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A SUPPORT FUNCTION BASED ALGORITHM FOR
OPTIMIZATION WITH EIGENVALUE CONSTRAINTS*

EMRE MENGIf

Abstract. Optimization of convex functions subject to eigenvalue constraints is intriguing
because of peculiar analytical properties of eigenvalue functions and is of practical interest because
of a wide range of applications in fields such as structural design and control theory. Here we focus
on the optimization of a linear objective subject to a constraint on the smallest eigenvalue of an
analytic and Hermitian matrix-valued function. We propose a numerical approach based on quadratic
support functions that overestimate the smallest eigenvalue function globally. The quadratic support
functions are derived by employing variational properties of the smallest eigenvalue function over a set
of Hermitian matrices. We establish the local convergence of the algorithm under mild assumptions
and deduce a precise rate of convergence result by viewing the algorithm as a fixed point iteration.
The convergence analysis reveals that the algorithm is immune to the nonsmooth nature of the
smallest eigenvalue. We illustrate the practical applicability of the algorithm on the pseudospectral
functions.
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1. Introduction. Given an analytic and Hermitian matrix-valued function
A(w) : R — C™*™ this work concerns optimization problems of the form

(1.1) maximize cw subject to  Amin(Aw)) <0,

where ¢ € R? is fixed and Amin(-) denotes the smallest eigenvalue, and where we
assume that the feasible set {w € R? | Ayin(A(w)) < 0} is bounded in order to ensure
the well-posedness of the problem. We do not presume convexity or linearity on A(w).
Thus, some or all entries of A(w) can be nonlinear functions of w. Furthermore, the
feasible set for (1.1), that is, the set of w such that Apyin(A(w)) < 0, can be nonconvex.
Two quantities that can be cast as optimization problems of the form (1.1) are the
e-pseudospectral abscissa and radius [23] of a given square matrix A. These quantities
correspond to the real part of the rightmost and the modulus of the outermost points
in the set composed of the eigenvalues of all matrices within an e-neighborhood of
A with respect to the matrix 2-norm. They have received considerable attention
because of their association with the transient behavior of the autonomous systems
2'(t) = Az(t) and z, = Azg_q.

Various other applications in engineering give rise to problems of the form (1.1)
either by replacing the smallest eigenvalue with the largest eigenvalue or by revers-
ing the direction of the inequality. In structural design, a classical problem is the

*Received by the editors April 25, 2014; accepted for publication (in revised form) November 10,
2016; published electronically February 22, 2017.
http://www.siam.org/journals/siopt/27-1/96655.html
Funding: The work of the author was supported in part by European Commission grant PIRG-
GA-2010-268355, TUBITAK-FWO (Scientific and Technological Research Council of Turkey—Belgian
Research Foundation, Flanders) joint grant 113T053, and the BAGEP program of Turkish Academy
of Science.
TDepartment of Mathematics, Kog University, Rumelifeneri Yolu, 34450 Sariyer-Istanbul, Turkey
(emengi@ku.edu.tr).

246


http://www.siam.org/journals/siopt/27-1/96655.html
mailto:emengi@ku.edu.tr

OPTIMIZATION WITH EIGENVALUE CONSTRAINTS 247

minimization of the volume or weight subject to a lower bound on the smallest eigen-
value [1]. In robust control theory, it is desirable to design a system subject to the
largest eigenvalue not exceeding a prescribed tolerance. Even though we focus on
framework (1.1) and derive an algorithm for that setting, it appears that the algo-
rithm that we come up with works well in practice for such variations. An important
family that is related to (1.1), with the direction of the inequality reversed, is the
family of nonconvex semidefinite programs. The algorithm may work well for the
solution of certain nonconvex semidefinite programs locally. We elaborate on such
variations later in this paper.

In a recent work [19], we pursued support function based ideas to optimize a
prescribed eigenvalue of A(w) globally on a box B C R?. Remarkably, such ideas
yield a linearly convergent algorithm that overcomes nonconvexity and nonsmooth-
ness intrinsic to eigenvalue functions. Here we explore the use of support functions
for the numerical solution of (1.1). We convexify and smooth the problem (1.1) by
approximating the eigenvalue function Apmin(A(+)) with a quadratic support function
qr(+) about a given w®) € R? satisfying

gk (©®) = Anin(AW™M)) and ge(w) 2 Amin (A))

for all w € R%. Here w®) is assumed to be feasible so that Apin(A(w*))) < 0. Thus,
the original nonconvex and nonsmooth problem (1.1) is replaced by

(1.2) maximize ¢’ w subject to gr(w) <0,

which can be solved analytically, and has a maximizer w, that is suboptimal yet
feasible with respect to the original problem. We build a new quadratic support
function gx1(w) about the maximizer w**1) = w,, replace the constraint in (1.2)
with gr41(w) < 0, and solve the updated convex smooth optimization problem. The
practicality of the algorithm rests on a global upper bound on the second derivatives
of the smallest eigenvalue function, as the quadratic support functions are built on the
existence of such upper bounds. In various cases it is feasible to deduce such bounds
analytically.

Optimization based on support functions dates back to the cutting plane method
introduced by Kelley [13] and Cheney and Goldstein [6]. These original cutting plane
methods are developed to minimize a linear objective subject to convex constraints
by employing support functions. With focused research on combinatorial and in-
teger optimization problems, the cutting plane methods are also adopted to solve
relaxations of these computationally hard problems [20]. The original cutting plane
method is suitable for convex constraints only, and extensions in the presence of non-
convex constraints to locate a locally optimal solution do not appear straightforward.
More recently, inspired by Kelley’s cutting plane method, bundle methods became
popular for nonsmooth optimization built around linear support functions defined in
terms of subgradients [14, 17, 16]. Bundle methods are especially effective for the un-
constrained optimization of a convex nonsmooth function. In the nonconvex setting,
construction of global support functions in terms of subgradients becomes a challenge;
see, for instance, [11] and references therein for the latest developments concerning
nonconvex bundle methods.

Outline. In the next section we derive support functions for Ayin(A(w)) and
specify the algorithm based on the solution of the convex and smooth problem (1.2).
In section 3, we show that the sequence generated by the algorithm converges to a
point where the first order optimality conditions for a local maximizer of (1.1) hold
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under mild assumptions. Remarkably the argument in section 3 establishes that the
convergence to a first order optimal point occurs also in the nonsmooth case, that is,
regardless of the multiplicity of the smallest eigenvalue at the converged point. Section
4 is on a practical variant of the algorithm that converges to a local maximizer of (1.1).
Section 5 is devoted to a rate of convergence analysis of the algorithm, by viewing
the algorithm as a fixed point iteration. The practicality of the algorithm relies on
the deduction of an upper bound on the second derivatives of the smallest eigenvalue
function, either analytically or numerically. We present a result in section 6 that
facilitates deducing such an upper bound analytically. The practical usefulness of the
algorithm is illustrated on the pseudospectral functions in section 7. Finally, section 8
concerns the applications of the algorithm to the variations of framework (1.1) either
with a largest eigenvalue constraint instead of the smallest eigenvalue constraint or
with a lower bound constraint on the smallest eigenvalue.

2. Derivation of the algorithm. We begin with the derivation of the support
functions, which depends on the analytical properties of Ay, (A(w)). We summarize
the relevant classical results below [21, 15].

LEMMA 2.1. Let A(w) : RY — C™™"™ be Hermitian and analytic, and let ® : R —
C™*" be defined by ®(a) := A(W + ap) for given &,p € RY. Then the following hold:

(i) There exist functions ¢1,...,¢n, : R — R that are real analytic on R such
that {¢p1(),...,dn(a)} correspond to the set of eigenvalues of ®(«) for all
a € R.

(ii) Suppose that ¢p(a) := Amin(P(v)) is simple for all o on an open interval T in
R. Then ¢(«) is analytic on T.

(ili) The left-hand ¢ (o) and the right-hand ¢\ («) derivatives of ¢(a) :=
Amin(® () exist everywhere. Furthermore, ¢’ (o) > ¢/, (a) at all a € R.

(iv) The eigenvalue function Amin(A(w)) is twice continuously differentiable at all
w € R where it is simple. Furthermore, at all such w we have

OAmin (A(w)) + OA(w)

Ow; = vn(w) Ow; vn (W)
and
0 Amin (A(w)) . O?Aw)
Owyg Owy = vn(w Owy, Owy on(w)

n—1 1

el PO v Yo mowr oy ( @ % ”m<“’)) (”’" @ e ”"(“))} |

where A, (w) denotes the mth largest eigenvalue of A(w) and vy, (w) denotes
an associated eigenvector that is analytic along every line in R such that
{v1(w),...,va(w)} is orthonormal.

In the theorem below and elsewhere, || - | denotes the Euclidean norm on R?, the
scalar ~y is positive and denotes a global upper bound satisfying

(2.1) Amax [V2)\min(A(w))} <~ Vwe R? such that Amin (A(w)) is simple,
and Amax[-] represents the largest eigenvalue of its matrix argument. This result may

appear to follow from a straightforward application of Taylor’s theorem. But the
nonsmooth nature of Apmin(A(w)) complicates matters.
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THEOREM 2.2 (support functions). Suppose A(w) : RT — C"*" is Hermitian
and analytic, v € R satisfies (2.1), and w® € R is such that Amin (A(wF)) is simple.
Then

(2.2)  Amin(AW)) < (W) =M + VAL (w — w®) + %Hw —w®|? YweRY,

where N\ = Amin (A(W®)) and VA := Vi (A(wF)).

Proof. Let p = (w — w®)/|lw — w®||, and define ¢(a) := Apin (A(w® + ap)).
Denote the points on (0, lw — w®||) where Amin (A(w™ + ap)) is not simple with
ai,...,0Q,. There are finitely many such points, because Ay, (.A(w(k) + ap)) is the
minimum of n analytic functions from part (i) of Lemma 2.1. Indeed, two analytic
functions are identical or can intersect each other at finitely many points on a finite
interval.

Partition the open interval (0, |lw —w®)||) into open subintervals Z; := (o, aj11)
for j =0,...,m where ag = 0, @11 = ||w — w®)||. On each open subinterval Z; the
function ¢(c) is analytic from part (ii) of Lemma 2.1. Indeed ¢(a) = ¢;, () on the
closure of Z; for some analytic ¢;, () stated in part (i) of Lemma 2.1, and moreover
¢ (o) = ¢;j (cj). Thus applying Taylor’s theorem, for each a on the closure of Z;,
we deduce

9" (n)

$(a) = dlay) + ¢ ()@ — aj) + = (a — ay)*
O\ . (Al
(2:3) = 9la) + 6l ) — ) P Amnl AT e

< 0(a) + ¢y (o) (@ = ;) + S (o = ay)?

for some 1 € Z;, where the second equality is due to the twice differentiability of
Amin(A(w)) at w®) + np (part (iv) of Lemma 2.1), and the last inequality is due to
pTVQ)\min(A(w(k) +170))Pp < Amax [Vz)\min(A(w(k) —|—77p))} and (2.1). Furthermore,
for a € Z;, an application of the mean value theorem yields

¢'(a) — ¢!y (o))

a—aj

= ¢"(e) = p" V Amin (A(w™ +ep))p < v

for some € € (a;, ). Thus

(2.4) ¢ () < ¢ (o)) +v(a — o).
Next we claim
~y
(2.5) $lam+1) < ¢lay) + ¢y (ag)(@m+r — ag) + (@mr = a;)?
for 5 = 0,...,m. This is certainly true for j = m from (2.3) on the interval Z,,

and with @ = ,,+1. Suppose that inequality (2.5) holds for £ > 1. Exploiting
¢ (o) < ¢ (ay) (see part (iil) of Lemma 2.1) and then applying inequalities (2.3)
and (2.4) with @ = a, on the interval Zj_; lead us to

¢(am+1) < QS(O%) + d)/_ (ak)(am+1 - Oék) + l(am+1 - ak)Q

2
< Blokr) + ' (1) (o — ) + 3 (an — i)
16 (1) (0 — k)] (@1 — ) + 3 (s — o)?

2

= ¢(ar—1) + ¢ (p—1)(Qms1 — ap—1) + g(am—i-l — 1)’
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Thus, by induction, we conclude
Blatmt1) < 6(0) + ¢ (€0) (@ns1 = 0) + 3 (i — o)

Recalling ¢(ao) = ¢(0) = Ax, ¢y (a0) = ¢(0) = VA{p, and (am+1—ap) = [lw—w®]],
we obtain the desired inequality

Amin(A(@)) < M+ VA (@ = w®) + 2w — w2, I

Note. The following more general form of Theorem 2.2 is also apparent by replac-
ing RY with a convex subset C C RY: If the scalar v is an upper bound as in (2.1) on
C rather than on R?, for each w®) € C where Apin(A(w®))) is simple, the inequality
in (2.2) holds for all w € C, that is, ¢x(w) is a support function on C.

Given a feasible point w(® e R? satisfying /\min(A(w(o))) < 0, the algorithm
generates a sequence {w®} of feasible points in R?. The update of w*) is based on
the solution of the following convex and smooth optimization problem:

(2.6)
maximize ¢’ w subject to  gr(w) := Ax + VAF (w — w®) + %Hw —w® |2 <o.

The next point w**1) is defined to be the unique maximizer of the problem above.
Notice that the feasible set of the convex problem (2.6) is contained inside the feasible
set of the original problem (1.1), i.e.,

Fri={weR | qu(w) <0} C F:={weR| \n(Aw)) <0}.

Thus w#tY) e F, C F remains feasible. It is assumed by the algorithm that
Amin (A(w®)) is simple for each w®) in the sequence, which introduces no difficulties
in practice, since the set of points w such that Ayin(A(w)) is not simple is a subset of
R? of measure zero. On the other hand, being close to a multiple eigenvalue does not
cause harm.

There is a degenerate case for the convergence of the algorithm as suggested by
the following observation.

THEOREM 2.3. Suppose the mazimizer w, of (2.6) is such that Vqi(w.) = 0.
Then (i) w. = w™® and (ii) VA, = 0.

Proof. The maximizer w, of (2.6) must be attained on the boundary of Fj, that
is, qr(ws) = 0. Assuming

(2.7) Vai(ws) = VA, + y(ws —w®) =0

yields gx(w.) = A, — |jwe — w® |2 = 0. Furthermore, since w®) is feasible, \j, =

Amin (A(w™)) < 0. This would imply A\x = 0 and w, = w®). Now the second assertion
follows from (2.7). o

The first assertion of the theorem above means that w®) = w*) and ¢,(w) = q1(w)
for each s > k. Thus, convergence to a point w, such that VApin(A(ws)) = 0 seems
possible. We rule this out by assuming VA # 0 for each k.

Now we apply the Karush—Kuhn—Tucker conditions to the constrained problem
(2.6). The maximizer w, must satisfy

(2.8) c=puVa(ws) and gg(we) =0
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for some positive 1 € R. Solving the equations above for w, and the positive scalar
, and setting w1 = w, leads us to the update rule

11
(2.9) Wt =u® 4~ [ . V/\k] . where jip = Iej .
v Lot IVA[* = 29 Ak

Given a feasible point w(®) € F to start with, the basic algorithm generates the
sequence {w®} defined by the update rule (2.9).

3. Convergence. We establish that the sequence {w(k)} converges to a point
w, that satisfies the first order necessary condition

(3.1) >0 st. c=puVipn(Alws)) and  Apin(Aws)) =0

for optimality for the optimization problem (1.1) under mild assumptions and when
Amin(A(wy)) is simple. We also prove that the first order necessary condition holds in
terms of generalized gradients [7, 8], in the nonsmooth case, when Ay (A(ws)) is not
simple. Violation of the first order condition (3.1) is equivalent to the existence of a
feasible ascent direction as stated below. This follows from an application of Farkas’
lemma [4, p. 263] to our setting.

LEMMA 3.1. Suppose that Amin(A(wy)) is simple and VAnin(A(ws)) # 0. Fur-
thermore, suppose w, € F is a point where the optimality condition (3.1) does not
hold. Then there exists p € R? such that

'p>0 and Vmin(Aw))'p <O0.

The next theorem relates the local maximizers of problems (1.1) and (2.6).

THEOREM 3.2. The following hold for each w®) € R? such that Amin(A(w®)) is
simple and V Apin (A(wF))) # 0:
(i) If the point w™® is a local mazimizer of (1.1), then it is a local mazimizer of
(2.6).
(ii) On the other hand, if w® is such that ¢ # pV Amin(A(W®)) for all p > 0
o7 Amin(A(W®))) # 0, that is, the first order optimality condition for (1.1) is
violated at w™® | then w®) is not a local mazimizer of (2.6).

Proof. For assertion (i), if w(*) € F is a local maximizer of (1.1), then there exists
a ¢ > 0 such that
Tw® > Ty Vw € Bw™,6)n F,

where B(w®),§) := {w € R? | |lw — w®| < §}. But notice that w® € F (ie.,
qx(w™) = 0), and due to the property Fr C F we have ¢’w® > ¢Tw for all w €
B(w® §) N F,, meaning w® is a local maximizer of (2.6). This proves (i).

For assertion (ii), if w®*) € F does not satisfy the first order optimality condi-
tion for problem (1.1), then there exists a direction p € R? such that ¢'p > 0 and
Vmin (AW ) p < 0 due to Lemma 3.1. But then, for all small a > 0, we have

a(W® +ap) = A+ VAT (ap) + 0(@®) < A <0 and T (W™ 4+ ap) > Tw®),
where )\, = /\min(.A(w(k))) and V), = V)\min(A(w(k))). Thus w® is not a local
maximizer of (2.6). d

An implication of part (i) of the theorem above is that if w*) € F is a local
maximizer of (1.1), then w®) = w®) for each s > k. This type of finite convergence
to a local maximizer is unlikely. For the main convergence results, we first observe
that the values of the objective function must converge.



252 EMRE MENGI

LEMMA 3.3. The sequence {cTw(k)} is monotone increasing and convergent.

Proof. Recall that

w(k""l) = arg max CTw.
qr(w)<0

Since w®) is feasible with respect to the problem above, we must have ¢Tw*+1 >
cTw®) . Thus the sequence {cTw(’“)} is monotone increasing. Moreover, denoting a
global maximizer for the original problem (1.1) with w,, due to F, C F, we have
cTw, > cFw*+D | Thus the sequence {cTw(k)} is also bounded above, meaning the

sequence must converge. ]

Since each w®) belongs to the bounded set F, the sequence {w®} must have
convergent subsequences by the Bolzano—Weierstrass theorem. First we establish
the convergence of each of these subsequences to a point satisfying the optimality
condition (3.1).

THEOREM 3.4 (convergence of subsequences). Suppose the sequence {w®} is
such that /\min(.A(w(k))) is simple, and V)\min(A(w(k))) £ 0 for each k € N. Consider
a convergent subsequence of {w ™} with limit w, such that Amin(A(w,)) is simple.
The point w. satisfies the first order necessary condition (3.1).

Proof. Let us denote the convergent subsequence of {w®} with {w(*3)}. Further-
more, let A, = Amin (A@*))), A 1= Anin(A(wy)), and Vg, 1= Vi (Awk))),
Vs i= Vmin(A(ws)). Note that lim;_, wi) = w, must be feasible, since all w*)
are feasible and Apmin (A(w)) varies continuously with respect to w.

For the sake of contradiction, suppose w, violates the optimality condition (3.1).
We infer from Lemma 3.1 the existence of a direction p € R? such that ¢’p=n>0
and VATp = —8 < 0. Without loss of generality, we can assume ||p|| = 1. There
exists a ball B(ws, d) such that Ayin(A(w)) is simple for all w € B(ws, d), due to the
continuity of the eigenvalues of A(w). Furthermore, there exists an integer j' such
that each w*s) for j > 5’ lies in B(wx, §). Also, part (iv) of Lemma 2.1 (indicating the
continuity of the partial derivatives of A\pin(A(w)) on B(wy,d)) implies the existence
of an integer 7" > 4’ such that

(32) [VAe = Vg I < B8/2 V5 >4"
We benefit from the convergence of {¢’w®} (Lemma 3.3); specifically, below we
show that the existence of the feasible ascent direction p conflicts with the monotonic-

ity of this sequence. In this respect we note that limg_, Twk = Ty,. For some
k' we must have

(3.3) 0< (Tw, —Tw®)y <)/ (2y) VEk>F.

Consider any w(*i) such that j > j” and k; > k’. Recalling Ak, <0, since wki) g
feasible, the corresponding support function satisfies

qk, (W) + ap) = Ak, + V/\fj (ap) + %az <0
for all a € [0, (2/7)(—V)\£7,p)]. Furthermore,

VA=V > (VAL =VA) D = =VALp > —VAIp—|VA.=-VA, | > 5/2,
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where the last inequality is due to (3.2). Thus for & = (Q/fy)(—V)\{jp), and employing
(3.3), we deduce

(w®) 4+ ap) = Twks) 4 (@)l
> clw, + (775)/(27)>CTW*-

Now w(¥3) +ap is a feasible point of the optimization problem max {cTw | ar, (w) < 0} ,
yielding ¢ (w®it1)) > T (w*3) + ap) > ¢Tw,. This last inequality contradicts (3.3).
Thus, w, must satisfy the optimality condition (3.1). |

The convergence of the sequence {w®)} itself is established below, with the ad-
ditional mild assumption that ||V Amin(A(w®))| is uniformly bounded away from
Z€ro.

LEMMA 3.5. Suppose {w®} is such that Apin(AwW®)) is simple, and
Vmin (A(w*))) # 0 for each k € N. Then

(3.4) Amin(AW®)) =0 as k — oo.
Proof. We adopt the notation used in the proof of Theorem 3.4, in particular,
Me = Amin(A(W®)) and VA, := VApin(A(w®)). Furthermore, M := sup{||VAz|| |
k € N}. Below we show that the violation of (3.4) also contradicts the monotonicity
of {cTw®}.
Let us suppose the contrary of (3.4), that is, there exists an € > 0 such that
VYN Jk >N, M <—

For all k large enough, it is also true that ¢’ w, — c'w®) < m - |c||? (by Lemma 3.3),

where
1
m:min( ¢ , Ve )
2 2M el el

Thus, choose k' large enough so that

A < —e and  Fw, — W) <me|e)?
Let us consider the support function g (w(k/) + ap) restricted to the direction p := ¢,
and for the step-lengths a € [0,2m]. The condition g (w®") 4 ap) < 0 holds for all

€ [0,2m)], since

g (@*) + ap) = Ay + VAL (ap) + 2 2@l

IN

—e+afVarllpl + aszllz

A

<—e+e€¢/2+ oz2||cH2 <0.

In particular, for & := 2m, we have

(W) 4+ ap) = Tw®) +a el

>clu,+m-|c)? > Tw.,

implying ¢Lw®'+1) > cTw,, which contradicts the monotonicity of {cTw®1, 0
plying ) y
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THEOREM 3.6 (convergence). Suppose {w®} is such that Amin(A(w®)) is sim-
ple, and there exists a real scalar m > 0 satisfying ||V Amin (A(w®))|| > m for each
k € N. Then limy_, o 0 = 0, where

T ) (k)
0 = arccos( ¢ VAmin(AW™)) >

eIV Amin (A(w®))]]

Proof. The update rule (2.9) can be arranged as

Wk _ (R — % [\/”V)‘min(‘A(w(k)))W = 27 min(AWD)) cc— v)\min(-A(w(k)))‘| .

llell

Multiplying both sides by ¢’ and taking the limits of both sides yield

i Il /9 CAGEDIE = 20 (AG) = T i (AN =0

Furthermore, by Lemma 3.5, the sequence {Amin (A(w®))} approaches zero, and the
equation above simplifies to

lﬁi [HCH ’ ” )\mln(A(w(k)))” "'V mln (k) }
k—o0
klinl ||CH ! H ;)‘mm(A(w(k)))H []. — cos(&k)] 0.
—00

Since ||V Amin (A(w®)))|| is assumed to be uniformly bounded away from zero, limy,_,
0, = 0 as desired. 0

A corollary of the last two results is that whenever wk) — Wy, the first order nec-
essary conditions hold at w, in the more general nonsmooth setting, that is, regardless
of the multiplicity of Apin(A(ws)). To see this, first note that the eigenvalue function
Amin(A(w)) is differentiable everywhere except on a subset  of R? of measure zero.
The generalized gradient of Api, (A(+)) at w, is given by [8, p. 11]

Omin(A(ws)) = co{ Jim Vmin(A@*)) | @® = w,, o™ ¢ QVE,
—00

{V)\mm(A( (k)))} is convergent},

where co(H) denotes the convex hull of the set H. The first order necessary condition
in terms of this generalized gradient, regardless of the multiplicity of Amin(A(ws)),
takes the form [3, Theorem 6.1.8]

(3.5) Ju>0 st. c€p-min(Alws))  and  Apin(A(ws)) = 0.

The latter condition is evident from Lemma 3.5. Additionally, there exists a subse-
quence {w*i)} of {w®} such that {VAmin(A(w*i)))} is convergent, because we have
assumed {w®)} is convergent and Apin(A(w)) is the minimum of n continuously dif-
ferentiable functions. We have c¢/||c|| = lim;_ oo VAmin (A(WF))) /|| V Anin (A(w®))) |
due to Theorem 3.6. Consequently,
fic = lm VApin (AW*))) € O\min (A(ws)),
j—o00

where fi = (im0 ||V Amin (A(w®)))[)/|lc||. Thus, the former condition in (3.5) also
holds.
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4. A practical algorithm. In finite precision arithmetic, we terminate when
(cos By, — 1) and Apin(A(w®)) are less than specified tolerances in absolute value.
Termination occurs at smooth points due to rounding errors, and they satisfy the
optimality conditions (3.1) up to rounding errors, thanks to Lemma 3.5 and Theorem
3.6. Rarely it happens that this point does not correspond to a local maximizer. This
hurdle can be effectively overcome, and the algorithm can be made to converge to a
local maximizer by exploiting the following second order necessary condition for the
problem at hand.

THEOREM 4.1. Suppose that wy is a local mazimizer of (1.1) such that Amin (A(ws))
is simple, and VAmin(A(wy)) # 0. Then (1) Apin(A(ws)) =0, (2) ¢ = pV Amin (A(wy))
for some > 0, and (3) VIV Amin(A(wi))V = 0, where V- € C*@=1) s a matriz
whose columns form an orthonormal basis for the subspace orthogonal to c.

Once termination at a point w®) satisfying (3.1) occurs up to rounding errors,
we check whether the projected Hessian Hyy = VTV2)\min(A(w(k)))V is positive
semidefinite. Here we disregard the highly unlikely possibility of a singular Hy .
If Hy i, is positive definite, we terminate with w®) as a local maximizer due to the
second order sufficient conditions, i.e., conditions (1)—(2) of Theorem 4.1 together
with VIV2Apin (A(ws))V = 0 guarantee that w, is a local maximizer. Otherwise, if
Hy, has a negative eigenvalue, then w®) does not correspond to a local maximizer
by Theorem 4.1; indeed the direction p = Vu_ is a descent direction for Apin(A(w))
at w® | where v_ is an eigenvector corresponding to any negative eigenvalue of Hv k.
For all o € R small in absolute value, we have Apin (A(w™® 4+ ap)) < 0. Thus, for such
an «, the point w® + ap is feasible with respect to (1.1), yet first order optimality
conditions (3.1) are violated at w®) + ap. We restart the algorithm with the point
w® + ap. Due to part (ii) of Theorem 3.2, this point is not a local maximizer of the
new subproblem

. . T .
maximize ¢ w subject to

Amin(A@® + ap) + Vnin (A" + ap))" (@ = @ +ap)) + T [lw = (@* + ap)|* <.

Thus, the algorithm terminates at another point &), where again the first order
optimality condition (3.1) holds up to rounding errors, and such that ok >
cT(w(k) + ap) = cTwk) (The last equality is due to the orthogonality of ¢ to the
column space of V' where p lies.) These remarks are summarized in Algorithm 1
below.

The progress of this practical algorithm is illustrated in Figure 1 on an example
where a restart is applied. In the figure, the curves represent the boundary of the
feasible set F C R2. Here the rightmost point in F is sought, so ¢ = (1,0). When the
algorithm is started with 2o = (0,0), it initially converges to a point w, where the
first order optimality condition (3.1) holds. This is not a local maximizer; indeed the
projected Hessian is the scalar —1.0368. Thus the algorithm is restarted by moving
from w, vertically in the direction indicated by the dashed line segment in the figure.
After this restart, the algorithm converges to the rightmost point in F, which is
marked by the magenta disk.

5. A fixed point view: rate of convergence. In this section, under the
assumption that {w(*} itself converges to a smooth local maximizer w., we de-
duce a linear rate of convergence revealing also the factors affecting the speed of
convergence. Throughout the section we use the shorthand A := Apin(A(ws)),
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Algorithm 1. Support function based constrained eigenvalue optimization.

Require: An analytic and Hermitian matrix-valued function A : RY — C"*", a
vector ¢ € R?, and tolerances €1, €2 € RT for termination
1: Ve R&X(@=1) « 5 matrix whose set of columns forms an orthonormal basis for
the subspace of R? orthogonal to ¢

2: Pick an arbitrary w(® € R? feasible with respect to (1.1); k < 0
3: Repeat
4: loop -
T k
5. While |£ria=elBni 11> ) or Muin(Aw®))] > e do
6: loop
7 w*+1) is given by the update rule (2.9); k < k +1
8: end loop
9. Hy + VIV A uin(A(W®)V
10: if )\min(HV) < 0 then
11: v, < a unit eigenvector corresponding to Amin(Hv ); p < Vg,
12: a1
13: While Apin(A(w® 4 ap)) > 0 do
14: loop
15: a— af2
16: end loop
17: wk) — k) 4 ap
18:  end if

19: end loop
20: Until /\min(HV) >0
21: Output: w®),

VA = Vmin(A(wy)), and V2, := V2 A\nin(A(ws)), respectively. As we shall see,
the rate of convergence depends on the eigenvalue distribution of the projected Hessian

Hy = VI V2, V,

where V € R¥?~1 is an isometry with columns formed by an orthonormal basis for
the subspace orthogonal to V.. In particular, the convergence is faster when the
eigenvalues of Hy are closer to . In the extreme case, when Hy = I, the rate of
convergence becomes superlinear.

We will put a fixed point theory in use: it follows from (2.9) that the sequence
{w®} is a fixed point sequence w1 = f(w*)) where

\/||V)\min(-’4(w))”2 — 27)\Inin(-/4(w))
el
It is straightforward to verify that any fixed point of f(w) satisfies the first order

optimality conditions (parts (1) and (2) of Theorem 4.1), or otherwise VApin(A(w))
vanishes at the fixed point. Furthermore, the Jacobian of f(w) given by

1
(1) ) =wt

cc— V)\min(A(w))] )

1
J(w)=1+—
(w) 5

C: v)\min(A(w))T(VQAmiH(A(w)) — 71)
lellv/ITV Amin (A@)) 2 = 29 Amin (A(w))

for w close to w, determines the rate of convergence.

- VZAmin(A(w))]
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* o

L

-3 |

Fic. 1. Progress of Algorithm 1 on an example. The initial iterates of the algorithm (red
triangles) converge to a point w« satisfying the first order optimality conditions that is not a local
maximizer. Then step p indicated by the dashed line segment is taken. The algorithm restarted
with ws + p generates a sequence (blue asterisks) converging to a local mazimizer marked with the
magenta disk.

At the local maximizer w,, due to parts (1) and (2) of Theorem 4.1, we must have
A« = 0 and ¢/||c|| = VA/||VAL]l. Thus, simple calculations yield

VA, - VAT

(5.2) J(ws) = [I ~ VAR

1 1
} [I - VQA*] = (vv?h [I — VQ/\*} .
v v
We investigate the norm and the eigenvalue distribution of the projected Jacobian

1 1
(5.3) VIJ(w)V =1— gvTvmv = ;(71 —Hy)
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acting on Col(V) (the column space of V) in order to draw conclusions about the
rate of convergence of the algorithm. In what follows, || A2 := max,epn ||z=1 [|AZ2
denotes the 2-norm of a matrix A € F"*™ with real entries (F = R) or complex entries

(F = C).

LEMMA 5.1. Suppose S € R¥*F is a symmetric positive semidefinite matriz such
that ||S||2 < 1. Then I — S is positive semidefinite and ||I — S||2 < 1. Furthermore,
if S is positive definite, then |I — S|z < 1.

Proof. Since S is symmetric positive semidefinite and [|.S]|2 < 1, each eigenvalue
of S lies in [0, 1]. This in turn implies that each eigenvalue of I — .S belongs to [0, 1].
Consequently, I — S is positive semidefinite and ||[I — S|z < 1.

Additionally, if S is positive definite, each eigenvalue of S lies in (0, 1], meaning
that the eigenvalues of I — S belong to [0,1). Consequently, ||[I — S|z < 1. O

THEOREM 5.2. Let w, be a local maximizer of (1.1) such that A, is simple, and
VA« #0. Then VI J(w,)V is positive semidefinite and |V J(ws)V |2 < 1. Addition-
ally, if Hy = 0, then ||[VT J(w,)V |2 < 1.

Proof. Observe that Hy = 0 due to part (3) of Theorem 4.1 and |Hy ||z < v due
0 (2.1). Now the assertion immediately follows from (5.3) and Lemma 5.1 by letting
S = 1/y)VIVINV = (1/7)Hy. O

We note that most often Hy is not only positive semidefinite but also positive
definite amounting to the satisfaction of the sufficient conditions for the optimality of
w,. Thus typically |V J(w,) V]2 < 1.

Our interest in the Jacobian and its projected variant at w, stem from (w(kH) —
we) ~ J(w.)(w® — w,) for large k, which can be deduced from the mean value
theorem by exploiting w*+1) — w, = f(w®) — f(w.). Remarkably, the projected
Jacobian VT J(w,)V assumes the role of J(w.) for large k in this identity, as it turns
out w® — w, lies almost on Col(V) for such k and has very little component in the
direction of u := VA, /||VA.||. This in turn leads to the conclusion that the rate of
convergence is typically linear and depends on the singular values, equivalently the
eigenvalues, of VT J(w.)V = (1/7)(yI — Hv). Next, these assertions are presented
formally and proven.

THEOREM 5.3 (rate of convergence). Suppose that {w®} converges to a local
mazimizer wy, A s simple, and V), # 0. Either

lw® D —w. | _

(5.4) lim inf =0

k—o0 ||o.)(k) —w*||

or otherwise both of the following hold:
(1) uT (W™ —w,)/||w® —w,| = 0, [VT(w* —w)||/|w® —w.| — 1, as k — co.
(ii) For each p1, ua € RY satisfying

1 < (1/7)omin(vI — Hv) and pa > (1/9)[v] — Hy ||z,
there exists an integer K such that for all k > K we have

lw® D — w, |

5.5 <
(5.5) H1 > ||w(k)—w*||

< p2,

where omin(+) denotes the smallest singular value of its matriz argument.
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Proof. Letting py, = w® — w,, we have

(5.6)
V fi(ws + mpr)”

V fa(wi + m2pk) "
g1 = wFH) —w, = f(w(k)) — f(wy) = Jg - pr, where Jp = )

V fa(ws + napr) T

for some 71,...,14 € (0,1) by the mean value theorem. Above f;(w) denotes the jth
component of f(w). This recurrence can be rearranged as

Pk+1 = J(W*)pk + [Jk - J(W*)]pk

(5.7) = (VVT) {I - iv%} e+ [k — J(w)]pk-

Let us assume that

(5.8) lim inf M

isoe [w® — w,]

£0.

Multiplying both sides of (5.7) by u’ from the left and taking the absolute value lead
us to
[u” pria | _

T T . . T Dk
UuU” pr =|u’ [Jr—J(wi)lpr] = lIim ——— = lim |u" [Jp — J(wi)]——| =

Furthermore, due to assumption (5.8), there exists a real scalar m’ > 0 and an integer
K’ such that

! < Ips+1ll _ VIV el + [uTprosa [
(A (A

Vi > K'.

Since ul'py1/|lpr|| = 0 as k — oo, this in turn implies the existence of a real scalar
m/ > 0 and an integer K" such that

" < ||VTpk+1H vk > K.

1Pk
Consequently, we obtain

T T T
(59) i (12l (W Pearl) gy P g

koo \ - |pxll 1Pk koo [VIppaal|

Moreover, by taking the limit of

| VERPEIVRE _ Vil [, T2
1kl x| Vi ?
and exploiting (5.9), we deduce
VT T
lim 7” Pl =1 and lim —2% —¢
koo |Ipkll koo [|pi|

as desired.
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To prove (5.5), we rewrite recurrence (5.7) in the following form:

(5.10)
Pirl _yyT [1—1V2>\*} VT yyT [I—lv%]uuT Ph o T = T ()]
1P|l gl [Pl g [Pl P&l

The last two terms on the right vanish as & — oo, so they can be made arbitrarily
close to 0 by choosing k large enough. Furthermore, since the norm of V' py/||px|l
approaches 1 in the limit, by choosing k large enough, the first term on the right can
/ / T 1 2
[]s 5] D | omin | VV [T — ;V M|V,

be made to lie in any interval
)
= [(1/Momin(Y ] = Hv), (/) IvI = Hy|l2] -

Note that the singular values of VT [I—(1/7)V2\.]V = (1/v)(yI—Hy ) are not affected
by left-multiplication with V. This is because this left-multiplication corresponds to
merely a change of basis. Consequently, assertion (ii) follows. O

vvT [I - 1V2)\*} 1%
o

Remark 5.4. It is apparent from recurrence (5.7) that the condition lim infy_,
lw®FD —w, ||/ lw® — w.| = 0 holds if and only if there exists a subsequence {w(*s)}
of {w®} such that either

(i) limjee span { (W) — w,)/[|w®) — w,||} € Null (I — (1/9)V2\,), or

(i) lim; oo span {[I — (1/7)V2A\,] (W) —w,)/[|w®3) — w,||} = span{V A, }.

6. Estimation of an upper bound on second derivatives. The practicality
of the algorithm presented and analyzed relies on the availability of an upper bound
~ satisfying (2.1). The next result is helpful in determining such a v analytically. An
analogous result was proven in [19, Theorem 6.1] for the Hessian of a weighted sum
of the j largest eigenvalues.

THEOREM 6.1. Let A(w) : R? — C™*™ be a Hermitian and analytic matriz-valued
function. Then

)‘max [VQ)\min(A(OJ))] < )‘max (V2A(w))
for all w € RY such that Apin(A(w)) is simple, where

3% A(w) 3% A(w) 3 A(w)
awf Ow1 0wy e Ow1 0wy
FPAW)  9*AW) 3% A(w)
VzA(UJ) — ng'{)wl ng e ng'awd
FPAW)  9*AW) 3% A(w)
8wd3w1 de3w2 T 6w2

Proof. By Theorem 2.1 part (iv), we have

n—1

1
>\rnin (A((«U)) - )\m (w)

V min(AW)) = Hy (w) + 2 R (Hpm(w)),

m=1

where the entries of H, (w) and H,, ,,(w) at position (k,¢) are given by

o2 (@) AL () and (001 %50, (e 20,0 )

" awk &uz " Bwk awé
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respectively. It is straightforward to verify that H, ., (w) is positive semidefinite, since
for each u € C% we have

d
> A
=1

This implies that R (H,, ., (w)) is also positive semidefinite due to u?R (H, m(w)) u =
ulH,, m(w)u > 0 for each u € R%. Thus we deduce
Amasx [V Amin (A())] < Amax (Hn (@) < Amax(VZAW)).

Denoting the Kronecker product with ®, the last inequality above follows from H,,(w)
= [I4 ® v} (w)]V2A(w)[I4 ® v, (w)] and the observation that there exists a unit vector
v € C? satisfying

Amax (Hp (W) = v* Hy(W)v = 0* @ v} (w)] VEAW) [0 @ 0, (w)] € Amax(VEAW)). O

2

(n,m)

>0, where h, = Uy (w)*

U Hy m(w)u =

7. Case study: pseudospectral functions.

Pseudospectral abscissa. The e-pseudospectrum of a matrix A € C™**"™ is the
subset of the complex plane consisting of the eigenvalues of all matrices within an
e-neighborhood of A, formally defined by*

AcA) == |J MA+A4),

[Allz<e
with the singular value characterization [23]
(7.1) A(A) ={2€C| omn(A—2I) <€}

The rightmost point in this set a.(A) is called the e-pseudospectral abscissa and
is an indicator of the transient behavior of the dynamical system z'(t) = Az(t).
Specifically, a large a.(A) relative to € indicates that ||z(t)|| exhibits growth for some
initial condition, even if the system is asymptotically stable, as implied by the Kreiss
matrix theorem for matrix exponentials [23, Theorem 18.5].

Globally and locally convergent algorithms for «.(A) have been suggested in [5]
and [10], respectively. Algorithm 1 can also be employed for the computation of c.(A),
since a(A) can be cast as the optimization problem

maximize,cgz wi subject to Apin(A(w)) <0,
Aw) 1= [A — (w1 + iw2)I]" [A — (w1 + iwp)I] — 2T

that fits into framework (1.1). It follows from the expressions in part (iv) of Lemma
2.1 that

Vmin (A(w)) = (v, (w)* (=4 — A* 4+ 201 1) v, (W), vp(w)* (A — A" + 2wel)v, (w) ).
Furthermore, the matrix V2A(w) in Theorem 6.1 is given by

0A%(w) BA%(w)

2 _ Bwf Ow1O0ws _
VIAW) = | o4le)  oa2w) | =21
8w28w1 ng

Consequently, Amax [VZAmin(A(w))] < 7 := 2 for all w such that Apin (A(w)) is simple.

IThis definition is in terms of the matrix 2-norm. It could be defined in terms of other matrix
norms. But the singular value characterization would not be valid anymore. The e-pseudospectrum
we consider here in terms of the matrix 2-norm is the one most widely used.



262 EMRE MENGI
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F1G. 2. The progress of the algorithm to compute the rightmost, leftmost, and outermost points
mn Ae(A) s illustrated for a random 10 x 10 matriz and ¢ = 1. The orange curve represents
the boundary of Ac(A), while the red disks, blue asterisks, and green crosses mark the iterates of
the algorithm to compute the rightmost, leftmost, and outermost points in Ac(A). The real part of the
rightmost and the modulus of the outermost points correspond to ae(A) and pe(A), respectively.

We illustrate Algorithm 1 on a 10 x 10 random matrix with entries selected from
a normal distribution with zero mean and unit variance. We compute the real parts
of both the rightmost point and the leftmost point in A.(A) for € = 1. Initially, w(®
is chosen as the rightmost eigenvalue. The iterates for the rightmost and leftmost
points are depicted in Figure 2 with red disks and blue asterisks, respectively. The
algorithm requires 39 iterations to compute these extreme points accurate up to 12
decimal digits. In Figure 3, on the left the later iterates of the algorithm for the
rightmost point are shown. At the later iterations, the directions (w*) — w,) become
more or less orthogonal to VAyin(A(ws)), equivalently, tangent to the boundary of
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F1G. 3. Left: A closer look at the iterates (red disks) for the rightmost point in Ac(A); the
blue circle marks the rightmost point computed by the highly accurate algorithm in [5]. Right: Later
iterates (green crosses) for the outermost point in Ac(A); the blue circle marks the outermost point
computed by the algorithm in [18].

TABLE 1
The errors ||wk) — w,|| for various k to compute the rightmost point in Ac(A), rounded to 12
decimal digits, are listed for the random matriz example and € = 1.

k 29 30 31 32 33
lw® — | || 1.041-107° 527-1071° 267-10710 1.35.10719 6.9.10"11

A(A), as suggested by assertion (i) of Theorem 5.3. As for the rate of convergence,
the errors ||w® — w,|| involved in computing the rightmost point at later iterations

listed in Table 1 indicate a linear convergence. The projected Hessian reduces to the

— 82>\n’1in (A(wx))

scalar Hy = , so assertion (ii) of Theorem 5.3 implies

w3
oD — | 1 1 0 Amin (A(wy))
lim P S| = (1 - s e R
Kae [l — | v 27 Ow?

For the particular 10 x 10 example, the ratio above is 0.506 (rounded to three decimal
digits). This ratio of decay in the error is confirmed in practice by Table 1.

This application of the algorithm here to the pseudospectral abscissa and the al-
gorithm in [10] both generate sequences converging locally at a linear rate. However,
the algorithm here is based on the computation of smallest singular values repeat-
edly. On the other hand, the algorithm in [10] requires the computation of rightmost
eigenvalues, which is typically less reliable than the computation of smallest singular
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values. The algorithm in [5] is globally convergent. But it is considerably less efficient
compared to the algorithms here and in [10], as it requires the computation of all
eigenvalues of Hamiltonian matrices of twice the size of the original problem.

Pseudospectral radius. The modulus of the outermost point p.(A4) in the e
pseudospectrum A (A) is called the e-pseudospectral radius [23]. This quantity is
associated with the transient behavior of the discrete dynamical system xx11 = Azy,
as implied by the Kreiss matrix theorem for matrix powers [23, Theorem 18.1].

When A (A) is defined in terms of the matrix 2-norm and using the singular value
characterization (7.1), we deduce

pe(A) = maximize erz w1 subject to Amin(A(w)) <0,

7.2 , X )
(7.2 Aw) = (A —wie™?1)" (A —we™I) — €.

Now the expressions for the first derivatives take the form
Vmin (AW)) = (vn(w)* (2R(e™ 2 A)+2w1 I )vy, (w), vy (w)* (=23 (wre” ™ A))v, (w)),

whereas )
21 —23(e72 A)

2 —
VAW = | _og(emien g) oR(wye—i2 A) |-

Since p.(A) < ||A|l2 + €, for all feasible w we have wy < ||A||2 4+ ¢. Thus, Gershgorin’s
theorem [12, Theorem 6.1.1] applied to V2.A(w), combined with Theorem 6.1, yields

Amax [V Amin (A(W))] < v == max (2 + 2| Al2, 2¢[| All2 + 2[|A[3 + 2[|A]2)

for all w € B(0, ||All2 + €) such that Apmin (A(w)) is simple. Here, we benefit from
the fact that g;(w) for each k is a support function on the ball B(0, ||Al|2 + €), which
contains the feasible set F (see the note after Theorem 2.2).

We apply Algorithm 1 to compute p(A) starting with w© set equal to the eigen-
value with the largest modulus. In Figure 2, the green crosses mark the iterates of
the algorithm on the 10 x 10 random matrix of the previous part and for e = 1. The
directions (w® —w,) for the later iterates w®, as illustrated on the right in Figure 3,
again become tangent to the boundary of A.(A), which is in harmony with assertion
(i) of Theorem 5.3. For the rate of convergence, by assertion (ii) of Theorem 5.3, we
have

O ][ 18P (Alw)
koo [Jw®) — w,]| v w3

for the matrix-valued function A(w) in (7.2). This quantity is equal to 0.791 (rounded
to three decimal digits) for the particular example. This is confirmed by Table 2, as it
indicates a linear convergence with the ratio of two consecutive errors roughly equal
to 0.791.

TABLE 2
The errors ||w®) — w,|| for various k to compute the outermost point in Ac(A) are listed for
the random matriz example and € = 1.

k 41 42 43 44 45
lw® —w. || 1.1056 x 10~7  8.742-1078 6.918-10"8  5.474-10"% 4.332.10"8
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8. Variations. We consider the following variations of the main framework:

(8.1) maximize ¢’ w subject to  Amax(A(w)) <0, and

(8.2) maximize ¢’ w subject to  Amin(A(w)) > 0.

The family of convex as well as nonconvex semidefinite programs are closely related to
these frameworks. More specific applications include certain robust stability problems
in control theory which can be addressed within the first framework, and structural
design problems (where a smallest eigenvalue corresponding to the buckling load of
the structure [9] is required to be bounded below) that are relevant to the second
framework. Indeed, each one of these frameworks can be turned into the other, as the
conditions Amyin (A(w)) > 0 and Apax(—A(w)) < 0 are equivalent. Algorithm 1 defined
in terms of A\pax(+) rather than Ay, (+) usually works well in practice in our experience.
Letting Ai = Amax(Aw®)) and VA, := VAmax(A(w®)), this is explained by the
property

(8:3)  Amax(AW)) < Gr(w) = Ap + VAT (w — w®)) 4+ %Hw —w®|2 v e RY

that seems to hold for large ~.

We illustrate the algorithm for (8.1) and (8.2) on two examples. In both of these
examples, we set v = 100 in (8.3) and €; = €3 = 107°¢ in Algorithm 1. The first one
concerns the stabilization of a linear control system by output feedback, that is, for a

given system
2/(t) = Aw(t) + Bu(t),  y(t) = Calt),

where A € C"*" B € C"*™ (C € CP*" determination of a matrix K € C™*P_ con-
sequently an output feedback u(t) = Ky(t), such that the system is asymptotically
stable. This could equivalently be expressed as the determination of a matrix K such
that A + BKC has all of its eigenvalues on the left half of the complex plane. This
problem has drawn substantial interest since the 1970s; for instance, derivation of
algorithms and simple mathematical characterizations to check the existence of sta-
bilizing output feedbacks have been referred to as major open problems in the survey
paper [2]. We refer to [22] and references therein for recent developments regard-
ing output feedback stabilization. Here we focus on the case when A is Hermitian,
C=B*and K = K(w) = E;Zl w; K, where K; is a given Hermitian matrix and
w; € R is a parameter for j =1,...,x. We assume that the system is stabilizable by
output feedback for certain values of parameters wy,...,w, and aim for a robustly
stable system that is as close to the original system as possible in a certain sense.
Formally, we would like to solve

(8.4) minimize » w;[|K;2  subject to Amax(A + BK(w)B*) < =6
j=1

for a given 6 > 0 over the parameters w € R”. This falls into the scope of framework
(8.1). In Figure 4 on the top, the progress of the algorithm is shown for such an
example with two parameters (i.e., kK = 2), § = 0.1, A € C20%20 B ¢ C29x10,
and K1, Ky € C'%%10 are random matrices.? The curves represent the level sets
of Amax(A + BK (w)B*), in particular the rightmost curve represents the —0.1 level
set. The algorithm started from w(®) = (11,11) requires 546 iterations to converge

2The matrices are available at http://home.ku.edu.tr/~emengi/software/robustcontrol.mat.
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F1G. 4. Illustration of the algorithm for the solutions of (8.4), (8.5). In each figure, the curves
represent the level sets of the associated eigenvalue function. On the top, the rightmost curve
corresponds to the —0.1 level set. At the bottom, the curve to which the dashed line is tangent
corresponds to the 0.1 level set. The blue crosses are the iterates generated by the algorithm, whereas
the red asterisks are the converged minimizer wsx up to tolerances. The dashed line represents
{w | Tw = Twet for ¢ = [|Killz |K2ll2)T on the top and for ¢ = [1 1]T at the bottom. In
each case, this line is tangent to the boundary of a level set at w«, specifically, —0.1 level set of the
eigenvalue function on the top and 0.1 level set of the eigenvalue function at the bottom.
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to w, = (3.1431,5.9440) (marked by the red asterisk in the figure). This converged
point w, is a local minimizer up to tolerances, as indeed Apax(A + BK(w.)B*) =
—0.10000002 and |V Amax (A(ws))/ (el V Amax (A(ws)) ) = 1| = 9.96 - 1077 for ¢ =
[ IKll2  [1K2]2 ]T. Convergence behavior similar to the pseudospectral functions
is observed here. For instance, it is clear from the figure that (w®) —w,)/|lw™®) — w,||

becomes tangent to the boundary of the feasible set in the limit.
The second example concerns

(8.5) minimize ij subject to  Amin(A(w)) > 8
j=1

for a given 8 > 0. This problem can be interpreted as the minimization of the vol-
ume of a column subject to a constraint on its buckling load. It may be desirable to
include other (typically linear and bilinear) constraints in addition to the eigenvalue
constraint and impose the smallest eigenvalue constraint in terms of a generalized
eigenvalue problem as in [1]. Here, we employ this simplified formulation, but in terms
of a bilinear matrix-valued function A(w) := "7} Y5 wjwrAjr + 3.7, wiAj+ Ao,
which makes the problem nonconvex. We consider the problem with respect to two
parameters (i.e., k = 2), 8 = 0.1 and Ag, Ay, Az, A1z € C?°%20 that are random
Hermitian.® An illustration of the algorithm is given at the bottom in Figure 4.
The curves represent the level sets of Apin(A(w)), in particular the innermost red
curve represents the 0.1 level set. The algorithm initiated with w(® = (10,15) ter-
minates at w, = (1.9963,1.0400) after 60 iterations. It can be verified that this
point is a local minimizer up to tolerances, indeed Apin(A(ws)) = 0.1000008 and

(" V Amin (A@:)))/ (el IV Amin (Aw)) ) — 1] = 8.91- 1078, where c= [ 1 1 ]T

9. Conclusion. Various applications give rise to problems that involve opti-
mization of a linear objective function subject to minimum eigenvalue constraints,
or optimization problems of similar spirit, such as the calculation of the pseudospec-
tral functions, shape optimization problems in structural design, and robust stability
problems in control theory. We explored support function based approaches that con-
struct global overestimators for the eigenvalue function appearing in the constraint.
The global overestimators are quadratic functions and utilize derivatives. They lead
to a linearly convergent algorithm robust against the nonsmooth nature of smallest
eigenvalue functions. We established a local convergence result regardless of the mul-
tiplicity of the eigenvalue at the optimal points. Thus, the algorithm is immune to
nonsmoothness at the optimal points and at nearby points. The rate of the conver-
gence of the algorithm is also analyzed, leading us to a fine understanding of the factor
affecting the rate of convergence, basically the eigenvalue distribution of a projected
Hessian matrix. A MATLAB implementation of this algorithm is available on the
web.4

Efficient extensions of the algorithm when there are multiple smallest eigen-
value constraints, possibly mixed with quadratic constraints, may be worth exploring.
When the linear objective function is replaced by a convex objective function, the al-
gorithm seems applicable, but the convex and smooth subproblems need to be solved
numerically, for instance, via an interior point method. Convergence and rate of con-
vergence analyses in these more general settings may be intricate and worth studying.

3The matrices are available at http://home.ku.edu.tr/~emengi/software/structuredesign_
bilinear.mat.
4http://home. ku.edu.tr/~emengi/software/eigoptc.html.


http://home.ku.edu.tr/~emengi/software/structuredesign_bilinear.mat.
http://home.ku.edu.tr/~emengi/software/structuredesign_bilinear.mat.
http://home.ku.edu.tr/~emengi/software/eigoptc.html
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