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Abstract. Although Gaussian elimination uses O(ns) operations to invert an arbitrary matrix, matrices
with a special Vandermonde structure can be inverted in only O(n?) operations by the fast Traub algorithm
[T66]. It was noticed in [GO97] that with a minor modification of the Traub algorithm it can typically
yield a very high accuracy. The Traub algorithm has been extended from Vandermonde matrices V (z) =
[ /7" ] involving monomials to polynomial Vandermonde matrices Vr(z) = [ r;-1(z;) | involving real
orthogonal polynomials [CR93], [GO94], and the Szegd polynomials [O01].

In this paper we consider a new more general class of polynomials that we suggest to call H-(1,1)-
q.s. polynomials. The new class is wide enough to include all of the above important special cases, e.g.,
monomials, real orthogonal polynomials and the Szegé polynomials. We derive a fast O(n?) Traub-like
algorithm to invert the associated H-(1,1)-q.s.- Vandermonde matrices.

In the course of considering the new Traub-like algorithm, three different sets of recurrence relations
for the associated (generalized Horner) polynomials are derived to achieve the O(n?) complexity. These
recurrence relations apply also to the H-(1,1)-q.s. polynomials themselves; more specifically, to particular
subclasses of H-(1,1)-q.s. polynomials. Thus these different sets of recurrence relations are also used to
characterize some subclasses of H-(1,1)-g.s. polynomials.

The class of quasiseparable matrices is garnering a lot of attention recently; it has been found to be
useful in designing a number of fast algorithms. The derivation of our new Traub-like algorithm is also
based on exploiting the quasiseparable order (1,1) structure of the corresponding Hessenberg matrices (thus
suggesting the name H-(1,1)-q.s. polynomials). The encouraging results of the first numerical experiments
are presented.

1. Introduction

1.1. Inversion of polynomial-Vandermonde matrices

For a given system of polynomials R = {r¢(z),71(z),...,rn—1(2)} and set of nodes z = (z1,...,2,), the
corresponding polynomial- Vandermonde matrix Vg(z) = [ rj_1(z;) | is given by
7"0(171) 7’1(561) Tnfl(xl)
7"0(172) 7’1(562) Tnfl(-fQ)
Vr(z) = : : : . (1.1)
To (In) T1 (-:Cn) e 7"nfl(-fcn)

We consider in this paper the problem of inversion of the matrix Vg(z) for a given system of polynomials R
in terms of the recurrence relations they satisfy.

In the simplest case where R = {1,z,22,...,2" 1}, Vg(x) reduces to a classical Vandermonde matrix
and the inversion algorithm is due to Traub [T66]. It was shown in [GO97] that a minor modification of the
original Traub algorithm results in very good accuracy.

While the structure-ignoring approach of Gaussian elimination for inversion of Vg (z) requires O(n?)
operations, the special structure allows algorithms to be derived exploiting that structure, resulting in fast
algorithms computing n? entries of the inverse in O(n?) operations. Previous work in deriving such fast
algorithms for inversion of Vi (z) for various special cases of the polynomial system R are listed in Table 1.
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| Matrix Vg(z) | Polynomial System R | Fast inversion algorithm |
Classical Vandermonde monomials Traub [T66]
Chebyshev-Vandermonde | Chebyshev polynomials Gohberg-Olshevsky [GO94]
Three-Term Vandermonde | Real orthogonal polynomials | Calvetti-Reichel [CR93]
Szego-Vandermonde Szego polynomials Olshevsky [O01]

TABLE 1. Fast O(n?) inversion algorithms.

1.2. A more general class of polynomials

In this paper, we consider a more general class of polynomials that contains all of those listed in Table 1 as
special cases. For simplicity, we start the introduction by considering the class of polynomials that satisfy
the fairly general recurrence relations’

ri(x) = (= 0k) - Th—1(x) — (B + &) - TE—2(2). (1.2)

To show that these recurrence relations generalize those satisfied by the special cases listed in Table 1,
we list each system and corresponding recurrence relations in Table 2.

| Polynomial System R Recurrence relations

monomials re(x) =x - rp—1(x)

Chebyshev polynomials rp(x) =22 - rp—1(x) — rp—2(x)

Real orthogonal polynomials | ri(z) = (arz — 0k )rg—1(x) — Y& - re—2(2)

; . _ (1 pe 1 (o prea
Szegd polynomials rp(z) = (#k:v + #k) ri—1(x) (Pk—l - .I') ri—2(2)
Note: Typically the 2-term recurrence relations (7.10) are used for
the Szegd polynomials in practice . It is convenient to use here the 3-term

recurrence relations of [G48] to draw a theoretical connection to (1.2).

() = (g — 6)ri—1(x) — (BkT + Y )TR—2(T)

TABLE 2. Systems of polynomials and corresponding recurrence relations.

1n fact, the algorithm we derive is valid for a slightly larger class of polynomials than those satisfying these recurrence relations.
This is the class of H-(1, 1)-q.s. polynomials, named for their relation to quasiseparable matrices; see Definition 1.3 for the formal
definition, and Section 4 for more details.
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1.3. Matrix interpretation of recurrence relations (1.2)

It will be shown in Theorem 4.7 below that the systems of polynomials satisfying (1.2) are related to what
we suggest to call a counterpart matrix,

r 5 5 5 5
5y ?1162""72 0711524-% Bs (711524-’72 Bs Ba o (711524-% Bs B1) . . [ Bn
[e5] Q2 Q2 (6%} Q2 [e%:} Qg Q2 a3 Qg Qn
P B2 P} B2 92 B2
1 & B2 <@+ﬂ1a2)ﬁ3+73 (@+ﬂ1ﬂ2)ﬁ3+73 (&) (@+ﬂ1ﬂ2)ﬁ3+73 (&) (ﬁ_n)
a1 Qg @12 as as (e 7} a3 Qg Qn
(B+aais ) ot
1 EER B3 ag " agag )P4
[e') a3 Q23 (o7}
A= i b B
a3 Qg a3
1
o (6"*1 +B"7*1)ﬁ 4
. An—1 An—2%n—1 n
]
1 Sn o Bn
L Qn—1 [e20) QAnp—1Qn h
(1.3)
via
ri(®) = ay--agdet (] — A) g, - (1.4)

That is, the polynomials ri(x) are (scaled) characteristic polynomials of the principal submatrices of the
matrix A. Clearly, the matrix A = [a;;] is (i) upper Hessenberg, i.e., i > j + 1 implies a;; = 0, and further
(if) it is irreducible, i.e., aj41; #0for i =1,...,n— 1.

Two important special cases of polynomials 7 (x) as in (1.4), and corresponding counterpart matrices
A are presented next.
Example 1.1 (Real-orthogonal polynomials & tridiagonal matrices). The three-term recurrence relations

Te(7) = (kT — Og)Th—1 (%) — Yk - TR—2(T)

satisfied by real-orthogonal polynomials (see Table 2) are easily seen to be a special case of (1.2) with 8, = 0.
Secondly, taking 8 = 0 for each k, the matrix A of (1.3) reduces to the tridiagonal matrix

T o2 0 7
[e5] a2
1 b
(5] Q2
A= o L . =2 o |. (1.5)
a2 Qn—1
On—1 On
’ Toan-1  an
0O --- 0 L n
L Qn—1 Qpn 4

In this special tridiagonal case the relation (1.4) is classical in the theory of real orthogonal polynomials, see
[SB92], theorems 3.6.3, 3.6.20.

Example 1.2 (Szeg6 polynomials & unitary Hessenberg matrices). Polynomials orthogonal on the unit circle,
or Szegd polynomials, satisfy the recurrence relations? (cf. with Table 2)

ri () = ( Loy 1 )m_l(:v) _ (”—’“@ x) re_a(z), (1.6)

E Pr—1 E Pk—1 Mk

see, e.g., [G48]. These recurrence relations are also a special case of (1.2) with

1 1 pk Hk—1 Pk
o = —, 5k - - 5 Bk = 5 Y = 0. (17)
Kk HE Pr—1 HE  Pr—1
2Here the complex numbers {pp := —1,p1,...,pn} such that |px| < 1 are referred to as reflection coefficients, and py, :=

V1 —|pg|? if |px| < 1 and pg :=1if |pg| = 1 are called complementary parameters.
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Also, inserting the relations (1.7) into the matrix A of (1.3) results in the well-known wunitary Hessenberg
matriz of the form

—PoP1  —POMIP2  —PoMIM2P3 = POHL Hn—1Pn
M1 —pip2 —pIH2ps3 o —PIH2 Bn—1Pn
A= 0 iz —P5p3 S P33 1P (1.8)
0 e 0 Pn—1 —Pp—1Pn

Again, the relation (1.4) connecting the Szegd polynomials (1.6) and the unitary Hessenberg matrices (1.8)
is well-known, see, e.g., [001] and the references therein.

The tridiagonal (1.5), unitary Hessenberg (1.8) and counterpart (1.3) matrices are special cases of a
more general class of matrices, defined next.

1.4. Main tool: quasiseparable matrces and polynomials
Definition 1.3. (Quasiseparable matrices and polynomials)

o A matriz A is called H-(1,n)-quasiseparable if (i) it is upper Hessenberg, and (ii) max(rank A13) = n
where the maximum is taken over all symmetric partitions of the form

o

o Let A = [ay] be an irreducible (i.e., a;41,; # 0), H-(1,1)-quasiseparable matriz with a; = 1/a;41,.
Then the system of polynomials related to A via

ri(®) = ar--agdet (2 — A) g, -
is called a system of Hessenberg-(1,1)-quasiseparable polynomials, or H-(1,1)-q.s. polynomials.
Remark 1.4. The counterpart matrix A (1.3) is irreducible H-(1, 1)-quasiseparable. Indeed, one can see that
in any partition A = - A*12 } the (k — 1)-st column Aq3(:,k — 1) and the k-th column Ajs(:, k) of the

matrix Ajs are scalar multiples of each other:

Alg(l,k) = g;:;z Alg(Z, k— 1)

E.g., inspect the 2 x (n — 2) matrix

et (@) et (@) (@) ety (@) (@) (&)
[} as [} e %} Qg a2 (6%} Qg a5
Bs
a5

App = (2_22+afi2)53+73 (2_22+0‘fi2)ﬁ3+73 (&) w (&) ( :

a3 a3 Qg a3 Qg

Hence we have the following remark.
Remark 1.5. Polynomials satisfying the recurrence relations (1.2) are a special case of H-(1,1)-q.s. polyno-
mials.

The two matrix examples of subsection 1.3 indicate that tridiagonal matrices and unitary Hessenberg
matrices are special counterpart matrices implying that the class of H-(1, 1)-q.s. polynomials is wide enough
to include the important classes of real orthogonal polynomials and Szegd polynomials as special cases.

1.5. Main problem: Inversion of H-(1, 1)-q.s.-Vandermonde matrices

In this paper we extend the Traub algorithm to a polynomial-Vandermonde matrix Vz(x) whose defining
polynomial system R is a H-(1, 1)-q.s. system. The new algorithm generalizes the corresponding algorithms
for monomials, real orthogonal polynomials, and Szegd polynomials, which are themselves special cases of
H-(1, 1)-q.s. polynomials. Also, it applies to another important special case when polynomials R satisfy the
general recurrence relations (1.2). The full characterization of the class of polynomials for which the new
Traub-like algorithm is applicable is given in the next subsection.
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1.6. Full characterization of H-(1,1)-q.s. matrices and polynomials via recurrence relations

It was observed in Remark 1.5 that the class of H-(1, 1)-g.s. polynomials includes polynomials satisfying (1.2)
as a special case. At the same time, in the footnote of Section 1.3 we briefly mentioned (see Section 8 for
more details) that the class of polynomials (1.2) is actually slightly narrower than the class of all H-(1, 1)-q.s.
polynomials. Hence the latter cannot be characterized via three-term recurrence relations (1.2).

As it will be shown in Section 8, the class of H-(1, 1)-q.s. polynomials {ry(z)} can be fully characterized
by the two-term recurrence relations of the form

[ f";:((:ZC)) } B [ o 5kxﬁ—l|€— O ] [ f::ll((f)) ] : (1.9)

where {G(x)} are some auxiliary polynomials. In this case the relation (1.4) is true for {ry(z)} and the
following H-(1, 1)-q.s. matrix

—1?;—1 —519—2) —fraa(3) —Progas(y) - —Pronosog a1 (3E)
o —5 —B2(32) —Bras(3r) 0 —Peazasanoi(3R)
0 = —-% —05(3H) —Baas - an—1(3*)
2 3 4 n
a=| ; B o (1.10)
53 64
: : . . B 1(22)
1 On
L0 0 0 . —fa ]

Two remarks are due.
Remark 1.6. First observe that a choice of coefficients including «p = 0 in (1.9) converts (1.10) into a
tridiagonal matrix as in (1.5). Secondly, the choices

.
A = Uk, Bk:p;;—l:u’kv Vk:p_ka 5k:i7 ek:M
Mk Mk Mk

for the coefficients of (1.9) convert (1.10) into a unitary Hessenberg matrix (1.8). It is another indication that
the class of polynomials {ry(x)} in (1.9) included the real orthogonal polynomials and the Szegd polynomials
as important special cases.
Remark 1.7. The reader might think that the two-term recurrence relations (1.9) generalize the classical

Szego formula
R0 el R RO e el P B O 3056 IR

for the Szego polynomials {(bk#(:v)} Apparently, this is not the case. Indeed,
e In section 8.2 below we will obtain a true generalization

EIRERIIR=

ri(z) e 1 (Opx + Ok )ri—1 () )
of the Szego formula (1.11).

e The difference between the general (1.9) and the Szegd-type (1.12) two-term relations is as follows. It is
easy to see that in the Szego-type relations (1.12) the polynomials have the same degree: deg G (z) =
deg i (x), while in the general relations (1.9) the degrees are different: deg Gy (x) = degri(x) — 1.

e Although the latter fact might seem to be quite minor at first glance, it indicates the difference between
(1.12) and (1.9) which is actually more substantial. In fact, the class of polynomials satisfying (1.12)
is only a proper subset of H-(1,1)-q.s. polynomials, so (1.12) cannot be used to characterize the latter.
It is the most general recurrence relations (1.9) that provide a full characterization of the class of
H-(1,1)-q.s. polynomials.

1.7. Structure of the paper

In Section 2 an inversion formula valid for a general system of polynomials (although expensive in general)
is presented. The formula presented there reduces the problem of inversion of Vg (z) to that of evaluating
the so-called associated polynomials R corresponding to the polynomial system R. In Section 3 a relation
between the polynomial systems R and R is presented in terms of their confederate matrices. This relation
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suggests a procedure for evaluating the associated polynomials R. In Section 4 quasiseparable matrices are
defined, and a conversion from the polynomial language (i.e. polynomials satisfying (1.2)) to the matrix
language (i.e. generators of a quasiseparable matrix) is given. In Section 5, perturbed recurrence relations
are presented for the associated polynomials R. Tt is these recurrence relations that allow the computational
speedup that results in a fast O(n?) algorithm, presented formally in Section 7. Three different sets of
recurrence relations are given, two generalizing known formulas for real orthogonal polynomials and Szego
polynomials, and a third that produces new formulas for these cases. In Section 6, a fast algorithm for
computing the coefficients of the master polynomial is presented. This is required in step 2 of Algorithm 3.2.
In Section 7 the algorithm is presented in full detail. The reduction in the special cases of monomials, real
orthogonal polynomials, and Szego polynomials is examined in detail as well. In Section 8, several theorems
are presented that completely characterize systems of H-(1,1)-q.s. polynomials in terms of the Hessenberg,
order (1,1) quasiseparable matrices they correspond to, and vice versa. Section 9 consists of some results of
numerical experiments with the proposed algorithm, and conclusions are offered in the final section. Some
proofs have additionally been postponed to the appendix, which follows the conclusions.

2. Inversion formula

In this section we present a formula and overview of the suggested algorithm used to invert a polynomial-

Vandermonde matrix as in (1.1). Such a matrix is completely determined by n polynomials R = {ro(x),...,mn—1(z)}
and n nodes x = (1, ...,2,). The desired inverse Vz(x)~! is given by the formula
Ve(z)™ =1-Vi(z)-diag(cr,. .., cn), (2.1)

(see [098], [001]) where
¢ = H(:vk — ;)71 (2.2)

k=1
ki
I is the antidiagonal matrix
0 0 1
A (2.3)
1 0 0

and R is the system of associated (generalized Horner) polynomials, defined as follows: if we define the master
polynomial P(x) by P(x) = (x—x1) - - - (x—2,,), then for the polynomial system R = {ro(x),...,rn—1(z), P(x)},

the associated polynomials R = {7y(x), ...,7n_1(z), P(z)} are those satisfying the relations
n—1
P(z)-P
PO 3 o) s ), (2.4
k=0

see [KO97]. A discussion showing the existence of polynomials satisfying these relations (2.4) for any poly-
nomial system R is given in [BEGKOO07]. This definition can be seen as a generalization of the Horner
polynomials associated with the monomials, cf. with the discussion in section 3.3 below.

This discussion gives a relation between the inverse Vz(x) ™! and the polynomial-Vandermonde matrix
Vz(z), where R is the system of polynomials associated with R. To use this in order to invert Vg (z), one
needs to evaluate the polynomials R at the nodes z to form Vg (2), and a procedure for doing this is suggested
by their confederate matrices defined next.

3. Confederate matrix interpretation of associated polynomials R involved in the
inversion formula (2.1)

3.1. Definition of the confederate matrix

We next give the definition of the confederate matrix of a polynomial with respect to a given system of
polynomials. Let polynomials R = {ro(z), 1 (z) ,..., ro(x)} with deg(rr) = k be specified by the general
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recurrence relations

rp(x) = (agx — ap—1k) - Th—1(x) — ag—2,k - Th—2(x) — ... —agr - To(T) (3.1)
for k =1,...,n. Following [MB79], define for the polynomial
P(x)=PFy-ro(x)+ Pr-ri(x)+...4+ Pooq-Tp_1(z) + P -1 (2) (3.2)
its confederate matrix
r %1 a2 s ., @0,k do.n
a1 2 Qs Qg n
1 a2 a3z ALk - . 1,n
agq Qg e %} ag QAn _ P -
1 a 5 azn 0
0 L am .. : et P
0 O 1 c. . akg—2.k c. . . P2
- s g ’ . . 1
CR(P) - ap_1.k [ O O 0 an P ]
(692 .
1 :
ar L Pnfl B
0 0 -0 ... ... 0 1 Gn—l;n
- Qn—1 Qn -
Cr(rn)
(3.3)

with respect to the polynomial system R. Notice that the coefficients of the recurrence relations for the
kth polynomial ri(x) from (3.1) are contained in the k1 column of CRr(rn), as the highlighted column
shows. Notice also that in the special case P(z) = r,(z), the second matrix in (3.3) vanishes. We refer to
[MB79] for many useful properties of the confederate matrix and only recall here that det(zI — Cr(P)) =
P(z)/(ag -1 - ... ay), and that similarly, the characteristic polynomial of the k& x k leading submatrix of
Cr(P) is equal to rg(x)/ag -y - ... - .

Example 3.1. It will be convenient, for future reference, to collect in the next table several special cases of
conferederate matrices.

| Recurrence Relations of R | Confederate matrix Cg(ry) |

0 0 --- -~ 0]
1 0
ri(z) = xre—1(x) 0
L0 -~~~ 0 1 0 |
Monomials Companion matrix

TABLE 3. Polynomial systems and corresponding confederate matrices.
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| Recurrence Relations of R

Confederate matrix Cg(ry,)

r o

20 0
«aq a2
1 5
[e5] [e5)
re(z) = (agx — 0 )re—1(x) — Yre—2 () 0 L -1
a2 Qn—1
On—1 In
: Qp—1 Qp
L 0 e 0 p— i i
Real orthogonal polynomials Tridiagonal matrix
—PoPL  —PoHLp2 —PoHM2P3 —PoHL - fin—1Pn
* * *
— (L. pr_ 1 H1 —P1P2 —p1k2p3 —pTl - hn—1Pn
k(@) = [ = i1 () 0 i —p5p3 —p3H3 - fn—1Pn
— = g a (@) : :
Pk—1 Mk . . :
0 0 Hn—1 _p:;—lpn
Szego polynomials Unitary Hessenberg matrix
51 2711524-% %ﬁz-ﬁ-’h g&) (&)(g_n)
[e%% a2 (e} s (e 7] [e77%
1 b B (3 +arh) Aot (2) ()
ri(z) = (akx — O )r—1(x) oo e s aa an
— (B + Ye)rK—2(2)
(z:’;:ll +an;;71171 )ﬁn‘i"}’n
) Qn
1 5_n Bn
L Qn—1 Qn Anp—1CQn J
polynomials satisfying (1.2) counterpart matrix

TABLE 3. Polynomial systems and corresponding confederate matrices.

3.2. The relationship between Cr(P) (defining Vr(z)) & Cz(P) (defining Vz(x) used in the inversion
formula)

The motivation for considering confederate matrices is that they will allow the computation o£ the polyno-
mials associated with the given system of polynomials. The confederate matrices of R and R are related
by

Ca(P)=1-Cgr(P)T-1. (3.4)
(see (098], [001]). The passage from Cr(P) to Cz(P) in (3.4) can be seen as a transposition across the
antidiagonal, or a pertransposition, or more visually,

(] (2]

Pertransposition
Cr(P) = > = Cgx(P)
As an example, consider for a moment the 5 x 5 Hessenberg confederate matrix

ao1  ao2 03 aoa @05 _ _Bo

aq o as ay as P]a_)(l:%
1 a2 a3 as a5 P

[e5] Dig [0 7%:1 (e %} as P%O(f,
— L a3 az azs _

Cr(P) = 0 o B E Pyrs (3.5)

0 0 1 aza a3

as g as P]a_)(l:%
0 0 0 - 445 _s4

(e %} a5 Pg,(!g,
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corresponding to a system R of polynomials satisfying (3.1). From (3.4) above, the system of polynomials

associated with R, denoted by R = {ro(x),71(x),...,75(x)}, has confederate matrix
ass _ _Py azs _ _Ps azs _ _P» ais _ _P aos _ _Po
as Psas as Psas as Psas as Psas as Psas
1 ass a24 aiq Qo4
Qg 01t4 Qg Qg Qg
~ — . a3 ais ao3
OR(P) 0 a5 o o o . (3.6)
0 0 4 a1z a02
[P} ‘142 a2
== ao1
0 0 0 o o

In accordance with (2.1), the main computational burden is to compute V7,
mials {4 (z)}0~" at n points {xx}7. Using (3.6) to accomplish this is expensive in the general case, since
it leads to the full n-term recurrence relations, for instance the highlighted column in (3.6) implies that the

recurrence relations for 74 (z) are given by

i.e. to evaluate n polyno-

N . a . o . o N a N
Ta(x) =g -x-T3(x) — a—;al,g - Ta(x) — a—;al,g -Ta(x) — a—ia1,4 -7 (x) — a_;(al’f) + ?1) 7o) (3.7)

Additionally, the coefficients P; of the master polynomial P(x) decomposed into the R basis must be com-
puted; that is, {Py,..., P,} such that

n

H(:v —ay) = Poro(x) + Piry () + -+ + Ph_1rp—1(x) + Porp(2). (3.8)
k=1
as they are present in the recurrence relations defining 7 ().

All of this allows us to present a sketch of the Traub-like inversion algorithm next. The detailed
algorithm will be provided in Section 7 below after deriving next several formulas that will be required to
implement its steps 2 and 3.

Algorithm 3.2. [A sketch of the Traub-like inversion algorithm]
1. Compute the entries of diag(ci, ..., c,) via (2.2).
2. Compute the coefficients {Py, P1,..., Pn_1} of the master polynomial P(x) as in (3.8).
3. Evaluate the n polynomials of R with confederate matriz specified via (3.4) at the n nodes xzy to form
Va(x).
4. Compute the inverse Vr(x)~t via (2.1).

We next present the simplest special case, when the polynomial system R is a system of monomials,

and how the algorithm resulting is the classical Traub algorithm with complexity O(n?).

3.3. Example: monomial bases & the Horner recursion, and the classical Traub algorithm

Monomials R = {1,z,22,...,2" 1} satisfy the obvious recurrence relations ¥ = z - 2*~! and hence the
confederate matrix (3.3) becomes
o 0 --- 0 -—-F
1 0 0 -P
Cr(P)=10 1 . : : (3.9)
P :
0 - 0 1 —P,

which is the well-known companion matrix. Using the pertransposition rule (3.4) of section 3.2, we obtain
the confederate matrix

-Pp1 —Pyo -+ -P —F
1 0 - 0 0
Cy(Tn) = 0 1 L 0 |. (3.10)
: .0 :
0 0 1 0

for the associated polynomials 7 (z). Using the formula (3.1), we read from the matrix (3.10) the familiar
Horner recurrence relations
ro(x) =1, 7Tr(zr) =2Tk—1(x) + Pok- (3.11)
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To sum up, in the case of the monomials our approach yields the classical O(n?) Traub algorithm that will
be generalized in the rest of the paper. The generalization will be using the concept of a quasiseparable
matrix defined next.

4. Main tool: Quasiseparable matrices and polynomials

4.1. Quasiseparable matrices and polynomials.

4.1.1. Quasiseparable matrices. We begin with the rank definition of quasiseparability; an equivalent defi-
nition will be given afterwards.

Definition 4.1 (Rank definition for H-(1, 1)-quasiseparable matrices). A matriz A is called H-(1, n)-quasiseparable
if (i) it is Hessenberg, and (ii) max(rank A12) = n and max(rank As1) = 1, where the mazimum is taken

over all symmetric partitions of the form
- * A1z
ae e a

Example 4.2. Each of the confederate matrices in Table 3 is H-(1, n)-quasiseparable.

Tridiaginal matrix: Indeed, if A is tridiagonal as in (1.5), then the submatrix A1 has the form

o O O

1112 =

=
=

|
o O oo
o O oo

Q
>

which can easily be observed to have rank one.
Unitary Hessenberg matrix: Also, if A is a unitary Hessenberg matrix as in (1.8), then for instance the
corresponding submatrix A5 of size 3 x (n — 4)

—Papzpp Py —PsPAM3H2PPy  t —Prfn—1 - J3H2H100
A = | —papispepl  —Pspapsp2pl vt —Pafn—1ccc H3p2pT |
—pafizps —P5Hap3py —Pafln—1°cc [3P3

clearly has rank one. Thus, since tridiagonal matrices and unitary Hessenberg matrices have this special
structure, they are quasiseparable of order one.
Counterpart matrix: The counterpart matrix A of (1.3) is irreducible H-(1, 1)-quasiseparable. Indeed, one

can see that in any partition A = [%’%} the (k — 1)-st column Aja(:, k) and the k-th column

Az2(:, k) of the matrix Ajo are scalar multiples of each other:

Alg(i,k) == 6k+2 Alg(i, k— 1)

Q-2
E.g., inspect r the 2 x (n — 2) matrix
51 51 51
a2t (g arP2t2 (65 (pa ol (65 (Ba (Bs
Ao — T a2z \as T oaa \as ) \oa T a2 \as ) \oua) \as
2= (2—22+af§2)53+73 (2—22+af§2 Bs+3 B4 2—22+af§2 Bs+3 B4 Bs
() e () (3)

We present next an alternate definition of quasiseparable matrices that is equivalent to Definition 4.1.



Fast inversion of Hessenberg-quasiseparable-Vandermonde matrices and resulting recurrence relations and characterizatiohs

Definition 4.3 (Generator definition for H-(1, n)-quasiseparable matrices). A matriz A is called H-(1,n)-
quasiseparable if (1) it is Hessenberg, and (ii) it can be represented in the form

Pndn—1 dn

where bixj =bjp1---bj_q1 forj>i+1 and bixj =1 for j =i+ 1. The elements

{pr> ak, di, Grs by I},

called the generators of the matrix A, are matrices of sizes

Pk qk dy gk b hi
sizes 1x1 1x1 1x1 1xry e x|l x1

range | k€ [2,n] | ke [l,n—1] |ke[l,n] |ke[l,n—-1] | ke [2,n—1] | k € [2,n]

subject to maxy )] = n.
4.1.2. Quasiseparable polynomials.

Definition 4.4 (H-(1,1)-Quasiseparable polynomials). Let A = [a;;] be an irreducible (i.e., a;+1,; # 0), H-
(1, 1)-quasiseparable matriz with o; = 1/a;41,;. Then the system of polynomials related to A via

(@) = ar - apdet (2 — A) g -
is called a system of Hessenberg-(1,1)-quasiseparable polynomials, or H-(1,1)-q.s. polynomials.

Briefly, H-(1,1)-q.s. polynomial systems are systems of polynomials whose confederate matrices are
H-(1,1)-q.s.
Example 4.5. Example 4.2 means that the class of H-(1,1)-q.s. polynomials includes as special cases the
important classical polynomial classes of (i) real orthogonal polynomials; (ii) Szegd polynomials; as well as
(iif) a fairly general class of polynomials satisfying (1.2).
Remark 4.6. It is useful to note that Definition 4.3 and formula (3.1) imply that H-(1, 1)-quasiseparable
polynomials satisfy n-term recurrence relations

(@ = direa (@) = Y (95411 whirs (@) (42)

E
V)

1
Te\T) =
( ) Pr+19k

Il
=)

that use only O(n) parameters, i.e., generators. The formula (4.2) is not sparse and hence expensive. We
postpone presenting the more computationally efficient formulas for H-(1, 1)-quasiseparable polynomials until
section 8 since they are not needed for the derivation of the Traub-like algorithm.

4.1.3. Conversion of recurrence relation coefficients into quasiseparable generators. In the rest of the pa-
per we will be deriving the algorithm for inversion of H-(1, 1)-q.s.-Vandermonde matrices using generators.
However, in many examples, see, e.g., in Table 3, the polynomials are often defined not by the generators
but via recurrence relations (1.2). The next theorem shows how to convert the latter into the former. The
formal proof is postponed to the appendix (see page 28).
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Theorem 4.7 (Recurrence relation coefficients = quasiseparable generators). Let R = {ro(z),...,r(x)} be
a system of polynomials s.t. deg(ry) = k and denote by Cr(ry) the confederate matriz of r,(x) with respect
to R. Suppose R satisfies the recurrence relations (1.2). Then Cr(ry) is an irreducible Hessenberg-(1,1)-
quasiseparable matriz with generators

a= g =y P g (4.3)
ag a1
1 d
Pk+19k = —, gk:Ma k:17an_1 (44)
€75 QL1
bk:@ k=2...n—1 hy=1 k=2,....n (4.5)

b
QL1

Remark 4.8. As one can see, in this case the matrix Cr(r,) has the form displayed in (1.3).
We are ready to start the derivation of the main algorithm.

4.2. Inversion problem: a quasiseparable conferderate matrix interpretation

4.2.1. Computing the associated polynomials. In this section we specify the general procedure of Section
3.2 to quasiseparable confederate matrices. Given a polynomial system satisfying recurrence relations (1.2),
the coefficients {ag, ok, Ok, 71} can be used in Theorem 4.7 to generate an irreducible Hessenberg (1,1)-
quasiseparable matrix of the form shown in Definition 4.3. Next, considering the confederate matrix with
respect to the master polynomial P(x) = [[(x — x1) defined by the nodes zx,k =1,...,n, we have

Py
_ 1
0
Pngn—1 dn Pn,1
(4.6)
Applying (3.4) gives us the confederate matrix for the associated polynomials as
dn
In—ibnjn—ifin-i Foooe Fo
Pnln—1 1
C IA%(P) = —5
0
0
P21 \ 41
(4.7)

From Athis last equation we can see that the n-term recurrence relations satisfied by the associated polyno-
mials R are given by
k—2
(2 = de)k1 (@) = Y (G100 Pt (@) )
J

ro(x) (4.8)

?k r) = — —
( ) Pr+19k

Il
=)
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where, in order to simplify the formulas, we introduce the notation

Dk = Qn—k+1s Qk = Pn—k+1, Ak =dnk+1, Gk = Pn—k+1, Ok =bn—ky1, e = gn—ki1- (4.9)
Having found explicit n-term recurrence relations for the system of polynomials associated with the given
system satisfying (1.2), the next goal is to find sparse recurrence relations. The motivation is that the n-term
recurrence relations are slow; they lead to O(n?) algorithms, while two- and three-term recurrence relations
lead to O(n?) algorithms.

5. Perturbed recurrence relations (to be used in step 3 of Algorithm 3.2)

In this section we consider the case where R is a system of H-(1,1)-q.s. polynomials, and we derive sparse
recurrence relations for the associated system of polynomials. For quasiseparable-(1, 1)-polynomials them-
selves, such recurrence relations are derived in [EGO05]. Obtaining these formulas for the leading minors of
Cx(P) of the form shown in (4.7) is not immediate, as the second term now affects each column, and the
result is that the leading submatrices are now of order (1,2), as opposed to those of the form shown in (4.6),
which are all of order (1,1).

We begin with recurrence relations generalizing classical two- and three-term recurrence relations; that
is, the two-term recurrence relations satisfied by the Szegd polynomials, and the three-term recurrence
relations satisfied by both the Szeg6 polynomials and real orthogonal polynomials. Special conditions on the
generators must be satisfied for these two results to be applicable in more general cases.

Theorem 5.1 (Three-term recurrence relations). Let R = {r¢(z),...,rn—1(x), P(x)} be a system of H-(1,1)-
q.s. polynomials corresponding to an irreducible Hessenberg-(1,1)-quasiseparable matriz of size n X n with
generators {pg,qr, dk, gk, bk, hi.} as in Definition 4.3, with the convention that g, = 1,b, = 0. Suppose
further that g # 0 for k =1,...,n — 1. Then the system of polynomials R associated with R satisfies the
recurrence relations below.

Limitation: g, #0,k=1,...,n—1

~ ~ 1 ~\ 1
To(I) = Pn, 7’1(17) = ]?Z]\l (I — dl) To(CC) + ]?Z]\lpn71

(@) = @rz — 0k) - Toe1(®) — (Bex + k) - The2(®) + Ak Pok — BrPo—ps1, k=2,....n—1  (5.1)

where
. 1 ~ 1 [~ DrGe_1hibr
g = =——, O === [dp— IM (5.2)
Pr+19k Pr+19k hi—1
-~ 1 hpbe1 1 hy o~ S
= == s k= == (hk—lgk—l - dk—lbk—l) ; (5.3)
Pr+19k hyp_4 Pr+14k hy,_1

and the coefficients Pi,k =0,...,n are as defined in (3.8).

The proof is given in the appendix, see page 29. The following notations will be used to present the
two-term recurrence relations.

~ Gk =~ Gruih
up(z) = (x — di) + g% L3 Uk = Pr+10k+1Gk — gk%ilk (5.4)
k k

Theorem 5.2 (Szegd-type recurrence relations). Let R = {ro(x),...,rn—1(x), P(2)} be a system of H-(1,1)-
q.s. polynomials corresponding to an irreducible Hessenberg-(1,1)-quasiseparable matriz of size n X n with
generators {pg,qr, dk, gk, bk, hi.} as in Definition 4.3, with the convention that g, = 0,b, = 1. Suppose
further that by, # 0 for k = 2,...,n — 1. Then the system of polynomials R associated with R satisfy the
recurrence relations below.

Limitation: by £ 0,k =2,...,n—1
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[ Go(x) } _ [ —511132 ] 7 (5.5)

e L T A I v LS R S SRR BCY)

with auziliary polynomials Gi(x), and the coefficients Py, k = 0,...,n are as defined in (3.8).

See the appendix, page 29, for the proof.

The formulas of the previous two theorems generalize the classical formulas for monomials, real-
orthogonal polynomials, and Szegd polynomials (demonstrated below). We emphasize at this point that
these formulas have limitations in the general case: Theorem 5.1 requires nonzero gy, for each k, and The-
orem 5.2 requires nonzero by for each k. The next theorem is more general, and does not have any such
limitations.

Theorem 5.3 ([EGOO05]-type recurrence relations). Let R = {ro(x),...,rn—1(x), P(2)} be a system of H-
(1,1)-g.s. polynomials corresponding to an irreducible Hessenberg-(1,1)-quasiseparable matriz of size n X n
with generators {pg, k., dk, gk, bk, b} as in Definition 4.3, with the convention that g, = 0,b, = 0. Then the
system of polynomials R associated with R satisfy the recurrence relations below.

Limitation: none.

[32]-[2]

(Bl 1 [ash aa (B ] 1[0 ] gy
Tk () Pr+1Qr | Drhie  x —dg Te—1(7) Dk+1qQr | Pk

with auziliary polynomials Fy (x), and the coefficients Py, k =0,...,n are as defined in (3.8).

The proof is given in the appendix, page 30.
The recursions of this last theorem are the most applicable and will be used below to formulate a
characterization of the class of H-(1,1)-q.s. polynomials.

6. Computing the coefficients of the master polynomial (to be used in step 2 of
Algorithm 3.2)

Note that in order to use the recurrence relations of the previous section it is necessary to decompose the
master polynomial P(x) into the R basis; that is, the coefficients Py as in (3.8) must be computed. To this
end, an efficient method of calculating these coefficients follows.

It is easily seen that the last polynomial 7, (x) in the system R does not affect the resulting confederate
matrix Cr(P). Thus, if R = {ro(z),...,7n_1(x),2r,_1(z)}, we have Cgr(P) = Cz(P). Decomposing the
polynomial P(z) into the R basis can be done recursively by setting r,(lo) () =1 and then for k=10,...,n—1

updating r,(lkﬂ)(x) = (T — Tpy1) - ) (2).

Lemma 6.1. Let R = {ro(z),...,r(x)} be given by (3.1), and f(x) = Zle a;-r;(x), where k <n—1. Then
the coefficients of x - f(x) = Zf:ll b; - ri(z) can be computed by

bo ap
b Qg
Cr(rn 0
b1 | = |5 .'F(O)L |0 0 (6.1)
0 Qn 0
(- 0 . L O -
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Proof. 1t can be easily checked that

Cr(ry 0
x-[ro(:c) ri(x) - Tn(I)}—[To(CC) ri(x) .- Tn(a:)] 0 R(O)L |O
=[0 -+ 0 z-r(x) ].
Multiplying the latter equation by the column of the coefficients we obtain (6.1). (I

This lemma suggests the following algorithm for computing coefficients { Py, Py, ..., P,—1, P,} in (3.8)
of the master polynomial.

Algorithm 6.2. [Coefficients of the master polynomial in the R basis/
Cost: O(n x m(n)), where m(n) is the cost of multiplication of an n x n quasiseparable matriz by a vector.

Input: A quasiseparable confederate matriz Cr(ry,) and n nodes © = (x1,xa,...,ZTy).
1. Set[PéO) pgi)l pT(LO)}:[1 0 - 0]
2. Fork=1:n,
Pék) Po(k—l)
: Cile - raoi(@)) | 0 } ) :
. — -z - I . .
p*), ({ 0 -~ 01 [0 pl=1
Pr(Lk) Pék—l)
where R = {ro(z),...,mn_1(x),zr,_1(2)}.
8. Take [ Py -+ P Pu]=[ R ... P P |

Output: Coefficients {Py, P1,. .., Pyn—1,P,} such that (3.8) is satisfied.

It is clear that the computational burden in implementing this algorithm is in multiplication of the
matrix Cz(ry,) by the vector of coefficients. The cost of each such step is O(m(n)), where m(n) is the cost
of multiplication of an n X n quasiseparable matrix by a vector, thus the cost of computing the n coefficients
is O(n x m(n)). Using a fast O(n) algorithm for multiplication of a quasiseparable matrix by a vector from
[EG992], the cost of this algorithm is O(n?).

7. The overall Traub-like algorithm
7.1. General case. H-(1, 1)-q.s. polynomials and general Traub-like algorithms.

In this section we specify in detail the process of computing the inverse of a Hessenberg-(1, 1)-quasiseparable-
Vandermonde matrix via the Traub-like algorithm.

The algorithm takes as input the generators of the Hessenberg, (1, 1)-quasiseparable confederate matrix
corresponding to the system of polynomials R. In the case where the recurrence relations of the form (1.2)
are known, the following algorithm can be used to compute these generators.

Algorithm 7.1. [Preprocessing step]
Input: The set {ag, Ok, Bk, Yk} such that a polynomial system R satisfies (1.2).

1. Compute the generators dy, via

b, &

dy =—, dy , k=2,....n
aq A Ap—10k
2. Compute the generators pg, Gk, gk, bk, b, via
1 d
o = kﬁk+l+7k+1, k=1....n—1

Pk+19k = —,
g Ap+1
by = %7 k=9
Q41
Output: Generators {pk, qx, di, gk, b, hi} of a quasiseparable confederate matrixz corresponding to a system
of polynomials R

n—1 h,=1, k=2,...,n

gee ey
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The next algorithm applies to any set of generators, and thus those arising from the recurrence relations
(1.2) via the previous algorithm form a subset of all possible inputs. In this algorithm we will make use of
MATLAB notations; for instance V(i : j, k : [) will refer to the block of Vi (x) consisting of rows i through
7 and columns k through [.

Algorithm 7.2. [Traub-like inversion algorithm]
Input: Generators {px, qr, dk, gk, bk, b} of a quasiseparable confederate matriz corresponding to a system of
polynomials R and n nodes x = (x1,T2,...,Tp).
1. Compute the entries of diag(ci,...,cn) via (2.2): ¢; = 1_[(961C —a;)" L
i
2. Compute the coefficients { Py, ..., P,} of the master polynomial P(x) as in (3.8) via Algorithm 6.2.
3. Evaluate the n polynomials of R with specified via (3.4) at the n nodes xy to form Vz(x). Theorems

5.1-5.3 each provide an algorithm for this, choose ONE of the following steps:
e Theorem 5.1 - Three-term recurrence relations. (Limitation: g, # 0.)

1 1 1 1
1 1 T2 |1 1 1
a) SetVs :,1 :Pn . B Vs 3,2 = — . —d . V5 :71 +ﬁpnf
(a) 7(1) : 7(2) o : . 7(1) Rl
1 Tp 1 1
(b) Fork=2:n—1, compute ay, Sk,Bkﬁk via (5.2)-(5.3), and
T 1 T 1 1
. X9 —~ 1 —~ To . 1 =N —~ 1
V/Rs(:,k—Fl) = | ag . _5k . Vﬁ(:’k)_ Bk . — Yk . V/Rs(:,k—l)%—(akpn,k—ﬂkpn,]wrl)
Ty 1 T, 1 1

Note: The product of two column vectors is understood to be componentwise.
e Theorem 5.2 - Szego-like recurrence relations. (Limitation: by # 0.)

1 1
1 1
(a) Set Va(:,1) =P, | . |, Gg(:,1) = -1 Py,
1 1
(b) For k=1:n—1, compute vy via (5.4),
I 1
T2 > /}; e 1
ug(z) = . + (gli b —dk> R
: bi :
Tp 1
1
Veek i) = = | P b b @ Ve k) Pk |
Al = = = =G, k plo n—k .
R Pr+14k | by R R :
1
and
1
1 ~ R 1
Gﬁ(:, k+ 1) = — UkGﬁ(:, k’) — gk+1uk(x)V§(:,k) — Gr+1Pn—k
Pr+19k :
1

Note: The product of two column vectors is understood to be componentwise.
e Theorem 5.3 - [EGOO05]-like recurrence relations. (Limitation: NONE.)
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1 0
1 0
(a) Set Vﬁ(:,l) =P, | . |, FR\(:,I) =
1 0
(b) Fork=1:n—1, compute
X1 1 1
1 —~ T2 e 1 1
Vs k+1)= —— | pheFa(, k) + . —d . Vsl k) + P,—
R( ) Pr+19k PRItk R( ) : g : R( ) * :
Ty 1 1

and
1 —~
F*gk+1:ar—r(AAbFA;k—AAL&gk)
a( ) errae \diPrbr (k) — e Ve (5 k)

Note: The product of two column vectors is understood to be componentwise.
4. Compute the inverse Vr(x)~t via (2.1):

Ve(z)™t =1 -VE(z)-diag(ci,...,cn)
Output: Entries of Vr(x)~t, the inverse of the polynomial- Vandermonde matriz.

In what follows we show how this algorithm generalizes the previous work in the important special
cases of monomials, real orthogonal polynomials, and Szegd polynomials. The reductions in all three special
cases are summarized in Table 4.

| Special Case | R.R. Type | Resulting R.R. |

Theorem 5.1 - 3-term r.r. (7.1)

Monomials Theorem 5.2 - Szego-type r.r. (7.1)
Theorem 5.3 - [EGOO05]-type r.r. (7.1)
Theorem 5.1 - 3-term r.r. (7.7)

Real orthogonal polynomials | Theorem 5.2 - Szego-type r.r. N/A, b, = 0.
Theorem 5.3 - [EGOO05]-type r.r. (7.7)
Theorem 5.1 - 3-term r.r. (7.15)

Szegd polynomials Theorem 5.2 - Szegd-type r.r. (7.13)
Theorem 5.3 - [EGOO05]-type r.r. (7.14)

TABLE 4. Reduction of derived recurrence relations in special cases.

7.2. First special case. Monomials and the classical Traub algorithm.

As shown in the previous section, the well known companion matrix (3.9) results when the polynomial system
R is simply a system of monomials. By choosing the generators py = 1,qx = 1,dx = 0,95 = 1,bx = 1, and
hi = 0, the matrix (4.6) reduces to (3.9), and also (4.7) reduces to the confederate matrix for the Horner
polynomials (3.10). In this special case, the perturbed three-term recurrence relations of Theorem 5.1 become

To() = Pn, Tk(7) = 27k—1(2) + Poy, (7.1)
coinciding with the known recurrence relations for the Horner polynomials, used in the evaluation of the
polynomial

P(x) = Py+ Pix+--+ Py 12" + Poa™ (7.2)

In fact, after eliminating the auxiliary polynomials present in Theorems 5.2 and 5.3, these recurrence relations
also reduce to (7.1). Thus all of the presented recurrence relations generalize those used in the classical Traub
algorithm.
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7.3. Second special case. Real orthogonal polynomials and the Calvetti-Reichel algorithm.

Consider the almost tridiagonal confederate matrix

T dy e 0 0 —PQ/Pn i
@ do  hy . : —P/P,
0 ds hs O ;
CR(P)Z q2 3 4 ' . (7-3)
0 0 ¢ ds - —P, 3/P,
e b Paa/P
i o --- 0 0 qn-1 dn—Pn—l/Pn J

The corresponding system of polynomials R satisfy three-term recurrence relations; for instance, the high-
lighted column implies
rs(z) = i(gc —d3)ra(z) — @rl (x) (7.4)
a3 a3

by the definition of the confederate matrix. Thus, confederate matrices of this form correspond to systems
of polynomials satisfying three-term recurrence relations, or systems of polynomials orthogonal on a real
interval, and the polynomial P(z). Such confederate matrices can be seen as special cases of our general
class by choosing the generators px, = 1,b; = 0, and g = 1, and in this case the matrix (4.6) reduces to
(7.3).

To invert the corresponding polynomial-Vandermonde matrix by our algorithm, we first find the confed-
erate matrix C'z(P) of the polynomial system R associated with R. That is, we must evaluate the polynomials
corresponding to the confederate matrix

—dn_Pn—l/Pn hn_Pn—2/Pn _Pn—3/Pn _Pl/Pn _PO/Pn-
dn—1 dnfl hn—l ' ;
0 n— dn— g — 0 :
Cr(P) = n—2 2 2 . (15)
O O qn—3 dn73 '
E T .'. ". . h2
i 0 0 0 @ d

Note that the highlighted column corresponds to the full recurrence relation

Py(z) = ! (2 — dp_o)To(z) — fin—1 7.

+ 1 Pn73/\
qn—3 qn—3 qn—3 Pn

ro(x) (7.6)

In this case the perturbed three-term recurrence relations from Theorem 5.1 as well as the two-term recur-
rence relations from Theorem 5.3 both become

. 1

() = —— (2 — dn_g)Ph1(2) — 2 1P o (2) + ——Po g (7.7)
dn—k dn—k dn—k
which coincides with the Clenshaw rule for evaluating
P(x) = Pyro(x) + Piri(z) + -+ + Po_1rp—1(x) + Pyrp (). (7.8)

Thus our formula generalizes both the Clenshaw rule and the algorithms designed for inversion of three-
term-Vandermonde matrices in [CR93] and [GO94].

Notice that the Szego-like two-term recurrence relations of Theorem 5.2 are inapplicable as by, = 0 is a
necessary choice of generators.
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7.4. Third special case. Szeg6 polynomials and the [O98] algorithm.

Next consider the important special case of the almost unitary Hessenberg matrix

—poP1  —PoHIp2 —PoMIM2P3  cct —PoML Hn—1Pn
o —pip2  —pPiH2ps 0 —pif2 fn—1Pn
Cr(P) = 0 2 —p3p3 ce o —pBHE fln—1Pn (7.9)
0 T 0 Hn—1 —Pn—1Pn

that corresponds to the Szegd polynomials (represented by the reflection coefficients py and complimentary
parameters py) as in Section 1, and polynomial P(z). The Szegd polynomials are known to satisfy the
two-term recurrence relations

o l-wl) Lo -w i Tllane] o

as well as the three-term recurrence relations

@ =1, @)= —-adf (@) - Lot ()
M1 M1
w1 P_ki}# N
or (x) = Lk R r— oi 4 (2) PR o _o(x) (7.11)

(see [GS58], [G48]). As above, the polynomials associated with the system of Szegd polynomials are deter-
mined by the confederate matrix

—Pnp:_1 _Pn—l/Pn _pnﬂn—lp;kl_Q _Pn—Q/Pn ot T PnMn-1 Mlpa _PO/Pn
Pn—1 —Pn—1Pp—2 e —Pn—1ftn—2 - - J1PH
Cp(P) = 0 : . (7.12)
0 G} —p10%
For this special case, let p, = 1, qx = pr, dx = —prPi_1, 9k = Pi_1> bk = pr—1, and hy = —pr_1p%

(alternatively gr = pj_1 1k, bk = fk, hie = —pi). This choice of generators reduces (4.6) to the matrix (7.9)
as well as (4.7) to (7.12), and in this case the perturbed two-term recurrence relations of Theorem 5.2 become

do(@) | _ 1 { —pn } or(z) | _ 1 { L —phy } or1(z)

A BT B R O T Oy (8) + P
coinciding with those recurrence relations derived in [O98]. The recurrence relations from Theorem 5.3 reduce
to new two-term recurrence relations; that is, relations that do not generalize those derived in [098]. They

. (7.13)

become
Fi(z) | _ 1 Pn—kPn—k+1  —Hn—kPp_ i1 Fi_1 () 0
- - : ~ + , (7.14)
(bk (1’) Hn—k —HUn—k+1Pn—k T+ Pr—kPp—_k+1 ¢k—1 (117) P,y

Also, the perturbed three-term recurrence relations of Theorem 5.1 reduce to

ol = - B1(o) = { (o) - L) | 4 2,

Hn—1 Hn—1 Hn—1
~ 1 —r 1 ~ —k —k+1 -~
du(z) = { g Pk }%_l(x)_p"iu.x.m_ﬁx)
Hn—k Pn—k+1 Un—k Pn—k+1 MHn—k
Pn—k
Pnfk - Pn7k+1,un7k+1 D —kt1 ' (715)

Mn—k

in this case, also coinciding with the perturbed three-term recurrence relations in [098]. Thus both of these
theorems generalize the recurrence relations derived in [O98] as well.
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8. Full characterizations of H-(1, 1)-q.s. polynomials via recurrence relations

One reason that Algorithm 7.2 is fast is that it converts the generators of the quasiseparable confederate
matrix into coefficients of recurrence relations for the associated system of polynomials R involved in the
inversion formula (2.1) for Vg(z)~!. In fact, we have presented three such conversion methods, summarized
along with their cases of applicability in Table 5.

| R.R. type Recurrence relations for R | Restrictions |
3-term r.r. Theorem 5.1 gr #0
Szegd-type r.r. Theorem 5.2 b #0
[EGO05]-type r.r. Theorem 5.3 none

TABLE 5. Conversion formulas for the system of associated polynomials R.

With these conversions, the derivation of the Traub-like algorithm is complete. However, there are still
two questions left to answer. Both questions are related not to the associated polynomials R (for which the
results are listed in Table 5) but are related to the original polynomial system R involved in the original
polynomial-Vandermonde matrix Vg(x).

First, in many applications polynomials are given in terms of their recurrence relations, and in order
to run Algorithm 7.2 one needs to include a preprocessing step for this conversion, such as that specified in
Theorem 4.7 and Algorithm 7.1. The results of this section can be used to answer this question as in Table

6. A shaded element indicates the result has not yet been stated.

| R.R. type | R.R. Coefficients = Generators | Generators = R.R. Coeflicients |
3-term r.r. Theorem 4.7 Corollary 8.3  restrictions: hy # 0.
Szegd-type r.r. Theorem 8.6 Corollary 8.10  restrictions: by # 0.
[EGOO05]-type r.1. Theorem 8.12 Corollary 8.15  restrictions: none.

TABLE 6. Conversion formulas for the system of polynomials R.

Secondly, the input of Algorithm 7.2 is the set of generators of a Hessenberg-(1, 1)-quasiseparable matrix
CRr(ry), and the algorithm applies to the class of H-(1,1)-q.s. polynomials. Hence one may want to give a
complete characterization of this class in terms of various recurrence relations satisfied.

The results of this section in terms of this characterization can be easily summarized in Figure 1, where
each class of matrix is shown, and the recurrence relations are listed with the corresponding class of matrix.

Irreducible Hessenberg-(1, 1)-Quasiseparable matrices \
[EGO05]-like r.1.

Well-free matrices DPSS matrices
3-term r.r. Szegd-type r.r.

Unitary
Hessenberg matrices

N /

FIGURE 1. Classes of matrices.

Tridiagonal matrices
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8.1. Well-free matrices & three-term recurrence relations

In this section we give a definition of a new class of matrices, and show that the class is exactly that
whose corresponding polynomials satisfy an analog of the 3-term recurrence relations derived above for the
associated polynomials.

Definition 8.1 (Well-free matrices).

e Ann x n matric A = (A; ;) is said to have a well in column k if A;, =0 for 1 < i < k and there
exists a pair (1,7) with 1 <i <k and k < j <n such that A; ; # 0.
o An drreducible H-(1,1)-q.s. matriz is said to be well-free if none of its columns contain wells.

In words, a matrix has a well in column k if all entries above the main diagonal in the k-th column are
zero, except if all entries in the upper-right block to the right of these zeros are also zeros. For instance, the
matrices

[1 1 1 0[0 © (1 01 1 1 1 [1 1 0o[0 0 1
1 11 0|1 0 11 1 1 11 1 1 0{0 1 0
01 1 0|0 O 011111 011100
001110} 001111} 001 1 10
000 111 0001 11 0 00 1 11

10 0 0 0 1 1| 100 0 0 1 1| 10 0 0 0 1 1|

have wells in the 4th, 2nd, and 3rd columns, respectively, but the matrices

1 1 1 0[0 O (1 0 11 1 1 1 0]
1 11 0]0 0 11 1 1 11 11 1 110
01 1 0|0 O 01 1 111 011110
001110}’ 001 1 1 1] 001110
000 111 000 1 11 000110

100 0 0 1 1| 10 0 0 0 1 1| 100 0 0 1 1|

are all well-free.
Notice that the class of tridiagonal matrices is a subclass of well-free matrices, as tridiagonal matrices
are both H-(1, 1)-quasiseparable and contain no wells under any circumstances.

Lemma 8.2. An irreducible H-(1,1)-q.s. matriz is well-free if and only if there exists a choice of generators
{Pks Gk, dicy Gk, biey hic} of the matrixz such that hy, #0 for k=2,...,n.

The proof is found in the appendix, page 31.

The result in Theorem 4.7 tells us that if polynomials rj satisfy the recurrence relations (1.2) then the
corresponding confederate matrix A has a nice structure. Precisely, A is a Hessenberg-(1, 1)-quasiseparable
matrix given by the generators (4.3)-(4.5). Notice that it is guaranteed from (4.5) that hy =1, k=2,...,n.
The next statement shows that, provided hy # 0, the converse is also true. Although the condition hj # 0
may look unnecessary when one starts with the matrices, when beginning with the polynomials satisfying
(1.2) and converting to matrices, the condition hjy = 1 is automatically satisfied as shown in (4.5).

Corollary 8.3 (Quasiseparable generators = recurrence relations coefficients). Let Cr(ry,) be an irreducible
Hessenberg-(1,1)-quasiseparable matriz specified by the generators {px, qx, di, gk, bk, hi. } with hy # 0 for k =

2,...,n; that is, Cr(ry) is well-free. Then the polynomial system R with confederate matriz Cr(ry) satisfies

(1.2) with
1 1 _1bk_1h
o = . o= <dk—pqu 19k—1 k) (8.1)
Ph+19k Pk+1qk hi—1
1 hkbk,1 1 hk
= = = he_1gk—1 — dg_1bk_ 8.2
" peniae b Tk Pk+1qk hi—1 (hie=19i-1 = di—1b—1) 8:2)

This relation is in fact a corollary of Theorem 5.1. Indeed, the corresponding matrix of the generators
presented in Theorem 5.1 is of the form (4.7), and that of Corollary 8.3 is of the form (4.6). Hence we can
see that the recurrence relations (8.1), (8.2) are specifications of (5.2), (5.3) with P; = 0.

Theorem 4.7 and Corollary 8.3 give not only a method of computing generators from parameters of the
recurrence relations and vice versa, but they also together give a characterization of polynomials satisfying
(1.2) in terms of their quasiseparable matrices, stated as the following corollary.
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Corollary 8.4 (Full characterization of well-free matrices via 3-term recurrence relations). Let R = {ro(z),...,r(x)}
be a polynomial system s.t. deg(ry) = k and denote by Cgr(ry) the irreducible upper Hessenberg confederate
matriz of rn(x) with respect to R. Then the system R satisfies the recurrence relations (1.2) if and only if
Cr(ry) is well-free; that is, (1,1)-quasiseparable with hy # 0 for k=2,...,n.

Remark 8.5. The reader may have noticed the difference in the requirement of hj # 0 for the polynomials
R in this section and g; # 0 for the associated polynomials R in Theorem 5.1. The class of matrices for
which Theorem 5.1 applies is the class of tunnel-free matrices. Following Definition 8.1, a matrix A is called
tunnel-free if its pertranspose I - AT - T is well-free.

8.2. Diagonal-plus-semiseparable matrices & Szego-type recurrence relations

We begin this section with an analog of Theorem 4.7 for when polynomials satisfying Szegé-like two-term
recurrence relations are known.

Theorem 8.6 (Recurrence relation coefficients = quasiseparable generators). Let R = {ro(z),...,r(x)} be
a system of polynomials s.t. deg(ry) = k and denote by Cr(ry,) the confederate matrix of r,,(x) with respect
to R. Suppose R satisfies the recurrence relations

[ Gi(z) } _ [ ar B } { ( Gi-1(x) ' (8.3)

() e 1 Ok + O )re—1(x)

Then Cg(ry) is an irreducible Hessenberg-(1,1)-quasiseparable matriz of the form

(=0 (= BB (o= Bz — Far)E - —(en = Bim) - (ame1 — Bao1mo1) R
pr —% —Bi(az — B272) 32 o =Pilaz = Bov2) (a1 — Ba1n-1) 3
i —fatle o —Paas = PBvs) - (a1 = Bae1vn-1) 3
: —Brn-1(an-1 = Bn—1Vn-1)F
1 On+vnBn—
L 0 0 P I — _
(8.4)
that is, the generators of Cr(ry) are given by
0 0 _
d1:—1+%, dk:_lﬁ—%ﬂk I
61 6k
Pr = 1u k= 27 y T
1
—, k=1 -1
gk 5]9, ’ y 1

g1 =1, gk = Br—1, k=2,...,n—1

b = ag—1 — Br—17—1, k=2,...,n—-1
k
hk:—g— (Oékfl—ﬂkfl”yk,l), kZQ,...,TL
k
For the proof, see the appendix. We next give a detailed example of the specification of this result to
the Szego case.

Example 8.7 (Szegd polynomials). With the choices
Pk 1

1
ag=—, Br=—pp W=—"—7, Op=—, Oh=0
Mk 273 Mk
from which it follows that
1= T
o — Bk = ———— = [k, — = —Pk
i Ok

the two-term recurrence relations (8.3) become

{aﬁk(m)] 1 [_1 —p;;H ¢k—1<w>} (8.5)

o) | " | —ee 1



Fast inversion of Hessenberg-quasiseparable-Vandermonde matrices and resulting recurrence relations and characterizatio23

and the matrix (8.4) reduces to the matrix

pL H1p2 H1p2p3 T M1 fn—1Pn
p1 —pipz —piH2p3s = pif2 1P
0 e —p5p3 = P3M3c fn—1Pn
0o - 0 Pn—1 —Pp—1Pn
Using the convention that pg := —1 to insert 1 = —pg throughout the first row, this matrix becomes exactly

the unitary Hessenberg matrix displayed in (1.8). This demonstrates that the Szeg6 polynomials are a special
case of polynomials satisfying (8.3), and likewise the unitary Hessenberg matrix is a special case of those of
the form (8.4).

We also note that the condition by # 0 is not satisfied by the real orthogonal polynomials, and hence
the form (8.4) cannot be used for them.

Next, we define the class of Hessenberg diagonal-plus-upper-semiseparable matrices, and show they are
the class of matrices whose polynomials satisfy a version of the Szego-type recurrence relations of Theorem
5.2. In this definition, we use the standard MATLAB notation triu(A) to denote the strictly upper triangular
portion of the matrix A.

Definition 8.8 (Diagonal-plus-upper-semiseparable (DPSS) matrices). An irreducible H-(1,1)-¢.s. matriz A
is called diagonal-plus-upper-semiseparable (DPSS) if it is of the form

A = B+ triu(4y)
for a rank-one matrix Ay and a lower bidiagonal matriz B.

Lemma 8.9. An irreducible H-(1,1)-q.s. matriz is DPSS if and only if there exists a choice of generators
{Pk, Gk, Ak, gk, bk, hi.} of the matrix such that by #0 for k=2,...,n— 1.

The proof is given in the appendix, page 32.

Corollary 8.10 (Quasiseparable generators = recurrence relations coefficients). Let Cr(ry,) be an irreducible
Hessenberg-(1, 1)-quasiseparable matriz specified by the generators {px, qx, di, gk, bk, hi. } with by # 0 for k =
2,...,n—1; that is, Cr(ry) is DPSS. Then the polynomial system R with confederate matriz Cr(ry,) satisfies

EINES!

ro(x)
Ge(z) | 1 Uk Gkl Gr-1()
[ 7% () } B Pr+19k { b /by, 1 } { ug(z)rp—1() } ®.7)
with
ug(z) = (x — di) + gzzk, Vi = Pr+1bk+1qr — @ (8.8)

As in the case of the three-term recurrence relations, Theorem 8.6 and Corollary 8.10 together give a
characterization of polynomials satisfying two-term recurrence relations of the form (8.7) in terms of their
quasiseparable matrices, stated as the following corollary.

Corollary 8.11 (Full characterization of DPSS matrices via Szegd-type recurrence relations). Let R =
{ro(x),...,rn(x)} be a polynomial system s.t. deg(ri) =k and denote by Cr(ry) the irreducible upper Hes-
senberg confederate matriz of vy (x) with respect to R. Then the system R satisfies the recurrence relations
(8.7) if and only if Cr(ry,) is DPSS; that is, (1,1)-quasiseparable with by #0 for k=2,...,n—1.

8.3. [EGOO05]-type recurrence relations

Theorem 8.12 (Recurrence relation coefficients = quasiseparable generators). Let R = {ro(x),...,r,(z)} be
a system of polynomials s.t. deg(ry) = k and denote by Cr(ry,) the confederate matriz of r,(x) with respect
to R. Suppose R satisfies the recurrence relations

{ Gr(z) ] _ [ ar B } [ Gr-1(2) ] (8.9)

ri(x) Ve Ok + Ok Th—1()
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Then Cgr(ry) is an irreducible Hessenberg-(1,1)-quasiseparable matriz of the form

[ —12—1 —51((9}—2) —fraa(3) —Prazas(F) - —Prasasaa o apo(3E) ]
¥ -5 —B2(32) —feaz(3) 0 —feazasran—1(F)
0 o —& —B3(3) —Baoua - an-1(3) (310)
1 6 )
0 0 % e
: . . - . _ﬂnfl(i)
| 0 0 0 671171 _9_:: |
that is, the generators of Cr(ry) are
0
dk = _6_ka k= 17 ) TV
k
pk = 17 k = 27 7n
1
dk au = 1u cee, = 1

Yk
hy = ——, =2,...,n
k A
For the proof of this result, see the appendix.
Example 8.13 (Szegd polynomials). If we choose
Pk 1 Pl—1Pk
ap =, Be = Pr_ibks =y Sp=—, O =
ke Pk M

the two-term recurrence relations (8.9) do not reduce to the known two-term recurrence relations for the
Szego polynomials (7.10), but become instead the new relations

[m(x) ]_ 1 { L i Hsbm(x) ] (8.11)

¢r @) | e Lok ik ey
The matrix (8.10) does in fact reduce to the matrix the unitary Hessenberg matrix displayed in (1.8).
Both the classical Szego formula (8.5) and the new formula (8.11) describe, of course, the same Szegd

polynomials {(;Sk# (x)}. However, the auxilary polynomials {¢y ()} used in the two above formulas are differ-
ent. Indeed, it is well-known that the classical Szegd formula (8.5) we have

ou(e) = 2" (T

and in particular, deg ¢x(x) = deg qbk#(:v) At the same time, it is easy to see that the auxiliary polynomials
{dr(x)} of the new formula (8.11) are different; in particular deg ¢y (x) = deg (bk# (x) — 1.

Example 8.14 (Real orthogonal polynomials). For systems with o = 0, the matrix (8.10) becomes tridiagonal,
and the corresponding system of polynomials are orthogonal on a real interval. The relations (8.9) becomes
just the familiar three-term recurrence relations for real orthogonal polynomials, as a = 0 in (8.9) implies
that the auxiliary polynomial Gj_1 is just a scaled version of r_o, and hence 7y is formed from r_; and
Tk—o as in the usual three-term recurrence relations.

Corollary 8.15 (Quasiseparable generators = recurrence relations coefficients). Let Cr(r,) be an irreducible
Hessenberg-(1,1)-quasiseparable matriz specified by the generators {pg, qi, di, gk, bk, hx } . Then the polynomial
system R with confederate matriz Cr(ry,) satisfies

[ )= [ e ] [t ] 12

There are no restrictions required for these recurrence relations to be applicable as in the recurrence
relations above which generalize classical relations. As a result, these recurrence relations completely char-
acterize H-(1,1)-q.s. polynomials:
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Corollary 8.16 (Full characterization of H-(1,1)-q.s. matrices via [EGO05]-type recurrence relations). Let
R ={ro(x),...,mn(x)} be a polynomial system s.t. deg(ry) = k and denote by Cr(ry) the irreducible upper
Hessenberg confederate matriz of r,,(x) with respect to R. Then the system R satisfies the recurrence relations
(8.12) if and only if Cr(ry) is (1,1)-quasiseparable.

9. Numerical Experiments

The numerical properties of the Traub algorithm and its generalizations (that are the special cases of our
general algorithm) were studied by different authors. It was noticed in [GO97] that a version of the Traub
algorithm can yield high accuracy in certain cases if the algorithm is preceded with the Leja ordering of the
nodes; that is, ordering such that

k—1 k—1
|z1] = 1r£iagxn|:1:i|, 1_[1 |zk — x| = krglagxn 1_[1 |z —zj], k=2,...,n—1
j= j=

(see [RO91], [H90], [O03]) It was noticed in [GO97] that the same is true for Chebyshev-Vandermonde
matrices.

No error analysis was done, but the conclusions of the above authors was that in many cases the
Traub algorithm and its extensions can yield much better accuracy than Gaussian elimination, even for very
ill-conditioned matrices.

We made our preliminary experiments with the general algorithm, and our conclusions are consis-
tent with the experience of our colleagues. In all cases we studied the proposed algorithm yields better
accuracy than Gaussian elimination, e.g., in the new special cases of Szegt-Vandermonde and Hessenberg-
(1, 1)-quasiseparable-Vandermonde matrices. However, our experiments need to be done for different special
cases and also the numerical properties of different recurrence relations are worth analyzing.

The algorithm has been implemented in MATLAB version 7. The results of the algorithm using standard
MATLAB code, and hence double precision arithmetic, were compared with exact solutions calculated using
the MATLAB Symbolic Toolbox command vpa(), which allows software-implemented precision of arbitrary
numbers of digits. The number of digits was set to 64, however in cases where the condition number of the
coefficient matrix exceeded 103%, this was raised to 100 digits to maintain accuracy.

We compare the forward accuracy of the inverse computed by the algorithm with respect to the inverse
computed in high precision, defined by

_ Ve(@)™" = Va(z) "t 9.1)
[Vr(z)~2
where Vi ()" is the solution computed by each algorithm in MATLAB in double precision, and Vg (z)~! is
the exact solution. In the tables, TraubQS denotes the proposed Traub-like algorithm, and inv() indicates
MATLAB’s inversion command. Finally, cond(V') denotes the condition number of the matrix V' computed
via the MATLAB command cond ().
Experiment 1. In this experiment, the problem was chosen by choosing the generators that define the
recurrence relations of the polynomial system randomly in (—1, 1), and the nodes xj, were selected equidistant
on (—1,1) via the formula

k

n—1

xk——1+2( ), k=0,1,....n—1

We test the accuracy of the inversion algorithm for various sizes n of matrices generated in this way.
Some results are tabulated in Table 7, and shown graphically in Figure 2.
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| n | cond (V) || inv() |TraubQS |

10 | 4.2e04 4.1e-14 | 3.4e-15
2.2e05 2.5e-14 | 6.3e-15
3.7e08 1.0e-13 | 8.9e-14
15| 1.1el0 3.5e-11 3.5e-11
1.1ell 1.5e-12 | 4.8e-13
4.7ell 1.3e-13 | 7.7e-14
20 | 7.6el4 1.1e-10 | 3.4e-12
1.2e15 4.2e-11 1.1e-11
7.8el7 1.2e-09 1.7e-15
25| 4.8el9 1.2e-09 1.7e-13
1.1e24 5.9e-07 | 1.3e-11
1.5e27 8.4e-08 | 2.4e-09
30| 3.3e24 7.2e-07 | 1.1e-13
5.0e27 2.8e-06 1.7e-11
1.8e30 1.3e-03 | 9.5e-10
35| 7.3e23 2.4e-04 | 6.9e-10
8.3e26 2.6e-03 1.2e-06
1.4e27 2.9e-05 1.4e-08
40 | 1.1e31 8.2e-02 | 2.4e-13
2.4e32 3.4e+00 | 9.9e-12
1.7e33 1.2e-01 1.0e-08
45 | 4.3e30 1.7e-01 1.7e-05
1.7e31 5.9e-01 1.0e-08
3.9e35 1.0e-02 | 2.4e-08
50 | 2.1e42 1.0e+00 | 4.7e-06
3.9e44 1.0e4-00 | 7.0e-06
6.6e45 1.0e4+-00 | 6.3e-06

Table 7. Equidistant nodes on (—1,1).

Notice that the performance of the proposed inversion algorithm is an improvement over that of MAT-
LAB’s standard inversion command inv () in this specific case.

Experiment 2. Next, the values for the generators and the nodes were chosen randomly on the unit
disc. We test the accuracy for various 30 x 30 matrices generated in this way, and present some results in
Table 8 and Figure 3.
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Equidistant Nodes on (-1,1)

10 T T = - < T,
"""" inv() P

Traub-QS

il
IR

forward error

10 10%°

cond(V)

FIGURE 2. Equidistant nodes on (—1,1).

cond (V) inv() | TraubQS
1.7e21 1.3e-07 | 3.5e-14
3.9e23 1.2e-05 | 9.6e-15
4.3e23 2.7e-03 | 1.2e-14
2.8e24 2.4e-05 | 8.4e-13
2.9e24 3.9¢-03 | 4.3e-12
1.8e25 6.8e-07 | 2.6e-12
2.2e25 8.9e-03 | 3.4e-14
3.1e25 1.3e-03 | 3.6e-14
3.5e25 2.9e-03 | 7.9e-14
6.8¢25 || 1.0e4+00 | 2.2e-11
2.2e27 1.0e-02 | 2.9e-11
4.9e27 || 3.6e+00 | 2.3e-13
6.6e27 || 9.9e4+00 | 7.6e-13
7.6e27 4.6e-04 | 2.0e-12
2.0e28 1.9e-03 | 5.7e-14
2.4e28 6.9¢-04 | 9.6e-15
2.6e28 2.5e-02 | 1.2e-13
5.2e28 2.4e-05 | 1.7e-12
6.9e30 1.2e-03 | 2.5e-14
1.4e33 1.0e+00 | 2.9e-13

Table 8. Random parameters on the unit disc.

10. Conclusions

In this paper we used properties of confederate matrices to extend the classical Traub algorithm for inversion
of Vandermonde matrices to the general polynomial-Vandermonde case. The relation between polynomial
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Random Parameters on the Unit Disc

10 — — ‘

""""" inv() S - -
102 1 Traub—QS‘ : |
107+ 1
107° Z 1

forward error
)
.
;

cond(V)
FiGURE 3. Random parameters on the unit disc.

systems satisfying some recurrence relations and quasiseparable matrices allowed an order of magnitude
computational savings in this case, resulting in an O(n?) algorithm as opposed to Gaussian elimination,
which requires O(n3) operations. The connection between the various sparse recurrence relations derived for
this purpose was investigated, and the result is a complete characterization of the system of polynomials
studied in terms of the related quasiseparable matrix. Finally, some numerical experiments were presented
that indicate that, under some circumstances, the resulting algorithm can give better performance than
Gaussian elimination.

Appendix

Proof of Theorem 4.7. We prove by induction on k that the choice of generators (4.3)-(4.5) results in the
n-term recurrence relations (4.2) corresponding to an irreducible Hessenberg-(1, 1)-quasiseparable matrix.
For k = 1, the recurrence relations (1.2) result in

ri(z) = (e1x — 61)ro(z), (A1)
and using (4.3)-(4.5) we arrive at (4.2) for k = 1. For k = 2, inserting the relation

aro(z) = O%(Tl (z) + 6170(x))
from (A.1) into

r2(z) = (e — 82)r1(x) — (B2z + Y2)70(T)

= (e (54 2) ) o) (522 )t

and again using (4.3)-(4.5) this becomes

results in

r2(z) = ﬁ [(z — da)r1(z) — g17o(2)]

which is (4.2) for k = 2.
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Next suppose the choice of generators (4.3)-(4.5) results in (4.2) for some k — 1 with & > 3. By adding
and subtracting the quantity f’il ri—1(z) to (1.2), we have

(e

() = ag K:c - <i—i + akii_l >) rr-1(z) + <ak§];_l) rr-1(x) = <§_:fc + 3_:> 7”6—2(5”)] - (a2)

By the inductive hypothesis,

k—3
( B ) rp—1(z) — (ﬁx + Z[—IZ> Te—2(x) = — (w) rr—2(z) — Zgj-i-lb;‘zrl,kfl &L ri(@),
j=0

Q-1 af A A

and using (4.3)-(4.5), this is furthermore equal to

k—3 k—2
—gh-1k-2(®) = D Gi4abT g beari(2) = Y giabl k(@) (A.3)
§=0 j=0

using the identities by | , = 1 and by, |, b1 = b}, ;. Inserting (A.3) into (A.2) and using (4.3) once
more gives (4.2) for k. This completes the proof. O
Proof of Theorem 5.1. Let S = {so(z),s1(x),...,sn—1(x)} be the system of polynomials corresponding to

the Hessenberg order (1, 2)-quasiseparable matrix C'z(P) of the form in (4.7). Then from (3.1) and (4.7), we
have for k=1,2,...,n—1

1 N o~ P
sp(z) = —— [(I —di)Sk—1(x) — Gr—1hrSk—2(x) — Gr—2bk—1hisk—3(x)
DPk+14k
— o= Gabg b1 hgsi(x) — Giba -+ bro1hkso(x) + Pak| (A.4)
It suffices to show that the system of polynomials {7 (z),71(2),...,Tn—1(x)} defined by the recurrence

relations in (5.1)-(5.3) coincide with the system S; that is, that 7 (x) = si(x) for each k. We present this
proof by induction. By direct confirmation, it is seen that 7o(z) = so(z) and 71 (z) = s1(x).

Next suppose that the conclusion is true for each index less than or equal to k—1 for some 2 < k < n—1;
that is,

ri(xz) =si(x), i=0,1,...,k—1. (A.5)
Then using (A.4) for k — 1 and (A.5), we have
I?k,Q(I) = ]/)\kZ]\kfl’l/”\kfl(I) + C/l\kfl?k72(:r) (AG)

+0kohk 17k 3(x) + Gr_sbk_2hk_ 17k _a(x)
+ -+ gabg - bp—ohp_171(x)
+g1b2 - - - by—2hp—170(x) — Pp_jq1

Next, the polynomial 7 (z) satisfies the recurrence relations (5.1), noting that by hypothesis, hi = In—k+1 7
0 for each k. Inserting (A.6) into (5.1) and using (A.5), we arrive at

- 1 ~ o~ .
() = =———=|(x —drp)sk-1(2) — Gr_1hrsr—2(x) — Gr—2br—1hrsk—3(x)
Pk+19k
— /9\233 o 'kalﬁksl(x) - /9\132 e 'kalﬁkso(x) + Pnfk:| .
and hence in light of (A.4), we have 7, (x) = si(x). This completes the proof. O

Proof of Theorem 5.2. Suppose first that the generators are such that g # 0 for each k. The proof in this
case will be given by showing that the system of polynomials generated by the perturbed two-term recurrence
relations (5.5)-(5.6) coincide with those given by Theorem 5.1. From (5.6) and the relationship

. . “1 .

Gr1hi Uk =0kl 1 G+1 }
v, - T RN = A A7
< g by ) { hi. /by 1 ] [ —hi/br vk (A7)

(vw gkglhk> [ Uk(:c)fffl_(lx()xi P } = Pl [ —hi/ék QZI } { S"A;:((fj)) ] A

we obtain

k
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Thus, we have the following expression for uy(z)7r—1(z) + Po—r,

Gros1 . (A )
(’Uk + gk};l k) (up(2)Px—1(x) + Po_k) = Drt1Gr <g—ka(»’C) + ”krk(fr)> (A.9)
k k
Using (5.6) for k 4+ 1, we have that
PO _ Rt A
Pr2k17041 () = ——Gr (@) + wp17x(2) + Poop—1 (A.10)
k1
which gives that G (x) is given by
_ bet1 \ -~ . .
Gr(z) = : (Prkt2@k+17k+1 (%) — 17k (T) — Ppok—1) (A.11)
k1

Inserting (A.11) into (A.9) and shifting from k+ 1 to k, we arrive at (5.1) as desired. Using the assumptions
and gx # 0 for each k, Theorem 5.1 implies the result.

For the case of a polynomial system R where g; = 0 for some j, note that the coefficients of the
polynomials generated by the two-term recurrence relations (8.7) depend continuously on the entries of the
2 x 2 transfer matrix. Let {ex} be a sequence tending to zero with e # 0 for each k, and consider a sequence
of systems of polynomials Rj, with g; = €, for each j such that g; = 0 in the original polynomial system R,
and all other generators the same as in R. Then the result of the theorem holds for the system Ry for every
k by above, and Ry — R, so by continuity, the result must hold for R as well. This completes the proof. [

Proof of Theorem 5.3. The recurrence relations (5.8) define a system of polynomials which satisfy the n-term
recurrence relations

?k(ilf) = (ozkx — akflyk) . 7/"\]@,1(117) —Qg—2k 7/"\]@,2(:6) — ... — Aok ?O(CC) (Al?)
for some coefficients oy, ag—1.,...,a0,k. The proof is presented by showing that these n-term recurrence

relations in fact coincide exactly with (4.8), so these coefficients coincide with those of the n-term recurrence
relations of the associated polynomials R; that is,

1 1 ~ 1 o~y P._
Op = <——=, Qk—1k = == dg, Aok = == <glbfkhk - = > (A-13)
Dr+19k Dk+19k Dr+19k K P,
1 o~ o~
a-7k:—/\ Ag lb‘ hk; ]:177]€—2
! R A A

Using relations for 7 (z) and Fj_;(z) from (5.8), we have

~ 1 A~ PN ~ =~ = P .
Tk (:v) = — (,T — dk)’l“k_l(ﬁt) — gk_lhm‘k_g(ib) + hkpk_lbk_le_g(CC) + i Q(ZE) . (A.14)
P,

ﬁkJrlqk n

Notice that again using (5.8) to eliminate Fj_s(z) from the equation (A.14) will result in an expression

for 71 (z) in terms of 7x_1 (), 7h—2(x), Fh_3(z), Fr_3(x), and 7o(z) without modifying the coefficients of
Fr1(x), Fh_a(x), or To(z). Again applying (5.8) to climinate Fj_s(z) results in an expression in terms of
Pro1(2), Fha (), Po—s(2), Po—a (x), Fp—s(2), and 7y () without modifying the coefficients of 7_1 (z), Fh—2 (2), o3 (z),
or 7o(z). Continuing in this way, the n-term recurrence relations of the form (A.12) are obtained without
modifying the coefficients of the previous ones.

Suppose that for some 0 < j < k — 1 the expression for 7 (z) is of the form
~ 1

Pe(r) = =—— (@ — i)k 1(2) = GerPaTra(@) — - = Gi1blyy oIy (@) (A.15)
Pr+14k '

B N Py
Dby hneF (@) + —5 kTo(u’C)}-

Using (5.8) for ﬁj (z) gives the relation
~ 1 o~ PSR
Fj(z) = = ( iDibi 1 (x) — ngjqu(I)) (A.16)
Pj+14;
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Inserting (A.16) into (A.15) gives
1

(@) = =—— |(@— di)Fao1 (@) = Gomr haTr—2(z) — - — Gib S i1 (@) (A.17)
Pr+19k ’
~TX TN Pn—k/\
"rpjbjfl’khij_l(CC)—i- To(w) .

n

Therefore since (A.14) is the case of (A.15) for j = k — 2, (A.15) is true for each j =k —2,k—3,...,0, and
for j = 0, using the fact that Fy = 0 we have

~ 1 ~ o PV
re(r) = —— |:(I — di)Ti-1(x) — Gr—1heTr—2(x) — -+ — G1b7 LhiTo(x) +
Pk+14k ’

P"*’“?O(a:) (A.18)

n

Since these coefficients coincide with those in (A.13) that are satisfied by the associated polynomials, the
polynomials given by (5.8) must coincide with the associated polynomials. This proves the theorem. O

Proof of Lemma 8.2. Let A = (4, ;) be a irreducible Hessenberg (1, 1)-quasiseparable matrix with genera-
tor representation {pg, gk, dk, gk, br, i} as in Definition 4.3, and suppose first that A is well-free. We will
construct a set of generators {pk, ¢k, dk, 9., 0}, b}, } that generate A and hj, # 0 for each k. Define

r ) 9k if hgy1 #0 _ B
gk—{ 0 if hpiy =0 Jk=1,...,n—1
;| b if hpp1 #0 _ B
bk—{ 0 if hpiy =0 Jk=2,...,n—1

1 if by =0 KT 2eom
Since A is well-free, these modifications to the elements g and by do not change the resulting matrix, and
thus the set {pk, ¢k, dk, g5, b}, P}, } also generates A, and all h elements are nonzero as desired.

On the other hand, suppose there exists a choice of generators such that hy # 0 for k € [2,n]. Then if
an element A; ; =0 for 1 <14 < j < n, it follows that at least one element of {g;, bi+1,bi+1,...,bj—1} must
equal zero. But each of these elements are also present in the expressions for A4, for k=j+1,...,n, and
hence A; , =0 for k= j+1,...,n as well. Thus A cannot contain a well, and this completes the proof. O

, {hk if hy, #0 &

Proof of Theorem 8.6. The specified generators in conjunction with the general n-term recurrence relations
(4.2) give
re(x) = (Or® + Ok + Vefr—1)r—1(2) + Yr(r—1 — Be—17%—1)Br—27r—2()
k(-1 — Be—17k—1)(ak—2 — Br—2Vk—2)Br—37k—3(T) + - +
Fyk(ar—1 = Br—1Vr—1)(ar—2 — Br—2Vk—2) - - - (2 — Bay2) Brr1 () +
+ye(ar—1 = Br—1Vh—1)(r—2 — Br—27k—2) - - - (2 — B2y2) (01 — Biy1)ro(x) (A.19)

The proof is presented by showing that the polynomial system satisfying the two-term recurrence relations
also satisfies these n-term recurrence relations. By applying the given two-term recursion, we have

[ ff((f)) } - [ Bl%ﬁ?i 9?1+_7?171 }

and
Ga(z) | _ | (82022 + B2l + a2fi)ri(x) + az(ar — i)
[ r2(7) ] B [ (622 + 0 + Y201)r1 () + Y2 (01 — Biy1) } (A.20)

giving the result for k = 1,2. From (A.20), we have
2211 (x) = 12(2) — (02 + 1261)r1(2) — Y2(01 — Bim1)
and inserting this into the expression for r3(x) of the form
r3(x) = 13Ga(x) + (632 + 03)r2(x)
yields (A.19) for k¥ = 3. Continuing in this fashion, the result follows. O
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Proof of Lemma 8.9. Let A = (A, ;) be an irreducible Hessenberg (1, 1)-quasiseparable matrix with generator
representation {pg, gk, dk, gk, bk, b} as in Definition 4.3, and suppose first that A is DPSS; in particular,
A = B + triu(Ay) where Ay is rank-one. If b, = 0 for some k, then since by, is a factor of the elements A, ;
for k € [i + 1, — 1], we necessarily must have the upper right block A(1 : k —1,k+1:n) = 0.® Since Ay
is rank-one, A(1 : k — 1,k + 1 :n) = 0 implies that both A(k:n,k+1:n)=0and A(1:k—-1,1:k) =0
as well. Hence triu(Ay) =0, and hence if we set g), =0fork=1,...,n—land b, =1fork=2,...,n—1,
then the set {px, gk, dk, g}, b}, hi. } also generates A.
Conversely, suppose the generators of A are such that by # 0 for £k = 2,...,n — 1. Then the matrices

L, ifl<i=j<
Jip, i Hist=Jg=mn d; ifl1<i=j<n
Ay = B=< pqg ifl1<it+l=j<n
gibx h; ifl<j<i<n 0 otherwise
j—1,i+1
0 ifj=lori=n
are well defined, rank(Ay) = 1, B is lower bidiagonal, and A = B + triu(Ay). O

Proof of Theorem 8.12. Inserting the specified choice of generators into the general n-term recurrence rela-
tions (4.2), we arrive at
re(z) = Ok + Ok)rr—1(2) + VeBr-17k—2(2) + Vik—1Bk—27k—3(T)
Fyeak— 10k —20k—3Tk—a(T) + -+ ypag_1 - - a2B17m0(T) (A.21)

It suffices to show that the polynomial system satisfying the two-term recurrence relations also satisfies these
n-term recurrence relations. Beginning with

Tk (CE) = ’ykafl(:z:) + (5kI + Gk)kal(:Z?) (A.22)
and using the relation
Gr-1(r) = a—1Gr—2(x) + Br—171—2(x)
(A.22) becomes
me(2) = Yok 1Gr—2(x) + ViBr-17r—2(x) + (Spz + O )rr—1(x)
and, using a similar argument as in the proof of Theorem 5.3, we continue this procedure to obtain n-term

recurrence relations. It can easily be checked that this procedure yields exactly (A.21). O
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