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Abstract. The condition number of a Gram matrix defined by a polynomial ba-
sis and a set of points is often used to measure the sensitivity of the least squares
polynomial approximation. Given a polynomial basis, we consider the problem of
finding a set of points and/or weights which minimizes the condition number of the
Gram matrix. The objective function f in the minimization problem is nonconvex
and nonsmooth. We present an expression of the Clarke generalized gradient of f
and show that f is Clarke regular and strongly semismooth. Moreover, we develop
a globally convergent smoothing method to solve the minimization problem by us-
ing the exponential smoothing function. To illustrate applications of minimizing the
condition number, we report numerical results for the Gram matrix defined by the
weighted Vandermonde-like matrix for least squares approximation on an interval,
and the Gram matrix defined by an orthonormal set of real spherical harmonics for
least squares approximation on the sphere.

Key words: Condition number, Gram matrix, least squares, interpolation, smooth-
ing method, generalized gradient, semi-smooth, spherical harmonics.

1. Introduction. We denote by S,, the space of symmetric n X n matrices with
the standard inner products

<A,B> = Z aijbij, VA = (G,ij),B = (b”) €S,.

i,j=1
We denote by S;F and S;F, the cone of symmetric positive semidefinite n x n matrices
and the cone of symmetric positive definite n X n matrices, respectively.

For A € S,,, we denote by A\(A) € R™ the vector of its eigenvalues ordered in a
decreasing order:

K(A) = /)\\i((i; if A is nonsingular
00 if A is singular.
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Optimizing eigenvalue functions have been studied for decades [17, 21, 24, 25, 26, 27].
In a recent paper [18], Maréchal and Ye studied the following optimization problem

minimize  x(A) (1.1)
subject to A € Q, '

where Q is a compact convex subset of S;. From the definition, it is clear that if
QN St is not empty, then a minimizer for (1.1) must belong to S;7*. However, if
QNS is empty, then (1.1) has no optimal solution. The optimization problem (1.1)
has several applications. See [18], for an example arising from the Markovitz portfolio
selection.

In this paper, we are interested in the minimal condition number for matrices
in the form A = VTV, where V € R*" with £ > n, and rank(V) = n. Obviously
AeStt.

Let || - || denote the Euclidean vector norm and matrix norm. The Euclidean
condition number of V' is defined by [14]

= max —— m
v2o [Vyll 520 2] n(A)

where VT = (VTV)~1VT is the Moore-Penrose generalized inverse of V.

The quantity (V') has been widely used in the sensitivity analysis of interpolation
and approximation, for example [2, 3], the least squares polynomial approximation on
an interval. In many least squares problems, V' is a weighted Vandermonde-like matrix
with rank(V) = n. Each element of V' is defined by the weights and a set of node
points. Estimation of upper bounds and lower bounds for (V') with respect to the
matrix size n have been studied extensively. However, there is little work on efficient
optimization methods to find optimal weights and nodes which minimize (V') with
a fixed n.

Suppose each entry of V(z) is a continuously differentiable function of x € R™.
Then each entry of A(z) = V(z)TV(x) is also a continuously differentiable function
of . We consider the following minimization problem

minimize  k(A(x)) (1.2)
subject to x € X, '

where X is a convex set in R™.

The objective function x(A(z)) in (1.2) is neither convex nor smooth. Problem
(1.2) can be considered as a special case of fractional programming [11, 12]. Applying
the Dinkelbach method for fractional programming to (1.2), at each iteration, we need
to solve a minimization problem

minimize  A(A(x)) — kgAn(A(x))

(
subject to = € X, (1.3)

where Ky, > 0 is an approximation of the optimal value of (1.2). If A\; and A, are linear
functions of x, then (1.3) is relatively easy to solve. However, in general, A\; (A(x)) and
—An(A(z)) are nonconvex and nonsmooth functions of x. The Dinkelbach method for
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(1.2) needs to solve a nonconvex and nonsmooth minimization problem (1.3) at each
iteration.

Most optimization methods and softwares are only efficient for convex and smooth
problems. To develop efficient algorithms to solve (1.2), we adopt the Clarke gener-
alized gradient [10] and the exponential smoothing function [4, 20, 21]. At each
iteration, we use the function value of the smoothing approximation of the objective
function in (1.2) and update the smoothing parameter.

In section 2, we present an expression of the Clarke generalized gradient of
k(A(z)). We show that k(A(z)) is Clarke regular and strongly semismooth.

In section 3, we propose a smoothing function for k(A(x)) and show various
properties of the smoothing function which ensure that a class of smoothing algorithms
for solving (1.2) converge to a Clarke stationary point globally.

In section 4, we numerically investigate the condition number k(A(z)) of a Gram
matrix arising from the least squares polynomial approximation on an interval and on
the sphere with = corresponding to a set of node points or weights. We compare the
optimal solutions of (1.2) defined by the Vandermonde-like matrix with equally spaced
points, Gauss points, Gauss-Lobatto points, Chebyshev points and Clenshaw-Curtis
points on the interval [—1,1]. Moreover, we compare the optimal solutions of (1.2)
defined by the spherical harmonics with the extremal points, the minimum energy
points and the points of spherical ¢-designs on the unit sphere.

Throughout this paper, we let e; € R™ (i = 1,...,n) denote the ith column of the
identity matrix in R™*™ and I,, denote the identity matrix in R"*"™. We denote by
D;f (D} ) the set of all n x n diagonal matrices with nonnegative (positive) diagonal
entries. Let

Ry, ={yeR" :y;>0,i=1,...,n} and R} :={yeR":y >0, i=1,...,n}.

2. Generalized gradient of x(A(z)). In this section, we present an expression
of the Clarke generalized gradient of x(A(x)). In order to explain the expression
clearly, we divide this section into three subsections. In subsection 2.1, we recall
existing expressions for the generalized gradient 0x(A) and give a new expression
for Ok(A). In subsection 2.2, we present an expression of the generalized gradient for
k(A(V)) with A(V) = VTV. In subsection 2.3, we give an expression of the generalized
gradient for x(A(z)) with A(z) = V(2)TV(z).

2.1. x(A). For A € S, the notation diag(A(A4)) € S, is used for the diagonal
matrix with the vector A\(A) € R™ on the main diagonal.
It is known that any A € S;" admits an eigenvalue decomposition:
A =U(A)diag(A(A)U(A)T

with a square orthogonal matrix U(A),U(A)TU(A) = I,,, whose columns are eigen-
vectors of A. Let u;(A) be the ith column of matrix U(A).

PROPOSITION 2.1 (The Clarke generalized gradient). ([17, 25, 20]) Let A € S,,.
The Clarke generalized gradient of A1 (A) is given by

(4)
OM(A) =G =) ru(Auw(A)": >0, i=1,...,dA), Y m=
=1
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where d(A) is the multiplicity of the largest eigenvalue of the matriz A.
The Clarke generalized gradient of A, (A) is given by

b(A) b(A)
M (A) =< H= Z Vitby—it1( un,iH(A)T 7 >0, i=1,...,b(A), Z v =1

where b(A) is the multiplicity of the smallest eigenvalue of the matriz A.

Using [10, Proposition 2.3.14] for the Clarke generalized gradient of quotients, we
have the following proposition for x(A).

PROPOSITION 2.2. ([18, Proposition 4.2]) Assume that A € S}**. Then k is
Clarke regular at A and its Clarke generalized gradient at A is given by

Ok(A) = M\ (A)"HOM(A) — K(A)ONL(A)).

The following two submatrices of U(A)

Ua(A) = {u1(A),.. ., uga)(A)}, and Up(A) = {tun—pa)+1(A), .., un(A)}

are formed by the orthonormal bases for the eigenspaces corresponding to the largest
eigenvalue and the smallest eigenvalue of A.

Applying Propositions 2.1 and 2.2, we have the following formula for 9k(A).

PROPOSITION 2.3. For A € S;'t, let d(A) be the multiplicity of the largest
eigenvalue of matriz A, and b(A) be the multiplicity of the smallest eigenvalue of
matriz A. Then

Dr(A) = An(A) (OA1(A) — K(A)OAL(A))
¥ R Yy = S U e Un(A), Pa) — S U (e Us(A), ),
p=

,q=1,...,n,where P, ED;'(A),tr(P )=1,P3 GDb(A) tr(Pg) =1}.

Proof. By Proposition 2.1, for any G € 0A1(A4), there is a P, € D;F(A), with
tr(P,) = 1 such that each element G, of G can be written as

Gpq = ((e TU (A))Tera(A%PJ = <U§(A)€pegUa(A)aPa>-

Similarly, for any H € 0\, (A), there is Pg € D;(A), with tr(Pg) = 1 such that each
element H,, of H can be written as

Hyy = <Ug(A)epeZUﬂ(A)aPﬁ>~

The desired formula follows from Proposition 2.2. O
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Remark 2.1 In the case where A1(A) = A, (A), we have U = U, = Ug, and

Ok(A) = {Y €ER™":Y,, = (U(A)epes U(A), Py) — (U(A)epes U(A), Pg),

An(A) An(4)
p=1,...,n,qg=1,...,n,where P, € D;} ,tr(P,) = 1,Pg € D}, tr(P3) =1}

1
_ nxn , T T
= {Y € R Yoy € sy s (U (A)epef U(A)al—1,1),

Such a matrix A would have the global minimal condition number 1 and it is clear
that 0 € Ok(A).

2.2. k(A(V)) with A(V) = VTV. We denote by M, the space of £ xn matrices
with the standard inner products

¢
(V.U)=3_
i=1

V;jUij, A ‘/,U € ngn.
j=1

For V. € M, let vl € R"™ denote the i-th row of V, i = 1...,¢, that is,
VT = (v1,...,v0) € R™*¢,

Now we consider V € My, with £ > n and rank(V) = n. Let A(V) = VIV.
Denote

DAV
(Apg(v)) = 220D ¢ puxn 0 =1,
Wy

By the definition of V' and A, we have

A o> vl Ovyvl
OA(V) (Z]—l U5 ) _ ovpyy =€qvg+vpeg.

a‘/qu B aqu B aqu

Let d(V) be the multiplicity of the largest eigenvalues of A(V'), and b(V) be
the multiplicity of the smallest eigenvalue of A(V). Let A(V) admit an eigenvalue
decomposition

A(V) = U(V)diag(\(A(W))U(V)"
with U(V)TU (V) = I,,. Let

Uy = (ul (V)’ s 7ud(V)(V))7 and Uﬁ = (un—b(V)-‘rl(V)v s 7un(v))

PROPOSITION 2.4. Suppose that rank(V) = n. Then x(A(V)) is Clarke regular
and the Clarke generalized gradient of k(A(V)) is

1 R(A(V))
A =1{Y xn .y = — — (T py— —~—~ 2yl P,
8“{( (V)> { € R prq )\n(A(V)) <Ua ‘APQUOU 04> )\n(A(V)) <UB quUg, 5>’
p=1,...,0,g=1,...,n,where P, € D(J{(V),tr(Pa) =1,Pg e DZF(V),tr(Pg) =1}



Proof. Since k(A(V)) is the composition of a Clarke regular function with a
strictly differentiable function, by the chain rule, K(A(V)) is Clarke regular and

Or(A(V)) = {Y € R™ 1 Y,y = (G, Apy(V)) for some G € drk(A)}.
The desired result follows immediately from applying Proposition 2.3. O

2.3. x(A(x)) with A(z) = V(z)TV(x). Let V(z) be an ¢ x n matrix with each
entry being a continuously differentiable function of x € R™. The differentiability of V'
implies that each entry of A(x) = V(z)TV(x) € R™ " is a continuously differentiable
function of z.

Let X C R™ be a nonempty, compact and convex set. It is convenient to define
a function f : X — R by

f(z) = K(A(z)). (2.1)

We assume that for any « € X, rank(V (z)) = n. We consider (1.2) in the following
version

minimize  f(x)

subject to z € X. (2.2)

Since A1 (A) is a convex function of A and A, (A) is a concave function of A, \;(A)
and A, (A) are Lipschitz continuous functions of A. By the continuous differentiability
of A(z), A (A(x)) and A\, (A(z)) are Lipschitz continuous functions on X'. Moreover,
there are positive constants A, and A1, such that

A, < M(A(z) and A (A() < N\ vV xeX.

n S
Hence f is Lipschitz continuous and satisfies

1§f(m)§%, V ozex. (2.3)

This, together with the continuity of f on X, ensures the existence of a solution of
(2.2).

Denote

" 9A(V) 9V, v,
Ag(z) = o= Apg(V) -
22 Gy, ey~ 2 2 AV
{ n
=S e ) Do e s,
p=1g¢=1



Let d(x) be the multiplicity of the largest eigenvalues of A(z), and b(x) be the
multiplicity of the smallest eigenvalue of A(z). Let A(z) admit an eigenvalue decom-
position

A(z) = U(z)diag(A(A(2)))U ()"
with U(x)TU(z) = I,. Let
Ua = (ur(2), ... uga) (), and Up = (Un—p(a)41(2), -, un(2)).

PROPOSITION 2.5. Suppose that rank(V (x)) = n. Then f is Clarke regular at x
and the Clarke generalized gradient of f is

o K(A(x)
Of@)={g € R™ - gv = 30y Mn(A(2))

k=1,...,m,where P, € Dj(z),tr(Pa) =1,Ps€ D;'(m),tr(Pg) =1}

(Ua Ar(2)Ua, Pa) — (U5 Ax(2)Us, Ps)

The proof is similar to the proof of Proposition 2.4.

DEFINITION 2.6. [19, 24] Suppose that ¢ : X C R™ — R is a locally Lipschitz
continuous function. ¢ is said to be semismooth at x € intX if ¢ is directionally
differentiable at x and for any g € 0¢(x + Ax),

$la + L) — ¢(z) — g7 D = of || Aa]),

where intX denotes the interior of X. ¢ is said to be strongly semismooth at x if ¢ is
semismooth at x and

$(a+ Oz) = ¢(x) — 9" Az = O(|| Az ]]?).

A function ¢ is said to be a (strongly) semismooth function on X if it is (strongly)
semismooth everywhere in intX .

PROPOSITION 2.7. The function f is semismooth on X. Moreover if A(x) is
strongly semismooth then f is strongly semismooth on X

Proof. Tt is shown in [24] that the eigenvalues of a symmetric matrix are strongly
semismooth everywhere. It is known that the composition of (strongly) semismooth
functions is still a (strongly) semismooth function [13, 19]. Since A(z) is assumed
to be continuous differentiable and hence semismooth, so is f. Moreover if A(x) is
strongly semismooth then as a composition of two strongly semismooth functions, f
is then strongly semismooth on X. O

DEFINITION 2.8. (/22]) A(x) is said to be positive semidefinite convex on X if
it is convexr with respect to the order relation imposed by the cone S%. That is the
inequality

tA(z) + (1 =) A(y) = Atz + (1 - t)y)

holds for any x,y € R™ and all t € [0,1].

PROPOSITION 2.9. Suppose that A(x) is positive semidefinite convex on X. Then
A1 (A(z)) is convex on X.



Proof. By [22, Proposition 1], the mapping A(x) is positive semidefinite con-
vex if and only if for any w € R", ¢(z) = w? A(x)w is convex. Since \;(A(x)) =
max||,(=1 w’ A(z)w, it follows that A;(A(z)) is convex. O

THEOREM 2.10. Suppose that V(x) is a linear mapping of x on X. Then A1 (A(z))
with A(x) = V(z)TV(x) is a convex function on X.

Proof. According to Proposition 2.9 and its proof, it suffices to prove that for any
w € R™, the function ¢(z) = w?'V(2)TV(z)w is convex on X. Observe that

p(z) = wV(2)"V(2)w = ||V (z)w]|*.
The convexity of p(z) follows from the fact that it is a composition of a linear mapping
and a convex function. O

Proposition 2.9 and Theorem 2.10 imply that the function f is convex in some
domain X; € X when A\, (A(x)) is identical to a constant in Xj; see Example 4.1.
However, in general, f is not convex. Now we consider some special cases where (2.2)
can be solved by using a quasi-convex and (strongly) pseudoconvex function.

DEFINITION 2.11. Let A be a finite dimensional space. A function ¢ : A — R is
said to be quasi-convex if

o(re+ (1 —7)y) < max{¢(x),d(y)}, Va,ye AV e (0,1).

Let ¢ : A — R be lower semicontinuous and Lipschitz near a point x € A. We say
that ¢ is pseudo-convex at x on A if for every y € A,

max{({,y —x) : £ € 0p(x)} 20 = ¢(y) = ¢().

We say that ¢ is strongly pseudo-conver at x on A if for every y € A,

€y =) >0 for some £ € 06(x) = ¢(y) = o().

We say that ¢ is (strongly) pseudo-convex on A if ¢ is (strongly) pseudo-conver at
every x on A.

It is easy to see that a strongly pseudo-convex function must be a pseudo-convex
function.

PROPOSITION 2.12. Let B be a fixred m x n matriz with m > n and rank(B) = n.
Define

h(W) :=k(BTWB), W e ST

Then h is quasi-convex and strongly pseudo-convex.

Proof. The quasi-convexity is equivalent to the condition that the level sets of the
function are convex. For any v > 1, the level set of h can be written as

L,={WeSHt : M(B"WB) —y\,(B"WB) < 0}.
Since for any W € ST, we have
M(BTWB) = max y"(BTWB)y and \,(B*WB)= min y* (BTWB)y.

llyll=1 llyll=1
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From the linearity, we can easily find that A\;(BYWB) — y\,,(BTWB) is a convex
function with respect to W. Hence L, is a convex set and thus h is a quasi-convex
function.

Moreover, from the convexity of Ay(BTWB) and —yA,(BTWB), for any g, €
oM (BTWB) and g,, € O\,(BTW B), we have

M(BTWB) — \(B"WB) > (g1, W — W)
and
~M(BTWB) + A\ (B"WB) > (=g, W = W).

By the quotient rule, for any g € dh(W), there are g1 € O\ (BTWB) and g, €
OM (BTW B) such that

9= M(B"WB)'h(W)(g1 — h(W)gn).
It follows that

M (BTWB) — h(W)A,(BTWB)

=M (B"WB) — A\ (B"WB) + h(W)(=A(B"WB) + \,,(B"WB))
> (g1 — h(W)gn, W = W)

= M (BTWB)h(W) g, W — W).

Therefore, if (g, W — W) > 0, then h(W) > h(W). O

Suppose m = £ and V(z) = X B, where X € D,/ with diagonal elements x;,i =
1,...,n, and B is a fixed m X n matrix. Such a matrix arises from the weighted
Vandermonde-like matrix [2, 3]. See Section 4. In this case, we can write A(V (x)) =
BTXTXB = BTWB, where W = XTX € Di*. Let w € R™ with w; = x?,
i = 1,...,m being the diagonal elements of W. By Proposition 2.12, we can find
an optimal solution w* by using a quasi-convex and strongly pseudo-convex function

h(W), and then obtain a solution z* of (2.2) as z} = Jw},i=1,...,m.

3. Smoothing approximation. The exponential smoothing function has been
used for continuous min-max problem [4] and for minimizing the largest eigenvalue
of a symmetric matrix [20, 21]. Applying the exponential smoothing function for the
largest and the smallest eigenvalue functions, we introduce the smoothing function of
the condition number as follows:

3 (3", eX(A@)/n)
f(xvlu):_ (an_l X\ (A(z :
(>, e MA@) /i)

i

(3.1)

In numerical computations, we use an equivalent formula

M) F (T, NG H Ay
Jam) = An(A(x)) — pln(X], eAn(A@)=Ai(A@))/1)

which is more numerically stable than (3.1).

In this section we will show that this smoothing function has various nice prop-
erties including the gradient consistent property. These properties ensure that any
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accumulation point of the sequence generated by some smoothing methods is a Clarke
stationary point. For example, the smoothing projected gradient (SPG) method [29]
and the smoothing conjugate gradient method [9] can be used to solve (2.2).

DEFINITION 3.1. [29] Let f : X C R™ — R be a locally Lipschilz continuous
function. We call f : X x Ry — R a smoothing function of f, if f(-, u) is continuously
differentiable in intX for any p € Ry, and for any T € X,

lgicfrluiof(mvu) = f(2) (3.2)

Tr—

and the set { lim " Vo f(x, 1)} is nonempty and bounded.
=T, p
For a vector y € R} ,, let

e1(y) = 1?%5(”{%}7 on(y) = @gﬂ{yi}

be the functions defined by the largest element and the smallest element respectively.

Denote their quotient by

o(y) = Zig; (3.3)

We define the smoothing functions of ¢1, ¢, and ¢ respectively as follows: for p > 0,

91(y: 1) = pln (Z e/ ) . baly.p) = —pln (Z /)
=1

=1

and

_ ¢1(y7/‘1’)

These functions are Lipschitz continuous and by using the pointwise maxima formula
in [10, Proposition 2.3.12], we have

1, if y; = p1(y) > max;»;{y;}
Op1(y) =conve g€ R":g; =< 0, if y; <pi1(y)
0, otherwise, 6 € [0,1]

L if yj = on(y) < ming;{y;}
;i Y5 > en(y)
6, otherwise, 6 € [0,1]

=

Opn(y) =convs g€ R : g; =

where “conv” denotes the convex hull. Since the functions 1 (y) and ¢, (y) are convex
and concave respectively, ¢1(y) and —p,(y) are Clarke regular. By the quotient rule
in [10, Proposition 2.3.14], the function ¢(y) defined in (3.3) is Clarke regular in any
nonempty and bounded subset ) of R}, and its Clarke generalized gradient is

2p(y) = @) (0p1(y) — 0(y)9pn(y)) -

We now show that the function (3.4) is indeed a smoothing function for (3.3).

PROPOSITION 3.2. Let ¢ and ¢(-,u) be defined by (3.3) and (3.4) respectively.
Then
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(i) &(-, 1) is a C™ function for any fized pu > 0 with the partial derivative

06y 1) _ _ 1 1 Vil _ Me—ymt
dy; pIn(3o, emvi/m) | ST eviln S eviln
1
= m(quﬁ(%u) — (Y, 1)V yPn(y, 1)) (3.5)

(i3) For the given numbers \,, >0 and \y >0, let Y ={y € R" : A\, <y; < A\, i =

A
1,...,n}. Then for anyy € Y and p < ——

~ 2lnn
0 <oy, p) —y) < cp (3.6)
with ¢ = 8}\5;1 Inn. Moreover we have for any y € Y,
lim @y, 1) = (7). (3.7)
y—7, nl0

(iii) For any §j € Y, { lim 0 Vyo(y, 1)} is nonempty and bounded. Moreover,
y—7, u
(-, 1) satisfies the gradient consistent property, that is,

{ lim  V,é(y,p)} C dp(y).
—4,nl0,

Yy

Proof. (i) The calculation of partial derivatives is routine and we omit it.

(ii) It is easy to find

= yi—e1(y)
0<¢1(y, 1) = ¢r(y) = pln (Zey " ) < plnn

=1

and

L en W)=y,
0> én(y, 1) — ¢n(y) = —pln (Ze ) > —plnn
i=1

Hence for any y € Y and p < %, we have

1< o(y) = e1(y) < ¢1(y, 1) ©1(y) + plnn _ 2 "’An_

< = oy, ) < < 3.8
onl) = bulyom) PO S gy —pmn =, @Y
This implies that for any 7 € ),
: : ¢1(y) + plnn >
0< 1 ) — < 1 AWTEIR —0. 3.9
< Jm (o) —ely) < lim <<pn(y) o FW (3.9)
Moreover, for any fixed y € ), let
_ pnn+4ei(y)
W) = Tt ()

Then we find

0< oy, 1) = 9(y) < ty(p) = ¥y(0) = ¥y () for someji € [0, p] (3.10)
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and

< —1 V< . 3.11
v e 7)) LD CA T S
By (3.10) and (3.11), we obtain (3.6). By (3.9) we find (3.7).
(iii) From the proof of (ii), we observe that
1
320 S A —plnn < n(y, p)
and all components of the vectors V,¢1(y, ) and V¢, (y, i) satisfy
0< 1 < (V P < ! < 1 <1 3.12
- Z?:l eWi—on(y))/n — (Vyd1(y, 1)); < Z?:l eWi—e1(W)/1 = d(y) ~ (3.12)
and
1 1
< <1, (3.13)

0 s = Vo) < sr—mmnm S 7 S5

where d(y) and b(y) are the multiplicity of the largest and smallest elements of y,
respectively. Hence, by (3.5), for any § € Y, { lim 0 Vyo(y, )} is nonempty and
y—7, 1

bounded. Moreover, since

ol B 1

oy, ) = S e
O, 1
a¢_(y7u)=W
Yj Do WY

for any convergent subsequence of V,¢1(y*, ) and Vb, (y*, ux) with y* — ¢ and
wr — 0, as kK — oo, we have

' . L if gy = ¢i(y) > maxiz; {5}
(lem Vb1 (W ue)); =1 0, if g; < 1(y)
o 01, otherwise,

) L if g5 = pn(¥) < miniz{:}
e 0,, otherwise,

where 601, 6,, € [0, 1]. Hence

{ lim  Vyo(y,p)} C 0p(y).

y—7,ul0,
Therefore ¢ satisfies the gradient consistent property. O
Remark 3.1 If we fix § € ) and take p | 0, we have that

(1 =@)/n, if g; = p1(y) = en(y)

. 1 1/d(y), if ;= 1(y) > on(y)
G Ve @ m)i = 205 —e@p@), it 7, = onld) < 1)
0, otherwise.
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DEFINITION 3.3. ({17, Definition 1]) Let ¢ : R™ — [—00,400] be a function that
is invariant under coordinate permutations. Then the composition function

poA: S, — [—o0,+o0]

is called an eigenvalue function.

PROPOSITION 3.4. Let ¢ : YV — R be a locally Lipschitz function and let ¢ :
Y xRy — R be a smoothing function of ¢. Suppose that the function A — ¢(A(A), )
is an eigenvalue function and A(x) is continuously differentiable. Then f(x,p) :=
P(A(A(z)), p) is a smoothing function of f(z) = p(A(A(z)) and its partial derivative
with respect to xy is given by

OILE 1) — (diag(9, 6N, ), U @) Ax()0)

where U(x)TU(x) = I,U(z)diag(\(A(z)))U(z)T = A(x).

Moreover if the function ¢(-, u) satisfies the gradient consistent property, then the
function f(-, ) also satisfies the gradient consistent property.

Proof. By [17, Corollary 3], since ¢(-, ) is a smooth function for each u > 0, the
eigenvalue function ¢(A(A), 1) is also a smooth function in A. By [17, Theorem 6] its
Fréchet differential at a matrix A € 5, is a linear mapping from S,, to R given by the
formula

Vad(MA), 1) = Udiag(Vy¢(A(A), n))UT

where UTU = I, Udiag(A\(A))UT = A. By the chain rule,

Of(x, 1) = (Vao(A(A(x)), p), Ag())

8xk
= (diag(Vyo(M(A(@)), 1)), U(2)" Ap(2)U (2)).

The rest of the results follow by the continuity of the function z — A(A(x)) and the
definition of a smoothing function and the gradient consistent property. O

THEOREM 3.5. Let f and f(~,u) be defined by (2.1) and (3.1) respectively. Then
(i) f(-, ) is continuously differentiable for any fived u > 0 with gradient

Of (x, ) —1 1 T A(A@)/n T
= s i A i
or pIn(>, e A@/I) | S N (A@)/n ; e wi(x)" Ag(z)ui(z)

fla, N (A
e L N ) Ay

i=1
. , An
(i) There exists a constant ¢ > 0 such that for any x € X and p < 51
nn
0< flz,p) = flz) < ep. (3.14)

Moreover (3.2) holds.
13



(iii) For any T € X, { lim 0 Vo f(x, 1)} is nonempty and bounded. Moreover,
T—T, |

f(o,p) satisfies the gradient consistent property, that is,
{ lim V,f(z,u)} C Of(2).
T—Z,pl0,

() For any fized p > 0, the gradient of f(x, ) is Lipschitz continuous, that is, for
any x,y € X, there ewists a constant L, such that

IV F (@, 1) =V f(y. )|l < Lullz =yl (3.15)

Proof. Note that f(z, ) = ¢(A(A(z)), ) with ¢ defined by (3.4). It is easy to see
that the function ¢(-, u) is a permutation-invariant function and hence (i)-(iii) follows
from Proposition 3.2 (i)-(iii) and Proposition 3.4.

(iv) Since for any fixed p > 0, ¢(-, 1) is a C*° function. There is a constant ¢,
such that [V2¢(y, u)|| < €, for y € Y. Hence, we can find a L,, such that (3.15) holds.
0

According to Theorem 3.5, we can construct globally convergent smoothing meth-
ods for solving (2.2). In the smoothing methods, we can update the iterates z* and
smoothing parameter uj in an appropriate way which depends on the method used
for the smoothing problems. For instance, we can use the smoothing projected gradi-
ent method (SPG) proposed in [29] to solve (2.2), which uses the projected gradient
method in [6] for the smoothing problem. We have the following global convergence
theorem.

THEOREM 3.6. From any starting point x° € X, the sequence {z*} generated by
the SPG method [29] is contained in X and any accumulation point T of {z*} is a
Clarke stationary point, that is, there is g € Of(T) such that

(g, —Z) >0, VrelX.

Proof. From Theorem 3.5, we know that Assumption 2.1 in [29] holds, and
{ lim  V.f(z* u)} caf(z).

zk =2, 10,

By Theorem 2.1 in [29], we have the conclusion of this theorem. O

By virtue of [18, Proposition 5.1], Theorem 3.6 has the following immediate con-
sequences.

COROLLARY 3.7. Under the assumptions of Theorem 3.6 if the function f is
pseudoconvex in a neighborhood B(Z) C X, then the accumulation point is a local
optimal solution and if the function f is pseudoconver on X, then the accumulation
point is a global optimal solution.

Remark 3.1 Following the discussion above, we can easily see that the smoothing
functions ¢1 (A(A(z)), 1) and ¢, (A(A(z)), 1) for A1 (A(z)) and A, (A(x)) have the same
properties in Theorem 3.5 as ¢(A(A(z)), 1) for f(z). Hence we can similarly construct
globally convergent smoothing methods for minimizing the largest eigenvalues and
maximizing the smallest eigenvalues. In particular in the case where V() is a linear
mapping of x on X, since A\;(A(x)) is a convex function by virtue of Theorem 2.10,
the smoothing algorithm we proposed will converge to a global optimal solution.

14



4. Numerical examples. In this section, we first use a small example to il-
lustrate some properties of the condition number function f(z) = k(A(z)). Next
we report numerical results for the least squares polynomial approximation using the
Vandermonde-like matrix with the optimal solution of (1.2), equally spaced points,
Gauss points, Gauss-Lobatto points, Chebyshev points and Clenshaw-Curtis points
on the interval [—1, 1]. Finally, we present numerical results to compare the optimal
solution of (1.2) defined by the spherical harmonics with the extremal points, the
minimum energy points and the points of spherical ¢-designs on the unit sphere.

ExamMpLE 4.1. Consider the following weighted Vandermonde-like matrix with
t=3,n=2m=1, and a point set {—x,0,2}. Let X =[0.5,1.5] and

1 —x
Viz)= 1 0
1 =z
Then we have
3 0
A(x) =V(2)"V(z) =
0 222
and
3

—_ 05<z<+15
V15 <z <15.

We consider the problem

minimize  f(x)
subject to x € [0.5,1.5].

We find #* = /1.5 is the minimizer with the function value f(z*) = 1. Moreover,
f is convex and strongly semismooth in X. However, f is not differentiable at z*.
Since A1 (A(z*)) = A2(A(z*)) = 3, we have d(z*) = b(z*) = 2 and we can take
Ua(z*) = Ug(a*) = 1. Let

A’(x*):z\@(g ‘1))

Using Proposition 2.5, we can write the Clarke generalized gradient as
Of(z") ={g € R : g=3(A'(a"), Pa) — 5(A'(a"), P3),
P, = diag(a, (1 — a)),a € [0,1],
Py = diag(8, (1 - B)), 5 € [0.1}
=2,/2[-1,1].

Using (4.1), we also find

df(x*) = conv {—2\/? 2\/2} - 2\/3[—1, 1].

Note that if & = (0,1] then the optimal solution is z* = 1 with f(z*) = 2. In
this case, f is differentiable at z*, but x* is on the boundary of X.

15



4.1. Least squares approximation on the interval [—1,1]. Let {p;, j =
0,...,n — 1} be a basis for P,_;[—1,1], the linear space of polynomials of degree
<n—1on [-1,1]. For a given vector w € R?H, given /¢ distinct real numbers

—“1<a1<as<...<ap <1, aT:(al,...,ag)

and given ¢ function values at these points
F17F27"'3Ffa

the weighted least squares approximation on the interval [—1,1] is to find a vector
c=(c1,...,c,)T which minimizes

4 n 2
wa F; — chpj—l(ai)
i=1 j=1

The unique solution [14] is given by
¢t =V(w,a) (wFy, ... we )T

where V(w,a) € R*™ is the weighted Vandermonde-like matrix

wipo(ar) wipi(ar) wipe(ar) ... wipn—1(a1)

w2p0(a2) w2P1(a2) w2p2(a2) s w2pn71(a2)
V(w,a) = ) . . .

wepo(ae)  wepi(ag)  wepa(ar) ... wepn—1(ae)

When the data F; is perturbed slightly, the maximal factor of magnification of
relative errors is given by x(V (w,a)TV (w,a)) [5, 14]. We define the condition number
function f(x) by setting z = (w,a), or x = a (x = w) with fixed weights (points).

For fixed weights w; = 1,4 = 1,...,¢, and p;(7) = 7%, i = 0,...,n — 1, we choose
the following six sets of points on the interval [—1,1]:

22 —1
equally spaced points a; =—1+ (Z 1 ), =1,...,4
Gauss points a; = ith zero of the Legendre polynomial P, (7).

Gauss-Lobatto points  a; = ith zero of (72 — 1)P}_,(7).

Clenshaw-Curtis points a; = ith extrema of the Chebyshev polynomial T;_1 (7).
Chebyshev points a; = ith zero of the Chebyshev polynomial T;(7).
minimum cond points @ = optimal solution of (1.2) .

The Gauss points and Gauss-Lobatto points can be efficiently calculated by a tridiag-
onal eigenvalue problem [15]. These points are frequently used as quadrature points.
It is known that the Gauss points satisfy

1 ¢
/ p(r)dr = Z aip(ai), Vp € Py
-1 i=1

while the Gauss-Lobatto points include the end-points =1 and satisfy

1 4
/ p(r)dr = aiplai), Vp € Py s,
-1 i=1

16



where «;,7 = 1,..., £ are the values of the integrals of Lagrange interpolation polyno-
mials on [—1,1]. It is remarkable that in 1932, Fejér showed that the Gauss-Lobatto
points are also the Fekete points for which the determinant of the square Vandermonde
matrix V(e,z) withe = (1,..., )T € R, f =n,x =a,and p;(7) = 7,i = 0,...,n—1
is maximal [5].

The Chebyshev points can be calculated explicitly
m(21 — 1)
20

while the Clenshaw-Curtis points, which include —1 and 1, are given by the formula

a; = — cos

m(i—1)

i =1,...,4.
é—l ) ? 9 9

a; = — cos

Figure 4.1 shows the distribution of these six sets of points for £ = n = 11.
Table 4.1 shows the values of the condition number and determinant at those points
for n =11 and ¢ = 11, 21.

11 points in [-1, 1]
T

T T

r - Equally spaced
e e ° ° ° ° ° ° ° ® e Gauss
re e [ ] ] ] [ ] [ ® o - Chebyshev
re e ° ° ° ° ° ° ° ® o -|obatto
ree ° ° ° o ° o ° ® @ -+ Clenshaw—-Curtis
tee ° ° ° ° ° ° ° ® @ - Min cond

1 1 1 1 1 1 1 1 1 1 1
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

Fig. 4.1: Equally spaced points, Gauss Points, Chebyshev points, Gauss Lobatto
points, Clenshaw-Curtis point and minimum condition number points in [—1, 1] for
interpolation using the monomial basis of degree 10.

For the least squares problem on [—1,1] with £ > n, for example the degree 10
case with 21 points in Table 4.1, minimizing the condition number tended to make
the nodes coalesce, so there were only ¢ = 11 distinct nodes at the solution. It
was also possible to converge to different local minima of the condition number by
starting with different point sets. For example starting with £ = 21 Chebyshev points
gave f(Z) = 6.235 x 10°, while starting with ¢ = 21 equally spaced points gave
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sets of points condition number determinant
(=11 (=21 (=11 (=21

equally spaced points 1.946479e+8 | 1.093275e+7 | 5.755e-22 | 1.604e-16
Gauss points 1.767123e+7 | 1.271482e+7 | 4.616e-20 | 1.916e-16
Chebyshev points 1.287418e+7 | 1.287418e+7 | 2.251e-19 | 2.763e-16
Gauss-Lobatto points 9.606328e+-6 | 1.325361e+7 | 7.968e-19 | 3.723e-16
Clenshaw-Curtis points | 8.307060e+6 | 1.403922e+7 | 6.311e-19 | 3.756e-16
min cond points 8.176691e+6 | 5.246086e+6 | 5.826e-19 | 3.042¢-16

Table 4.1: Values of the condition number and determinant of the Gram matrix using
the monomial basis at different point sets for degree 10 and ¢ = 11 and ¢ = 21 points

f(x*) = 5.246 x 10°. Tt should also be noted that the eigenvalues at the solution
appeared to be distinct (in which case f is smooth), with some uncertainty in the
smallest eigenvalue, for example A1 (z*) = 6.048 x 107¢ and A\jg(z*) = 1.485 x 10~°.

Choosing good points does not overcome the well-known bad conditioning of the
monomial basis. Table 4.2 gives the same data as Table 4.1, but using the Chebyshev
basis Ty = 1/v/2, Tj(x) = cos(j arccos(z)),j = 1,...,n — 1. For this basis the Cheby-
shev points give the optimal condition number of 1 as V(z)"V () = %I. Minimizing
the condition number of the Gram matrix obtained using the Chebyshev basis starting
from one of the other point sets, except possibly the equally spaced points, converged
to a point set which gives the optimal condition number of 1.

sets of points condition number determinant
(=11 (=21 (=11 (=21
equally spaced points 5.179192e+2 | 4.629276 | 3.562e+5 | 9.926e+10
Gauss points 3.237343 1.404429 | 2.858e+7 | 1.186e+11
Chebyshev points 1.000000 1.000000 | 1.393e+8 | 1.710e+11
Gauss-Lobatto points 2.523277 1.384010 | 4.932e+8 | 2.304e+11
Clenshaw-Curtis points | 2.500000 1.550000 | 3.906e+8 | 2.325e+11

Table 4.2: Values of the condition number and determinant of the Gram matrix using
the Chebyshev basis at different point sets for degree 10 and £ = 11 and ¢ = 21 points

Figure 4.2 shows the growth of the condition number as the degrees of the poly-
nomial increases and the number of additional points also increases. For a good basis
and a good point set the Gram matrix A(w, a) can be well conditioned. Moreover we
notice that with the same basis and the same choice of points, the condition number
of A(w,a) tends to be smaller as we add more points.

4.2. Least squares approximation on the sphere. Let S* = {z € R® :
|lz|| = 1} be the unit sphere in the Euclidean space R3. Let P; be the linear space of
restrictions of polynomial of degree < t in 3 variables to S%. Let Zx = {z1,...,2x5} C
S? be a set of N-points on the sphere. The dimension of the linear space P; is
dim(P;) = (t + 1)2, and P; can be spanned by the orthonormal set of real spherical
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Condition number of basis matrix for polyonmial interpolation: m = n + 1 Condition number of basis matrix for polyonmial least squares: m = n + 10

0 % Monomial basis, Equally spaced points ¥ 1 0 % Monomial basis, Equally spaced points 1
Monomial basis, Clenshaw-Curtis points " Monomial basis, Clenshaw-Curtis points
» Monomial basis, Chebyshev points » Monomial basis, Chebyshev points *
10 O Chebyshev basis, Equally spaced points * 1 10 O Chebyshev basis, Equally spaced points. H 1
+  Chebyshev basis, Clenshaw-Curtis point +  Chebyshev basis, Clenshaw-Curts point
< Chebyshev basis, Chebyshev points. * < Chebyshev basis, Chebyshev points. *
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+ *
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Fig. 4.2: Growth of condition numbers of the Gram matrix for Chebyshev and Mono-
mial bases with degree n and m points.

harmonics with degree r and order k [23],
(Youlk=1,...,2r +1,r =0,1,...,t}
The Gram matrix G¢(Zy) is
Gi(ZNn) =Y (ZN)TY (Zn),
where Y (Zy) € RED**N and the j-th column of Y (Zy) is given by

Yok(z;), k=1,....2r+1, r=0,1,...,t.

Given a function F defined on S?, let
F = (}’jl(Zl)7 ceey FN(ZN))T.

Consider the problem of finding a polynomial p € P; which best approximates ]*; in
the Euclidean norm, which is to find a minimizer ¢ = (cq,.. ., c(tﬂ)z)T € R of
the following least squares problem

minimize ||Y(Zy)Tc — F||3. (4.2)
An optimal solution of this problem can be given as

¢ =(Y(Zn)D)TE.
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Let A(Zy) = Y(Zn)Y(ZN)T and N > (t + 1)2. The Euclidean condition number of
A(ZN) is

RK(A(ZN)) = IV (Z3) T IPI1 (Y (Z) Y2,

The condition number x(A(Zy)) measures the sensitivity of the least squares
polynomial approximation. To have the best polynomial approximation, we choose
a set Zn of N-points on the sphere S? which minimizes the condition number. By
using the spherical parametrization [8], we can present the N points by using a vector
x € R™, withm = 2(t+1)2—3, and set A(Zx) = A(z). Hence we have an optimization
problem in the form of (1.2). Note that A(Zy) and G(Zy) are polar similar and have
same nonzero eigenvalues [16].

Let N = (t + 1)2. In this case, the number of points equals to the size of the
Gram matrix. We consider the following four sets of points.

DEFINITION 4.1. Let Zy = {z1,...,zn} C S? be a set of N-points on the sphere.

. RN |
minimum energy system argmin Z e
2z~ 2]
extremal system argmax det(Y (Zn)Y (Zx)T).
N
4

spherical t-design / p(2)dz = ﬁﬂ- Zp(zi), Vp € Py.

§2 i=1
minimum cond points optimal solution of min k(G(Zn)) .

These optimization problems on the sphere typically have many local solutions,
so one has to settle for a good local solution, which is not necessarily a global solution.
Also for a given t, a spherical t-design is not unique. Our numerical results use the
one near the extremal system [1, 7, 8]. Let t =5 and N = (¢ + 1) = 36. Consider
the N x N Gram matrix G¢(Zy). The left plot in Figure 4.3 shows the values of the
36 eigenvalues of G¢(Zy) with the 36 extremal system points (initial point) and min
cond points (final point found by the smoothing gradient method) on the sphere. It
is clear to see that the multiplicity of the largest eigenvalue and smallest eigenvalue
are four and five at the optimal solution z* € R?N =3 of (1.2), respectively. Hence f is
not differentiable at the solution z*. The right plot in Figure 4.3 shows the function
values of f(z) and its smoothing function f(z,u) with different values of p for the
same Gram matrix Gy(Zy) with = z* — aV, f(z*,0.0766) for a € [~0.05,0.1]. Tt
shows that the minimizers of smoothing functions approach z* as u — 0. Note that
at z*, the largest eigenvalue Aj(A(z*)) is 4.1949, the smallest eigenvalue A, (A(z*))
is 1.3397 and the condition number f(x*) is 3.1312. By Theorem 3.5, the smoothing
parameter p should be chosen less than 0.3739.

In Figure 4.4, we show the log of the function values of the condition number
function f(x) with the degree t =9 and N = 100 points over the sphere. We choose
the extremal system

Zn = {#1,...,2x} = argmax det(G(Zn)).
The first point of the set is the north pole z; = (1,0,0)7. We consider G¢(Zy) with

- A 2
ZN:{ZI7Z27~~~>ZN}7 21687
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Eigenvalues of Gram matrix for 36 interpolation points on sphere Condition number and smoothing function

4. T
. © Initial point (Max det): k = 3.9473 Condition number
P % Final point (Min cond): k = 2.8810 ‘Smoothing function: 1 = 0.10, 0.08, 0.06, 0.04, 0.02]
*
46
4 % .
o,
* 44
35 *
* ¥
. ¥ a2
®eoekx
e Xk
3r o g K% i 4k
.
T, .
¥ %o, 38k
25 v ., 1 .
* %
36
2 * .
*x 34F
*
L 0o |
15 kKA K a2l
.
N 1
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0 5 10 15 20 25 30 35 -0.05 0 0.05 0.1

Fig. 4.3: Left: The 36 eigenvalues of the Gram matrix G;(Zx) with degree t = 5 and
N = 36 points on the sphere. Right: For the same Gram matrix, function values of
flz* — aV, f(2*,0.0766)) and f(z* — aV, f(z*,0.0766), 1) for a € [—0.05,0.1].

that is, we fix the N — 1 points Zo, ...,Zy and move z; over the sphere. We find that
the function f(x) = k(A(z)) has many local minimal points.

Fig. 4.4: The log of the condition number of the Gram matrix G;(Xy) for degree
t =9, N = 100 points. The first point is varied over the whole sphere, while the
remaining 99 extremal points excluding the north pole are fixed.

Figure 4.5 shows the function values at those four sets of points in Definition
4.1 for different values of N and ¢ with N = (¢ + 1)2. It is worth noting that the
Gram matrix G¢(Zy) is nearly singular at the minimum energy system for ¢ = 12.
The most striking feature of the plot of the condition numbers against degree of the
interpolating polynomial in Figure 4.5 is that the minimum energy points obtained by
minimizing the Coulomb energy can have very large condition numbers. In contrast,
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Condition number of Gram matrix for N = (t+1)? points
T T T T

» »  Minimum Energy
1021 B B B O Extremal spherical design H
e Maximum Determinant
*  Minimum condtion number

1.06 1628

10|

10* - .

06 0 e @@e @
P I ECECRCECEC I
e @@ @@ @0®@

I
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Degree t

Fig. 4.5: Condition number on the minimum energy system, extremal system, spher-
ical t—design, minimum cond points

for the extremal (maximum determinant) and new points obtained by minimizing
the condition number, the condition number grows slowly. Indeed, for the points
obtained by minimizing the condition number, the growth is less than linear in the
degree t. Optimization problems on the sphere typically have many local minima, but
the smallest possible condition number cannot be larger than those found so far.
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