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Abstract: One of the main approaches to model reduction of both linear and nonlinear
dynamical systems is by means of interpolation. This approach seeks reduced models
whose transfer function matches that of the original system at selected interpolation
points. Data-driven methods constitute an important special case. We start with an
account of the Loewner framework in the linear case [52]. It constructs models from
given data in a straightforward manner. An important attribute is that it provides a
trade-off between accuracy of fit and complexity of the model. We compare this ap-
proach with other approximation methods and apply it to different test-cases. One
of the case studies to which we apply the aforementioned methods is defined by the
inverse of the Bessel function. We then turn our attention to the approximation of an
Euler-Bernoulli beam model with Rayleigh damping. Further case studies include the
approximation of two real valued functions with specific difficulties (discontinuity,
sharp peaks). One computational tool is the SVD; its complexity is cubic in the num-
ber of data points. For large data sets the CUR factorization is a viable alternative. Note
that its complexity is cubic as well but with respect to the dimension of the reduced or-
der model (ROM). Another option is to use stochastic procedures such as randomized
singular value decomposition (r-SVD) [41].
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6.1 Introduction

A challenging problem that computational linear algebra deals with is that of big data
modeling. The problem consists mainly in constructing reduced complexity systems
from input/output data. This contribution focuses on reduction via interpolation. The
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Loewner framework is a data-driven approach which can construct low order models
from measurements. It can be applied to both frequency and time-domain data [56].
Here we will concentrate on frequency domain data. The Loewner framework will be
implemented using (a) the SVD (singular value decomposition), (b) the CUR factoriza-
tion, (c) randomized SVD (r-SVD). Its performance will be compared with that of the
recently developed AAA algorithm see [53], the Vector Fitting approach [21, 40] and
the IRKA algorithm [13].

The paper is composed of three sections. The first one covers the fundamen-
tals of the Loewner framework starting from left and right interpolatory reduction. It
concludes (a) by describing an interpolation property satisfied by reduced systems
and (b) by making the procedure of obtaining real reduced models (despite com-
plex interpolation points and values) explicit. Next the description of two algorithms
namely, Loewner-SISO and Loewner-MIMO, is given. Finally two simple examples are
presented and the role of generalized inverses outlined.

The second chapter describes methods for implementing the Loewner reduction,
namely the SVD, the CUR factorization and the role of splitting the interpolation point
in left and right sets. The third chapter illustrates the main features of the Loewner
approach by means of seven case studies, namely, (a) the CD player, (b) an oscillating
function, (c) the inverse of a Bessel function, (d) an Euler-Bernoulli beam, (e) a heat
equation, (f) a function with two sharp peaks, and (g) the sign function. An epilogue
and references conclude the presentation.

6.2 The Loewner framework and moment matching

The Loewner framework has attracted increased attention of researchers from vari-
ous fields of applied mathematics and control engineering in the last 13 years. Con-
sequently, a fair amount of contributions that are now available, deal with various
aspects on further extending the framework and with its application to different test-
cases. Below we provide an account of some of the work related to or inspired by the
“Loewner framework” (see Table 6.1).

Consider linear, time-invariant systems with m inputs, n internal variables (states
if E is non-singular) and p outputs:

(6.1)

Ex(t) = Ax(t) + Bu(t), y(t) = Cx(t), where
EAcR™, BeR™™, CeR

We will denote this realization of the system by means of the quadruple X = (C, E, A, B).
The associated transfer function is

H(s) = C(s)B where @(s) = (sE - A) ! e CV". (6.2)
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Table 6.1: A collection of contributions related to the Loewner Framework.

Original paper [52] & tutorial paper [6] Chapters 4 and 7 in the book [9]
Extension to Application to
parametrized linear systems [4, 42] modeling multi-port linear systems [48]
bilinear systems [5, 45, 46] preserving the stability of the ROM [30]
quadratic systems [29, 36] the Burgers equations [8]
quadratic-bilinear systems [32] the Oseen equations [10]
linear switched systems [34] preserving the structure of DAE systems [37]
polynomial systems [11, 16] systems with delay [35, 59]
modeling from noisy data [20, 50] approximating functions [31, 33, 43, 44]
modeling from time-domain data [56] singular/rectangular systems [3]

genes oscillations [7] and biological rhythms [68]
Perspective based on duality and application Interpretation based on interconnection and
to bilinear differential [57, 58] application to LTV systems [60, 61]

A common way to reduce the complexity of a system is by means of Petrov—-Galerkin
projections. Such projections are defined by means of two matrices V, W ¢ Rk ,k<n,
satisfying the condition that W'V ¢ Rk is invertible.!

Definition 6.1. Consider v,w; ¢ R", i = 1,....,k,and let V = [v,...,v;], W =
[(Wy,...,w;] € R, The map defined by I, = V(VTV)'V, is an orthogonal pro-
jection onto the span of the columns of V. If WYV is non-singular, IT, = V(WTV)'W7,
is an oblique projector onto the span of the columns of V, along the columns of W.
I1; and II, are usually referred to in the model reduction literature as Galerkin and
Petrov-Galerkin projectors, respectively.

Reducing the system X = (C, E, A, B) defined above, by means of a Petrov—Galerkin
projection, we obtain the reduced system £ = (C, E, A, B) with the reduced order matri-
ces given by

C=cVerR™ E=-W/EV, A=WIAVeR"* B=WBcR""  (63)

There are many ways of choosing Petrov—Galerkin projectors in order to achieve
various goals. Here we will restrict our attention to interpolatory projections. Such pro-
jectors yield reduced models which match moments of the original system. These mo-
ments are values of transfer functions at selected frequencies, referred to as interpo-
lation points.

Remark 6.1. The D-term. In the system representations to follow no explicit D terms
will be considered. The reason is that such terms can be incorporated in the remaining

1 The notation (-)T indicates transposition of (-), while the notation (-)* indicates transposition of (-)
followed by complex conjugation.
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matrices of the realization, thus yielding what is known as a descriptor representation.
Consider a rank-revealing factorization

D =D,D, whereD, ¢ R”*, D,ec R,

and p = rankD. It readily follows that
" E " A . B p
E= , A= , B= > = ,
[ o [ —I,,] [Dz] c=fc D]

pxp
is a descriptor realization of the same system with no explicit D-term. The reason for
not considering explicit D-terms, comes from the fact that the Loewner framework
yields descriptor realizations with the D-term incorporated in the rest of the realiza-
tion.

6.2.1 Moments of a system

Given a matrix-valued function of time h : R — RP*™, its kth moment is

M = thh(t)dt, k=0,12....
0

If this function has a Laplace transform defined by H(s) = L(h)(s) = j;o h(t)e ® dt,
the kth moment of h is, up to a sign, the kth derivative of H evaluated at s = O:

k
Mk = (—1)k%}1(s)|s:0 eRP™, k=0,1,2,....
S

In the sequel, we will also make use of a generalized notion of moments, namely the
moments of h around the (arbitrary) point s, € C:

(o) = J Fh(t)e " dt.
0

These generalized moments turn out to be (up to a sign) the derivatives of H(s) evalu-
ated at s = s;:

dk
Mi(So) = (D~ T HOs, € R™, k=0,1,2,....

In this context, assuming for simplicity that E = I, the moments of h at s € C are
M(So) = —kC(soI - A" ®*VB, k=0,1,2,...,

provided that s, is not an eigenvalue of A.
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Notice that the moments determine the coefficients of the Laurent series expan-
sion of the transfer function H(s) in the neighborhood of s; € C; in particular

H H k
(s) =H(sy) + H(l)(SO)(S_l—'SO) bt H(k)(so)%
- Y
=10(So) + 11(So) ¢ 1150) + o+ i (Sp) ¢ k?O)

Approximation by moment matching
Given X = (C,E, A, B), consider the expansion of the transfer function around s;, i =
1,...,r, as above. Approximation by moment matching consists in finding

= (CEAB), EAcRVY BeRP™  €erPK (6.4)

el

such that the expansion of the transfer function

(s-s)°
3!

+13(87)

+15(5;)

() = (s + (50 ° 7

(s- Si)2 -
21

for appropriate s; € C, and ¢;,r € N, satisfies
ni(s) =n(sy), j=12....¢4andi=1,..,r.

This problem is also known as rational interpolation.

6.2.2 Rationalinterpolation by Petrov—Galerkin projection

Rational interpolation by projection was originally proposed in the work of Skelton
and co-workers; see [65, 66, 67]. Contributions were also made by Grimme, Gallivan
and van Dooren [23, 24, 38].

Suppose that we are given a system X = (C,E, A, B), assumed SISO (single-input
single-output, i. e., m = p = 1) for simplicity. We wish to find lower dimensional mod-
els 2 = (C,E,A,B), defined as in (6.3), k < n, such that £ approximates the original
system in an appropriate way.

Consider k distinct points s; € C. Define V as a generalized controllability matrix:

V=[(s;E-A)7'B,...,(s;E- A)'B] e C¥, (6.5)

and let W* be any left inverse of V. Then we have the following.

Proposition 6.1.  interpolates the transfer function of £ at the points sj, that is,

H(s) = CE-A) 'B=CsE-A)'B=H(s), j=1....k
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Proof. Denotingbye; =[0---0 _1_0--- 0]7, the jth unit vector, we obtain the string

j
of equalities below which lead to the desired result:

C(s;E - A)'B = CV(s;W"EV - W*AV) 'W'B
- CV(W*(s;E- A)V) 'W'B
=CV([*---+ WBx---+]) 'W'B
= [C(s,E-A)'B,...,C(s;E - A) 'Ble;
=C(s;E-A)"'B. O

Next, we are concerned with matching the value of the transfer function at a given
point s, € C, together with k — 1 derivatives. We define

V =[(soE-A)'B,(soE—A)?B,..., (soE - A) *B] e C™¥, (6.6)

together with any left inverse W. The following holds.
Proposition 6.2. 3 interpolates the transfer function of  at Sg, together with k-1 deriva-
tives at the same point:

-1 d

G ~ . iy _1j d]
! EH(S)ls:so =C(sqE-A) OH)B =C(sogE-A) (}H)B = (_)_

i Vs

forj=0,1,...,k—1.

Proof. Let V be as defined in (6.6), and W be such that wiv = I,.. It readily follows
that the ¢th power of the projected matrix s,E — A satisfies

(SOE—A)ez [* *W*B K oo *]
-1 k-¢

Consequently [WT(SOE ~A)V]*WTB = e,, which finally implies
C(soE - A) B = CV[W' (s,E - A)V] “W”B = CVe, = C(s,E - A) ‘B,

fore=1,2,...,k. O

Since any V that spans the same column space as V achieves the same objective,
projectors composed of combinations of the cases (6.5) and (6.6) achieve matching of
an appropriate number of moments. To formalize this we will make use of the follow-
ing matrices:

Ry(E,A,B;0) = [(0E-A)'B (0E-A)?B --- (cE-A)"B].
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Corollary 6.1.

(@) If V as defined above is replaced by V. = RV, R ¢ ]Rka, detR # 0, and W by
W = R TW, the same matching results hold true.

(b) LetV be such that

spancol V = spancol [R,, (E,A,B;0y) --- R, (E A B;0,)],

and W be any left inverse of V. The reduced system matches m; moments at o; € C,
i=1,...,¢

6.2.3 Two-sided projections

The above results can be strengthened if the row span of the matrix W’ is chosen
to match the row span of a generalized observability matrix. In such a case twice as
many moments can be matched with a reduced system of the same dimension. Here, in
addition to points sy, . . ., Sy, and the associated (6.5), we are given k additional distinct
points sy, . .., Sy These points are used to define a generalized observability matrix:

-1

W= (5B AT oo (suET -AT)'cT] e €K 6.7)

Proposition 6.3. Assuming that W'V has full rank, the projected system £, interpolates
the transfer function of X at the points s;,i =1,...,2k.

Proof. The string of equalities that follows proves the desired result:
C(s;E-A)'B = cV(s;W'EV - W' AV) 'W'B
- cV(W!(s;E-A)V) 'W'B
=CV(W'[.--B-- .])‘1WTB
=CVe;=C(s;E-A)'B, fori=1,...,k,

-1

=CV c |v| ws

-e/WB=C(E-A)'B, fori=k+1,...,2k O
The projectors (see [62]) discussed in the previous section satisfy the Sylvester
equations as shown next.

Proposition 6.4. With A = diag[A;,..., Ak ], M = diag[py, ...,y ], where A; and y; are
mutually distinct, R=1[1 --- 1] € IRk, andL=[1 --- l]T € RY, the matrices V and W
satisfy the Sylvester equations:

EVA-AV=BR and MW’E-W'A=LC (6.8)
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6.2.4 Interpolatory model reduction for MIMO systems

In the general case of MIMO (multi-input multi-output) systems, the moments are pxm
matrices. So, in the case of rational matrix interpolation the most appropriate way to
proceed is to interpolate along certain directions. This leads to the so-called tangential
interpolation problem (see e. g. [6, 21, 25]).

More precisely, we are given a set of input/output response measurements spec-
ified by left driving frequencies {;u,-}l'?:1 c C, using left input or tangential directions:
{ei}?:1 c CP, producing left responses: {vi}?:1 c C™, and right driving frequencies:
{)l,-}f.‘:1 c C, using right input or tangential directions: {l‘i}fil c C™, producing right re-
sponses: {wi}{le. We are thus given the left data: (p;; é’}-T, va),j =1,...,q, and the right
data: (A;;x;, w;), i = 1,...,k. The problem is to find a rational p x m matrix H(s), such
that

HA)L =w;, i=1...k €Hu)=v, j=1...q (6.9)
The left data is rearranged compactly as
M & v
M= eC™, L=| @ |[eC??, v=| ! [eCT (6.10)
Hq & Vg

while the right data is rearranged as

A
R=[r, r, - 1]eC™k
A= e Ck, v « ) (6.11)
1 W=[w, w, -+ WwW]eC™
k

Interpolation points and tangential directions are determined by the problem or are
selected to realize given model reduction goals. For SISO systems, i.e., m = p = 1, left
and right directions can be taken equal to one (¢; = 1,r; = 1) and hence the conditions
above become

Hoy) =Hu) = Hoy) =v;, j=1....q, } (6.12)

H() =HW) = HA) =w;, i=1,... .k

6.2.5 The Loewner framework

Given a row array of complex numbers (y;,V;),j = 1,...,q, and a column array, (4;, w;),
i=1,...,k, (with A; and the Y mutually distinct) the associated Loewner matrix is

N A
L= : - : e Ik
V,-W; V,~ Wy

Hq _Al o Hq _Ak
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Definition 6.2. If g is rational, i. e., g(s) = %, for appropriate polynomials p, q, the

McMillan degree or the complexity of g is deg g = max{deg(p), deg(q)}.

Now, if w; = g(4;), and v; = g(y;), are samples of a rational function g, the main
property of Loewner matrices asserts the following.

Theorem 6.1 ([52]). Let LL be as above. If k,q > degg, then rankIL = degg. In other
words the rank of 1L encodes the complexity of the underlying rational function g. Fur-
thermore, the same result holds for matrix-valued functions g.

6.2.5.1 The Loewner pencil and interpolatory projectors

In the sequel we denote the tangential versions of (6.5) and (6.7) by R, O, respectively.
For arbitrary k and g, these are defined as

R = [ME-A)"Br,,..., ,E - A)'Br,] € €™k, (6.13)
O = [E" -ATY'CTe, - (uET -AT)'CTe,] e K, (6.14)

It readily follows that the reduced quantities E and A form a Loewner pencil:

[ vin—elw,  vip—elw
m-A M
E=-OER =- : : =-L e C?, (6.15)
AT Vi —E] W
L Vq7A1 qu/‘k
[ wvin-gwih VG- Wi
A A
A=-OAR=- : : = L, e C7k, (6.16)
HgVati—€r Wi, o UVt =Ll Wiy
L yq7A1 yquk
T
vy
B=0OB=| : |=VeC™, €=CR=[w, - w ]=WeC™ (617
T
Vq

The resulting quadruple (W, L, L, V) is called the Loewner quadruple.

Lemma 6.1. Upon multiplication of the first equation in (6.8) with O on the left and the
second by R on the right we obtain

L,-LA=VR and IL,-ML=LW. (6.18)

By adding/subtracting appropriate multiples of these expressions it follows that the
Loewner quadruple satisfies the Sylvester equations

ML-IA=VR-LW and MI,- LA =MVR-LWA. (6.19)
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Theorem 6.2. Assume that the pencil (Lg, L) is regular.2 Then H(s) = W(L, — sL)'v,
satisfies the tangential interpolation condition (6.9).

Proof. Multiplying the first Sylvester equation by s and subtracting it from equation
the second one, we get

M(L, — sL) — (ILg — SL)A = (M — sSI)VR — LW(A — sI).
Multiplying this equation by e; on the right and setting s = A;, we obtain
(M - AI)(L - AL)e; = (M - ADVr; = (L, - AL)e; = Vr;
= We; = W(L, - AL) 'Vr,.
Thus w; = H(A))r;. Next, we multiply the above equation by ejT on the left and set
s =l
e (Ls - LA - l) = e LW(A - pI) = €] (I — L) = W
= e/ V= W -pL)'V.
Thus v]-T = ejTH(yj). O

Remark 6.2 (Parametrization of all interpolants of complexity equal to the size of IL).
With K € CP*™, the Sylvester equations can be rewritten as

ML - LA = (V- LK)R - L(W - KR) and
M(L, + LKR) — (I, + LKR)A = M(V - LK)R - L(W — KR)A.

These equations imply that (W, L, L, V) is an interpolant for all K € C”*™, where
L;=L;+LKR,V=V-LKand W = W - KR.

6.2.5.2 Construction of interpolants

If the pencil (L, L) is regular, then E = -L,A = -L,,B = V,C = W, is a minimal

interpolant of the data, i. e., H(s) = W(L, - sL)'V, interpolates the data. Otherwise,
as shown in [52], problem (6.9) has a solution provided that

]L :|
5
S

S v ]L % *
(L, L=Y%X", [ ] =Y5,X",
]LS

rank[sL — L;] = rank[L, ;] = rank

forall s € {A;} U {y;}. Consider then the short SVDs:

where %, %, € R™, Y € C™, X € C*7, ¥ € €%, X e €7,

2 The pencil (L, L) is called regular if there is at least one value of A € C such that det(ILg — AL) # 0.
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Remark 6.3. r can be chosen as the numerical rank (as opposed to the exact rank) of
the Loewner pencil. For issues related to the rank, we refer the reader to [2], page 50,
for details.

Theorem 6.3. The quadruple (E,A,B,C) of sizer xr,r xr,r x m, p X r, given by
E=-Y'LX, A=-Y'L,X, B=Y'V, C=WX,

is a descriptor realization of an (approximate) interpolant of the data with McMillan
degreer = rank LL.

Remark 6.4.

(a) The Loewner approach constructs a descriptor representation (W, L, L, V), of an
underlying dynamical system exclusively from the data, with no further manipu-
lations involved (i. e., matrix factorizations or inversions). In general, the pencil
(L, L) is singular and needs to be projected to a regular pencil (A, E). However, as
shown in the mass—spring—damper example in equation (6.22), inversion can be
replaced by generalized inversion.

(b) As already mentioned, in the Loewner framework, by construction, D terms are
absorbed in the other matrices of the realization. Extracting the D term involves
an eigenvalue decomposition of (L, LL).

6.2.5.3 Interpolation property of reduced systems

Given a Loewner quadruple and the projection matrices®> X, Y ¢ ™k, let the reduced
quantities be

L=X"LY, L,=X'LY V=XV, W=WY.

We also consider the projected L and R matrices, namely L = X*L, R = RY. The ques-
tion which arises is whether these reduced quantities satisfy interpolation conditions
as well. The answer is affirmative and to show this we proceed as follows.

The associated A and M must satisfy the projected equations resulting from (6.18),
i.e.

i,-TA-VR and f,-MIL=LW. (6.20)
Notice that the projected Loewner pencil is not in Loewner form. To achieve this we

proceed as follows. We need to diagonalize A and M. For this purpose we compute the
following two generalized eigenvalue decompositions:

[D;,T;] =eig(Ly - VR,L) and [Dg, Tyl = eig(L, - LW, L).

3 WecallX,Y e €™ projection matrices as they are used for defining the projector: X(Y*X)~'Y*.
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These decompositions imply

A -1 { -1

where for simplicity, it is assumed that the matrices A and M are diagonalizable.

It follows that the (diagonal) entries of D; and Dy are the right frequencies and
the left frequencies of the reduced system, respectively. Furthermore, straightforward
calculations imply that the remaining quantities are as follows:

_ —1+ = -1+
L, =TgL,T;, L=T, LTy,
e N
V=T, V, L=TJL
W=WT;, R=RT;.

Conclusion: the right/left data triples for the reduced system are (DA,W, R), and
(Dy» V, L), respectively, while the associated Loewner pencil is (L, L).

6.2.5.4 Realinterpolants and reduced models

Most often the data are collected from real systems. In these casesif (s;, ¢;) s;, ¢; € C, is
a measurement pair, in order for the interpolants/reduced models to be real, the com-
plex conjugate pair (5;, ¢;), should also be included. Thus the left/right frequencies
besides real quantities contain complex ones appearing in complex conjugate pairs.
For instance, in the SISO (single-input single-output) case, let the real measurement
frequencies be 0; € R, and the complex ones 0; + j - @; where j denotes the imaginary
unit. We split them in two sets, the left and the right ones, respectively, making sure
that each set is closed under complex conjugation:

M= {Gi,iz1,...,r1;6,-irj-(]),~,i=1,...,1’3},

A={o,i=r+1...,1+r30;tj-@Qpi=r3+1,...,15+1,}

Thus the left set has r, real frequencies and r; complex frequencies together with their
complex conjugates (total r; + 2r; numbers). Similarly the numbers for the right set are
r, and r,, i. e., it consists of r, + 2r, numbers. The quantities W and V are assembled
in accordance with M and A. In addition let us define the matrices:

r; terms
—H——

]y = blkdiag[lrl,], o) e (C(Y1+2r3)><(r1+2r3)’
Ji= blkdiag[lrz,], )] € (C(rz+2r4)><(r2+2r4))

r, terms

1

where J = \—5[} _].i ], where blkdiag[-] (following Matlab notation) denotes the block

diagonal structure. A simple calculation shows then that the matrices

MR = ];Mllp VR = ];V: LR = ];Ih
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have real entries. The same happens with the matrices
Ar =JiA);, Wp=W],, Rz =RJ,
Recall equations (6.18). If we now solve the transformed equations for ]LR, ]L§:
]L§ - ]LRAR = VRRR and ]L§ - MR]LR = LRWR’
the resulting pencil (ILf, L) has real entries. Hence the algorithms based on L and
L described below yield real reduced order models.
6.2.5.5 The Loewner algorithms for scalar and matrix rational approximation

Next, two algorithms (see Algorithms 6.1 and 6.2) for computing a strictly rational real
interpolant for both, the scalar and the matrix interpolation problem are presented.

Algorithm 6.1: Loewner-SISO (Scalar rational approximation) [49].

Input: S =[s;,...,sy] € CV,F=[¢,,...,¢py] € CY,N e N.
Output: E ¢ R™, A ¢ R, B ¢ R}, C ¢ R withr <« N.

—

Partition the measurements into two disjoint sets and form left and right set as
M;v5),j =1,...,qand (4, wy), i =1,.... k.

frequencies:  [sy,....sy] — A AL (Mg pgl, kg =N,
values: [¢y,....Pn] — [wl,...,wk]:W,[vl,...,vq]:VT.

2. Construct the Loewner pencil as

j=1,...k j=
v - w;\ v = Aw;

]L = , ]LS = —— .
M= Jiz,.q Hi=Ai s

3. It follows that the complex raw model is

{W,L, L, V}.
4. Transform all the complex data to real and there follows the raw real model:
{We, LR, L, V.

5. Compute the rank-revealing SVDs: [Y;,Z;,X;] = SVD([L*LF]) and [Y,,3,,X,] =
SVD([]LR; ]Lf]); the decay of the singular values, leads to the choice of the order r
of the approximant.
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6. Thereducedreal modelis obtained by projecting the raw real model with Y = Y™
and X = X" as

(W, LR LY Vi) = (WX YLK YLEX, YTV} = (€ -E, -A B,
singular SVD regular
7. Areal approximant of the data is then
H(s) = C(SE - A) "B =~ ¢(s). 0
Algorithm 6.2: Loewner-MIMO (Matrix rational approximation).
Input: S=[s;,...,sy] € CV,F=[@h,,...,py] € CVP™ N e N.
Output: E ¢ R™, A ¢ R, B ¢ R™™, C ¢ R withr < N.
1. Partition the measurements into two disjoint sets:
Left data:
M e v
M= . eC?™ L= . e CP?, = . e cP™,
Hq e; Vg
Right data:
M k
A= .. e Cbk R=[r, 1, - plJeC™,
’ A W=[w, w, - wec”k
k

2. Construct the Loewner pencil as

=1,k

T T T T
Vi l’i - €] W] e }livi 1‘,- - Ajfj W}
O (R , L= (2l 0T
Hi— A i=1,...q M — A

j=1ok

3. It follows that the complex raw model is
{W,L, L, V}.
4. Transform all the complex data to real and there follows the real raw model:
(We, LR, 1R v},

5. Compute the rank-revealing SVDs: [Y;, 2, X;] = SVD([]LRlLf]) and [Y,, 2, X,] =
SVD([]LR; ILf ]); the decay of the singular values, lead to the choice of r.
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6. Thereducedreal modelis obtained by projecting the raw real model with Y = Y{*¥
and X = X7™".

(W, LR LY Vi) = (WX YLRX Y'LEX, YTV} = (C-E, -A B},
SVD

singular regular

7. Areal approximant of the data is

H(s) = C(sE-A)'B = ¢b(s). O

6.2.6 Examples

In this section the theory will be illustrated by means of simple examples.

Example 6.1 (A spring—mass—damper system). Letm,d, and k denote the mass, damp-
ing, and stiffness of the spring as in Figure 6.1; let also x(t) denote the displacement
and F(t) the force applied; the associated differential equation is

mx(t) + dx(t) + kx(t) = F(¢t).

Figure 6.1: A spring-mass—damper system.

This is a SISO (single-input single-output) system. By introducing the state variables
X; = X, X, = X, the input u = F, and as output the velocity y = X, the following state
equations result:

X (t) = x(b), mxy(t) = —kxy — dxy(t) +u(t), y(t) = x,(t).

The system matrices are thus

e[ 0] as[ 0 L] me[0] coto 1

and the resulting transfer function is

S

H(s)=C(sE-A) ' B= —> .
(5) = Cls ) ms? +ds + k

In the sequel we will assume for simplicity that all parameters have value one. We
now wish to recover state equations equivalent to the ones above from measurements
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of the transfer function. Toward this goal we evaluate the transfer function at the real
frequencies: A; = %, A, = 1(right frequencies), as well as p; = —%, U, = -1 (left frequen-
cies). The corresponding values of H are collected in the matrices

w=(2 1), v=(-% -1).

IL =

~io 2|8
WIN WIN
—

=

%

Il

4
-5 0:|

1
3
Since the pencil (L, IL) is regular, we recover the original transfer function:

S

H(s) = W(s) 'V = 5——,
s“+s+1

where ®(s) = Lg — sL.

Hence, the measurements above yield a minimal (descriptor) realization of the system
in terms of the (state) variables z,, z,:

%zl(t) " %Zz(t) - %zl(t) " %u(t),
2500 + 25,00 = - 22,0 - 32,0 +u(O.¥0) = 22,0 + 37,00
with
0 2 4o 2
S EE e R HI Y
7 3 7 3

By multiplying with E™, it yields (id: identified system in state-space form)

Ao] 4 3 g _[ 3 Cu=[2 1]
id — -6 -5 |’ id — 6 > id—L 7 3 1

Coordinate transformation Let the state vector X be transformed to the new state
vector z by the non-singular transformation matrix

\I’ = [ C :|_l ~ Cl,l.i >
CA CiaAig
of dimension 2 x 2. Then the following hold:
z=¥'x, Ay,=¥'AY¥Y, B,=V¥'B C,=CY¥,

e.g., WAL,P ' =19 L]1=A
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Remark 6.5. The above result ensures that the Loewner framework constitutes a data-
driven system identification method which constructs a realization only from mea-
surements. It is important to mention that under a coordinate transformation, both
systems, initial and identified are identical. At the same time, the underlying dynam-
ics is recovered exactly while the corresponding revealing transfer function remains

invariant under such a transformation.

The question now arises: what happens if we collect more data than neces-

sary? Let us consider

2

A=diag( i 1 2 2), M=diag( -}

In this case, the associated measurements are

2).

2 1 6 2 (.2 4 _6 2\
w=(7 3 8% 7) Vv=(-3 1 -5 -3),
andwithR=[1111] = LT, the Loewner pencil is
20 2] 28 8 4 9 4 2
21 3 | 57 A 21 57 21
6 2|10 3 B O I |
7 3|19 7 7 3 19
L= 5 ]LS =
4 10| 52 16 _4 _8 | _36 _10
7 1| 13 19 7 21 133 49
8 1] 5 _lo _1 | _1 4
21 3 157 7 21 3 57 21

It turns out that we can choose arbitrary matrices X,Y ¢ R*?, provided that

det(Y'X) £ 0, e. g.

x| 0 1| YTz[O 1

so that the projected quantities

W=wx=[-¢ -1 ], L=YILX=

21

1
E:YTJLX:[ 0 = ] V=
s s L4 19 |
49 147

constitute a minimal realization of H(s):

H(s) = W(L, - sL) 'V =

S

s2+s+1

It should be stressed that this holds for arbitrary projection matrices X, Y.
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6.2.6.1 The generalized inverse approach

There is another way to express the above relationship avoiding arbitrary projectors.
Basic ingredients are generalized inverses. This approach will be demonstrated only
for the spring-mass—damper example. However, it holds in general (see, e. g., [3]).

In the sequel, we will make use (only) of the Moore—Penrose generalized inverse,
which is defined as follows. Given the (rectangular) matrix M € R?**, the Moore—
Penrose generalized inverse, denoted by MMP € R4, satisfies:

(a) MMM"M = M,

(b) MMPMMMP = MMP,
(© MMYF]" = MMY?,
@ M""m)T = MMPM.

This generalized inverse always exists and is unique.
In the sequel we will be concerned with rectangular g x k polynomial matrices
which have an explicit (rank-revealing) factorization as follows:

M = XAY/,

where X, A, Y have dimension g x n, n x n, k x n, n < g, k, and all have full rank n. In
such cases, the Moore-Penrose generalized inverse is

M = y(YTy) A (x7x) X"

Mass-spring—damper example (continued). The quantity needed is the generalized
inverse of

_20s _ 4 _2 4 _ 28 2 _ 8
21 21 3 57 57 21 21
_6s _4 2 _1 0s _ 4  _3s_1
77 373 19 19 7 7
®(s) =L, —sL = 4 4 1058 s 36 165 10 (6.22)
7 77 21 21 133~ 133 49 T 49
_8 _10 _s_1 _16s_14 5 _ 4
21 21 373 57 57 217 21

We first notice that ®(s) = XA(s)YT, where X and Y can be chosen as follows:

>
I
e -

NI= W

1 0 -L -1
, Y=[ B2 ]:det(YX)#O.

—_ N0 = (@)
o
—_
IR
=
~Nio
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Thus by taking the 2 x 2 upper-left block as A(s) = ®(1 : 2,1 : 2)(s), it follows that

(I)(S)MP _ 1 1

= 50989667 3571 Z(5)> Where

-28(11610185s + 7274073)
294(225182s + 281171)
3724(54617s + 48189)

98(2527157s + 2123670)

6076(32301s - 391)
—2058(29494s + 15609)
—-26068(5715s + 1523)
—-98(1797669s + 409322)

Z(s) =

14(3558666s — 5604037)
(-147)(192415s — 19668)
(—1862)(29046s — 17485)
—-49(1250553s — 876439)

14(15168851s + 1670036)
—-147(417597s + 261503)
-1862(83663s + 30704)
—-49(3777710s + 1247231)

In the rectangular case, where there are two right measurements less, i.e., we only
have A = diag[%, 1], while M remains the same, the right values are W = W(;, 1 : 2);
hence

_20s _ 4 2

21 21 3

_6s _ 4 _x_1
= = 7 7 3 3 T
d(s)=1L. -sL = XA(s)Y
(s)=Lg-s us 4 | 1058 ()Y,

7 7 21 21

_8& _10 | _s_1

21 21 3 3

has dimension 4 x 2, where Y = Y(1 : 2,1: 2). In this case the Moore—Penrose inverse
is

= 1
o) =
(s) 737(s2 +s+ 1)
~4767s-3402  BZs- 20T 3087s+294 32975+ 125
5838s+5250 -1596s+903 -4326s-1218 451551722 |’

which implies the desired equality
= WPV = Wd(s)M'V = H(s).

Conclusion: the Loewner framework allows the definition of rectangular and singular
systems. O

Example 6.2 (Reduction of a 10th order band-stop filter). The system has two inputs
and two outputs (MIMO), state-space dimension 10, and a D term of rank 2. A state-
space representation is as follows:

where

X X(t) = Ax(f) + Bu(t), y(t) = Cx(t) + Du(t),
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bbb d B[00 0 0 ph
Gb b o a0 00 =
R R x
41 b o0 0 a0 I )

NEEEEE IR
1 0 0 O 0|0 O O o0 O 0O O
o 1 o0 o oO|0 O O o0 O 0O O
o o 1 o O0O|0 O O o0 O 0O O
o o o 1 o0 O O o0 O 0 O
L 0o 0 o O 10 O O O O | L 0O O
11 1 1 1 11

c= _? _? 51 i1 2122222] D:[?_li]
2 T2 T2 T2 72 2 2

The transfer function is a 2 x 2 rational matrix given by

1 [ n(s)  my(s)

]+D, where
-ny(s) -ny(s)

n,(s) = s(s8 +7s° + 135 + 752 + 1),
n,(s) = 5(55° + 657 + 255° + 205> + 415" + 205> + 2557 + 65 + 5),

d(s) = 2(s* + 5% + 352 + 25+)(25° + 35° + 75" + 75 + 752 + 35 + 2).

It readily follows that lim,_, ., H(s) = D. We take N = 100 samples of the transfer func-
tion on the imaginary axis (frequency response measurements) between 10! and 10!
rad/sec. Figure 6.3 (left) shows the first 20 normalized singular values of the resulting
real Loewner pencil (the rest are numerically zero). The rank of I is 10 (the McMillan
degree of the system) while the rank of L is 12 (= rank L + rank D). The right pane in
Figure 6.2 shows that we can obtain a perfect fit (total recovery of the model) with the
Loewner framework for this MIMO example only by sampling the transfer function.
As both Gramiansare P = Q = %IIO’ i. e., they are equal and a multiple of the identity
matrix, the Hankel singular values (see [2]) are all equal; this makes reduction with
balanced truncation not feasible.

The right pane in Figure 6.3 shows the poles of the system obtained by means of
the Loewner framework along with the zeros for every entry. The right pane in Fig-
ure 6.2 shows the band-stop character around frequency w, = 1rad/s, of entries (1, 2)
and (2,1).
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RLC entry (1,1)
0

RLC entry (2,1)
£a1 0

—2 —50 HH
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Figure 6.2: Left pane: Shows the 100 measurements sampled with DNS(Direct Numerical Simula-
tions) of the theoretical (2 x 2)-matrix transfer function. Right pane: Loewner approximants.

The Loewner singular value decay with D # 0

10! ®e
1079
10°°
1077
10
1071
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i

Pole / Zero Diagram
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Figure 6.3: Left pane: Shows the first 12 singular values while the rest are numerically zero. Right

pane: Pole/Zero diagram.

Computing the poles of the Loewner model confirms the accuracy of the approach.

Consider the following:

[_eig(A)

eig(A,.E,)

—0.0181885913675508 — 0.745231200229 i
—0.0181885913675508 + 0.745231200229 i
—0.148402943598342 — 0.632502179219046 i
—0.148402943598342 + 0.632502179219046 i
—0.699080475814867 — 0.715042997542469 i
—0.699080475814867 + 0.715042997542469 i
—0.0327309328175858 — 1.34106659803138 i
—0.0327309328175858 + 1.34106659803138 i
—0.351597056401658 — 1.49852758300335 i
—0.351597056401658 + 1.49852758300335 i

-0.0181885913675508 — 0.745231200229 i
—0.0181885913675508 + 0.745231200229 i
—0.148402943598342 — 0.632502179219046 i
-0.148402943598342 + 0.632502179219046 i
—0.699080475814867 — 0.715042997542469 i
—0.699080475814867 + 0.715042997542469 i
—0.0327309328175858 — 1.34106659803138 i
—0.0327309328175858 + 1.34106659803138 i
—0.351597056401658 — 1.49852758300335 i
—0.351597056401658 + 1.49852758300335 i
(o)

(o)

As can be observed from this table, the Loewner method computes, besides the fi-
nite poles, two poles at infinity. This happens because in the Loewner framework the
D-term is incorporated in the remaining matrices of the realization.
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6.2.7 Summary

Recall Section 6.2.5. The following result summarizes the cases which arise in the
Loewner framework, depending on the amount of data available.

Lemma 6.2. Given is a scalar transfer function of McMillan degree n.

1. Amount of data less that 2n. For q = k < n, define the transfer function H(s) = C(sE—
A)~'B, by means of the Loewner procedure. The interpolation conditions below are
satisfied:

Hu)=Hy) and HA)=HQA) fori=1,...,k.

If k = q = n, the Loewner quadruple is equivalent to the original one (C, E, A, B).

2. Arbitrary amount of data, no reduction. For arbitrary k and q (i.e. k, q < nork,
q = n) the Loewner quadruple interpolates the data, even if the pencil (g, L) is
singular. This is to be interpreted as follows:

(Ls—-AL)e; =V and e (Ls - L) = W.

Hence We; = w;,i = 1,...,k, and ejTW = Vj,j = 1,...,q. Therefore the transfer
function of the Loewner pencil interpolates H(s) at the left and right interpolation
points.

3. Arbitrary amount of data, followed by reduction. If k,q > n, consider the rank-
revealing SVD decompositions:

L LJ)=Y5X and [ i ] -Y,5X!,
s
where Y, € R, X, ¢ R andr < k, q, is the exact or the numerical rank of the
Loewner pencil involved. Let
E=Y/LX,, A=Y'LX, cC™, B=Y'VeC, C=WX eC™.
Then the following approximate interpolation conditions are satisfied:
H) ~Hy), i=1,...,q, and ﬁ(Aj) ~H®), j=1....k

In addition, the reduced system satisfies (exact) interpolation conditions as shown
in Section 6.2.5.3.

6.3 Practical considerations

This section deals with some key aspects of the Loewner framework, through a prac-
tical point of view.
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—  The factorization of the Loewner matrix into low-rank factor matrices:
1. Through the singular value decomposition (SVD).
2. Through the CUR decomposition.
— The choices involving the measurements used in the framework:
1. Distribution of the interpolation points.
2. Partition of the interpolation points.

6.3.1 The singular value decomposition

The SVD is arguably one of the most useful and commonly used tools in numerical
linear algebra. It is listed as one of the main matrix decompositions and can be effi-
ciently computed through various numerically stable algorithms. It is widely used for
different high dimension reduction and approximation methods.

Any complex-valued matrix A € C"™™ has a singular value decomposition given
by A = YZX* where Y € C™", X ¢ C™"™ are unitary matrices, i.e., Y'Y = I,, and
X*X = L,. The left and right singular vectors are collected as columns of matrices X,
and Y, respectively.

Additionally, the matrix ¥ € C"™"™ is defined as %;; = 0; and zero elsewhere. Here,
the ordered non-negative scalars o; > 0, > ---0, > O are the singular values (for
n<m).

In what follows, it is assumed that matrix A has low rank, i.e., rank(A) = r < n
< m. Let k be a positive integer so that k < r. The singular value decomposition of
matrix A can be additively split as follows:

A=Y -Z-X"=(Y; Y,,_k)-< Ze o Okmex >< )fk > (6.23)
— mn On ik Zn-km-k Xk
nxm mxm

= Vi 2 Xi +Yn 1 Znkmi Xk (6.24)

=Ay

where Y, € €™, %, € C"* and X, € R™*, Note that the matrix A; := Y, X} € C™"
can be written in terms of the truncated dyadic decomposition, i.e., A; = Zé‘zl oiX;,
where y; and x; are the ith column of matrices Y, and X, respectively.

A problem of interest is to approximate the original matrix A with a rank k ma-
trix T, so that the approximation error is minimal with respect to the 2-induced norm
or to the Frobenius norm.

From the Schmidt-Eckart-Young—Mirsky theorem (see Theorem 3.6 in [2]), it fol-
lows that (given oy, > 0y,4)

TeRﬂX*Prﬁk(T)sk"A =Tz = 0. (6.25)
Moreover, it turns out that the unique solution to the minimization problem in (6.25) is
given by T = A;. If we replace the 2-induced norm with the Frobenius norm, it follows
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that

1

min__ |A-T|p =< i af) : (6.26)

nxm
TeR™™, rank(T)<k okl

As before, the unique solution to the minimization problem in (6.26) is again given
by T = A,. For more details on the singular value decomposition (SVD) we refer the
reader to [2], pages 31-41.

The advantage of the SVD is that it offers optimal low-rank solutions in both the
2-induced and the Frobenius norms. At the same time, one disadvantage is given by
the fact that the method (full SVD) has cubic complexity with respect to min(m, n) (in
the classical set-up when applied to dense matrices). Taking into account this possible
downside, we seek ways of circumventing the usage of the classical SVD and investi-
gate other matrix decompositions. It is worth mentioning that SVD complexity can be
faster than cubic for a low-rank approximation with iterative algorithm. In the latter,
a randomized version of SVD (r-SVD) will reveal this robust behavior.

6.3.2 The CUR decomposition

A challenging aspect of data-driven approximation methods is the choice of a rele-
vant and meaningful low dimensional subset of the (usually large-scale) data set. In
some cases, this subset can be used to preserve relevant characteristics of the dynam-
ics for the model described by the original data. In this framework, it is of interest to
devise procedures that can extract relevant information from large-scale sets of mea-
surements. The end goal is to construct reduced order models suitable for tasks such
as control, design, and simulation.

Nowadays, the dimension of data sets for various applications can easily reach
~ 0(10%). In such cases, computing the SVD of large and full matrices becomes pro-
hibitive.

One appealing alternative is the so-called CUR decomposition. As before, the goal
is to approximate the original matrix A € C™™, by a product of three low-rank matrices
A = CUR. Here, the columns of the matrix C € C° are represent a subset of the
columns of A while the rows of the matrix R € C™™ form a subset of the rows of A.
Finally, the matrix U € C is constructed such that the factorization A = CUR holds.

In this new set-up, the left and right singular vectors appearing in the SVD are
replaced by columns and rows of the initial matrix A. Hence, the CUR factorization
provides a way of identifying important sets of rows and columns of a matrix A.

For more details on the CUR decomposition and some of its applications, we refer
the reader to [19, 26, 27, 28, 47, 51, 54, 63].

The CUR factorization is hence an important tool for analyzing large-scale data
sets which offers the following advantages over SVD:
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1. If the matrix A is sparse, then the matrices C and R are also sparse (unlike the
matrices X and Y in the SVD approach).

2. The CUR factorization computes an approximation of A in terms of some of the
rows and some of the columns of A. In contrast, the SVD computes approximants
in terms of linear combinations of orthonormal bases generated by the rows and
columns of A.

3. Consider A € R™" m > n. The complexity for computing the full SVD of A is O(n®)
flops, using for instance the QR factorization, O(mnz) flops, using iterative meth-
ods as in ARPACK, and O((m + n)k) flops per iteration, for approximate incremen-
tal methods where the k dominant singular triples are determined approximately
(for details see [12]). On the other hand the CUR factorization of order k requires
0(k> + k*(m + n)) flops per iteration (for details see [47]).

6.3.2.1 CUR approximation of the Loewner matrix

In this section, we apply the CUR factorization to the Loewner matrix. We follow [47],
where CUR is applied to Hankel matrices instead.

Definition 6.3. With . ¢ R™", let Z = {i;,...,i,} and J = {j;,...,j,} denote the r-
subsets (r < n) of row and column indices, respectively. If (-)MP denotes the pseudo
inverse, then the CUR factorization of the Loewner matrix IL is given by

L= L:J) LW LZ). (6.27)
J-columns Z-rows

In practical applications, large-scale data matrices are only approximately of low
rank (when data can be for instance corrupted by noise). In this case, the sets T and
J need to be chosen in such a way that the approximation error ||L — L,|| is small.
Many approaches for selecting the sets of rows and columns have been proposed. In
the following we mention only some of them.

1. Selection based on a maximum volume sub-matrix in [54].
2. Selection based on minimizing the approximation error in the Chebyshev norm

(“skeleton” approximation) in [26, 27].

3. Procedure based on the “cross-approximation” algorithm in [55].
4. Selection based on a discrete empirical interpolation method (DEIM) approach in

[63].

6.3.2.2 The Loewner CUR algorithm

We introduce a data-driven approximation algorithm for the SISO case based on CUR
approach. This constructs a reduced order model by means of an adaptive selection of
the rows and columns via the cross-approximation algorithm in [55]. The steps of the
procedure are included in Algorithm 6.3.
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Algorithm 6.3: Loewner CUR-cross-approximation based — SISO [44].

Input: S = [s,,...,5y] € CV, F = [¢,,...,¢y] € C" with N,r € N, and tolerance
values 4, €.
Output: E ¢ R™", A ¢ R B e R, C e R withr < N.

Form the left and right sets as Mpvy),j=1....q and (A;,w;),i=1,...,k
Form the Loewner matrices L and L as in Algorithm 6.1 and step 2.
Transform all the complex data to real as explained in Section 6.2.5.4.
Jo = 1>+ -+»J;] € J, an initial set of column indices.

[Z,,~,~] = crossapprox([L L], Jy, 6, €).

[~, Jy.~] = crossapprox([ {1, Z,, 8, €).
E=-L(Z,7),A=-L(Z,7),B=V(),C= W),

The rational approximant is given by

© N YA WN

H,(s) = C(sE-A)'B. O

For the practical implementation of the function “crossapprox”, used in steps 5 and
6 of the above algorithm, we refer the reader to Algorithm 1 in [47], or to the original
reference [55].

Remark 6.6. Instead of using the cross-approximation algorithm, one can use the
DEIM (Discrete Empirical Interpolation Method) algorithm from [63]. Hence, steps 5
and 6 in Algorithm 6.3 need to be modified accordingly. As a result, singular value
decompositions are performed in order to construct left and right singular vector
matrices (for which the DEIM procedure is applied to). In order to avoid the SVD, an
incremental QR factorization can be instead used, as proposed in [63].

Remark 6.7. The CUR factorization directly reveals the dominant rows/columns of the
data, while the SVD does not. More precisely, the leading singular vectors give only
linear combinations of the underlying features. Whereas, with the CUR one gets an
actual subset of the initial features (columns) together with the corresponding rows.
Consequently, a first benefit of the CUR is that it preserves the physical meaning and
structure of the initial data. Additionally, another advantage is that the sparsity is pre-
served.

6.3.3 Choice of left and right interpolation points

This section deals with the problem of selecting the initial interpolation points in the
Loewner framework. More specifically, we investigate how the choice of the initial in-
terpolation points affects the quality of the reduced order model. We take into consid-
eration different point distributions in 1D or in 2D.
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Moreover, several splitting techniques are analyzed. These are related to the par-
tition of the data set into two disjoint subsets, which is performed in the beginning of
the algorithms in the Loewner framework.

6.3.3.1 Distribution of the interpolation points

We present various distributions of the initial interpolation points for the one-dimen-
sional case (1D) as well as for the two-dimensional case (2D).

1D interpolation grid 2D interpolation grid
equispaced; equispaced (“same areas”);
logarithmic spaced; logarithmic spaced;
Chebyshev nodes; Padua points;

Uniformly random Uniformly random

In Figure 6.4, we depict different distributions of initial interpolation points. One way
of selecting points is that of equispaced or linearly spaced points, commonly used for
Fourier analysis. This represents a natural choice because of the usage of trigonomet-
ric periodic functions.

Linear structured Logarithmic structured
1D grid ~ Linear 20 20 ——
L i
5 - Chebyshev >10
-_Random uniformiy} 0

3 {mmmumnssccsssccce000000000 0000 0 0 0 0 o o

blue)
2000000000000 0000 000000000000 00000000000mp 1 15‘
>10

1jo @@ omeo @ oo amess cmmee 0w 00 0 o ame o 5Pt

2 4 14 16 18 20

8 10 12
points in [1,20]

Figure 6.4: A visual representation of different interpolation grids.

In some practical applications, under the assumption that the energy decreases ex-
ponentially as time or frequency approach infinity (on an unbounded domain), the
choice of logarithmic distributed points is more appropriate.

Naturally, a dense sampling grid can be used in the beginning of the experiment
(e. g., for a lower frequency range or for small time instances). The motivation for this
approach stems from the assumption that the meaningful quantities (with high energy
or with relevant oscillations) appear in the beginning, hence requiring more samples.
Afterwards, a more sparse distribution grid of points can be instead chosen as the
energy level decays (or as relevant oscillations decay in time).
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Additionally, the choice of Chebyshev-type points is motivated by their usage in
polynomial-based interpolation on bounded domains due to for example, the elimi-
nation of the Runge phenomenon* (high degree polynomials are generally unsuitable
for interpolation with equispaced points).

Finally, randomly distributed sampling points often appear in stochastic experi-
ments that are characterized by randomness.

6.3.3.2 Partition of the data points and values

Data splitting is one of the first steps in the classical Loewner algorithm (presented
in Section 6.2). In this section, we mention various splitting schemes and how they
affect the Loewner matrix singular value decay and also the approximation quality of
the Loewner interpolants.

The data set (n = even) is composed of

{Sample points : S = [w, W,,...,w,] € R", withw, <w, <--- < w,, 6.29)

Sample values : H = [H(w,), H(w,), ...,H(w,)] € C".

We analyze four different types of data splitting that are mentioned in the following.
1. First type: disjoint splitting.

- u=[wy,....,wypland V = [H(w,),...,Hw,p)],

- A=Wy wpland W = [H(Wy4), - - Hwy)].
2. Second type: alternate splitting.

- M=|w,ws,..., 0] and V = [H(w)), H(ws),...,H(w,_1)],

- A=Wy w,...,wy]l and W = [H(w,), H(w,), ..., Hwy,)].

3. Third type: magnitude splitting (in this case the set S is first sorted with respect
to the magnitude of the set H).

- p=lwy...,0pland V= [H(wy), ..., H(wy;)],
- A= [wys-- > wpland W = [H(Wp o) - - - H(wy)].

4, Fourth type: magnitude alternate splitting (in this case, the set S is first sorted
with respect to the magnitude of the set H and then alternating splitting is ap-
plied).

- p=lw,ws,...,w,4]andV = [H(w,), Hw;3),..., Hw,1)],
- A=|wyw,,...,w,]and W = [H(w,), H(w,), ..., Hwy,)].

As observed in practice, when splitting the data as for the first type, the Loewner ma-
trix has a very fast decay of the singular values. Moreover, in this case, the computed
reduced models usually provide low approximation quality.

4 Runge’s phenomenon is a problem of oscillation at the edges of an interval that occurs when us-
ing polynomial interpolation with polynomials of high degree over a set of equispaced interpolation
points.
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On the other hand, for the second separation type (alternate splitting), the left
and right sets of sample points can be chosen e-close to one another (element-wise).
Hence, as ¢ — 0, Hermitian interpolation conditions are enforced (which involve
matching the first derivative at those points).

Other observations that hold in the case of second type splitting are that the nu-
merical rank of the Loewner matrix is usually larger than that of the Loewner ma-
trix constructed based on the first type. Additionally, for the second type, the condi-
tion number is smaller than that computed for the first type. For the above-mentioned
cases, bounds on the singular value decay of the Loewner matrix are provided in [15].

6.4 Case studies

In this section we illustrate the concepts developed in the preceding sections by means
of examples. In particular the following seven examples will be analyzed.

The benchmark CD player (n = 120).

The function f(x) = exp(-x) sin(10x), x € [-1,1].

The inverse of the Bessel function of the first kind, in [0, 10] x [-1,1]j.

An Euler-Bernouli beam.

A heat equation with transfer function H(s) = exp(-+/s), s € [0.01,100];j.
Approximation of f = y/sinh(y), y(x) = 10071(x% - 0.36), x € [-1,1].

The sign function in the interval [-b, —a] and [a, b], a > b > 0.

NowvswN e

6.4.1 The CD player

Consider the CD player benchmark example which is a MIMO dynamical system of
dimension 120 with 2 inputs and 2 outputs. Here we will consider the (2, 1) sub-system,
i. e. the SISO system from the first input to the second output.

The goal is to approximate the transfer function in the Loewner framework. We
start by considering 400 interpolation points +jw;, i = 1,...,200, where w; are loga-
rithmically spaced in the interval Q = [107},10°]. Thus Q = {w;, ..., w00}, Where
w; < Wi, for all i. We now define the left/right interpolation points in four different
ways as explained in section 6.3.3.2 and depicted in Figure 6.5 (up).

As can be seen in Figure 6.5 (down), the decay of the Loewner matrix singular
values is faster for “half-half” (disjoint) splitting than for “alternating” splitting.

The next step is to choose the truncation order and to determine the level of ap-
proximation. We propose two different ways for this purpose.

1. By choosing equal truncation orders r.
2. Bychoosing for each separation the maximum truncation order so that g—I, isequal
to a fixed tolerance value.
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Figure 6.5: The four different splitting schemes (up) and the decay of the singular values (Z—i,i =
1,...,100) of the Loewner matrix for each type (down).

First experiment: equal truncation orders
Here, we fix the truncation order to r = 10, and compute %; The results are presented
in Table 6.2.

Table 6.2: Normalized singular values corresponding to r = 10 for each splitting.

Case 1st 2nd 3rd 4th
r 10 10 10 10
g—; le-8 le-6 le—4 le—4

The frequency response of the original system with those of the four reduced systems
(corresponding to each different splitting) is shown in Figure 6.6. Note that all methods
produce similar approximation quality.

50 Approximation with Half-Half 50 Approximation for Alternating
0
@ 50
-100
-150 -150
" Ap}?l?oximation for Iow-hight1 o° Aggroxi?r?gtion for low-hight alter;giing
0 0
B 50 -50
-100 -100
-150 -150
10° radls 10° 10° radls 10°

Figure 6.6: Frequency response comparison: original system vs. the reduced ones with equal trunca-
tion orders (r = 10).
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Next, the approximation error for each reduced systems is depicted in Figure 6.7. For
the first partition type, the error curve displays a ‘V’ shape form near the middle of
the sampling interval. This is where the left and right sampling points are very close
to each other.

Error Plots - CD player Input[1] -> Output[2]

10°
= Half-Half
== Alternating
==low-high
—low-high - alternatin:
10°F
o
°
10°°
10” -10

107 10° 10’ 10° 10° 10* 10°
rad/s

Figure 6.7: Approximation error with the four splitting schemes.

Second experiment: reaching machine precision5
The tolerance of normalized singular value : is now fixed (e. g. 107*). This implies
the truncation order r. The results are presented in Table 6.3

Table 6.3: Different truncation orders for all splitting schemes and for a fixed tolerance.

Case 1st 2nd 3rd 4th
r 16 51 23 48
o le-14 1le-14 1le-14 1le-14

01

The truncation order for the first splitting type is more than three times smaller than
that for the second splitting type (16 vs 51).

The frequency response of the original systems with the four reduced systems in
depicted in Figure 6.8. All methods produce good approximation quality, with a slight
deviation in the high frequency range observed for the first splitting type.

Finally, Figure 6.9 shows the approximation error for each reduced system.

Notice that the blue curve in Figure 6.9 has a ‘V’ shape in the middle of the sam-
pling interval. The lowest approximation error is recorded for the second splitting type
(alternate selection).

5 Machine precision is the smallest number € such that the difference between 1 and 1 + € is nonzero.
This is approximately 1076,
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50 Approximation with Half-Half 50 Approximation for Alternating
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Figure 6.8: Frequency response comparison: original system vs. the reduced ones by reaching ma-
chine precision.
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Figure 6.9: Approximation error for the four splitting schemes.

6.4.2 Approximation of an oscillating function
We collect N = 4,000 measurements {(sy, ¢, ) : k = 1,..., N} of the following function:
P(x) = e *sin(10x), x € [-1,1]. (6.29)

Assume that the interpolation points s = [s;,5,,...,S4000] € [-1,1] are equispaced;
next we remain with two types of splitting.
1. First type: disjoint splitting.

—  Left: u=1[s1,85...,55000] C [-1,0)

—  Right: A = [S5001,S2002> - - - »Sago0] € [0,1]

We construct the Loewner pencil and the underlying rank is 11.
2. Second type: alternate splitting.

- Left: M= [Sl’ S3... ,53999] C [—1, 1]

- Right: A= [Sz, Sgse - ,54000] C [—1, 1].

We construct the Loewner pencil and the underlying rank is 15.
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Figure 6.10 shows the entries of the Loewner matrix in logarithmic scale for the
two ways of sampling point separation. Next, the interpolation data is compressed,
making use of the following methods: (a) the singular value decomposition SVD, (b)
the randomized version rSVD, (c) CUR, implemented with DEIM and (d) CUR imple-
mented with cross approximation. The parameters for the latter two methods are:
€ =0.001and 6 = 0.01.

Log-Scale Loewner Matrix Log-Scale Loewner Matrix

200

400 0
600 500

800

= 1000 <1000 K

1200

1400 10
1600 1500

1800
2000 2000 - 15

200 400 600 800 1000 1200 1400 1600 1800 2000 500 1000 1500 2000
A A

Figure 6.10: Entries of the Loewner matrix for the first splitting (left) and the second splitting (right).

Table 6.4: Results for the first splitting type (disjoint) with an i5-CPU 2.60 GHz.

Reduction — r for =~ L rank(LL,,,) cond(L,,,) = Z’;‘I‘: Error ||-|| Time (s)
SVD 11 9.7313e + 10 6.7367e — 10 4.166029
CUR-CrossApprox 11 7.6582e + 10 1.5621e - 09 0.528352
CUR-DEIM 11 1.3898e + 11 2.2283e-09 4.101303
randomized SVD 11 9.7314e + 10 1.1281e-10 0.030148

In Figure 6.11 the error curves for the first splitting are shown. The red Xs indicate the
selected points with CUR-cross-approximation method while the green crosses (+) in-
dicate the selected points with CUR-DEIM method. In Figure 6.12 the error curves for
the second splitting are shown. As opposed to the previously shown results (in Fig-
ure 6.11), the error in this case (Figure 6.12) is distributed more uniformly. Additional
qualitative measures (e.g., the condition number) under different splitting schemes
with the same reduced-order are presented in Tables 6.4 and 6.5.

Table 6.5: Results for the second splitting type (alternate) with an i5-CPU 2.60 GHz.

Reduction - r for~ IL rank(L,,) cond(LL,,,) = Z’;?: Error ||| Time (s)
SVD 11 8.8199¢ + 4 0.0020 4.261075
CUR-CrossApprox 11 1.0228e+5 0.0062 0.563411
CUR-DEIM 11 9.3343e + 4 0.0245 4.152420

randomized SVD 11 8.8199%¢e + 4 0.0020 0.024586
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Figure 6.11: Selected points and approximation error for the disjoint splitting.
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Figure 6.12: Selected points and approximation error for the alternate splitting.

As seen in the above experiments, the splitting of the data influences both the Loewner
singular value decay and the quality of approximation. In most of the experiments that
follow, we choose the alternate way of splitting the data.

6.4.3 Approximation of a Bessel function

In this section we investigate the approximation of the inverse of a Bessel function in a
domain in the complex plane. If this function is considered to be the transfer function
of a dynamical system, this system is infinite dimensional; furthermore it is not stable
as there are poles in the right-half of the complex plane.

In particular we consider the inverse of the Bessel function of the first kind and
order n € IN. It is defined by the following contour integral:

J(s) = ﬁ cjie(%x“%)t*"*dt. (6.30)

Here, we consider only the case n = 0. Our aim is to approximate H(s) = ]0%, s e C,in-
side the rectangle Q = [0,10] x [-1,1] ¢ C. In Figure 6.13 (left pane) the function H(s)
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Figure 6.13: Left pane: The inverse of the Bessel function of the 1st kind. Right pane: A subset of
10,000 Padua point grid over Q = [0, 10] x [-1,1] domain are shown.

is shown in the domain Q. The three spikes correspond to the unstable poles of the
underlying system. These are three of the zeros of the Bessel function. Here we con-
struct approximants H, (s), of order r, of H(s), using the interpolation points as shown
in Figure 6.13 on the right pane. The distribution of the two-dimensional initial grids
is 5,000 Padua points with the conjugates. This grid is used to reduce the Runge phe-
nomenon. For more details in approximation theory (i. e. Runge phenomenon, Padua
points, barycentric interpolation, etc.), we refer the reader to [64]. In [43, 44], the same
experiment with other types of grids (random uniformly, structured) is presented.

In the Loewner framework, the singular value decomposition (SVD) plays a key
role. This factorization allows us to extract the numerical order of the rational model
which approximates the original non-rational one.

In Figure 6.14 (left pane), we show the distribution of the normalized singular val-
ues Z—i,]‘ =1,...,N, of the augmented matrices [ L] and [ ].

Singular value decay of the Loewner Pole diagram Zero diagram
10.—. i Original Poles| | PS ™
102 o0 OLL, N * o
$ oL L. Loew-CUR |9
10— ® T -
—6 = )
g o % : |
= 10 ° S Heemmmeel 1| =3
107! [ El £
10712 ’ J
107t \_ . ‘;
. o ¢
i ‘
107 107 10 ¥ ¢ ¢
i © real 7  real 7

Figure 6.14: Left pane: Singular value decay of 10,000 values. Right pane: Pole/zero diagram with
the three original poles (zeros of Bessel) which recovered with 15 digits accuracy.

By taking measurements as in Figure 6.13 (right pane) the decay of the singular values
Figure 6.14 — left pane, leads to a reduced order r = 12 with ‘;—‘12 = 4.887-10"5. In

Figure 6.14 on the right pane the pole/zero diagram is presented which includes the
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results from all methods. Methods VF, and Loewner(SVD or CUR) construct real strictly
rational models with degree (11, 12)® with D = 0, as opposed to AAA algorithm which
constructs complex proper rational model of degree (12, 12) with a non-zero D term.
By using the methods LoewCUR-cross and AAA, points from the sampling grid
are selected. Applying the LoewSVD method the point selection is obtained by com-
pressing the initial grid. This can be achieved by using the first r columns (r: singu-
lar vectors) of the singular matrices as projection matrices and by solving two (r x
r-dimension) generalized eigenvalue problems as explained in Section 6.2.5.3. Under
this way, we compress the original grid with N = 10,000 points into a much smaller
set of only 2r = 24 points which are exact interpolation points for the approximant. As
it turns out, the projected points lie in the domain Q; see also left pane in Figure 6.15.

Various points in

<1672 LoewSVD Error (11,12) «10'"" AAA Error (12,12)
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Figure 6.15: Left pane: Support and compressed points for every method over @ domain with LSVD(r)
— LoewSVD projected right points, LSVD(l) — LoewSVD projected left points. Right pane: The error
for every method.

The LoewCUR-cross and AAA methods select points among the initial interpolation
points but with different criteria. The AAA algorithm selects support points by mini-
mizing the mean squared error with the rest of the measurements while LoewCUR uses
cross approximation, which maximizes the absolute value of the determinant (maxi-
mum volume) of the sub-matrix of dimension (r x r).

In Figure 6.15 on the right pane, the error for each method is shown. The normal-
ized error is computed as % with 25,000 evaluation points in Q. It should be
mentioned that the above special choice of the original interpolation grid as Padua
points, indeed reduced the Runge phenomenon.

Next we wish to visualize the approximation error outside Q. Towards this goal
we chose 25,000 equispaced evaluation points inside the domain [-3,13] x [-3, 3]. Re-
sults with log-contour level error of increasing order 107%°,...,10™* are presented in

Figure 6.16.

6 The notation (m, n) indicates that the order of the numerator polynomial is m and the order of de-
nominator polynomial is n.
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Figure 6.16: Extrapolation error as log |H(s) — H,(s)| in [-3,13] x [-3,3]j c C. The symbol ‘+’ is for the
original poles.

All methods constructed accurate rational approximants. Notice, however, that the
Loewner approach reaches similar precision with AAA without performing any op-
timization step. Finally, in terms of computational complexity, the CUR method per-
formed the best.

6.4.4 An Euler—Bernoulli beam

In this subsection we analyse the approximation of an Euler—Bernoulli clamped beam
[18]. The underlying PDE describes the oscillation of the free end. As shown in [18], the
non-rational transfer function is given by

B sn(s)
HO = o sepmedsy "o
Rk (6.31)
m(s) = [m] , d(s) =1+ cosh(Lm(s)) cos(Lm(s)),

n(s) = cosh(Lm(s)) sin(Lm(s)) — sinh(Lm(s)) cos(Lm(s)).

Usually, the next step consists of a discretization of the PDE involved. We bypass this
step and instead take frequency response measurements making use of the transfer
function above. The parameter specification is as in [18].” Thus, we have the frequency
response of the beam as in Figure 6.17 and on the left pane.

7 Young’s modulus (elasticity constant): E = 69 GPa = 6.9 - 10 N/mz, moment of inertia: I = 3.58 -
1072 m*, damping constant: c; =5 - 1074, length: L = 0.7 m, base: b = 0.07 m, height: h = 0.0085 m.
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Figure 6.17: Left pane: Original frequency response of the beam. Right pane: The approximant which
constructed with the Loewner framework.

The next step is to collect 2,000 measurements on the imaginary axis (frequencies
jw;,i =1,...,2000), spaced logarithmically from 1rad/s to 10° rad/s. These points are
depicted in the left pane of Figure 6.18.

Sampling points 2000 0 Singular values of the Loewner
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Figure 6.18: Left pane: 2,000 sampling points alternating as left and right. Right pane: The singular
value decay.

The singular value of the Loewner matrices decay is as shown in Figure 6.18 on the
right pane. Thus, we construct a reduced model with dimension r = 44 and the
Loewner approximant in Figure 6.17 (right pane) is depicted.

Finally, the poles and zeros for every method are presented in Figure 6.19. The
quality of the approximation is given for each method in Figure 6.20 where the evalu-
ation is in the frequency range from 1 to 10>°. The error outside the sampling domain
increases thus indicating the difficulty of approximation outside of the sampling do-
main for infinite dimensional systems.

6.4.5 Heat equation

Next, we investigate an one-dimensional heat equation [13]. The corresponding PDE
describing the diffusion of heat leads to the following non-rational transfer function:

His)=e ¥, secC. (6.32)
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Figure 6.19: Pole/Zero diagram for every method (LoewSVD, LoewCUR-cross, LoewCUR-DEIM, VF and
AAA).
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Figure 6.20: The error distribution with 8,000 evaluation points grid.

The aim is to construct reduced models by means of the Loewner framework and com-
pare the results with the TF-IRKA used in [13]. Iterative Rational Krylov Algorithm -
IRKA [14] builds optimal reduced models by minimizing the #, error [39].

By collecting 1,000 values of the transfer function on the imaginary axis, the re-
sulting reduced order was chosen to be r = 6 (as in [13]). For this truncation order,

~ 6 -107>. In Figure 6.21c, the pole/zero distribution for every method is depicted;

1n Figure 6.21d, the selected points are shown. It is worth mentioning that the Loewner
SVD method produced poles near to the optimal set computed by means of IRKA; see
Figure 6.21c. Approximation results are in Figure 6.22.

6.4.6 Approximation of a two-peak function

In this section we present an example involving a hyperbolic sine from [22]. The diffi-
culty here results from the two differentiable peaks. More precisely, the function is

1007(x* — 0.36)

5 _1)1 5
sinh(10071(x2 — 0.36)) xel-L]

fx) =
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Figure 6.21: Approximation of the heat equation with LoewSVD, LoewCUR, VF, AAA, TF-IRKA.
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Figure 6.22: Approximation results for the heat equation with various interpolation methods.

and is shown Figure 6.23 (left pane). We approximate this function by choosing 1,000
equispaced points in [-1, 1] as on the right pane in Figure 6.23. The singular values of
the Loewner matrix are shown in Figure 6.24 on the left pane while the selected points
are shown on the right pane of the same figure. The order is selected to be r = 38 with
(‘%3 ~ 10712). In Figure 6.25, the distribution of the poles and zeros for each method is
shown. On the other hand, AAA looks quite different because it does not impose real
symmetry.

Remark 6.8. In Figure 6.24, right pane, the different supports points are shown. In the
case of the LoewSVD method two almost pure imaginary projected points are obtained
even if the initial sampling points were real.
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Figure 6.23: Left pane: The function f with two very sharp differentiable picks. Right pane: 1,000
sampling points and zoom in close to one pick.
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Figure 6.24: Left pane: Singular values decay. Right pane: Various points for every method and the
projected points from the Loewner framework.
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Figure 6.25: The pole/zero diagram.

Finally we observe a good fit for every method, with slightly better performance at-
tained for the Loewner SVD method (see the error plot in Figure 6.26).

6.4.7 Approximation of the sign function

Our final case study problem concerns the approximation of the sign function, known
as Zolotarev’s fourth problem. Here, we compare the approximation obtained using
the Loewner SVD with the optimal solution that is explicitly known [1]. Given two dis-
joint closed complex sets E and F, Zolotarev’s fourth problem is to find the rational



222 — D.S.Karachalios et al.

10% Error curves with order r=38 [ i "svp
— AAA
= LoewCUR-cross
~LoewCUR-DEIM
10710
3
=
1078
1020

1 -0.5 0 0.5 1
real axis

Figure 6.26: The error profile with 5,000 evaluation points over [-1,1].

function r(x) = %,

the sign function

where p, g are polynomials of degree k, that deviates least from

-1, x€E,
+1, xé€F,

sign(x) = {

on E U F. For general sets E and F, the solution to Zolotarev’s fourth problem is not
known; however, there are special cases where the rational function can be given ex-
plicitly. For the real disjoint intervals, E = [-b, —1],and F = [1, b] with b > 1, an explicit
(optimal) solution to Zolotarev’s fourth problem is known [1]. Here, we investigated
how well the Loewner framework can approximate this discontinuous function in two
symmetric real intervals. We choose b = 3 and N = 2,000 initial interpolation points
from [-3,-1] U [1, 3]. We perform two experiments. Firstly, we choose initial interpo-
lation points as equispaced and secondly, as Chebyshev nodes. For each choice, we
split the data as “half-half” and “alternating” as discussed previously. The left pane
in Figure 6.27 shows the plot of the sign function.

) Sign function B 200 Sampling points
1 1
Xo X0
=
1 -1
- -2
-1 -0.5 0 0.5 1 -3 -2 -1 0 1 2 3
X X

Figure 6.27: Left pane: The sign function. Right pane: 200 Chebyshev points in [-3,-1] U [1, 3].

In [17] the explicit solution of this optimization problem is computed. We start by tak-
ing N = 2,000 measurements as Chebyshev nodes as in Figure 6.27 on the right pane.
The above sampling way leads to the following singular value decay of the Loewner
matrices as in Figure 6.28 on the left pane.
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Figure 6.28: Left pane: The singular value decay of the Loewner pencil. Right pane: Pole/Zero dia-
gram for the Loewner and the optimal approximant with order r = 4.

From the rank-revealing factorization in the left pane in Figure 6.28, we chose r =
4 with g—? = 1.657 - 107, In Figure 6.28 on the right pane is the distribution of the
pole/zero diagram which is derived from the Loewner SVD method, in comparison
with the optimal set is presented.

In Figure 6.29 (left) the Loewner approximant is shown. It is quite close to the op-
timal one by choosing the Chebyshev nodes and splitting the left and right points as
“half-half”. Indeed, the error distribution as presented in the optimal interpolant in
Figure 6.30 with the blue line has the equioscillation property of the optimal approx-
imant in the infinity norm - |X|l,, = max(|x|,...,|x,|). Thus the equioscillation of the
error | sign(x) — r(x)| on both intervals shows the optimality of the approximant. The
Loewner framework succeeds in constructing an approximant very close to the opti-
mal. Another aspect is shown in Figure 6.29 (right pane). More specifically, note that
the projected points are indeed interpolation points.

Loewner SVD approximant (r-1,r) - Order =4 Loewner SVD approximant (r-1,r) - Order =4
[—f(x) -0.98 =f(x)
1 ==optimal ==optimal
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. ® Loewner right projected / 0.99 ® Loewner right projected
g__S OF|  Loewner left projected . ® | oewner left projected
/ -0.995
1 4 /
-1.005
3 2 1 0 1 2 3 3.5 -3 2.5 2 1.5 1 0.5 0
X X

Figure 6.29: Left pane: A comparison between the Loewner approximant with the optimal one order
r = 4. Right pane: The projected points are approximated interpolation points.

Remark 6.9. If the choice of the splitting is disjoint—*“half-half” as in this experi-
ment, the constructed approximant interpolates the data as in Figure 6.29(right pane).
If the choice is “alternating” by mixing left and right, then the projected low order
model approximates the values and the derivatives at the interpolation points as in
Figure 6.31.
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Figure 6.30: Error plot with the Loewner approximant and the optimal solution as well with order
r=4.
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Figure 6.31: By splitting the data as “alternating”, the projected Loewner model approximates the
first derivative as well (Hermite interpolation conditions).

6.5 Epilogue

Interpolatory methods for model identification and reduction were studied in this con-
tribution. The main focus was on the Loewner framework. The aim was to introduce
the Loewner framework by providing results which connect this rational interpolation
tool with system theory. At the same time, algorithms that make the Loewner frame-
work a complete numerical tool for approximation with ease of implementation are
offered. Several case studies illustrate the effectiveness of the method. Implementa-
tion issues like the splitting of the data in left and right were addressed. Finally, con-
nections with the SVD, the r-SVD, CUR, VF and IRKA have been detailed.
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