A SUBSPACE FRAMEWORK FOR H,-NORM MINIMIZATION
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Abstract. We deal with the minimization of the Hoo-norm of the transfer function of a parameter-
dependent descriptor system over the set of admissible parameter values. Subspace frameworks are proposed
for such minimization problems where the involved systems are of large order. The proposed algorithms are
greedy interpolatary approaches inspired by our recent work [Aliyev et al., STAM J. Matrix Anal. Appl.,
38(4):1496-1516, 2017] for the computation of the Hoo-norm. In this work, we minimize the Hoo-norm of a
reduced-order parameter-dependent system obtained by two-sided restrictions onto certain subspaces. Then
we expand the subspaces so that Hermite interpolation properties hold between the full and reduced-order
system at the optimal parameter value for the reduced order system. We formally establish the superlinear
convergence of the subspace frameworks under some smoothness assumptions. The fast convergence of the
proposed frameworks in practice is illustrated by several large-scale systems.
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1. Introduction. In this work we are concerned with the minimization of the H..-norm
of a parameter-dependent descriptor system of the form

SEWz(p;t) = A(p)a(p;t) + B(p)u(p; t),

(1) y(u;t) = C(p)x(ps t).

Here, for an open and bounded set Q CRY, E, A: Q — R™", B:Q — R™™ (C:Q — RPX"
are matrix-valued functions defined by

E(/’L) = fl(/J')El + ... +fHE(:U/)EI€E7
(12) A(M) = gl(lLI’)Al + oot Gka (M)AKA?

B(p) := by () By + ... + By (1) Bros

C(p) = ki ()Cr + ... + ke (1) Crage
for given matrices E1, ..., Exp, A1, ..., Ax, € R By, ..., By, e R™™ (O, ..., Cx €
RP*" and real-analytic functions fi, ..., fup, 91 - -, Gra> P1s oo o5 Pgy k1, ooy kg + @ —

R. The functions z(u;-) : R = R, w(y;-) : R = R™ and y(u;-) : R — RP are called
(generalized) state, input, and output, respectively. If for a fized u € Q, the matrix pencil
sE(u) — A(p) is regular (that is, there exists a A € C with det(AE(u) — A(u)) # 0), we define
the transfer function of (1.1) by

H{p)(s) == C(n)D(p,s) ' B(u) with  D(p, s) := sE(n) — A(p).

For a fized i, the function H[u](s) is real-rational in the indeterminate s, consequently, we
use the notation H[u](s) € R(s)P*™. Observe that, since H[u] is rational, it is analytic almost
everywhere in C.
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We define the following normed spaces of real-rational functions:

Lrxm = {H(s) € R(s)P*™

sup [7(3) |, < o0}
weR

HPX™ = {H(s) € R(s)PX™

sup [HV], <o
AeC+
where C* := {\ € C| Re(\) > 0}. For H € LPX™, the L -norm is defined by
IH| ;. = sup [[H(iw)||, = sup o (H (iw)),
w€eR weR

where o(-) denotes the largest singular value of its matrix argument. We assume throughout
this text that the functions under consideration are in H2X™. For such a function H € HRX™,
by employing the maximum principle for analytic functions, one can show that the H,,-norm
is equivalent to the L.,-norm, that is

[H|ly == sup [H(s)ll, = sup [[H(s)|l, = sup o(H (iw)).
seCt s€dC+ w€eR
In this work, we consider the problem of minimizing the H..-norm of H[u] over p that
belongs to a compact subset Q of Q, but keeping the assumption that H[u] € HEX™ for every
u € Q. The latter assumption holds for all of the examples that we consider later in this
paper; most of these examples arise from real applications. Formally, we aim to determine
s € £ such that

Hjp]|ly . = min |H :
1 el g, = min |l H ],

Minimizing the H..-norm of a parameter-dependent system is an important task in control
engineering. For example, the parameter vector y may consist of the design variables of a
feedback controller. Then it is desirable to design an optimal H..-controller that minimizes
the influence of a noisy input signal to the regulated output, which corresponds to minimizing
the Hoo-norm of a closed-loop (parameter-dependent) transfer function, see, e. g., [19] and the
references therein. Note that in the latter application, it is normally further imposed that the
controller stabilizes the closed-loop system. This condition does not play a prominent role
here, but efficient stability checks would be needed for controller design. Other applications
for Hoo-norm minimization arise in the optimization of dynamic flow networks [9], parameter
identification [18], and model reduction [17].

We focus on the large-scale setting, that is when n is large. We additionally impose the
condition that the numbers of inputs and outputs are relatively small, i.e., n > m, p. Here
we present subspace frameworks that are inspired by our previous work [1]. The proposed
frameworks converge fast with respect to the subspace dimension. We provide a theoretical
analysis which explains this convergence behavior and confirm our theoretical findings in
practice by means of several numerical experiments.

Outline. The subspace frameworks are formally introduced in the next section. We
first provide a basic greedy framework for H.,-norm minimization in Algorithm 2.1. This
framework reduces the order of the full-order system by employing two-sided restrictions
to certain subspaces. It performs the H.,-norm minimization on the reduced system, then
expands the restriction subspaces so that Hermite interpolation properties hold between the
full and reduced-order system at the optimal parameter value for the reduced system. An
extension of the basic framework is proposed in Algorithm 2.2. There Hermite interpolation
properties do not only hold at the optimal parameter value for the reduced system, but also
at nearby points. In Section 3, we formally show that the basic subspace framework when
there is only one parameter, and the extended framework converge with a superlinear rate



Algorithm 2.1 The basic greedy algorithm for H,.-norm minimization

Input: Matrices F4, ..., By, € R™" Ay, ..., A, € R™, By, ..., B, € R™™
Cy, ..., Cup € RP*™ and functions fi1, ..., fups 91, -5 Gras P1s ooy Prpgs K1y ooy ke
as in (1.2).
Output: Sequences {u(k)}7 {w(’“)}.
1: Choose initial subspace Vy, Wy C C".
2: fork=1,2,... do
3 p®) « argming,cq ||HV’€*1’W’C*1[M]|| -
4: wk) arg maXy,eru{co} 0 (/L(k),w).
5.  if m = p then
6: Vi, D(u®), iw(k))le(u(k)).
o Wi D(p®),iw®) T ()"
8: else if m < p then
0. Vi D(u®),iw®) T B(u®).
10: Wi, D(u®), iw(k))f*C(,u(k))*H[p(k)] (iw®).
11:  else
12: Vi <= D(p™®,iw®) T B(u®) H [1®)] (iw®)
13: /Wv/k — D(u(k),iw(k))_*C'(,u(k))*.
14:  end if _ .
15: Ve Vi 1P COl(Vk) and Wy < Wi_1 @ COl(Wk).
16: end for

under some smoothness assumptions at the minimizer. The performance of proposed basic
subspace framework and its rate of convergence are illustrated for several examples in Section
4. As we report in the end, with the proposed subspace frameworks, only a few seconds are
required for the minimization of the H,.-norm of a parameter-dependent system of order 10,
in contrast to an approach that does not make use of reductions.

2. Subspace Frameworks. To deal with the large-scale problems described in the in-
troduction, we employ two-sided restrictions in the flavor of the practice we followed for
large-scale H-norm computation in [1]. We choose two subspaces V, W C C" of the same
dimension, as well as matrices V, W € C"** whose columns form orthonormal bases for these
subspaces, and define the reduced problem by

EYW(p) == fl(m)W*ELV + ...+ fap ()W E,,,V,
AW (1) = gr (W)W ALV + .+ g, (W)W A,V
BY (1) := hy(W)W*By + ... + hyep (1)W* By,
CY (1) = k()1 + -+ ke (1) Cr V-
Associated with this system, there is the reduced transfer function

HYWpl(s) = CV (1) DV (u, )7 BY () with DYV (,5) := sEVW () — AV ()

I

which turns out to be independent of the particular choice of the bases for V and W. Our sub-
space frameworks are based on the repeated minimization of HH V’W(,u)H o for appropriate
choices of the subspaces V, W.

The basic greedy framework is given in Algorithm 2.1 and throughout the restof this
work, we use the short-hand notations

o) = o(Hp(w)) amd 0¥ (u,w) = o (HYW[pl(w))

We will also make frequent use of certain partial derivatives of these functions, where we
denote the variables that we differentiate by subscripts, e. g., o,,(-,) denotes the first partial



4

derivative with respect to the argument w, whereas o, (-,-) denotes the gradient with respect
to u. Additionally, we reserve the notations oo(p,w) and 0;) ’W(,u,w) for the second largest
singular values of H|[u](iw) and HY"[u](iw), respectively. At every iteration, the basic frame-
work minimizes the Hoo-norm of a reduced problem for a given pair of subspaces in line 3.
Then it first computes an w such that ||H[p]||%.. = o(w, ) in line 4 at the optimal p value
for the reduced problem, and expands the subspaces so that the following Hermite interpo-
lation properties hold at the optimal p, w, which are immediate from [1, Theorem 2.1], [3,
Theorem 1].

LEMMA 2.1. The following assertions hold regarding Algorithm 2.1 for each j =1, ..., k:
(i) It holds that ||H [p] HH =o(p),wl)) = gVeWe (u0) WH)).

(ii) It holds that o3 (), W) = oyt Ve (1), wl)).
(iii) If the largest singular value J(u(j),w(j)) of H[pW](iw D)) is simple, then

VIH [P, = 0u(1n@,0@) = gl (uD, @),

(iv) We have o, (p'9),w)) = g¥e:We (p9) wW)) = 0.

Note that in part (iv) of the lemma above o, (1), w) = 0 holds even if o(u),w)) is
not simple, since w?) is a maximizer of a(u(j)7 ) The equality o2* Ve (,u(j), w(j)) = 0 follows
from the interpolation properties between H[u](iw), HY*"*[u](iw) and their first derivatives
at p=pl, w=wd,

We also propose an extended version of the basic greedy framework in Algorithm 2.2.
For its description we define e, := 1/v2(e, + eq) if r # ¢ and e, = e,, where e, is the
r-th column of the d x d identity matrix. The description may look complicated at first,
but the only main difference is that it includes additional vectors in the subspaces in lines
16-35 to interpolate not only at the minimizers of the reduced problems, but also at nearby
points. The motivation for the inclusion of these additional vectors is to draw a theoretical
conclusion about the accuracy of the second derivatives of the reduced singular value functions
oVeWe (. ) in approximating o(-, -) in the multivariate case. In practice, we observe that both
Algorithm 2.1 and Algorithm 2.2 converge rapidly. But in the multivariate case, the inclusion
of the additional vectors in the subspaces in Algorithm 2.2 makes its rate of convergence
analysis neater. The interpolation properties of the extended framework are listed in the next
result. Once again, these properties are immediate from [1, Theorem 2.1].

LEMMA 2.2. The iterates {,u(k)}, {w(k)} by Algorithm 2.2 satisfy the assertions (i)—(%ii)
of Lemma 2.1 for each j =1, ..., k. Additionally, for each j =1, ..., k, r=1,...,d, and
q=r,...,d, we have the following:

(i) It holds that HH[N(J‘,W)] = O'(/j,(j’Tq),w(j’Tq)) = gV W (u(j77‘q)7w(j7rq))'

..
(ii) If the largest singular value a(u(j””’I),w(j’”l)) of H[p9r0](iwlrd) is simple, then

VHH[M(]'WQ)] ||H =0, (’u(mq),w(j,rq)) — U:jk,Wk (ﬂ(ijQ)’w(ijQ)).

oo

(iii) It hOldS that Ou (u(jﬂ‘q)’w(j,?"q)) — O—ijnwk (M(j,TQ)jw(]’,WI)) = 0

Before we start with the rate of convergence analysis, a few comments regarding the two
algorithms are in order.

REMARK 2.3. (i) The distinctions of cases in lines 51/ in Algorithm 2.1 and lines
5-14 and 22-31 are done such that the subspaces Vi, and Wy have the same dimension.
This is needed in order to obtain a regular reduced matriz pencil DVe W (u(k), s) and
a well-defined reduced transfer function HYk Yk [u(k)] (s). In practice, a reqularization
procedure can be performed [11] to obtain a regular reduced matriz pencil, even if the



Algorithm 2.2 The extended greedy algorithm for H,.-norm minimization

Input: Matrices Ei, ..., E,, € R™™ Ay ... A., € R™" By ... B,, € R”m
Cy, ..., Cup € RP*™ and functions fi1, ..., fups 91, -5 Gras P1s ooy Prpgs K1y ooy ke
as in (1.2).

Output: Sequences {u(k)}7 {w(’“)}.
1: Choose initial subspace Vo, Wy C C".
2: fork=1,2,... do
3 p®) « argming,cq ||]-IV’€*1"’V’C*1 [u]”

oo

4: wk) arg maXy,eru{co} 0 (/L(k),w).

5. if m=p then

6: Vi, + D(p®, iw(k))le(u(k)).

o Wi D(p®),iw®) T ()"

8: else if m < p then

9. Vi« D(u® iw®) T B(uk).

10: Wi, D(u®), iw(k))f*C(,u(k))*H[p(k)] (iw®).
11:  else

12 Ve DE®,iw®) T B8 H [®] (w®)".
13: /Wv/k — D(u(k),iw(k))_*C'(,u(k))*.

14: end if

15: Vi < Vi1 ® COl(vk) and W, < Wi_1 &P COl(Wk).
16: if k> 2 then

1 A e || ® — D)

18: forr=1,2,...,ddo

19: forg=r,...,ddo

20: pFrd) oy B 4 p ke,

21: wkra) arg max,cru{oco} a(u(k’T‘I)7 w).

22: if m = p then

2. VD D (ulbra) ko) ™ B (k).

o1 WD o D(plhra) iwlra) ™ 0 (ko)

25: else if m < p then

26: VD D(plhra) jkra)) T B (k).

o7 Wérg)  D(ukro iwkra) 7O (ukro))* 7 k] (ko).
28: else

29: AR D(WWH,iw<kwq>)*lB(mk’Tq))H[u(W)] (iwkra)*,
30: WD D (pulkra) k) 7 0 (ulhra)”.

31: end if _ .

32: Vi ¢ Vi @ Col(V™) and W, < Wi, @ Col (W),

33: end for

34: end for

35:  end if

36: end for

above distinctions of cases are not carried out. In the above algorithms we make the
silent assumption that the transfer functions HYVkWVe [u(k)} (s) are well-defined and in
L2X™ for all k. Note that the reduced dynamical systems associated with the transfer
functions HYVkWk [,u(k)](s) are mot necessarily asymptotically stable, so the transfer
functions are not necessarily in HPX™. However, for the algorithm, the latter does
not lead to any problem.

(il) In this paper, we only consider parameter-dependent linear time-invariant systems.



Efficient algorithms for the computation of the Loo-norm however, have also been
recently considered for transfer functions of a more general class of systems [1, 15].
The results presented here can be transferred to this more general situation without
any changes in the algorithm description.

3. Rate of Convergence Analysis. In this section, we perform a rate of convergence
analysis for Algorithms 2.1 and 2.2. We view p®+D | 48 ,(*=1) a5 functions of "), Letting
= be a local or a global minimizer of ||H[]||3., we assume p*+0 p®) yE=D 5 4 as
u(l) — ptx. Our main result is a superlinear convergence result, i.e., for all £ > 2 there exists
a constant C, independent of (1), such that

I lly < € (09 = s = g 5 = ], )

for all V) sufficiently close to fu..
The analysis here addresses the smooth setting, that is, throughout this section we assume

the following:

AsSUMPTION 3.1 (Smoothness). (%) The supremum of o(u.,-) is attained uniquely, say
at wy, and (43) o(ps, ws) > 0 is a simple singular value of H[p.](iw.).

Many of the results in this section are established uniformly over every pu(!) that is suf-

ficiently close to .. The dependence of the reduced transfer function HY*"e[u](s), as well

as the reduced singular value functions V% We(.,.), o¥*"* (...} on pu@) is implicitly given

through the subspaces Vi, Wi or equivalently, the matrices Vi, W) whose columns form or-
thonormal bases for these subspaces. We start with uniform Lipschitz continuity results for
these functions with respect to u(!). Note that in this result and in the subsequent discussions,
Omin(-) denotes the smallest singular value of its matrix argument, whereas

B(fi,n) = {n e R* [ [lu—fill, < n} and B(@,n) = {w eR||w—a] <n}

for given i € RY, @ € R, and 1 > 0.

LEMMA 3.2 (Uniform Lipschitz continuity). Suppose that, for some 8 > 0, the point p(*)
is such that omin (DVk’Wk (s, iw*)) > B. Then there exist constants N, M., v independent of

pwY such that
@ B[] (w) — BV ) w)]], < vl -,
Vi, € E(N*»n#)v Vwe E(w*,’l]w);
(i) [[H V) (@) - BV ) (w)]], < v|@ - w]
Vi € Bl ), Vo, w € Blws, Nw);
(i) o (L w) — o w)| < [ = pll,,
o M (1, w) — oy (@) < [l — ],
Vi, p € Bt M), Yw € B(wa, M),
(iv) [0 (@) = oV (p,w)| < y]@ - ],
o7 (1, 8) = 0 () < 7|0 -
Vi € Bl ), YV, w € Blws, ).
Proof. By Weyl’s theorem [8, Theorem 4.3.1], for every p € © and w € R we have
’O’min(l)Vk’VV)C (,LL,W)) - Umin(DVhWk(/iww*)” < ||DVk’Wk (/J,OJ) - DVk’Wk(MMw*)HQ
= [Wi (D(p,w) = D(pts; wi)) Vel
< HD(:va) - D(M*7w*>||2
S v(llp = pally + o — wil)
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for some v > 0, where the last inequality is due to the fact that D(:,-) is continuously
differentiable in a neighborhood of  x R. This uniform Lipschitz continuity property of
Omin (DV’“W’C (- )), combined with o, (DV’“W’C (L iw*)) > [, implies the existence of 7,,, 7.,
independent of p") such that

Tmin (DY Ve (1,w)) = B/2 V€ Blp, ), Yw € B(wa,y M)

It follows that (u,w) — HY*Wr[u](iw) is differentiable ¥y € B(ps, m), Vw € B(ws, N)-
(i) For every p € B(p,n,) and w € B(ws,nw), by the product and chain rule we obtain

OHYWe[p](iw) _ OCY*(u)

DYV W (i) T BW () +

g, Op;
Vi, Wi 3
BL) CH DM ) P Y ) BV )
j
Wi
CVk (,LL)DVk7Wk (/J,IOJ)_laB (/’l’)
O
for j =1, ..., d. Setting
D(u,i _ _
Mp ;= max{ 9D(p, iw) MEB(M*,nM)7w€B(w*,nw)}
’ O, 2
aoC —
M’CJ = max{ 8;EM) e B(u*,n#)} Mo = max{||C NS B(ﬂ*,n#)}
i 2
OB — _
My = {| 59| € B b M = (180 |1 € B}
i 2

and exploiting

0D (p,iw) IDVEWk (1, iw)
|22 > |22 e, > ool
Hj 2 Hj
9C (k) 9CVk () OB(p) 9Bk ()
5l > |56l |52 = |25 || = |5
Hi g Hj 2 Hio 2 Hj 2
as well as omin (DVeWe (1, w)) > 8/2, we deduce from (3.1) that
Vie, Wi i M/l .M McMy, .M McMy
H(‘?H (1] (iw) <oMe B Mo L;] B ,MeMp M,
O 2 5 B B
for all p € B(ps,ny), w € B(ws, M) and j = 1, ..., d, where M; does not depend
on M. This in particular implies H@Hvk’wk [,u](iw)/auj]kz‘ <Mjfork=1,...,p,

C=1,...,m With M :=max{M; | j =1,...,d}, for every ii,u € B, ny)w €
B(ws, ), by the mean value theorem we obtain

|[HY e [0 ()], — [HY Y [l (w)] | < [V lH YY) Gw)] ik (7 — )|
d
<3 My — | < M|

for some 11 € B(ps,ny), where V, [HYsWe 1] (iw)]kz denotes the gradient of pu —
[HYsWe[u)(iw)],, at fi. It follows that

e (7] ) = BV ), < vomdM [ ],

where the Lipschitz constant \/pmdM is independent of p1) as desired.



(ii) A similar proof as in part (i) applies but now by differentiating the function (u,w) —
HYeWe 4] (iw) with respect to w instead of ;.
(iii) By Weyl’s theorem [8, Theorem 4.3.1] and part (i) we have

P2 ) P )] < [ 3] ) — ) < 37

o ) o2 )] < [ ) - B, <

for all 1, i € B(pts,m,) and w € B(wy, 1,,), hence we get the result.
(iv) Weyl’s theorem and part (ii) combined imply

|V (1, @) — oW (p,w) | <[ HY VR ] (1) — BV [ (iw) ||, < 7|0 — ],
|03 (1, @) — oy (n,w) | < [[HYYE ] (1) — B (] (iw) ||, < 7]@ — ol
for all yu € B(ps,m,) and @, w € B(ws, ) as claimed. 0

The lemma below asserts uniform upper bounds on the derivatives of the largest singular
value function for the reduced problem provided DV¢Wk (p,,w,) is away from singularity. Its
proof is inspired by [10, Proposition 2.9], and given in the appendix.

LEMMA 3.3. Suppose that Assumption 3.1 holds and that ||uY) — p.|, is small enough.
Additionally, assume that for some > 0, the point u(Y) is such that
Omin(D (s, iwi)) > B and  opin (DY, (14, iwy)) > B.
Then there exist a U and constants 1,, 1., > 0 independent of V) such that

oM W) < U, o (e < U ol (nw)| < U

V11 € Bty ), Vw € B(wa, 1)
fOT alth X2, X3 € {W}U{p’j ‘]:17 B d}
The next result draws two important conclusions. First, the maximizers of o(u,-) and
VWi (p,-) can be expressed as smooth functions of y in a neighborhood of p.. Second,

[ H[]ll5_., as well as its reduced counter-parts generated by the algorithms are smooth locally
around fi4.

PROPOSITION 3.4. Suppose that Assumption 3.1 holds and that ||uY) — |2 is small
enough. Furthermore, assume for some § < 0 and 3 > 0 that the point u") is such that

(3.2) O (e, ws) <0 and O’vk’wk (Lo, i) < 0,

as well as

Urnin(D(H*in*)) > ﬁ and O'min(DVk’Wk (M*’iw*)) > ﬁ

Then for some N0, Nw,0, € > 0 independent of ), the following assertions hold:
(i) There ezists a unique continuous function w : B(tix, Mu.0) — B(wsnw,0) that is three
times continuously differentiable in the interior of B(p, nu0) such that

wp) =w,  and oy, (pw(p) =0 Vi € B, nu0)-

Furthermore, .., (i, w(p)) < 6/2 for all p € B(pe, nuo)-
(ii) There exists a unique continuous function WY& = B(p, .0) = B(ws, o) that is
three times continuously differentiable in the interior of B(p, nu0) such that

W (u) = w®and oM (P (1) = 0 V€ Blpta, mpo)-

Additionally, oX"Ve (u, wVeWe (1)) < 6/2 for all p € B(ps, mu0)-

ww



(iii) We have
O—(Maw(:u)) - UQ(IU'?L‘J(:“)) 2 €,

and the unique global mazimizer of o(u,-) is given by w(u). In particular, for all
w1 € B(pos, Myu,0) it holds that

o(p,w(p) = [|H gl -

(iv) We have
VWi (@Y We (1)) — a5 (,wVe Ve () > €,

and the unique global mazimizer and stationary point of o¥&YVs(p,-) in B(ws,Nw,0)
is wYe e () for all 1 € B, nu,0)-

Proof. As argued in the opening of the proof of Lemma 3.3, we have
(3.3) o(p,w) — o2(p,w) > & V(p,w) € B, M) % Blws, M)
for some £ > 0, 7, > 0, N, > 0, and
(34) Ve (p,w) = oy (p,w) > e W, w) € Blpe, 1) X Blws, )

for some € € (0,€), 17, > 0, 1, > 0. An important point here is that ¢, 7, 7., do not depend
on pM. The function o(-,-) is real analytic in the interior of B(p.,7,) x B(ws,7.,), whereas
oV Wi (- -) is real analytic in the interior of B(fi, 7,) X B(ws, 7). Moreover, by Lemma 3.3,
there exists a 6 > 0 such that

(3.5) o2V (n,w)| <&

holds uniformly for all (y1,w) in a neighborhood of (j,w,), where & and the neighborhood
are independent of ("), Now we prove the four statements of the proposition:

(i) Since o(-,-) is real analytic with continuous second derivatives in a neighborhood
of (fs,ws), its second derivative o, (-, ) must be bounded from above by ¢/2 in another
neighborhood of (g, ws). Then the assertion follows immediately from the implicit function
theorem.

(ii) Due to (3.5) the condition o ¥* "k (u,w) < /2 must hold in an open neighborhood N
of (ftx,ws,) independent of x(M). Additionally, observe that w®) — w,, u® — p, as M — p,
due to

o(p,w) = [ Hplly,, = Jim (|H[p®]],, = lim o(u®,o®),
p) =, oo D =,
as well as the uniqueness of w, as the maximizer of o(u., -) and the continuity of o (-, -). We as-
sume ||p® — 11|, is small enough so that (u®, w*)) € N, particularly o0&V (u®), w®)) <
§/2 < 0. Now the assertion again follows from the implicit function theorem. The uniformity
of the radii 1,0, 1,0 over all u(!) (as long as ||u(Y) — .||, is small enough) follows from the
uniform upper bound §/2 on the second derivatives.

(iif) Assume 1,0 < 7, Nw,0 < N without loss of generality, where 7, 7., are as in (3.3).
But then for pu € B(ps, Mu0) C B, 1), we have w(u) € B(ws,Nw,o0) € B(ws,7.,). Hence,
(3.3) implies o (p, w(p)) — oa(p, w(p)) > € > «.

To show that w(u) is the unique global maximizer of o(p,-) for all u € B, nu0), We
introduce

01(p) = sup{o(p,w) | w € B(ws,nw0)},  d2(1) = sup{o(,w) | w € R\ B(ws,mu0)},

and let d, := 01(us) — d2(us) > 0. As argued at the beginning of the proof of Lemma 3.3,
there exists a neighborhood N of (u.,w.) where the transfer function (p,w) — H[p](iw) is
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continuously differentiable. As a result, the largest singular value function o(-,-) is Lip-
schitz continuous, say with the Lipschitz constant ( over N which we assume contains
B(tts, p0) X B(wi, M) without loss of generality. The functions 61(-) and d2(-) are also
Lipschitz continuous with the Lipschitz constant ¢ over B(jix,n,,0), see [12, Lemma 8 (ii)]
(that concerns the minimization of a smallest singular value rather than the maximization of
a largest singular value as in here, but the proof over there can be modified in a straightfor-
ward manner). We furthermore assume 7,0 < d./(4¢) without loss of generality (since we
can choose 1,0 as small as we wish), so

1(p) = 61(ps) — 6. /4 and  0z(pe) = 2(p) — 64/4

for all u € B(p«,nu0) by the Lipschitz continuity of 61(-) and d2(-). These inequalities
combined with §1 (p«) — d2(ps) = 0, yield

O1(p) = 62(p) = 61(ps) — G2(ps) — 64/2 = 0,/2

for all i1 € B(ps, My,0)- This means that any global maximizer w(u) of o(, -) lies in the interior
of B(ws,Nw,0). Since o(-,-) is differentiable in a neighborhood of B(jix,m,.0) X B(ws, Nw,0), We
must have o, (4, @(p)) = 0. We conclude from part (i) that w(p) = w(p) and that it is the
unique global maximizer of o (g, -).

(iv) We assume without loss of generality that 7,0 < 1, and 7,0 < 7., . Consequently,
WY Wi () € B(we, Nwo) S Blws, ) for all p € B(pa, nuo) S Blpte, M), so (3.4) yields
oYWk (1, Ve Wi (1)) — oy Ve (1, WY We (1)) > € for such p. The uniqueness of wY*Wr (1)
as the stationary point of o¥*"We(y,-) in B(ws,Nw,0) is immediate from the implicit function
theorem. Additionally, without loss of generality, we can assume B(pu, 1,0) X B(ws, Nw,0) € N
where N is the neighborhood of (i, w,) as in part (ii) over which o¥x"Wr(u,w) < 6/2 < 0.
This means V%Y (y,-) is strictly concave in B(ws,7,,0). Thus, the unique stationary point
wYWe (1) must also be the unique global maximizer of o¥*"e(p, ) in B(w., Ny.0)- O

REMARK 3.5. The second condition in (3.2) can be dropped in theory by including addi-
tional vectors in the subspaces and doubling the subspace dimensions as follows: The interpo-

lation property
o, (u(k)’w(k‘*l)) = gVk W (ﬂ(k) w(kfl))

)

can be achieved, for instance, by the inclusions

Col <(iw(k1)E(u(k)) - A(M(’ﬂ)f1 B(u(k))) C Vi,

Col ((iw(’“_l)E(u(k)) - A(Mw)))** c(u<'f>)*) C Wi,
when m = p. By the mean value theorem, this would lead to

Oww (M(k)vf(k)) == Wk wogkfl)

VWi (19, oK) — gk (uF), (kD) N
) — o0 1) = ol (™€)

for some €%, €®) in the open interval with the end-points w*=1, w®) so that
s (1,9 = 0278 (19, )] = © (Jol®) — D)

Hence, by the continuity of the second derivatives with respect to w and (,u(k), w(k)) = (s, Wi ),

the condition o (e, ws) =: 5 < 0 would imply oVEWe (1, wy) < 3\/2 < 0 provided pM) is
chosen sufficiently close to pi,.
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The main conclusion of the next result is that the higher-order derivatives of p +—
Ve W (u, wVE Wk (u)) are uniformly bounded in absolute value by a constant.

LEMMA 3.6 (Uniform boundedness of higher-order derivatives). Suppose that the as-
sumptions of Proposition 3.4 hold. Furthermore, let 1,0 and wVeWk (1) be as in Proposi-
tion 3.4, and let

(36) GV (1) = 0V (¥ (),

Then for every 7,0 € (0,1,,0) there exists v > 0 independent of pY such that for all p €
B+, Mu,0), we have

0%||H
R PR
qUHr
o3| H
(ii) % < and ’55§L%Z(u)’§% qgrl=1,...,d

OpqOprOfpue

Proof. (i) By Proposition 3.4, the functions [|H[]|[;,_ and Ve Wk (.) are three times
continuously differentiable in a neighborhood of B(j,7,,0). The first assertion, that is the
boundedness of the second derivatives of || H[]||;,  in B(fx, Mu,0), is immediate. Let us prove
the existence of a uniform v > 0 such that

(37) | <9 ¥ p € Blpa, o)
for g, 7 =1, ..., d independent of p*). To this end, we first observe
(38) D) = o (Y () 0P (1w ()l ).

The function wYk W (.) is implicitly defined by the equation o2s"¢ (1, w¥*We (1)) = 0 for p
near (F). Differentiating this equation with respect to p, yields

V W Vk,Wk(M’ Vk,Wk(,u))
ks Wi _
e ) = BT (e (1)

b

which we plug into (3.8) to obtain

(3 9) 5vk,Wk( ) — O_Vk,Wk( ka,Wk( )) Vk’Wk (/‘L7 Vk’Wk (/‘l’)) Vk)Wk (lu’7 Vk)Wk (/1’))
. Heglr H Hglr Hs H O,Zi;f),wk (/1*7 wVk:Wrk (/J’)) '

By part (ii) of Proposition 3.4, we have o)&"Ve (1, w¥ Wi (1)) < §/2 < 0 for all p €
B(u*,nM o) independent of pM . Additionally, by Lemma 3.3, all mixed second derivatives
of VkWe (., .) are bounded from above in absolute value uniformly in B( ., M) X B(ws, M) 2
B Mu,0) % B(ws, Mwo) (to be precise we assume the inclusion without loss of generality as
we can choose 7, 0, Nw,0 as small as we wish), where the upper bound is independent of .
Hence, we conclude with (3.7) as desired.

(ii) The boundedness of the third derivatives of ||H[]|l;,_ in B(p,nu,0) is immediate
from three times continuous differentiability of ||H[]||;, in a neighborhood of B(pss M0

The boundedness of the absolute values of the third derivatives of Y*"Vk(-) uniformly
by a constant independent of (1) can be established in a similar way as in part (i). Specif-
ically, by differentiating (3.9) with respect to pg, it can be seen that a}jflf/\:fe (1) is a ratio,
where the expression in the numerator is a sum of products of the mixed second deriva-

tives O’;jf;(/gk (p,ka’wk (u)) and third derivatives Jgjf’;g’;“ (u, Vie: We (u)) for x1,x2,x3 €
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. . . . 3
{w, g, ttr, pe}, while the expression in the denominator is o}k Ve (u, wVr Ve (u)) . Hence,
once again, the conclusion

’@‘fj;f)fz (u)‘ <7 Vi€ B, o)

for q, 7, £ =1, ..., d for some v independent of u(*) can be drawn from part (ii) of Proposi-
tion 3.4 and Lemma 3.3. 0

By Lemma 2.1 and Lemma 2.2, the reduced function "¢ (.) Hermite interpolates the
original Heo function [[H[][l;,_ at p = p® =1 Indeed, for the extended algorithm
(Algorithm 2.2), these Hermite interpolation properties also hold at p = u*79 for each
r=1...,d,g =r, ...,d by Lemma 2.2. From these observations, by also employing
Lemma 3.6, it is possible to conclude with an upper bound on the gap between the second

derivatives of aV+"r(.) and ||H[]||.. near u., which we formally state and prove next.

LEMMA 3.7 (Proximity of the second derivatives).  Suppose that the assumptions of
Proposition 3.4 hold. Additionally, assume that V| Hu.]|l,, _ is invertible. Furthermore,
let WV We(.) be as in Proposition 3./, and 5Y*"We(-) be defined as in (3.6). Then there
exists a ¢ > 0 such that the following statements hold for Algorithm 2.1 when d =1 and for
Algorithm 2.2 independent of p™:

(i) We have HVZHH[M(k)]

o = V%% () <l D,

(ii) Both VQHH[M(k)] HHOC and V25V We (u®)) are invertible.

(i) We hane | [72H [, |~ (2% (i)

< (I = =0,
2

Proof. (i) We focus on Algorithm 2.2 only (the proof for Algorithm 2.1 with d = 1 pro-
ceeds similarly by defining h(*) := p(*=1) — (k) By parts (iii) and (iv) of Proposition 3.4, the
functions [|H[]||,,_ and aV*"Vk(.) are three times differentiable in the interior of B(p,7,,0)
independent of ). Now choose p!) close enough to i, so that B(u®, h®)) C B(su, ny0),
as well as w®) | w*9) belong to the interior of B(ws, Nwo) forr=1,...,dandg=r,...,d
(observe that w®™®) — w, as u") — u, based on arguments similar to the ones for w®) — w,
as ") — pu, given in the proof of part (ii) of Proposition 3.4).

It follows that the functions

£:00,1] > R, {(a):= HH(M(’“) + O‘h(k)eW)HHoo7
0:[0,1] 5 R, (o) :=5 %W (u(k) + ah(k)erq)

are continuous and three times differentiable in (0,1). Additionally, Lemma 2.2 implies that
the following interpolation properties between these functions

(3.10) 00) = £(0), £(0)=/(0) and £(1)=£(1)
are satisfied. To see the last equality at & = 1, we observe

0=o, (N(kM), w(kn”q)) = g e We (u(kmfI),w(k,rq))

by Lemma 2.2, so part (iv) of Proposition 3.4, in particular the uniqueness of the stationary
point wsWe (1) of Ve We(,+) for all u € B, 1u,0), implies w¥r W (,u(k’””) = w9 (as
pFrd) € B(p,, Ny,0) and wkr) € B(w,, Mw,0)). Hence, again by Lemma 2.2, we have

(1) = ||H[’u(k,pq)] HH — o Ve Wk (N(kWQ)’w(kﬁq))

— gV (‘u(k,rq)’ wVE W (‘u(k,rq))) _ f(l)
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By employing the interpolation properties in (3.10) in the Taylor expansions

for some ¢, € (0, 1), we obtain

(BOP e, [T, = 9287 (1) erg

..

(3.11) _(0) - 7(0) = % (7@ - ")) =0 ([\®)7),

where the constant hidden in the Landau symbol O is independent of ;(!) due to Lemma 3.6.

By counsidering particular values of r =1, ..., dand ¢ =7, ..., d in (3.11), we deduce
2 (k) ~Vi Wh
P, D))
OprOtg OprOfig

Once again, the constant hidden in the Landau symbol © does not depend on p(*) in the
latter equation. B

(ii) By the continuity of V?||H[]||,,_ in the interior of B(t,7u.0), coupled with the
assumption ™ — p, as uM — p,, we have lim,a)_,, V2| H[u®)] ||Hoo = V2| H ]l -
Consequently, VQHH[M(’“)]
tion, from part (i) we get

H 2 8 invertible provided p(!) is sufficiently close to .. In addi-

VA H ., = Jim VEAH[p®]]], = lim V()
p = °  pMop,
implying also the invertibility of V2gVxWk (,u(k)) for u™ close to .
(iii) This statement follows from part (i) by employing the adjugate formulas for the in-
verses of VQHH[M(k)] HH as well as V25V Wk (,u(k)). For details, we refer to [10, Lemma 2.8,

part (ii)]. d
Now we are ready for the main rate-of-convergence result.
THEOREM 3.8 (Local superlinear convergence). Suppose that the assumptions of Propo-

sition 3.4 hold. In particular, let w¥sYVe(.) be as in Proposition 3./. Additionally, assume
that the matriz V?||H[p.]||,,_ is invertible, the point . is strictly in the interior of Q,
and that the function oVeYVs(p*+V ) has a unique global mazimizer, say at S*F+TY | with
lim,)_,,, kD) = w, . Regarding Algorithm 2.1 when d = 1 and Algorithm 2.2, the follow-
ing statement holds: There exists a C' > 0 independent of () such that

(k+1) _
I el -c

(3.12) =
T = ]y e {1 — e |y [ = g}

Proof. By Proposition 3.4, both ||H[][|,, and &V*"Vk(.) defined by (3.6) are twice Lip-
schitz continuously differentiable in the interior of the ball B(p.,1,.,0). Now suppose p s
close enough to p, so that p*+1 1 ®) - (=1 lie in the interior of B(fi«,1,.0), whereas &*+1)
belongs to the interior of B(w.,n,0), and

(D) E(u(k), h(k)) C B(pts, npu0) where h(%) = ||,u(’“) —,u(’“’l)H2 (recall that ) — p, and

R =0 as p™ — p,),
(2) V2||H[p®)] HHOO and V25VeWe (u®)) are invertible (part (ii) of Lemma 3.7 ensures

this as p(!) is chosen close to ..
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By an application of Taylor’s theorem with integral remainder we obtain

1
0=V = VIO + [ PO 1000 g, (- 0,

which implies

0= [V 1P| UH O+ =) [F2 16 |

(3.13) 1
x /0 V2 [+ (g = 1] [y = 2 D] ] (e = 0 @),

Now by exploiting the interpolation property, in particular part (iv) of Lemma 2.1, and
recalling wYrWe (u(k)) = w®) due to part (ii) of Proposition 3.4, we get

VIIH (u* ) |l3 = ok (u®), ™)
— O_L);ka (M(k)7 ka,wk (,u(k:)))
— U;\jk,Wk (lu(k)7 w Ve We (,u(k))) + O-Bjkvwk (lu(k)7 w Ve Wk (/,L(k)))vka’wk (,u(k))

= VFVe W (N(k))7

where we employ ¥ "Ve (k) wVeWe (u(R))) = 0 for the third equality. Hence, equation
(3.13) can be rearranged as

0 = [W257 M (u8)] 7 TV () 4 (1, — p ) 4
{0, ] = [ o] o)), o+
el

1
X/O V2 (H (1 4 # (= 1) [y = V2 P, ] (= 0 @)t

(3.14)

Throughout the rest of the proof, by manipulating (3.14), we bound ||u**1) — 1, from
above in terms of || — j. ||z and [|p*=Y — p,||2. Since @*HY) € B(w.,n,.0) is assumed to
be the unique global maximizer of o¥s"* (u*+1 .} we must have w"*We (pk+1)) = Glk+1)
by part (iv) of Proposition 3.4. It follows that

va’vk,wk (H(k+1)) — O_l\jk,Wk (M(k—i-l),&}(k—‘rl)) — vHHVk,Wk [M(k—‘rl) 07

]H?-loo =

where we use the fact that p(**1) is a maximizer of HHV’“W’C []HH for the last equality.
Moreover, a Taylor expansion yields

0= Va_’vk,Wk (M(k+1))
= UFe W (B 4 w2V (309 (D 0 4 0 (Hu(ml) _ u(k)H;) :

which in turn implies
(3.15) [vzavk,wk (M(k))}’l V&YW (19 = (u® — u+0) 1 0 (HM(kJrl) _ M(k)ui) .
Additionally, by another Taylor expansion,
0= V|[H ] |,
= H D] [l + 2 H [, (= 1) 40 (|65 = e f3) -
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Therefore, by using Lemma 3.7 and part (i) of Lemma 3.6, we see that

{00, ] = [57)] ™ | ol

< [l = I, - [Tl O, = 0 (16 = 02, - 1% = ],

oo |

Finally, by exploiting the Lipschitz continuity of V2| H []ll4,.. near g, we obtain

|01, ]
@10 [T i 1)~ S G - )t

=0 ([l — )

Combining (3.14) with (3.15), (3.16), (3.17), and noting ||u® — p*=D|| < 2max {||u*) —

2

u*| o ,u(k_l) — M*HQ}’ we finally obtain
|+ — gy < exmae {1 — |y [ ® 7 = [ 1™ = ], 2| = g5
for some constants ¢, co independent of u(*) from which (3.12) is immediate. d

REMARK 3.9. One important assumption for the rate of convergence result above is that
the global minimizer u, is contained in the interior of Q. Suppose  is a box, and . lies on
the boundary of this box. Then one or more of the box constraints are active for the full-order
problem at p., and || H[]||#.. is increasing in all directions pointing into the interior of Q in a
ball B(ps,n) (as |H[]||ln., is continuously differentiable in a neighborhood of pi.). The same
property holds to be true for the reduced function Y=YV« (-) in another ball B(ji.,7) C B(ps,n),
due to the interpolation properties (specifically due to part (iit) of Lemma 2.1), and uniform
upper bounds on the derivatives of a¥*We (- .), 7VeWe(.) (see in particular Lemma 5.3 and
3.6), provided (M) is close enough to u,. Consequently, the same active box constraints for
the original function ||H[]||3.. at p« have to be active for the reduced function &VeYVe(.) at
pF D) This means that the rate of convergence analysis above, in particular the proof of
Theorem 3.8, is applicable by restricting p to the variables that are not active at . If all of
the constraints are active at ., then p**tY =y, in exact arithmetic.

The minimizers for the erxamples arising from real applications on which we perform
numerical experiments in the next section turn out to be on the boundary of the box, see, e. g.,
Example /.1 where all of the three box constraints are active at the minimizer, or Example 4.3
where only one of the two box constraints is active, while the other is inactive. On the other
hand, the minimizer for the synthetic example in the next section is usually in the interior,
see Example 4./.

4. Numerical Experiments. In this section, we present numerical results obtained by
our MATLAB implementation of Algorithm 2.1 that we made available for download. We
first discuss some important implementation details and the test setup in the next subsec-
tion. Then, we report the numerical results on several large-scale linear parameter-dependent
systems which we describe in detail. All test examples are taken from the Model Order Re-
duction Wiki (MOR Wiki) website!. Our numerical experiments have been performed on a
machine with an 4 Intel® Core  i5-4590 CPUs with 3.30GHz each and 16GB RAM using
Linux version 4.4.132-53-default and MATLAB version 9.4.0.813654 (R2018a).

Lavailable at https://morwiki.mpi-magdeburg.mpg.de/morwiki/index.php/Main _Page.
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4.1. Implementation Details and Test Setup. At each iteration of Algorithm 2.1,
the Lo-norm of the transfer function of a reduced parametrized system needs to be minimized.
We have implemented and tested two optimization techniques to solve this global non-convex
optimization problem:

e cigopt, a MATLAB implementation of the algorithm in [13], which is an adaptation
of the algorithm in [5] for eigenvalue optimization. This MATLAB package creates
a lower and an upper bound for the optimal value of a given eigenvalue function by
employing piece-wise quadratic support functions, and terminates when the difference
between these bounds is less than a prescribed tolerance. For reliability and efficiency,
one should supply an appropriate global lower bound v on the minimum eigenvalue
of the Hessian of the eigenvalue function to be minimized to eigopt. This solver can
be slow, if there are many parameters or if « is very small. For our tests we always
use v = —10000.

e GRANSO [6], which is based on BFGS together with line searches ensuring the satis-
faction of the weak Wolfe conditions. GRANSO converges to a locally optimal solution,
that is not necessarily optimal globally, but works efficiently even when there are
several parameters.

Algorithm 2.1 is terminated in practice when the relative distance between p*) and p(*—1)
is less than a prescribed tolerance for some k& > 1, if the minimal £,,-norm values for the
reduced transfer functions at two consecutive iterations differ by less than a prescribed toler-
ance, or if the number of iterations exceeds a specified integer, more formally, we terminate,
if

B> b or [ = g SV, < ey S[a® 4 DY, or

L P [ P e |

e | <

oo

1
o g (I G ¢ [ i,

In our numerical experiments, we set £; = €5 = 1076 and kpyax = 20.

The absolute termination tolerance for the accuracy of the global optimizer computed
by eigopt is 1078, whereas the tolerance for reaching (approximate) stationarity in GRANSO
is set to 107'2. Apart from these we use default options in eigopt, GRANSO, as well as our
MATLAB routine linorm_subsp that implements the method from [1| for computing the
Lo-norm of the transfer function of a large-scale linear system. In linorm_subsp we call the
FORTRAN routine AB13HD.F via a mex file that implements the method of [4] to compute
the L.-norm of small-scale reduced systems. The latter is often faster and more reliable than
the native MATLAB routine norm from the Control Systems Toolbox, that one could use for
small-scale £,,-norm computations as well. Our initial reduced order models are generated
by 10 interpolation points (which consist of pairs of parameter values p and frequencies w)
that are equidistantly aligned on a line in © X [0, wmax) Where wmpax is a problem-dependent
maximum frequency. Further details on the implementation can be inferred from the code
that we have made available for download.

4.2. Results for Real Examples. We first test our algorithm on the following four
parameter-dependent descriptor systems, all of which originate from real applications.

EXAMPLE 4.1 (Thermal conduction (T2DAL_BCI), see [14]). Our first example is a ther-
mal conduction model in a chip production. For a compact and efficient model of thermal
conduction, one should take into account different configurations of the boundary conditions.
This gives the capability to the chip producers to assess how the change in the environment
influences the temperature in the chip. A mathematical model of the thermal conduction is
given by the heat equation where the heat exchange through the three device interfaces is mod-
eled by convection boundary conditions. These boundary conditions introduce the parameters
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W1, o, w3, called the film coefficients, to describe the change in the temperature on the three
device interfaces. After spatial discretization of the partial differential equation and by in-
corporating the boundary conditions one obtains a time-invariant linear system with transfer
function

(4.1) Hlpa, pa, 3] (s) = C(sE — (Ao + Ar + poAs + p3Az)) "' B

where E € RA257X4257 gqnd A; € R4257x4257 4 — 1 2 3 are diagonal matrices arising from the
discretization of convection boundary conditions on the i-th interface and B € RA?7<1 (C ¢
R7*4257 gre the input and output matrices, respectively. The specified box for the parameter

o= B2 ] s [1,104) x [1,10%] x [1,101],

We report on the results of Algorithm 2.1 on the T2DAL_BCI example for different setups in
Table 4.1.

Table 4.1: Numerical results for the T2DAL_BCI example.

setup ‘ Niter (11 5, 102,05, 143 %) (| H (1,5, 2,05 113,45, time in s
eigopt 2 (1.0000e+4, 1.0000e+4, 1.0000e+4) 1.15429¢+1 374.25
GRANSO 2 (1.00006+4, 1.0000e+-4, 1.00006+4) 1.15429¢+1 2.54

EXAMPLE 4.2 (Anemometer (anemometer_1p and anemometer_3p), see [2]). An anemo-
meter is a device to measure heat flow which consists of a heater and temperature sensors
placed near the heater. The temperature field is affected by the flow and hence a tempera-
ture difference occurs between the sensors. The measured temperature difference determines
the velocity of the fluid flow. The mathematical model for the anemometer is given by the
convection-diffusion equation

T

pear = V(kVT) — pcoVT + ¢,

where p denotes the mass density, c¢ is the specific heat, k is the thermal conductivity, v is
the fluid velocity, T is the temperature, and q' is the heat flow. A spatial discretization of
the convection-diffusion equation above, for instance by the finite element method, yields a
parametric linear system with the transfer function

H[v](s) = C(sE — (A} + v(Ay — A1) 'B

which depends on only the fluid velocity v € [0,1]; or a parametric system with the transfer
function

Hle,k,v](s) = C(s(E1 + cBs) — (A1 + KAz + cvA3)) "' B

where three parameters ¢ € [0,1], k € [1,2], v € [0.1,2] appear. The input and output matrices
B and C above result from separating the spatial variables in ¢'. We refer to these one
parameter and three parameter ezamples as anemometer_1p and anemometer_3p, respectively.
In both cases, the order of the state space is 29008, there is a single input and a single output.

We report on the results of Algorithm 2.1 on the anemometer_1p and anemometer_3p exam-
ples for different setups in Tables 4.2 and 4.3, respectively.

EXAMPLE 4.3 (Scanning electrochemical microscopy (SECM), see [7]).  Scanning elec-
trochemical microscopy is a technique to analyze the electrochemical behavior of species (in
different states of matter) at their interface. This example considers the chemical reaction
between two species on an electrode. The species transport is described by the second Fick’s
law which leads to two partial diffusion equations with appropriate boundary conditions. A
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Table 4.2: Numerical results for the anemometer_1p example.

setup | Niger Vs | H [v.]|l5, time in s
eigopt 6 0.0000  1.32274e-2 32.68
GRANSO 6 -0.0000  1.32274e-2 30.91

Table 4.3: Numerical results for the anemometer_3p example.

setup ‘ Niter (Cay Koy V) | H oy s U] |34 time in s
eigopt | 4  (0.0000, 2.0000, 1.0000e—1) 1.64723e-3 766.06
GRANSO 3 (0.0000, 2.0000, 8.3855e-1) 1.64723e-3 40.93

spatial discretization together with a boundary control then leads to a linear-time invariant
system whose transfer function is

Hhy, hs)(s) = C(sE — (h A1 + hyDy — A3)) ™' B,

where B, Ay, Ay, Az € RI6912x16912 - B ¢ RIGN2XL - qn g O ¢ R5*¥16912 gnd hy, ho are the
parameters of the problem. The experiment is performed in the box [1, 62] X [1762]

The results for the SECM example are summarized in Table 4.4

Table 4.4: Numerical results for the SECM example.

setup ‘ Niter (h14s ha) [ H 71, b ]|l time in s
eigopt ) (1.0000, 4.1944) 1.85588 180.01
GRANSO 5 (1.0000, 4.2882) 1.85583 20.51

In all examples, we observe superliner convergence in the final iterations. Specifically, for
the SECM example, we report the errors with respect to the iteration number in Table 4.5.
Four additional iterations after the construction of the initial reduced model suffice to find
the minimal H,.-norm with the specified relative tolerances. For most examples, in particular
the ones with more than one parameter, using GRANSO is significantly faster than eigopt. On
the other hand, in contrast to GRANSO, eigopt returns the global minimizer for the reduced
problems and thus sometimes yields more reliable results. In particular, due to the local
convergence issue with GRANSQ, rarely the subspace framework equipped with GRANSO does
not converge to the global minimizer of the full problem, while the one with eigopt does
converge to the global minimizer of the full problem. This can for example be seen in the
synthetic example discussed below.

To our knowledge, there is no reliable and efficient algorithm for large-scale H..-norm
minimization in the literature which we can use for comparison purposes and verify the
correctness of the results obtained. Instead, for each example above, we have computed the
Hoo-norm of the system for various values of p near the computed optimal parameter value
1. According to these computations, the optimal parameter values listed above seem to be
at least locally optimal. For three of the examples, the plots of the H.,-norm as a function
of p are illustrated in Figure 4.1

4.3. Results for Synthetic Examples. Next, we test our approach on synthetic ex-
amples of various orders taken from the MOR Wiki.

EXAMPLE 4.4 (Synthetic example). We consider parametric single-input, single-output
systems of order n = 2q with transfer functions of the form

(4.2) H[pil(s) = C(sIy — pAr — Ag) "B,
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Table 4.5: The minimizers for the reduced problems as well as the errors of the iterates of
Algorithm 2.1 and the corresponding errors in the H.,-norms are listed for the SECM example

by using GRANSO for optimization. Here, the short-hands f(*) := HHV’“W’f [u(k“‘l)]Hﬁ and
fe = [[H[p]lly, _ are used.

k pk+D) HM(HI) — “*Hz |f(k) — f*|

0 | (1.0000, 1.2088) 3.08 2.6le-1

1| (1.6579, 7.3891) 3.17 2.72e—4

2 | (1.4761, 6.3522) 2.12 1.51e4

3 | (1.0000, 4.2882) 1.55e-9 1.24e-12

4 | (1.0000, 4.2882) < le-12 < le-12

where the matrices Ay, Ag € R™", B ¢ R™!, C € RY*" are given by

Al,l AO}l By

A = 7A0: , B= 702[01 Cm]
Al,m AO,m_ Bm

with

Au:[“" 0_], Ao,iz[obl %} Bz:[f), Ci=[ 0, i=1...m

The numbers a; and b; are chosen equidistantly in the intervals [—10%,—10] and [10,103],
respectively. The parameter p is constrained to lie in the interval [0.02,1].

We perform our experiments on this synthetic example for several values of n varying
in 102, ..., 105. For smaller values of n, a comparison of Algorithm 2.1 and the MATLAB
package eigopt (for the unreduced problems) is provided in Table 4.7. This table indicates
that with or without reduction we retrieve exactly the same optimal H.,-norm values up to
the prescribed tolerance e = 1079, yet the proposed subspace framework leads to speed-ups
on the order of 102, indeed the ratios of the runtimes increase quickly with respect to n.

Larger examples are considered in Table 4.8, but only using the proposed subspace frame-
work. It does not seem possible to solve these larger H,,-norm minimization problems in a
reasonable time without employing reductions. Even the examples of order 10° can be solved
very fast. All examples up to order 10° can be solved with just two to four iterations, only
for very large examples up to 9 iterations may be needed. Moreover, the largest fraction of
the computation time is spent for solving large-scale linear systems.

Note that we have used eigopt for the optimization of the the small subproblems here
which is guaranteed to return a global minimizer. We observe in practice that when the
reduced problems are solved by a locally convergent algorithm, convergence to p = 1, a
locally optimal solution, sometimes occurs. This is in particular the case for some values of
n when the reduced problems are solved with GRANSO. Also note that for the computation of
the L£,.-norm in this example we make use of the native MATLAB function norm, since the
periodic QZ algorithm used for the eigenvalue computation in AB13HD.f does not converge
always. Further, we have set vy = —1000 in eigopt — otherwise, the runtimes would be higher.

Finally, the progress of the subspace framework is displayed in Figure 4.2 on this synthetic
example for n = 500. After one subspace iteration, the L. .-norm of the reduced problem
already closely resembles the one for the original problem around the minimizer. After two
subspace iterations, it is even hard to distinguish the £..-norm functions for the reduced and
original problems around the minimizer, except for a thin peak that occurs in the reduced
problem. The progress of the iteration is further summarized in Table 4.6.
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(a) Graph of w1 = [|H[p1, fre,2, pa,3]ll5, for the
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(b) Graph of py + |[H[us,1, 2, ps3]lly  for the
T2DAL_BCI example.
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(d) Graph of (u1,p2) — [[H (1, p2]ll4  for the SECM
example.
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(f) Graph of pp +— [[H[ps,1, p2]ll;,  for the SECM
example.

Fig. 4.1: The Hso-norms for the different examples, where the computed minimal norm value
is marked by a red circle. Note that in the captions and legends of (a)—(f), p. ; denotes the

jth component of u, for j =1, 2, or 3.

5. Concluding Remarks. In this work we have developed new subspace restriction
techniques to minimize the H,-norm of transfer functions of large-scale parameter-dependent
linear systems. We have given a detailed analysis of the rate of convergence of these methods,
demonstrated the validity of the deduced rate of convergence results in practice by various
numerical examples, which could all be solved very efficiently. The methods presented here
make the design of optimal H..-controllers for large-scale systems partly feasible. A fully
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Table 4.6: The minimizers for the reduced problems as well as the errors of the iterates of
Algorithm 2.1 and the corresponding errors in the H..-norms are listed for the synthetic
example for n = 500 by using eigopt for optimization. Here, again the short-hands f(*) :=

|| Ve m(kﬂ)”’cw and fi = |[H[p]|[5,_ are used.

k ‘ p+D |M(k+1) _ M*|2 ‘f(k) _ f*|
0 | 0.5100 2.74e-1 0.12e-1
1 | 0.2354 2.94e4 5.0le-7
2 | 0.2357 < le-12 < le-12

Table 4.7: Results of the numerical experiments on Example 4.4 for smaller values of n, where
we list the number of subspace iterations njie,, the optimal parameter values by Algorithm 2.1
and eigopt, and the corresponding minimal H,-norms, as well as the runtimes are listed.
The optimal H..-norm values returned by Algorithm 2.1 are the same with those returned
by eigopt at least up to six decimal digits.

s ([ H [pee] [l runtime in s
N Nie | Alg. 2.1 eigopt | Alg. 2.1  eigopt | Alg. 2.1 eigopt
100 2 1.000000  1.000000 | 0.317092 0.317092 1.33 6.98
200 2 1.000000  1.000000 | 0.549800 0.549800 0.82 52.33
400 3 0.270587  0.270549 | 0.969289  0.969289 3.85 455.07
600 4 0.212279 0.212255 | 1.337220 1.337219 3.06 1563.83
800 2 0.181492 0.181501 | 1.706940 1.706940 1.65 2635.76

feasible method to design optimal #,-controllers for large-scale systems should also take
stability considerations into account. We intend to address stability issues in future.

Code Availability. The MATLAB implementation of our algorithm and the computa-
tional results are publicly available under the URL http://www.tu-berlin.de/?202212&L=1.

Appendix A. Proof of Lemma 3.3. By the continuity of (u,w) = omin(D(p,w)),
there exists a neighborhood N of (i, w,) such that omin (D(p,w)) > /2 for all (u,w) € N.
Consequently, the mapping (u, w) — H[u](iw) is continuously differentiable and o(-, ), oa(-, )
are continuous in . The continuity of ¢(-,-), o2 (-, -) implies that o(y, w) remains a simple
singular value of H[u](iw), hence it is bounded away from zero in a neighborhood N C N of
(44, wy ). Formally,

(A1) o(p,w) —o2(p,w) > Y(p,w) €N

for some € > 0.
Moreover, by employing the interpolation properties

W (10 50 = (1) w®)  and GV (U0, W ®)) = gy (u®), W ®),

Vi Wk
Vk,Wk(. 2k, k(.

as well as the uniform Lipschitz continuity of o ), O ,+) (i.e., parts (iii) and
(iv) of Lemma 3.2), there exists a region B(fi,7,) X B(ws,7,) in which oV="Wr(p, w) is a
simple, hence also a positive singular value of HY*"r[u](iw). More precisely, we have

(A2) Ve (1, w) = oy (pw) = & V(p,w) € Blpa, 1) X Blws, )

for some ¢ € (0,), where the constants ¢, 7,,, 7, do not depend on u(*). However, here it is
assumed that [|u) — .||, is small enough in order to ensure ||u® — p,||, < &


http://www.tu-berlin.de/?202212&L=1
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Table 4.8: The performance of Algorithm 2.1 on Example 4.4 for larger values of n, where we
have used eigopt for the optimization of the reduced subproblems.

n Niger L (| H [164] || 4, runtime in s
1000 4 0.157222 2.08316 3.61
2000 4 0.115748 4.08243 4.68
5000 2 0.113064 10.1718 2.15
10000 2 0.112964 20.3321 1.64
20000 2 0.113009 40.6554 1.37
50000 2 0.113066 101.628 1.70
100000 2 0.113090 203.248 2.69
200000 2 0.113102 406.490 5.04
500000 2 0.113111 1016.22 12.53
1000000 2 0.113113 2032.43 26.11
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Fig. 4.2: The plots of the full function [|H[]||l,, , as well as the reduced functions
||HVO7W0 HHL‘N’ HHVl’Wl HHLM’ and HHW’W?[-]HLOO in the interval [0.1,0.4] for Example 4.4
with n = 500

Let us now prove that |o,(-,-)| and |0y, (-, )| are bounded from above uniformly in a
neighborhood of (g, ws.). Our approach is based on the analytic continuation of the mapping

0 HE(s)

Hl/ka [N](S) 0 = MV [:u](s)

(1,8) =

into the complex plane for (u,s) € C? x C near (pi.,iw,), where

FIV P[] (8) = BV ) DY ) O ) with
DY, 8) 1= —s B/ (1) — AT (),
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and
EVYe(n) == fr(w)(WEELVe) + o+ frp (W) (Wi B Vi)™,
AL WE () = g1 () (Wi AL Vi) + . +gKA(:LI’)(WkA'€AVk) .
B () := b () (W By)* +"'+hns( J(WiBis)™,
CY(n) == k1 () (C1 V)" -+kl€c(:u)(0ﬁcvk) .

Note that o¥»Wk (1, w) and o¥* V¥ (11, w) correspond to the largest and second largest eigen-

values of MYeWe[y](iw) for real w, as indeed HY*"¥[u(iw) = {HY*Wr[u](iw)}". These
Hermiticity properties are lost, when we replace f;, g;, hj, k; with their analytic continu-
ations fj, 9j, }Azj, /k\:j or if we choose s ¢ iR := {iw|w € R}. Let us denote the resulting
extensions of HYkWk, Hf’”“’w’“7 MVeWr with I;TV’“W’“, ﬁf’“w’“, MVeWe - As the subsequent
arguments are for these complex continuations, in the rest of the proof Be(us,n) := {u €
C4 || — pally <m} and  Be(iws,n) := {s € C| |s — iws| < n} now denote the balls in the
complex Euclidean spaces for a given radius n > 0. It is straightforward to verify that the
uniform Lipschitz continuity of (pu,w) + HY&YWr[u](iw) established in parts (i) and (ii) of
Lemma, 3.2 extend to its complex counter-part, in particular, there exist v, 7, 7., which are
independent of (") such that

[V (7] (3) = HY= e [ (s)]
< B[R] (3) — HY e[ (3) ||, + | Y5 1] (3) — BV [ul(s)],
<[5 = sll, + @ —wl])

I

for all i, u € Be(ps, ) C C9, and for all 5, s € Be(iws, M) C C. Analogous uniform
Lipschitz continuity assertion also holds for HYeWe Consequently, there exist v, 7,, 7.
which are independent of (! such that

(a3 [T (1) - TP 6, <2 (-, + 5 - o)
Vi, p € Be(pe, ) € CY, V3, s € Be(iws, M) C C.

Now, for (i,s) € Be(ps, M) X Be(iws, M), let us consider the eigenvalue V5YVr (u, 5)
of MYVeWe[1](s) corresponding to the eigenvalue oVeWe (1, w) of MYeWe[y](iw), that is,
Ve Wk (. .) is obtained by the analytic continuation of ¢¥*"r(.,.) into the complex plane.
This eigenvalue function is no more real-valued, since M Y*"Ve[u](s) is not necessarily a Her-
mitian matrix. However, by (A.2) and (A.3), as well as Theorem 5.1 in [16, Chapter 4], there
exist 7,,m < min {77“,77#} and 7y, m;m < min {nw,nw} such that the eigenvalue "% "Vr(u, s)
remains simple for all y € Be (s, N,m) and all s € Be(iws, Uw,m)- We remark that 7, ,, and
Nw,m are independent of Vi, W), and hence are independent of 1. Now let us consider any
Ny € (0,M,m) and any 1y € (0, 7w,m)- By the analyticity of Jvk7Wk( -) in the interior of
Be (s, Npm) X Be(iws, u,m ), for a given i € Be(ps, 1) and § € Be(iws, n,/2), by Cauchy’s
integral formula we have

g 1 GV (7, )
(A.4) g W (i, 8) = *]{ — =y ds.
2mi ’s 5’ Nw/2 (3 - :92)2

We claim that the term 7+ ([, s) inside the integral in modulus is uniformly bounded from

) < 30

above. To this end, as ’0‘ it suffices to show the uniform

| /wk,Wk

M

boundedness of | H o Letting B := ouyin(D(p1«, w«)) and following the arguments

at the beginning of the proof of Lemma 3.2, there exists a neighborhood N c € xC of
(14, iwy) such that o, (DYeWr(u,s)) > /2 for all (u,s) € N. Without loss of generality,
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we assume N = B (fix, nu) % Be(iws, nw) (as we can choose 7, and 7,, as small as we wish).
Hence,

<l
2 — B - I} B B
V€ Be(p,ny), Vs € Bel(iws, ),

[[EVEYVE 1] (s)

where M¢ := max {||C(u)|l2 | 1 € Be(pssmp) b Mp = max {||B(p)]|2 | 1 € Be( u*,nu )}. In

2

an analogous fashion, the same upper bound also holds uniformly for (s)]|,, for all

w € Be(ps,my) and all s € Be(iws, 1), which gives rise to

MM _ _
||]/\ZV1¢,W;€ [/1,](8)“2 < QTB =M VYpe BC(N*7nu)ﬂ Vs e BC(IW*JM)
We deduce from (A.4) that
1 1 2M
Vk,Wk ’\Vk,Wk -~
0 [,5)] < o—¢ max |0 (1, 8)| ¢ 7573 (210 /2) < —
G (#,5) o o] /2 | | (1s/2)2 Mo

Vﬁ € EC(/“’*?”M)? V:SVG Bc(iw*7nw/2)a

hence also |oYs W (11, @) | < 2M /n,, for all fi € B(p.,n,) and all @ € B(w.,n.,/2).

VWi specifically for a given [i € Be(p, 1,/2)

Now let us consider the mixed derivative o}

and 5 € Be(iws,n.,/2), we have

L (,3)
(A5) Fo (s *7{ - dm,
H1 ) 27 c ('ul _ M1)2

where the contour integral is over C := {u € C® | ’/11 — ﬁ1| =n./2, b5 =Hy, § =2,...,d}.
Taking the modulus of both sides in (A.5) yields

4M
Nu"Nw
Vi€ Be(pw,nu/2), V5 € Be(iws, nw/2).

1 VWi, = 1
oo (9] < 5 {max|f’5 "’W’“(“’S”} W(%’?ﬂ/ 2) <
I

pnec

The arguments above prove the uniform boundedness of |0V’“W’“( )|, Tur

ol We(.,)|. The
uniform boundedness of all other first three derivatives can be proven similarly. ]
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