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ABSTRACT. We present a new decomposition of a Cauchy-Vandermonde matrix as a product of bidiagonal
matrices which, unlike its existing bidiagonal decompositions, is now valid for a matrix of any rank. The
new decompositions are insusceptible to the phenomenon known as subtractive cancellation in floating point
arithmetic and are thus computable to high relative accuracy. In turn, other accurate matrix computations
are also possible with these matrices, such as eigenvalue computation amongst others.

1. INTRODUCTION

An n x n Cauchy-Vandermonde (CV) matrix of index I, and parameters 1, xa, ..., n and y1,y2,..., ¥
is defined as:
1 1 n—l—1
IlJlr?h 931‘1|’yl, Lz Ty 1
—l—
(1) A= IZJ.r?h IZJ.F?JL 1z T2
_r ... 1 . n—i-1
Tn+y1 ZTnt+yi 1z, Tn

At one extreme, | = 0, the CV matrix is a Vandermonde matrix and at the other, [ = n, it is a Cauchy
matrix.
When the parameters of a CV matrix are ordered as

(2) O0<z1 <2< <y, O0<y1<y2<--- <y,

the CV matrix is totally nonnegative (TN) [1], i.e., all of its minors are nonnegative [2]. As such, the
decompositions of CV matrices as a product of nonnegative bidiagonal factors become of interest in both
the study of the theoretical properties of these matrices [3, 4, 5, 6] as well as accurate and efficient numerical
computations with them [7, 8, 9].

The CV matrices appear prominently in computing rational interpolates with prescribed poles [10]. This
type of interpolation has applications in control systems [11]. The CV matrices also appear in connection
with the numerical solution of singular integral equations [4, 12], as well as in numerical quadrature [13],
rational models of regression [14], and E-optimal design [15].

The main issue we address in this paper is that when some of the parameters x; or y; coincide, the CV
matrix is no longer nonsingular and the existing bidiagonal decomposition (from [1]) no longer exists. To
illustrate this, the 3 x 3 Cauchy matrix (which is a CV matrix of index | = 3) with nodes x1,x2,z3 and
Y1, Y2, Y3 has a bidiagonal decomposition (see [7])
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z1+y2) (T2+y1) (Y2—ys T1+y2
(3) x 1 (z1+y3) (z2+y3) (Y1 —y2) 1 z1+ys3 )

1

which does not exist when 1 = x5 or y; = y2 because 1 — z2 and y; — y» appear in denominators. This is
unfortunate, because the Cauchy matrix itself is very well defined even then.

The main contribution of this paper is to refactor the existing bidiagonal decomposition of any CV
matrix as a product of nonnegative bidiagonals, a decomposition that is valid for any complex values of
the parameters for which the CV matrix is defined, not just for those that make it nonsingular and TN.
Additionally, this paper extends the results of [16] on singularity-free bidiagonal decompositions of CV
matrices with one multiple pole (which are of Vandermonde type) to any CV matrix of any index [ > 1
(which are not of Vandermonde type).

For example, using the results of this paper, the above Cauchy matrix can instead be decomposed as

1 1 1
wl‘:{‘yl xl-{-yz 331'{‘2!3

302'{‘2!1 3?2'{‘212 332'{‘2!3

r3+y1 r3+Yy2 z3+Y3

1 1
+
=0 1 Faton T2 =0
Taty1 _ (z14y2) (z2+y1)
X X Pl WL P AL N2V —
z3t+y1 3 2 (@aty) (@atyz) 3 T1
r 1
x1+Y1 1
x (@1 792) (w2 +1) (@2+y2) )
L (z14y3) (@3+y1) (z2+ys3) (z3+y2) (x3+ys3)
M T1+y1
o 1 0
1ty
% 1_ Ny (z1+y2) (T2+y1) T1+Y2
2= (z1+y3) (z2+y3) T1+y3
Ys — Y1 Ys — Y2

This is a simpler decomposition in that it requires fewer arithmetic operations to compute than the existing
one (3). Additionally, the new decomposition is valid for any complex values of the nodes x1,zo, ..., z, and
Y1, Y2, ...,y for which the Cauchy—Vandermonde matrix itself is defined.

One benefit of the existing bidiagonal decompositions of CV matrices from [1] is that it allows for numerical
computations to be performed with nonsingular TN CV matrices efficiently and to high relative accuracy
[1, 7]. The new bidiagonal decompositions remain insusceptible to subtractive cancellation, and thus all of
the entries of these decompositions can be computed to high relative accuracy when the matrix is TN. By
“high relative accuracy” we mean that the sign and most leading significant digits of each entry are computed
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correctly (see section 5). Matrix computations can now be performed with TN CV matrices of any rank
accurately and efficiently using the methods of [9] — see section 6 for a numerical example.

The efficiency and high relative accuracy is particularly relevant, for example, in eigenvalue computations
since the corresponding matrices are unsymmetric. The error bounds for the eigenvalues computed by
the conventional algorithms (such as the ones in LAPACK [17, 18]) imply that none of the eigenvalues are
guaranteed to be accurate, although the largest ones typically are — see the example in section 6. In contrast,
the results of this paper now allow for all eigenvalues to be efficiently computed to high relative accuracy
and, in particular, the zero eigenvalues are computed exactly.

The paper is organized as follows. In section 2 we review the existing bidiagonal decompositions of
nonsingular TN matrices from [1]. We derive the new singularity-free bidiagonal decomposition of a CV
matrix in section 3. For a Cauchy matrix (i.e., a CV matrix of index I = n), the results can be derived
directly from [16] as we explain in section 4. We discuss accuracy issues in section 5 and present numerical
experiments in section 6.

2. THE ORDINARY BIDIAGONAL DECOMPOSITION OF A TN CV MATRIX

Even though the new decompositions that we derive for the class of CV matrices is valid without any
requirement for total nonnegativity, our approach is based on the existing bidiagonal decompositions for
nonsingular TN CV matrices, which we review here.

Any nonsingular n x n TN matrix A can be factored as a product of nonnegative bidiagonal matrices as

[6]:
(4) A= L@ ... p(=) prn-Dyn-2) . 1),

where L") are n x n nonnegative and unit lower bidiagonal, D is n x n nonnegative and diagonal, and U®
are n X n nonnegative and unit upper bidiagonal. For the nontrivial entries l;k) and ugk) of the factors L(®)
and U, respectively, we have ll(k) = uz(k) =0fori<n-—k.

Following the terminology of [16], we refer to the decomposition (4) as the ordinary bidiagonal decompo-
sition of A to contrast it with the new singularity-free bidiagonal decomposition (10) we derive below.

The decomposition (4) occurs naturally in the process of complete Neville elimination when adjacent rows
and columns are used for elimination. We refer the reader to [6] and [5] for details on the connection with
Neville elimination.

We have exactly n? nontrivial entries which parameterize the above decomposition and these are arranged
in an n x n array M = BD(A), where [7, sec. 4]

(5) my; = L0 i > g,
(6) mi; = U i<,

For i # j, the m;; are the multipliers of the complete Neville elimination with which the (i, j) entry of A is
eliminated and m;; are the diagonal entries of D. This particular arrangement of the nontrivial parameters
makes it easy to input these parameters to a software as an n x n matrix M.

The explicit formulas for the entries (5)—(7) of the ordinary bidiagonal decomposition (4) of a nonsingular
TN CV matrix are [1, Prop. 4.1]:

1 i—1 1 i—1 . .
s L=t oo e (@ — 20 —w), 1<i<l;

Mg =

l i—1 .
Hk:l ﬁ ;c:l(xi B l’k), l <1 S n;
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for 1 <i<mn,
Ti—i+Y; TTI— 1 Ti—1+Yk Ti—Tpi1 . .
zity; H Ti+Yk Hk =i—j xi_1—Ty’ i<t
(8) mi; =
J
l Ti_1+Yr Ti—Th41 . .
e S My 502 i>
for 1 <j<i<n,and
TitYi—j TrptYi—1 i —Yrt1 . . .
e e M t=j<ish
TitYl—j1 J _ (e + )Hq 1 il 1<i<l:
@5+ FTU g iy PTITH ASTS0
(9) mj; = . I+2<i<n,
j’ 1<j<i—1-1;

1+2<i<n,
i+ iy, i—l<j<i—1;
i=14+1,j=1;

for1 <j<i<n.

In [1] an algorithm with high relative accuracy and of complexity O(n?) for computing the bidiagonal
decomposition for nonsingular TN CV matrices was also included.

The trouble with the above expressions when some of the x;’s or some of the y;’s coincide is obvious—the
terms in the expressions for m;; and m;; above underlined with a single line have singularities. Of course,
the CV matrix itself doesn’t have singularities and the reason is that the double underlined terms in the
expressions for my; cancel all problematic denominators.

In our approach below we work the double underlined terms into the expressions for m;; into the bidiagonal
factors making all singularities disappear. This results in bidiagonal factors that no longer have unit diagonals
for which leads us to a new definition of a singularity-free bidiagonal decomposition in the next section.

3. THE SINGULARITY-FREE BIDIAGONAL DECOMPOSITION

Following the approach and notation of [16], we obtain the singularity-free bidiagonal decomposition of a
matrix into a product of bidiagonal factors where the bidiagonal factors (L) and U in (4)) no longer need
to have unit diagonals.

The singularity-free bidiagonal decomposition of an n x n matrix A is

(10) A=1I Ly Ly 1DUy 1Up_o---Ul,

where the matrix D is nonnegative and diagonal, the factors L; and U; are nonnegative lower and upper
bidiagonal, and have the same nonzero patterns as L(Y) and U® in (4), respectively, i = 1,2,...,n — 1.
Namely, (Lk)it+1,: = (Uk)ii+1 = 0 for i < n — k (see theorem 2.1 in [7]).
Following [9], the nontrivial entries of SBD(A) are stored in two matrices: B, which is n x n and C', which
is(n+1)x (n+4+1):
[B,C] =SBD(A).
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As with BD(A), the matrix B stores the nontrivial offdiagonal entries of L; and U; as well as the diagonal
entries of D, exactly as in (6):

bij = (Ln—itj)ii—1,1 > J,
bij = (Un—j+i)j—14,1 < J,
bii = Dy;.

The matrix C stores the diagonal entries of L; and U; as
(Ly—itj)i-1,i-1,

= { (Un—j+i)i-1.5-1,
In this arrangement, c;;, ¢ > j, is the diagonal entry in L, _;; immediately above b;; and similarly for ¢ < j
and Up,—j4+;. The entries ¢;;,7 = 1,2,...,n 4+ 1 as well as the entries ¢; 41 and ¢, 41,1 are unused. This is
the same construction as the one given in formula (9) in [9], except that, just as in our previous paper [16],
we now allow for the (n,n) entry in L; and U; to be any nonnegative number and not necessarily equal 1
(see also section 7 of [16]).

The new singularity-free bidiagonal decomposition of (10) is not unique, but this is inconsequential for the
purposes of accurate computations: any accurate decomposition of a TN matrix as a product of nonnegative
bidiagonal matrices is an equally good input [7, 9].

To derive the singularity-free bidiagonal decomposition of a CV matrix A, we start with its ordinary
bidiagonal decomposition (4). Then, we factor the diagonal factor D into three diagonal factors D = GEF,
where

1> 7,
1< J.

i—1
Gii = || (xi — ),
r=1
1 1<1<1
i—1 i y ST
() 5 I = (@i +ye) [Ty (ke + 9i)
1 T 1
W, l+1<i<n,
r=1 €Ty +y7‘
i =), 1<i<l;
(12) F”—{L lfl<i<n,

and thus (4) becomes
(13) A= (L(l)L(2) . ..L(n—l)G) .E. (FU("_”U("_Q) o U(l)) .

The lower triangular matrix LY L) ... L= @G has a singularity-free bidiagonal decomposition [16, Thm.
4.1]

(14) LOL® . . LV G = [ Ly Ly_1,
where
= _
1
(15) Ly= Sn—k+1,1 Tn—k+1 — Tn—k

Sn—k+2,2

Tpn—k+2 — Tn—k

Snk

Tp — Tp—k




and

for ¢ > j. The quantities s;; above are obtained from their m;; counterparts in (8) by omitting the underlined

factors.

The diagonal factor E has no singularities when some of the parameters coincide, thus the only remaining
task is to rework the factors of the upper triangular matrix FU®~DU®=2) ...UM We formulate it in the
following result.

Theorem 1. Let the matrices UD U .. U™ be defined as in (4) for a TN CV matriz A of index

with nodes x1, s, . , Y1, and let the matriz F be defined as in (12). Then we have

ey T, and Y1, Y2, - - -
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j7
Ti—j +Yj Ti—1 + Yr . .
i T Yj H T+ Yy ist

Sij =

l

XTi—
H A l'i_yr7 j>l
r—1 Ti +Yr

(16) FUCeDye=2...yW =y, U,_5--- Ui,
where Uy, k=1,2,...,n— 1, are upper bidiagonal matrices such that
_ ) Y= Yn—k, n—k+1<t <,
oL { 1, otherwise;
(17)
(Uk)t 1.+ = St—n+tk,t) n—Fk+1 <t<mn,
o 0, otherwise,
with the sj; (1 < j <i<mn) defined as
TitYi—j J Tr+Yi— . . .
I;'H/i—i k=1 :‘k-i-yil ’ l<j<isi
oy ; . )
% i@ +u), i=1+11<5<;
(18) Sji =9 . l+2'§ i.S n,
” 1<j<i—l-1
1+2<i<n,
Zj+Yi—j i—1<j<i-1
i=1l+1,7=1
Namely,
M1
1 81,n—k+1
Yn—k+1 — Yn—k
U= Sln—k+l

Y — Yn—k

Skn
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Proof. We define n x n diagonal matrices D®) k' =1,2,... n as:

t—1

_ — —k+2<t<l
1 D(k) — Hr_nkarl(yt yr)a n STS
() ( Ju ) otherwise,
ie.,
-1 )
1

Yn—k+2 — Yn—k+1
D) —

-1
Hr:nfkjtl(yl - yT)
1

and thus, in particular, D™ = F and
(20) D®) =1

fork=1,2,...,n—1+1.
With the paramters s;; defined as in (18), we have from (6) and (9) that the offdiagonal entries of the
matrix U®) are

St—n+k,t Ht_2 Yt et n—=~k +1 <t< l,

r=n—k y;_1—y.’

-1 1

ren—k g—g> =1L

k
(21) Ut(—)l,t = Mi—ntk,t = St—n+k,t IT

St—n+tk,ts l+1<t<n.
We will prove that
(22) DL ®) — 7, p*)

fork=n—1,n—2,...,n— 1+ 1. This identity will allow us to “work” the matrix D™ into the product of
bidiagonals in (24) below and remove all singularities when some of the parameters defining A coincide.

Since D*+1) and D®*) are both diagonal and U*) and U}, are both upper bidiagonal, we have bidiagonals
on each side of (22). Thus it suffices to show that the corresponding diagonal and offdiagonal entries are the
same.

Since U®) has a unit diagonal, the diagonal (t,t) entry, t = 1,2,...,n, in the product on the left side of
(22) is D§f+1). On the right, the corresponding entry is (Uk)ttDt(f) and these are equal fort =n—k+1,n—
k+2,...,l, because

t—1 t—1
k+1 k
DY = I @-v)=@—vusw) [] w-—w)= (U)uD}y,
r=n—=k r=n—k+1
since (Ug)tt = Yyt — Yn—k by (17).
The rest of the diagonal entries on each side of (22) all equal 1, since Dng) = Dt(f) = (Ug)u = 1 for

t<n—k+landt>1I
Thus all diagonal entries on both sides of (22) are equal.
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Next, we establish that the offdiagonal, (¢t — 1,¢) entries on each side of (22) are equal, i.e., that
k+1 k k
(23) Dgf—"l_,t)flUt(f)l,t = (Uk)t—LtDt(t)

fort=2,3,...,n.
Since Ut(f)l,t = (Ug)t—1,4 =0for t =2,3,...,n — k, we only need to prove (23) for t >n —k + 1.
Forn—k+1<t<I from (17) and (19),

t—1
(Up)i—1,6 = St—n+ne and Dy = H (ye — yr),
r=n—k+1
which combined with (21) gives
t—1
(Uk)tﬂ,thf) = St_pikt H (Ye — yr)
r=n—k+1
t—2
= St—n+tk,t H (e = Yr41)
r=n—=k
t—2 e —y t—2
- 1
= St—n+k,t H % H (ytfl - yr)
r=n—=k Ye—1 Yr r=n—=k
k k+1
= Ut(—)l,t : Dt(—l,t)—lv
0 (23) holds.
For t =1+ 1 we have
-1 1 -1
k k+1
Ul(,l—)&-lDl(l ) = Sl+1—n+k,l+1 H H (yl - yr)
- Y —Yr -
r=n—=k r=n—=k

= Si+1—n+k,l+1
_ (k)
= Sl41—n+k,l+1 " Dl+1,l+1’

since Dl(i)l,lﬂ =1 and thus (23) holds again.

For t =1 +2,0+3,...,n we have D{"1)) | = DY) =1 and U, , = (U)i—14 = 81—k, and (23) holds
in that case as well.

With this, (23) and, in turn, (22) are fully established.

Finally, we use (22) to work the factor D) = F through the product DU =Dy =2 ... 7W) a5 follows

DWyr-Vye-d . y® =g, pt-Dy-2) ... g®)
= n—lUn—Zw' ot U(l)

=U,_ 1 Un_l_s_gD(”*l*z)U("*lH) gD
=Up_y--Up_jp D=HOy=b . (),
and since D1+ = [
(24) =Un-1Up—2---Un,

where the factors that change on each step are underlined.
Our proof is complete. O
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We have thus established our main result.

Theorem 2. The singularity-free bidiagonal decomposition (10) of an n x n CV matriz A is
(25) A:L1L2'"Ln—lEUn—lUn—Q"'Uh

for any values of the nodes for which the C'V matriz exists, where the matrices A, E, Ly, and Uy, are defined
in (1), (11), (15), and (17), respectively.

Proof. For a nonsingular n x n TN CV matrix (i.e., when the nodes are ordered and strictly increasing
0<z <zo<--<@p, 0<y; <ya2 <--- <y [1]) the result follows directly from [1] and (11), (13), (14),
and (16).

For general values of the parameters (when A is not a nonsingular TN matrix), both sides of (25) are
defined for any complex values of the parameters z; and y; so long as all denominators, x; + ¥;, i =
1,2,...,m,5=1,2,...,1, in (1) are nonzero.

If we fix the values of all parameters defining the matrix A, except for one, say z;, the entry a;; of A
is a meromorphic function of that parameter z; on C. When the matrix A is TN and nonsingular, this
(i,7)th entry of A equals the (4, j)th entry on the right hand side of (25) on an open interval containing the
parameter z; (e.g., 1 € (0,22) for i =1, z; € (zj—1,@541) for 2 <i<n—1, and z,, € (z5—1,00)).

The Identity Theorem [19, Thm. 3.2.6] then implies that (25) holds for any complex values of the nodes
;i =1,2,...,n, for which the CV matrix A is defined.

By repeating the same argument for any of the parameters y; in place of the x;, the proof is complete. [

Algorithm 1 contains the pseudocode! to compute with high relative accuracy the singularity-free bidi-
agonal decomposition of a CV matrix corresponding to Theorem 2. Taking into account that the algorithm
mentioned in Section 2 has a computational cost of O(n?), this algorithm also has the same computational
complexity.

4. VANDERMONDE AND CAUCHY MATRICES

The n x n Vandermonde

V=l
1,9=1
and n x n Cauchy matrices

o =[],

i,j=1
are the | = 0 and [ = n cases of an n x n CV matrix. Both are particular cases of Theorem 2 with the
additional convention that indices less than 1 or exceeding n are ignored and empty products equal one.

The singularity-free bidiagonal decomposition of a Vandermonde matrix was obtained in [16]. Since the
transpose of a Cauchy matrix with nodes {z;}_; and {y;}7_; is a Cauchy matrix with nodes {y;}7_; and
{z;}"_,, the singularity-free bidiagonal decomposition of a Cauchy matrix can be obtained directly from (14)
without the need of Theorem 2.

5. NUMERICAL ACCURACY

In the standard “1 + 6” model of floating point arithmetic [21], to which the IEEE 754 double precision
arithmetic [22] conforms, the result of any floating point calculation is assumed to satisfy

(26) fila®b) = (a ®b)(1 +4),

where © € {+,—, X, /}, |§] < ¢, and ¢ is tiny and is called machine precision.

I This algorithm is implemented in MATLAB as the routine STNBDCauchyVandermonde in the package STNPack [20].
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Algorithm 1

Input: The vector = containing the nodes {x;}1<i<n and the vector y containing the poles {y;}1<i<i-
Output: [B,C| =SBD(A)

1: function [B, C]=STNBDCauchyVandermonde(y, x)

2: n=length(x);
3: 1=length(y);
4: B=ones(n);
5. C'=ones(n);
6: for j=1:1
7. for i=j+1:n
Ti—j + Y
8: i = T
Ti + Y
9: for r=1:j-1
10: B%] J— Bz7]w7
Ti + Yr
11: end
12:  end
13: end
14: for j=2:n
15:  for i=j+1m
16: Ci,j =Ti—1 — Ti—j;
17: end
18: end
19: j=1+1;
20: for i=j+1:n
21:  for r=1:j-1
29. Bi,j — wa’
X+ Y
23:  end
24: end
25: for j=1+2:n
26:  for i=j+1:mn
27: for r=1:1 4
T
28: Bi,j = Bid‘iz ! yr;
Zq + Yr
29: end
30: end
31: end
32: for i=1:1
33: for r=1:i-1
34: B;; = L ;
e Ti + Yr
35: end
36: for k=1:i
37: B, ;, = LI
1,7 xk + yZ b
38:  end

39: end
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40

41:
42:

43:
44:

45

46:
47:
48:
49:

50:
51:
52:

53

54:
55:
56:
57:

58:

59

60:

61:
62:
63:
64:

65

66:
67:

68

69:
70:
T1:
72:
73:
74:
75:

76

7T
78:

: for i=1+1:n
for r=1:1
end

end

: for i=2:1
for j=1:i-1

Jt =
for k=1:j

Bj;=DBj;
end

end
end

: for i=2:1
for j=2:i-1
Cii = —Yi—j
end
end

i=1+1;
: for j=1:i-1

3y
for k=1:j

end
end

: for j=2:i-1
Cji = —yi—j +
end

: for j=142:n

for i=1:j-1-1
Bij = wi;

end

for i=j-1:j-1

end
end

: for i=2:n
Bn,i = Bn,i . H
end

_xi'i_yr,

Tj+Yij,
T4 yio1

+ Yi—1;

Tj+Yi-j
T+ Yi—

)
1

Yi—1;

Bij =%+ yj—;

n—1
k=n—i+1

Tr + Yi

)

Bji= By (v +yi-1);

(T — 21);
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For a computed quantity,  to have high relative accuracy, it means that it satisfies an error bound with
its true counterpart, x

| — x| < O]z,

where 6 is a modest multiple of €. In other words, the sign and most significant digits of x must be correct.
In particular, if = 0, it must be computed exactly.

The above model directly implies that the accuracy in numerical calculations is lost due to one phenomenon
only, known as subtractive cancellation [23]. It occurs when a subtraction of previously rounded off quantities
results in the loss of significant digits. Multiplication, division, and addition of same-sign quantities preserve
the relative accuracy. The subtractions z; — z; as well as y; — y; are always computed to high relative
accuracy, since the parameters x; and y; are initial data and are thus assumed to be exact: (26) tells us the
result of those subtractions is computed to high relative accuracy.

Detailed error analysis for the ordinary bidiagonal decompositions of a nonsingular TN CV matrix has
already been performed in [1].

The new singularity-free bidiagonal decomposition inherits the same componentwise error bounds and is
thus also computable to high relative accuracy: all offdiagonal entries in the matrices L; and U; are factors
in the corresponding entries in the matrices L(®) and U® and thus satisfy the same error bounds as do the
elements in the diagonal factor F. The entries on the diagonals of L; and U; are either 1 or differences of
initial data and have a relative error bounded by e per (26).

6. NUMERICAL EXPERIMENTS

We performed extensive numerical tests to verify the correctness of the new singularity-free bidiagonal
decomposition of CV matrices we derived in this paper. We report on two those here.
For our first numerical experiment we selected a 20 x 20 CV matrix A of index 6 with nodes

(27) {xl zlil = {1,2,2,2,2,2,2,3,4,5,6, 7,8,9,10,11,12,13, 14, 15}
and
(28) {yj}?:l = {17232a2’374}7

where the node 2 is repeated in both x and y arrays 6 and 3 times, respectively. This choice of the parameters
makes the CV matrix TN (see (2)). It is of rank 15 since the 15 x 15 submatrix consisting of rows 1,2, and
8 through 20 and columns 6 through 20 is a Vandermonde matrix with distinct nodes and thus nonsingular,
and rows 3 through 7 are the same as row 2.

We implemented the formulas for the singularity-free bidiagonal decomposition of this CV matrix (Al-
gorithm 1) into the routine STNBDCauchyVandermonde in the package STNTool [20]. We then formed the
bidiagonal decomposition of the CV matrix with parameters (29) and (28). We then computed the eigenval-
ues using the algorithm STNEigenValues from the same package STNTool, which has complexity of O(n?)
for an n X n matrix (see also [9] for details on the eigenvalue algorithm) using as input the matrices B and
C that are output by STNBDCauchyVandermonde. We also computed the eigenvalues using a conventional
eigenvalue algorithm (eig in MATLAB [24]) in both double precision IEEE floating point arithmetic and,
for verification, formed the matrix and then computed its eigenvalues in 40 decimal digit arithmetic. As
expected, only the largest eigenvalues are computed accurately by eig in double precision arithmetic and all
eigenvalues smaller than about 10716 times the largest eigenvalue are lost to roundoff.

In contrast, all nonzero eigenvalues computed by STNEigenValues were correct to at least 14 correct
decimal digits when compared with those computed in 40 decimal digit precision using Mathematica. Their
magnitude ranging from about 10'® to 107 meant 40 digit arithmetic was sufficient to get the nonzero
eigenvalues accurate to 16 digits. No amount of extra precision will allow us to reliably compute the zero
eigenvalues using conventional algorithms. The reason we know the algorithm computed the correct number
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of zero eigenvalues (5) is because we know the rank of the matrix from theory as described earlier in this
section? — see Figure 1.

1020 T T T T T
+ conventional, double precision
® O new accurate algorithm

1010 ® +conventional, 40-digit precision H
® — — double precision threshold
—-—-40-digit precision threshold

10-10 L

10»20 = -

10'30 L 4

1001 s, 4

L L L L L L
0 2 4 6 8 10 12 14 16 18 20
Eigenvalue index

10-50

FIGURE 1. The eigenvalues of the 20 x 20 Cauchy-Vandermonde matrix A as computed by
various algorithms.

For our second numerical experiment, we chose a nonsingular TN Cauchy-Vandermonde matrix of index
0 with (distinct) nodes

(29) {x}0_, = {1/2,1,5/2,3,10/3,4,11/2,17/3,6}

and no poles. This matrix is also TN Vandemonde, which allowed us to compare our algorithms with those
from our previous work [16] as well as the algorithms of [7]. We chose the nodes carefully so that the matrix
is very ill conditioned (condition number 4.7 x 10!!), but not too ill conditioned, so that the conventional
matrix algorithms (e.g., LAPACK [17] as implemented in MATLAB [24]) would compute even the smallest
eigenvalues with some relative accuracy.

We compared the accuracy of all computed eigenvalues with those computed by Maple in 50 decimal digit
floating point arithmetic, which (because the condition number is 4.7 x 10'!) was sufficient to ensure they
accurate to at least 16 correct decimal digits in each.

In the second column of Table 1, we observe, as expected, that our new algorithms compute eigenvalues
that agree with the ones computed by Maple to at least 15 digits, i.e., to high relative accuracy. We
computed the bidiagonal decomposition using Algorithm 1 as implemented by STNBDCauchyVandermonde in
the package STNTool [20], followed by a call to STNEigenvalues in the same package.

In the third column, we observe, again, as expected, that our new algorithm computed the eigenvalues
just as accurately as the algorithms of our previous work [16] using instead the routine STNVandermonde
from STNTool [20] for the bidiagonal decomposition.

The fourth column demonstrates the importance of deriving the accurate formulas for the bidiagonal
decomposition of a TN Cauchy-Vandermonde matrix and that those are better than just using Neville
elimination to obtain those bidiagonal decompositions (which is susceptible to subtractive cancellation). By
computing the bidiagonal decomposition using Neville elimination using the routine TNBD from the package

2Since the graph is log-scale, the zero eigenvalues are not depicted and the eigenvalues computed negative or complex by
the conventional algorithms are displayed by their absolute values.
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TNTool [20], instead of the results of this paper, we caused irreparable damage — the eigenvalues of the
thus decomposed matrix, even though computed to high relative accuracy using the routine TNEigenvalues,
differ to various degrees from the true ones. This example underscores the importance of computing the
bidiagonal decompositions accurately in the first place, which is the main contribution of this paper.

A STNBDCauchyVandermonde | STNBDVandermonde TNBD i

! + STNEigenValues + STNEigenValues | + TNEigenValues &
1.88193e+06 0 0 2.79604e-14 1.23719e-16
1.38376e+04 6.57263e-16 6.57263e-16 7.74256e-14 1.70888e-15
3.11538e+02 0 0 9.17778e-14 9.28726e-14
1.83012e+01 1.94124e-16 1.94124e-16 2.00724e-13 2.23437e-13
2.43185e+00 1.82614e-16 1.82614e-16 2.71912e-13 6.13932¢-11
1.11330e+00 1.99447e-16 1.99447e-16 2.46317e-13 6.28627e-11
2.19017e-01 7.60369e-16 7.60369e-16 3.84240e-13 1.45762e-10
3.11176e-02 3.34484e-16 3.34484e-16 7.34416e-13 1.91914e-10
4.90302e-04 2.21129e-16 2.21129e-16 2.61574e-12 1.21019e-07

TABLE 1. The eigenvalues of a TN Vandermonde matrix and the relative error in each as
computed by various algorithms.

Finally, in the last column, we report the results of MATLAB’s command eig where, expectedly, only the
largest eigenvalues are computed accurately then progressively losing relative accuracy in the smaller ones.
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