) will be established. We will only employ
the Sylsvester’s determinantal identity, contrarily to the proofs given in [45] and [14] where the
Schweins’ determinantal identity is also used. Then, Hirota’s bilinear method will be presented in
Section Bl In Section [6 we will show that the quantities computed by the multistep e—algorithm
(@) are those defined in the multistep Shanks’ transformation (@)-(8). Conversely, in Section
[0 we will prove that the multistep Shanks’ transformation ([@)—(8) can be implemented by the
recursive rule ([]) of the multistep e—algorithm.



4 Relations between determinants

Let A be a square matrix, «, 3,7 and d numbers, a,b,c and d vectors of the same dimension as
A. Let M be the matrix

a a’ B
M=| b A c
v odb S
The Sylvester’s determinantal identity is
a a’ A ¢ a’ B b A
MI-JAT= 1y 4 "dT 5171 A ¢ "7 dr

Let us now prove some determinantal identities that will be useful in the sequel.
Lemma 1
Hk-i—l(ASn)Hk(AmSn—I—l) = Hk(Am+1Sn)Hk+1(Sn+1) - Hk(Am+1Sn+1)Hk+1(Sn)' (10)

Proof: we consider the determinant

. ) . 1
AT, ATFS, e ATTS e
D, = : : : = (=1)F Hg1 (A™S,).
Aithmg - Nitkmg o AFHRmMG
NS, NS Al

The second expression for D; is obtained by replacing each column, from the last one, by its
difference with the previous one. Thus, we get a determinant whose first row only contains 0 except
in the first column where the element is equal to 1. Expanding this determinant with respect
to its first row, and putting its last row as the first one, we see that D; = (—1)*Hy, 1 (A™1S,).
Let us now apply the Sylvester’s identity to the first expression of D, and perform a similar
manipulation on the rows and the columns of the other determinants, we obtain

Hk-+1(Ai+1sn)Hk(Ai+mSn+1):Hk(Ai+m+1sn)Hk+1 (AZSn_H) - Hk(Ai+m+1sn+1)Hk+1(AiSn).

Setting ¢ = 0 in this relation, we get (I0). W
A similar identity, which will be used in the sequel, also holds if S, is replaced by AS,,.

Lemma 2
Hiy(A™ S ) Hy 1 (A'S, 1) = Hyot (A S H (A1) — Hot (A5, 1) H(A'S,). (11)

Proof: let D, be the determinant obtained from D; by replacing k by k£ — 1, and moving the last
row to the second position. Replacing each column, from the last one, by its difference with the
previous one, we see that Dy = Hp(A1S,), and, applying the Sylvester’s identity to it, we get

@. n



Lemma 3
Hi(AS,)Hp(A™ Sy 41) = Hy(A™ S, ) Hi (Sn1) — His1 (Sn) Hy—1 (A™ S, 11). (12)
Proof: Setting i = m in (1), we have
Hy (A" S Hyo 1 (A™S 1) = Hypoa (A" S, H (A Spi1) — Him1 (A™ 1S, 1) Hi (A™S,,). (13)
Applying now the Sylvester’s identity to the determinant Hy1(A’S,), we get
Hy 1 (A'S) Hy (A8, 1) = Hp(A'S,) Hi (AT S, 1) — Hi(A'S, ) H (A™™S,).
Setting ¢ = 0 in this relation, we obtain
Hypy1(Sn) Hy -1 (A™Sny1) = Hi(S) Hy(A™Sny1) — He(Spy1) HL(A™S). (14)

Then, we multiply (I3) by Hy(S,+1), we multiply (I4) by Hy_;(A™"1S, 1), and we subtract.
It gives

Hy 1 (A™ S0 [Hi (A8, Hy (Si1) — Hyyr (Sn) Hi 1 (A" 1S, 14)]
= Hy(A™ Sy 1) [Hy 1 (A™F1S,) Hy(Sps1) — Hy(Sp) Hy 1 (A" 1S 11)].

Using ([I0), we see that the bracket in the right hand side is equal to Hi(AS,)Hi_1(A"Sp41).
After simplifying both sides by Hy_1(A™S,,11), we obtain (I2). N

A similar identity, which will be used in the sequel, also holds if S, is replaced by AS,,.
Lemma 4
Hi(A'S1) Hi -1 (A™2S,) = Hi (AT, @ (A1) — it (AT S10) @ (A'S,). - (15)

Proof: we consider the determinant

1 1 o 1
A'S, AiSnH e Ai5n+k+1
o | oaTms,atms, AR,
3= . : :
AHE=tmg - AHk=Dmg o ATEEDmG
n n + 1 LIRS n + k: + 1
Obviously, we also have
1 1 . 1
n n4+1 o n+k+1
Dy = (=1)* A'S, A'S, T A'Spikt
Ai+(k;1)m5n Ai+(’“_i)m5n+1 e AH(k_l);nSnJrkH
1 1 . 1
— (-1 AH1S, A Sy e ATIS,
AHIHE=)mg = AiIHk-lmg o AHHE=Dmg

= (=1)"H (AT2S,).



We apply now the Sylvester’s identity to the first expression of D3 given above, and replace D3 by
(—=1)*H,(A™2S,,). We get, after similar manipulations on the columns of the other determinants,

Hy(A™2S,) H(A'Sp11) = Hy(A™1S,,)@py 1 (ATS, 1) — Hi(A™1S, 1) @y (A'S,). (16)
Then, we apply the Sylvester’s identity to the determinant ®;,;(A’S,). We get
D1 (A'S) Hy—1(A"Spi1) = Pp(A'S,) Hi(A'Spi1) — @p(A'Spi1) Hy(A'S,,).

We multiply this identity by Hjy_1(A™1S, 1), we multiply () by ®x(A%S, 1), and we sub-
tract. It gives

Hyoo1 (DS 1) [@ra (A'Sn) Hy—1 (AT Sp40) — Hi(A™1S,) @i (A1)
= Hyp(A'S, 1) [ @) (A'S,) Hy (A8, 1) — Hy (A8, DL (AYS, 1))

Using (I6), we see that the bracket in the right hand side is equal to —Hy_1(A™2S,)Hj,_1(A'S, 1 1).
After simplifying both sides by Hy_1(A’S, 1), we obtain (IT]). B

Lemma 5
Hk(ASn)Hk,g(Am“SnH) = Hk,l(Am“SnH)Hk,l(ASn) — Hk,l(Am“Sn)Hk,l(ASnH). (17)

Proof: we consider the determinant

S, Sn+1 . SnJrk
D4 e Amsn Amsn+1 st AmSn+k
A(kfi)msn A(kfl)'msn_’_l . A(kfl).msn_’_k

After exchanging the first row and the second row, we see that Dy = —H,(AS,). Let us now
apply the Sylvester’s identity to Dy, and perform a similar manipulation on the first and second
row of the various determinants. We obtain (7). B

5 The Hirota’s bilinear method

The Hirota’s bilinear method [I7] is a technique which could be much useful for solving certain
nonlinear differential and difference equations. It consists in expressing the unknown as a ratio
and, then, in treating separately the numerator and the denominator.

We will now apply this method to the multistep e-algorithm, and set

m _ G

We first have the

10



Lemma 6

m m
n n+1 n+1,n n n+1 n+1,n o n n—+1 n n—+1
(Fk+m+1Gk - Fk Gk+m+1) H(Fk+in+z‘ B Fk+z‘ k‘+i) - _Fk+1Fk+m H Fk+i+1Fk+i—1' (19)
i=1

i=1

Proof:
Plugging (I8) into the recursive rule () of the e—algorithm, we get
b G L
R - (Gm ) m)
o e Bl
Fl?jnlzGZH — F£+1G21L71n _ H:ll FI?—mHF/?jani (20)
FI:L+1F£:L7711 H?ll(Fl?—m-‘riGZlL}n-‘ri B F/?jnll—i—iGz—m—f—i)'

Now, we cross—multiply the numerator of one side by the denominator of the other side, and
we equate both sides. Replacing k by k 4+ m and changing the sign, the equation (20) becomes

() since

m m+1 m
n n—+1 n n+1l __ n n—+1
Fk+m+1Fk HFkJriFk-l—i - H FkJriHFk—i—i N
i=1 i=1 1=0

The second preliminary result is contained in the

Lemma 7
If the following relations hold

n n+1 n+1 n n n+1
Fonini1Glominirr = et Glmsopns = ~Flmpnkra Fl e (21)
n n+1 n+1 n n n+1
Floninyi1 G- — Fmrn a1 Glmiopns = ~Flmingnre e (22)

and, fori=2,...,m+1,

n n+1 n+1 n n n+1
F(m+1)k+iG(r:+1)k+i B F(r:+1)k+z‘G(m+1)k+i - F(m+1)k+i+1F(Wj+1)k+i*1’ (23)
n n+1 n+1 n n n+1
FloniiiriG oy e—nsi ~ Flme 1)+ Clmt ki = Flninte-nsin Fmgpeion (24)
then ([9) follows.
Proof:

Let us first notice that, taking i = 1 in (23] and 24) gives (21 and (22]), respectively, after a
change in the signs of their right hand sides.

Let us separate (IJ) into the product of two relations, and prove that each of the following
formulae holds separately

m

H(FI?JMGZE - Fi?:z‘lGZH) ==+ H Fl?-i-i—l—lFl?:ilfl’ (25)
i=1

i=1

11



which are the products appearing in both sides of (I9), and

B G = BTG = FECA (26)
which are its remaining parts. Then, multiplying together (25) and (26)), we will obtain (I9), but
we must notice that the signs used in (23]) and (26) have to be opposite.

Let us assume that (2I)—(24]) hold true. The proofs of the relations (25) and (26]) have to be

separated into three cases according to the value of k in (I9).

e k replaced by (m + 1)k in ([28) and (24]).

o Multiplying together the relations (23]) for i = 2,...,m, and then multiplying each of its
sides by the corresponding side of (2I]) (which brings a change in the sign) proves (20]), with the
sign —, when k is replaced by (m + 1)k in (23]).

o Replacing k by (m + 1)k in (20), with the sign +, gives

n+1 n+1 n n n+1
F(m+1 k+1)G(m+1)k F(m+1 G(m+1)(k+1) - F(m+1)k+1F(m+1)k+m’

which is 24) for i = m + 1.
o We get ([[Q) by multiplying together the two relations.

e k replaced by (m+ 1)k + 1 in (25) and (24]).

o Multiplying together the relations (23)) for i = 2,...,m+1. The result is the same as adding
1 to all the lower indexes, and making the product for ¢ = 1,...,m, which is (28) with the sign
+.

o Replace k by (m + 1)k + 1 in (26l), with the sign —. It is exactly (22]) with k& + 1 instead of
k.

o Multiplying together the two relations, we obtain (9.
e /i replaced by (m + 1)k + 7, for j =2,...,m, in (25) and (20).

o Let 2 < 7 < m be fixed. Let us write that (23) holds with 2 <7+ j < m + 1 instead of i,
that isforte=1,...,m—j+1,

Fm+1

n+1 n+1
F(m+1 k+Z+JG —F (m+1)k+itj—1°

mA41)k+i+j (m+1)k+z+]G?m+1)k+i+j - F(rrln+1)k+z‘+j+1
Multiply together these relations for ¢ = 1,...,m — 7 4+ 1, and, then, make their product
for e = m—j+4+2,...,m. When ¢ = m — j + 2, the left hand side of this expression be-

n+1 n+1 n : : : :
comes F(mle k+m+2G(m+1 ka2 — F(mH)MmJr2 (nt 1)ktm42) and its right hand side is equal to

n+1 n+1 n—+1 n
F(m+1)k+m+3F(m+1)k+m+17 that is, respectively, F(m-l—l)(k—f—l +1G m+1) (k+1)+1 F(m+1)(k+1)+1G(m+1)(k+1)+17

and Fm+1)(k+1)+2F(1:n—:1)(k+1) Thus, by (1) with £ replaced by k + 1, these two expressions are

equal after changing the sign in one side. For i = m — j + 3, we have

n n+1 n+1 n _ n+1
F(m+1)k+m+3G m+1)k+m+3 F(m+1)k+m+3 (m+1)k+m+3 — F(m+1)k+m+4F(m+1)k+m+2’

that is
n+1 n+1 n o n n+1
F(m-l—l)(lc—i—l +2G mA+1) (b+1)+2 F(m+1)(k+1)+2 (m+1)(k+1)+2 — F(m+1)(k+1)+3F(m+1)(k+1)+1’
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which is ([23]) with k£ + 1 instead of k. And so on until ¢ = m. Thus in the products from
i =m — j+ 2 to m, the sign is changed in one, and only one, of the expressions due to (2I]), and
we finally obtain (25]) with the sign —.

o Let us replace k by (m + 1)k + j in (26)), with the sign +. We get

n+1 n+1 n n+1
F(m+1 ) (kA1) + Gm+1 Vk+j F(m+1)k‘+j (m+1)(k+1)+5 — (m+1)k+JF(m+1)(k+1)+jfl’

which is (24]) when k is replaced by k + 1.
o The product of the two relations gives (I9)).
Thus, (I9) have now been proved for all values of k. B

Finally, we are able to prove the
Theorem 2

The relation ([I9) holds with the F}'’s and the G}’s given by the following relations, for k =
0,1,...,

Fring-ne = He(A'S,), i=1,2,...,m+1 (27)
() (h—1)11 = Hip1(A™25,), (mank = Hir1(Sn), (28)
Gl = Pepa(A71S,), i=2,3,...,m. (29)

Proof:
We are now able to prove (2I)-(24)), with the F}"’s and G}V’s given by [27)-(29). Replacing the
determinants in ([I0) by their expressions, we obtain

n n+1 n+1 n n+1
F(m+1 k4+1) G(m+1)(k+1) F(m+1)(k+1 G(m+1)(k+1) = F(m+1)(k+1)+1F(m+1)k+m

which corresponds to (23] for the case i = m + 1. Replacing the determinants in ([I€) by their
expressions, we obtain the bilinear equation (23] for the cases ¢ = 2,3,...,m, which completes
the proof of the equation (23)).

Replacing the determinants in (I0) and ([I2]), both with AS,, instead of .S,,, by their expressions,
we see that the equations (1) and (22]) are satisfied.

Then, replacing the determinants in (I2)) by their expressions, we obtain

n+1 n n n+1
F (m+1>kG mrnyk-1) — (r:ﬂ)(kfl)G(mH)k = I (m+1)(k—1)+1F(rr—Li_Jrl)(kfl)er

which corresponds to (24]) for the case i = m + 1, while replacing the determinants in (3] by
their expressions, we get the bilinear equation (24]) for ¢ = 2,3, ..., m, which completes the proof
for the equation (24]).

Since the identities (2I)-(24) hold, then (I9) follows with the F}'’s and the G}’s given by
2 (@3). §

We also have the

Corollary 2
! EPHL

n+1 __ n rn+1 n
k+m+1F— F F, — F

k+m k+m

13



Proof:
Replacing the determinants in ([[II) by their expressions given by (27)), and k by k + 1, we obtain,

for i =1,...,m, the following relation without any G}
n n—+1 o n n—+1 n n—+1
F(m+1)k+i+1F(m+1)(k—1)+i = F(m+1)(k71)+i+1F(m+1)k+i - F(m+1)k+iF(m+1)(k—1)+i+1'

Similarly, the determinantal identity (I7) leads, after replacing k by k + 2, to

n n+1 n n+1 n n+1
F(m+1)(k+1)+1F(r:+1)k F(m+1)k+1F(m+1)(k+1) B F(m+1)(k+1)F(m+1)k+1>

which is the preceding relation for ¢ = m + 1. Thus, changing mk into m, these two identities
can be gathered into the single formula of the Corollary. B

6 From the multistep e—algorithm to the multistep Shanks’
transformation

By comparing (6)-(8) with the determinantal formulae ([27)-(29) of the Theorem [ for the F}'’s
and the G}’s issued from the Hirota’s method, we are now able to give the determinantal formulae
for the multistep e—algorithm. Consequently, from the Lemmas[6l [, and the Theorem 2] we have
the

Theorem 3
The quantities eggb computed by the multistep e—algorithm (@), with the initializations (H), are
expressed by the ratios of determinants (@), (@), and ().

Thus, starting from the determinantal identities between Hy(AS,) and ®;(A'S,,), we proved
that (2I)-(24]) are satisfied with the determinantal formulae ([27)-(29) for the F}*’s and the G}'s.
Then, () followed, and we concluded that the determinantal expressions [@)-(@) for the &\ ’s

k,m

hold true. Notice that all these results were obtained without using the rule ({]) of the multistep
e—algorithm.

Let us remind that, as noticed in [2] and fully explained in [7], we have

(n) o fk,m(Snu RN SnJr(erl)k) (n) ka,m<ASn7 ) ASnJr(erl)k)

€ = s €lm m = s
(m+1)km ka,m(sna S Sn-l—(m-‘,—l)k) (mA1)k+1, fk,m(ASna BRI Asn—l—(m-l—l)k)

where fi,, is a function depending on (m + 1)k + 1 variables and such that D?fj, ,,, = 0, where
D fy, ., denotes the sum of the partial derivatives of f, ,,. Thus, we obtain the following connection
with Hirota’s bilinear method

G?m+1)]{; = fk,m(Sna ceey Sn—i—(m—l—l)k)a F(T:n_i_l)k = ka,m(sna ceey Sn—l—(m—l—l)k)a
G?m+1)k+1 = ka,m(ASna SRR ASnJr(erl)k)a F&L+1)k+1 = fk,m(ASna SRR ASnJr(erl)k)a

and, according to this theory, the multistep Shanks’ transformation is quasilinear that is ey, ,,, (S, +
b) = aem(Sy) + b, a result which can be seen directly from ().

14



7 From the multistep Shanks’ transformation to the mul-
tistep e—algorithm

We will show now how to derive the recursive rule ([l of the multistep e—algorithm from the
definition (@)—(8) of the multistep Shanks’ transformation.
From the determinantal identity (I2]), we get

(n) nt1)  Hipya(Sh) Hit1(Sn41)
(m+ 1) (k1) m St D = Hy (A™HS,)  Hy(AmH1S, )
Hyyo(Sn) Hi(A™ 1S 41) — Hiy1 (Sns1) Hep 1 (A™1S,)
Hi 1 (A™HLS ) H (A™HLS, 1)
 Hp1(ASR) Hi 1 (A™ S
Hrot (A5, Ho (A5, q)

3

Similarly, by the identity (I2]) with S, replaced by AS,, we get

 Hen(A™25,)  H(A™2S,,)

mEDkeLm T Hy 5(AS,) Hier(ASus)

Hi 1 (A28, Hy 1 (ASni1) — Hp(A™2 S, 41) Hia(AS,)
Hyy2(AS) Hy 1 (ASns1)

Hyp 1 (AS,) Hya (A™1S,40)

B : 31
Hiy2(ASy) Hy 1 (ASp41) (31)

(n) (n+1)
Ema)(k+D)+1,m — &

We also get the following relation from the identity (IH])

Q) gy q’k+3(Aif15n) B q’k+2(Ai7_15n+1)

DL Him - mtLtm Hj12(ALS,) Hy1(A"Snt1)

Doy 3(A1S,) Hipy 1 (A1) — Ppepo(A1S041) Hiy2(A'S,)
Hipyo(ASy) Hipy 1 (A" Sy41)

 Hy2 (A7 S0 41) Hi 1 (AT1S,)

Hyyo(A1S,) Hy 1 (A1Spy)

i=2.3,....m. (32)

Besides, from the identity (I0), with AS,, instead of S,,, we get

Lt ) _ _ Hi(A™2S.41)  Hi(A™2S,)
(mADk+lm = (mt1k+1m Hy1(ASny1) Hy 1 (ASy)
Hk(Am+QSn+1)Hk+1(ASn) - Hk(Am+QSn)Hk+1(ASn+1)
Hy1(ASp11) Hi1(ASy)
Hy (A28,) Hy(A™18,)
Hi1 (ASps1) Hy1 (AS,)

15



From (I0), we get

(n+1) (n)  Higpa(Si) Hi42(5n)
Fomt )k t)m — Em) (ke )m Hyt(A™1S,00)  Hyp (A™HLS,,)
Hyi2(Spi1) Heyt(A™1S,) — Hyyo(Sn) Hi 1 (A™1S,)
Heoor (A1, . Hepy (A5,
Hk+2<ASn>Hk+1(AmSn+1> (34)
Hip1 (A1 1) Hga (A™FLS,,)

Finally, from the identity (I€), we have, for i =2, ... m,

L) ‘I)k+2(Aif15n+1) B ‘I>k+2(Aif15n)
(m+1)k+i,m (mA41)k+i,m Hy 1 (ALS, 1) Hy1(ALS,,)
o Oa(ATS0 ) He 1 (A'Sn) — @pyo (A8 Hi 1 (A'Sh)
B Hyo1 (A1) Hie 1 (A'Sy)
Hy 1 (A8, Hy 1 (A1 S0 11) (35)
Hi1 (ALSp 1) Hi1 (ALS,)

Then, from the formulae ([B3)—(35), we have

ﬁ(€(n+1) B 5(n) ) - _Hk+1(A2Sn)Hk(Am+1Sn+1) m Hk—l—l(AiJFlSn)Hk—H(Ai*lSn_’_l)
(m~+1)k+i,m (m+1)k+im/
=1

Hi1(ASp1) Hy 1 (AS,) 5 Hiep1(AWS,) Hi 1 (AS41)
_Hk<Am+1Sn+1)Hk+l<Am+15n) (36)
Hi1(ASy) Hy 1 (A S41)

Comparing ([B0) and (B6]), we obtain the rule () of the multistep e-algorithm where the lower
index k is replaced by (m + 1)k + 1.

We can also derive the following formula

ﬁl(e(nﬂ) e ) = Hio(AS,)Hy 1 (A™S,11) ﬁ H/H-l(AHIASn)HkH(A%*lSn_H)
i=2 Rk Hi ot (A8 1) Hypr (A™H1S,) 55 Hi1(A%S0) Hyy 1 (A'S 1)
_ (A8 Hey (ASny) (37)
Hyo1 (A28, Hy (A4S, )

Comparing ((31)) and ([B7), we obtain the rule () of the multistep e-algorithm where the lower
index k is replaced by (m + 1)k + 2.
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Besides, we have, for i = 2,...,m,

m-+i
(n+1) (n) _
LT CElnitessom = Eomsvyperson) =
j=i+1
m i—1
(n+1) (n+1) (n)
H (E(m-l-l)k-l—j,m - m+1 Vk+j,m H (m—l—l)(k—f—l +jm (m+1)(k+1)+] m>
j=i+1 j=2
(n+1) (n) (n+1) (n)
'<5(m+1)(k+1), = Elmt1) (k+1),m )<€(m+1)(k+1)+1m - (m+1)(k+1)+1m)
_ ﬁ Hy g1 (ATPES, ) Hy o (AT71S,41) H Hy o (AT, Hy oo (A5, 1)
=it Hy (A Sy41) Hy 1 (AIS,) Hiyo(AIS, 1) Hyy2(AIS,,)

- Hpo(ASy)Hy1 (A" Spin) Hk+2(A Sn) Hy 1 (A8, 44)
Hyp 1 (A™ 1S, 1) Hy 1 (A™FLS,) Hi2(ASni1)Hip2(AS,)
 He 1 (AS) Hin(A'S,)
Hy 1 (A8, ) Hy o (A1S, 1)

(38)

Comparing ([32) and (B8), we obtain the rule () of the multistep e-algorithm with the lower
index k replaced by (m+1)k+i+1, fori = 2,3,...,m. Therefore, the multistep e—algorithm has
been derived from the definition (@), () and () of the multistep Shanks’ transformation, and we
have the

Theorem 4
The multistep Shanks’ transformation defined by (@), (7), and (8) can be implemented by the
recursive rules @) of the multistep e—algorithm, with the initializations (H).

8 An extended discrete Lotka—Volterra system

Recently, as explained in Section[I] it has been shown that integrable systems are closely related to
numerical algorithms. On one hand, some numerical algorithms are found to be soliton equations.
For example, one step of the () R—algorithm is equivalent to the time evolution of the finite non—
periodic Toda lattice [39]. The e-algorithm is nothing but the fully—discrete potential KdV
equation, and the p-algorithm is considered to be the fully-discrete cylindrical KdV equations
or the Milne-Thomson equation, see [24,206,[3T,41,45]. On the other hand, integrable systems
can be used for designing new numerical algorithms. For example, the discrete Lotka—Volterra
system has applications in numerical algorithms for computing singular values [19,20,40], the
continuous—time Toda equation leads to a new algorithm for computing the Laplace transform of
a given analytic function [27], and the discrete relativistic Toda molecule equation leads to a new
Padé approximation algorithm for formal power series [23].

In this section, we will show that there exist a Miura transformation between the multistep

k— m—1

-1
e—algorithm (@) and a discrete integrable system. In fact, if we set (a(") ) = 5,(6";1) - 6,(€nr)n,
P )
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then equation () is transformed into the extended discrete Lotka—Volterra equation

m—1 m—1

al(cnjm;lﬂ‘ - H a/(i‘n—)mT_l-i-’i - a(n)l - a(n}tl) : (39)
=0 i=0 oo et o mtl
This equation can be considered as the time discretization, for N = —1, of
g [ —N-1 ~N-1
7 ( —m) =] « kim+1+ - 1] a;_lmTH_i, m=1,2,..., N=-1,-2..., (40)
i=0 i=0 i=0

which is called the extended Lotka—Volterra equation. This equation was first proposed in [2§],
and it was developed in [I8]. Indeed, with N = —1, ([@{) becomes

m—1
d 1 1
- <H akm21+i> = - : (41)

a +1 a +1
i=0 kA5 k==

Now, consider n as the discretization of ¢, and replace the derivative in the left hand side of ([4I])
by the forward difference A acting on n. The left hand side becomes

H

m— m—1

(n+1) B (n)
a._ —Lti A m—1 +i

=0 i=0

Then, replace ay in the first term of the right hand side of (@Il by a,g"),and, in its second term,
by a("+1 We get (39).

Using the relations (21]) and (23]), we obtain the solution of (B3]

n+1
o™ o 1 B F(m+1)k+1F(m+1)k+1
m41) k11— (n+1) (n) o n n+1 )
) ? EmatDk+1,m — E(miDk+1,m F(m+1)k+2F(m+1)
n n+1
(n) 1 o F(m+1)k‘+zF(m+1)k+z
m+1)k+i— 2 (n+1) (n) T n+1 )
( (mADk+i;m — E(m+1)ktim F( +1 )/’€+Z+1F(m+1)k+Z 1
1=2,....,m+1,
that is
o) _ H (AT ) H (AT S 10) (42)
Hmr ot Hy1 (AS,) Hi(A™Spp1)
™ _ Hy 11 (ASn) Hy1(ASn41) (43)
(mA1)k— 5141  Hpyy (A28, Hy(A™1S, )’
4 _ Hia (A Sy) Hyya (A S (44)
(m+1)k—"71 45 Hyp 1 (AHLS)) Hy o (A71S, )
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where j =2,...,m,and k= —m + 1,—m + 2, ..., with the initial values

ad” o =00,d™ o ==d" o =nad" = 1/AS,. (45)
—m—Tg —mtl-Ta= —l="5= -

The difference equation (B9), with the initial values ([3]), is said to be the integrable time
discretization of the extended Lotka—Volterra equation (40) in the sense that its solution is given
by [@2)— 4). Conversely, the extended discrete Lotka—Volterra equation ({) can be seen as the
time continuation of ([BY) with the initializations (4]).

Consider the particular case m = 1. Then, (@) reduces to the e-algorithm and equation (B39)
becomes

gt g b1
k k o n n+1)’
ot @

By the dependent variable transformation

n (n-+1)
ugc )  Op

n+l) n) "’
ul(c—l al(<;+1

we obtain the discrete Lotka—Volterra equation
uf Y (1Y) =l (14l (46)

Then, the e—algorithm can be transformed into the discrete Lotka—Volterra equation (46l through
the following Miura transformation

(n) (n+1) (n)

U, " Cky11 k1
(n+1) — _(n+2) (n+1) "
Up_q Cp—11 — Ck—1,1

Thus, the e—algorithm can be considered as the discrete Lotka—Volterra equation (46]), and more
generally, the multistep e—algorithm (4] is equivalent to the extended discrete Lotka—Volterra

equation (39).

9 Conclusion and future researches

Starting from the recursive rule () of the multistep e—algorithm, we first obtained, from the
Hirota’s bilinear method, the coupled relations (2I)—(24). Then, applying the Sylvester’s identity
to the determinants Hj(A%S,) and ®4(AS,), we got the formulae (Z7)—(29) which express the
quantities 51&% as ratios of determinants. Thus, we were able to prove that the e,(gnzl’s are defined
as ratios of determinants, and then to derive the recursive rule () of the multistép e—algorithm,
with the initializations (H), from the determinantal formulae defining the quantities 51(:731 It must

be noticed that, contrarily to the approaches of [45] and [14], we did not make use of the Schweins’
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determinantal identity, but only of the Sylvester’s one. The difficult point was to find to which
determinants this identity had to be applied. Then, we showed that the multistep e—algorithm
was related to an extended discrete Lotka—Volterra system.

When m = 1, the relations (8]) disappear, and the Hirota’s bilinear method leads to a new proof
that the e—algorithm of Wynn implements the Shanks’ sequence transformation and, reciprocally,
that the quantities computed by this algorithm are expressed by the ratios of Hankel determinants
defining the Shanks’ transformation.

The approach developed above could possibly be extended to other nonlinear convergence
acceleration algorithms such as, for example, the g-difference version of the e-algorithm proposed
in [I5], or its two generalizations given in [5], or the other one presented in [I6], or the general
e—algorithm of [12], or the p-algorithm [46], and the y—algorithm which generalizes it [3]. Other
algorithms related to them, such as the gd, the n, the w, and the rs-algorithms, and the g—
decomposition, could also possibly be treated in a similar way (see [I1] for their definitions).
The quantities computed by these algorithms are all defined as ratios of determinants. These
extensions, as well as extensions to other acceleration algorithms, will be the subject of future
works. Let us mention that the confluent form of the multistep e-algorithm is studied in [10]. It
leads to a multistep Lotka—Volterra equation.
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