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Chapter 1

Parametric Model Order
Reduction

1.1 Introduction

We begin with the description of two basic parametric problems.

Example 1.1 (Parametric Partial Differential align)

Let Q C RY be an open polygonal domain and P C RP be a set of ‘ad-
missible” parameters. For a parameter vector pu € P, we seek a function
u(z; p) : Q@ — R, the temperature’, satisfying

=V (o(z; W) Vulz; p) = hz;p), x €9,
u(x;p) =0, x € 01,

with ’heat conductivity’ o(z;p) : Q — R and ’heat source’ h(z;p) : Q@ — R,

for example
17 x E QSOUTC@?
h(x; p) = {

0, otherwise

with a subdomain Qsouree C 2. Furthermore, an output might be desired, for
example the ‘average temperature’ over a subdomain g, C §2

1
s(p) = m/ﬂ u(z; p) de.
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Figure 1.1: Exemplary domain and subdomains for d = 2.

Example 1.2 (Parametric Stationary align System)
For a parameter vector u € P, find a state vector u(u) € R" and an output
s(u) € RF satisfying

A(p)u(p) + B(p)w(p),
C(p)u(p),

0
s(u)

with parameter dependent system matrices A(p) € R™", B(u) € R™™,
C(p) € R¥™ and input vector w(u) € R™.

In this chapter, we want to tackle problems that can be described via a
weak formulation in Hilbert spaces as follows. Let X be a real Hilbert space,
a(-,;p) : XxX — R beabilinear form and f(;p) : X - R, I(;p) : X - R
be linear forms. For a given p € P we then seek a u(p) € X and output
s(p) € R satisfying

a(u(p),v;p) = f(vip), Yo € X,
Both examples so far can be formulated this way.

e For Example 1.1: with the Hilbert space

X = Hy(Q):={g € L*Q) | D*g € L*(Q) for all |a| < 1 and g |so= 0}




1.1. INTRODUCTION

we have

/ o(z; p)Vu(z; p) - Vo(z) de = / h(z; p)v(x)dz, Yve X,
Q

A\ 7 Q
=:a(u,v;u) =:f(v;p)
1
S(/L)Z,Q A u(z; p) da
—l(u\(ru);u)

e For Example 1.2 (with k£ = 1): with the Hilbert space X = R"™ we have

(u) (1) = =0 B(p)w(p), Vv e X,

\

The Motivation/basic idea for parametric model order reduction is the fol-
lowing.

o M = {u(p) | p € P C RP} is the solution manifold parametrized by
1.

e The solution space X is in general oo-dimensional (Sobolev space) or
finite but high-dimensional (FEM, FD, FV space for Example 1.1;
large n in Example 1.2). But M can often be approximated by a
low-dimensional subspace Xy C X such that uy(p) € Xy is a good
approximation of u(u) 'for many’ u € P.

e In Reduced Basis Methods (RB-Methods) the space Xy is formed by
solution samples, so-called snapshots, such that

Xy Cspan({u(p),...,u(pu,)}) € X

for suitably chosen parameter samples 1, ..., u, € P. A further goal
of RB-Methods is to control the approximation error via error bounds
such that

[u(p) = un ()l x < An(p)-

We illustrate this approach (approximating M via snapshots) by a simple
example.
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Figure 1.2: Illustration of the Reduced Basis Method.

Example 1.3 (Parametrized Boundary Value Problem)
For pe P:=[0,1] C R, find u(x;p) € C*([0,1]) satisfying

(1+pu"(x)=1, z€(0,1), u(0)=u(l)=1.

(BVP)

We construct the reduced space Xy using two snapshots (special solutions).

e For i =0 we obtain up(z) := u(z;0) = 12% — f + 1.

o For =1 we obtain uy(z) :== u(z; 1) = 12% — 1z + 1.

e Define Xy := span({ug, ui}).
The reduced solution is then a linear combination

un (@5 1) = co(p)uo(w) + c1(p)ua (v)

and by inserting this into (BVP) we obtain for co(p) and c1(p)

un(O;p) =un(Lip) =1 < clp)=1-a(p)

as well as
c1(p) 1
1 o =1 < =
(1 + puy(z; p) co(m) + —5 P
@ al 1 2
— =—— -1 & ¢ =2 - —
2 1 (k) p+1
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Figure 1.3: Reduced Basis approach for (BVP).

and thus co(p) = ﬁ — 1. Thus, un(z;p) is a solution of (BVP) for all

€ P and as the solution of (BVP) is unique, we have the error statement

Ju(z; 1) — un(@; 1)l = sup u(a; ) — un(@; p)| =0
z€(0,1

for all uw € P. Therefore, the solution manifold M = {u(p) | p € P} is
contained in a 2-dimensional space Xy. More precisely, due to 0 < co(u),
ci(p) <1 and co(p) + c1(p) = 1 for all p € P, M is the set of convex
combinations of ug(x) and uy(x), hence a 1-dimensional affine subspace.

We introduce some Notation/Terminology (here tailored around partial dif-
ferential aligns (PDEs)).

e A PDE is an analytical model that characterizes the ezxact solution
u(p) € X residing in a typically co-dimensional function space.

e A detailed model is a computational procedure that characterizes an
approximation u(y) € X in a high-dimensional function space with
quite general approximation properties (e.g. a FEM, FD, or FV space,
with dim(X) = 10® — 10%). Thus, u(x) and X can correspond to either
an analytical or a detailed model in this chapter.

e A reduced model is a computational procedure that characterizes a
reduced solution uy(p) € Xy in a very problem adapted and typically
low-dimensional space (dim(Xy) =1 — 100).

ot
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e Model Order Reduction deals with the construction of reduced models
and the investigation of their properties.

Since the evaluation of a parametric reduced model requires less CPU time
and the model itself requires less memory storage, such models have appli-
cations in various fields.

o Multi-query contexts: repeated model evaluations under a varying pa-
rameter; occurring in design, optimization, inverse problems, parame-
ter studies, etc.

o Real-time contexts: applications that require a fast simulation response;
occurring in real-time control of technical processes, interactive user
interfaces, or web forms.

e (Cool-computing contexts: applications where only ’simple’ hardware is
available; occurring in smartphones, electronic controllers.

The quick evaluation of the reduced model can be achieved via an Of-
fline/Online decomposition of the procedure. A general consensus in model
order reduction is that the construction of the reduced model, which is done
in the Offline-Phase, can be computationally expensive as this is done only
once. The reduced model can then be rapidly evaluated in the Online-Phase.
Due to the multi-query context, the high (one-time) Offline-costs are then
amortized via sufficiently many online requests.

t
w(py)  u(pz)  ulps) u(pir)
(a) Multiple solution queries with detailed model.
t
Offline-time un () -+ un ()

(b) Multiple solution queries with reduced model.

In this chapter we will deal with the following questions.
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e Reduced model: how can we compute the reduced solution uy(pu)?

e Stability: can we guarantee stability of the reduced model for growing

e Error estimator: can the error |u(p) —un(p)||y be bounded by an
error estimator Ay (u)? Are such estimators cheap to evaluate?

o Flffectivity of error estimator: is there an upper bound on the overes-
timation of the error estimator to the error?

e Computational efficiency: how can uy(u) be computed rapidly for
many different p?

e Reduced basis: how can we construct a subspace that is small but well-
approximating? Can we prove approximation qualities?

1.2 Theoretical Background

1.2.1 Linear functional analysis in Hilbert spaces

Definition 1.4 (Hilbert Space)
Let X be a real vector space, (-,-)x : X x X = R a scalar product with

induced norm ||| == \/(-,-)x- If X is complete with respect to |||y we call
X a real Hilbert space.

Throughout this lecture, we will only deal with real Hilbert spaces.

Example 1.5 (Hilbert Spaces)
Let Q C R%, d € N be an open and bounded set. The following spaces are
Hilbert spaces:

(a) X :=R?, with scalar product (x,z')y := Zi xiw;, with v, 2" € X,

(b) X = Hy(Q), with scalar product (f,q)yx = [,V f(x)- - Vg(z)dz for
fgeX,

(c) X := HY(Q), with scalar product
(o) = [ Falgta)do+ [ Vi) Vola) da

for f,g e X.
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The space X = C°([0,1]) with scalar product (f,g)y fo x)dz for
fyg € X is not a Hilbert space (see Exercise 1.1).

Definition 1.6 (Linear Operators)
Let X, Y be Hilbert spaces.

(a) A linear mapping A : X — Y is a continuous linear Operator, if

A
|A]| := sup I Azlly < 00
zex\(oy 1%l x

(b) The space of continuous linear Operators mapping from X to 'Y is de-
noted L(X,Y). Furthermore, L(X) := L(X, X).

(¢) The dual space of X is denoted X' := L(X,R). Elements of X' are
continuous linear functionals and for [ € X' we have

()]

zeX\{0} ||'17||X'

1l =

(d) For A€ L(X,Y) we call

o R(A):={Ax |z € X} CY the Range of A and
o N(A) :={r e X | Ar =0} C X the Kernel of A.

(e) A€ L(X,Y) is a compact operator if A(B) is compact for all bounded
sets B C X. K(X,Y) denotes the space of compact operators from X to
Y.

(f) Ae L(X,Y) is called an Isometry if |Az||y = ||z|| for all x € X.

Theorem 1.7 (Orthogonal Projection)
Let X be a Hilbert space and 'Y C X a closed subspace. Then, there exists a
unique linear mapping P : X — Y : x — Px satisfying

_p — inf ||z —
lv = Parlly = nf [lz -yl

and we call this map the orthogonal Projection of X onto Y. Furthermore,
we have:

(a) Px €Y forx € X is equivalently characterized via

(x — Px,y), =0, VyeV.
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A\

)

Figure 1.5: Illustration of Orthogonal Projection.

(b) If dim(Y') = n < oo and {p;}, is an orthonormal basis of Y, Px € Y
is equivalently characterized via

n

Pz = Z<l’,(pi>X i, VrelX.

i=1

Proof: See Exercise 1.2. O

Theorem 1.8 (Riesz Representation Theorem)
Let X be a Hilbert space. Then,

J: X 5 X't J)(0) = (v, )y

is a linear, continuous, and bijective Isometry. In particular, for every
| € X' there erists a unique Riesz-representative v; := J~(I) € X satis-
fying l(v) = (v, v) . for allv e X.

Proof: The linearity of J follows from the linearity of the scalar product as
for v1,v9 € X and A, A2 € R we have

J()\lvl + /\2’112)(') = <)\1U1 + )\21)2, '>X = )\1 <U1, '>X + )\2 <UQ, '>X
= )\1J(U1)() + )\2;](1}2)()

For v € X \ {0} we calculate

|J (v) (w)] | (v, w) y |
[J) (Mg = sup —F—— = sup — 2
weX\{0} HwHX weX\{0} ”wHX

cSuU ) w

weX\{0} Hw”X
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so that J is continuous. Furthermore,

ol - Nolly esu 1,005 | @)
||U||X— = =
ol Pls — ol
< sup OO0,

weX\{0} HwHX

so that || J(v)(+)|| x» = ||v]|x follows for all v € X and J is an Isometry. Thus,
J has to be injective as well.

Regarding the surjectivity: Let [ € X’ with [ # 0 and we note that N'(I) is a
closed subspace of X such that from Theorem 1.7 there exists an orthogonal
projection P : X — N(I). As [l # 0, there exists a vg € X satisfying
c:=1l(vg) # 0. Define vy := vy — Pvg € X. Then,

l(v1) = l(vg) + I(Puvg) = l(vg) = c.

For v € X we can write

l(v) N l(v)

vV=0v— —tu + —U;
c c

and it is v — o, € N(I) since

C C

l (U - @vl) =1(v) — Ml(vl) =1(v) —l(v) = 0.
As vy L N(I) from Theorem 1.7, we have

l l
CLQ,/U — C U12 ’v_ﬂvl + C UIQ 7ﬂvl
Il /& [ ¢ Jx \lullx ¢ /4

.

2
v v
=z<v><—12,v1> =1l g,
A S AT

Therefore, | € R(J) such that J is bijective and v, := ¢—%> is a Riesz-

o[ %
representative of [. The Riesz-representative is also unique: if there was a

U € X satisfying

(U, v)y =1lv), YvelX

then
(v —0,v)y =1lv)=1lv)=0, YveX

implying v; = v; which concludes the proof. 0

10
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Figure 1.6: Illustration of the Riesz Representation Theorem.

Theorem 1.9 (Adjoint Operator)
Let XY be Hilbert spaces. For A € L(X,Y) there exists a unique operator
A* € L(Y, X) satisfying

(Az,y)y = (2, A"y)y, Ve X, yey,
the so-called adjoint Operator. If X =Y and A = A*, we call A self-adjoint.

Proof: For any y € Y, it is (A-,y)y € X’ such that a unique Riesz-
representative vs4, € X exists. The map A* : Y — X : y — va, thus
satisfies

(Az,y)y = (2, A"y)y, VreX yeY

and is uniquely defined.
For A\i, A € R, y1,42 € Y and x € X we obtain the linearity of A* via

<.Z', A*()\lyl + A?y?))X - <ACU7 /\1y1 + )‘2y2>Y - )\1 <AZL', y1>Y + /\2 <ACC, y2>Y
=M (2, A"y1) x + Ao (2, A'ya)
= (x, A Y1 + XA y2)

For the continuity of A* we calculate for y # 0 with A*y # 0

* A*y : z=A* 'TaA*y A.T,y Axay
||A y”X — HA* ||X ke Yy < >X — < >Y S sup < >Y
[A*yll [z [2llx 7 eexvioy lzllx
oSy | Az||
< “lylly = Ayl
zex\{o} ]l x
= [|A*[] < [|A]l-
Since A € L(X,Y), we obtain A* € L(Y, X). O

11
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Theorem 1.10 (Spectral-Theorem)

Let X be a Hilbert space and A € K(X,X) self-adjoint. Then, there ex-
ists a finite or countably infinite Orthonormalsystem of eigenvectors {¢; }icr,
I C N, for eigenvalues {\;}ier C R\ {0} satisfying

AJJ:Z)\% <.§L’,QOZ>XQOz, V$EX
i€l
If I is inifinite, we have lim;_,oo \; = 0.

Proof: [Alt, Theorem 10.12]. O

Definition 1.11 (Bilinear Forms)
Let X be a Hilbert space and a : X x X — R a bilinear form.

(a) If
e a0l

< 00,
u,weX\{0} HUHX ||U||X

we call a continuous with continuity constant ~.
(b) If
a(u,u)

in 5
weX\{0} lullx

Y

we call a coercive with coercivity constant «.
(c) We define for u, v € X via

GS(U,U> = ! (CL('U,, 'U) + CL(’U,U)) and aa(u, ’U) =

= (alu,) - a(v,w)

N | —

the symmetric and antisymmetric part of a = as + a,.

Theorem 1.12 (Operators and Bilinear Forms)
Let X be a Hilbert space.

(a) Forevery A € L(X) there exists a continuous bilinear forma : X xX — R
uniquely defined by

a(u,v) = (Au,v)y, VYu,ve X. (1.1)

(b) For every continuous bilinear form a : X x X — R there exists a unique
A € L(X) which satisfies (1.1).

12
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Proof: (a) a defined via (1.1) is bilinear via the bilinearity of the inner
product (-,-)y and the linearity of A € L£(X). The continuity of a
follows from the continuity of A as for u,v € X it is

CSU
|a(u, v)| = [ (Au,v)x | < (| A] lullx (o]l x
a(u,v

BT <A <o Vu,veE X
[Jull x o]l x

(b) Let u € X be fixed. Then, a(u,-) : X — R is linear and continuous since
with the continuity of a(-,-) it is |a(u, v)| < v||ul| x [|v] x, for all u,v € X

and thus
a(u,v U
sup latw, o)} sup 7—” HXM:VHUHX < 0.
veX\{0} HUHX veX\{0} M

Therefore, a(u,-) € X’ and with Theorem 1.8 there exists a unique riesz-
representative v, € X with a(u,v) = (v,,v)y for all v € X. Define

A X > X :u— Au:=v,

such that A is unique and (1.1) is fulfilled. For the linearity of A, we
know for uj,us € X that u; +uy € X such that A(u; + uz) = vy tu,
satisfying (Vu,tu,, V) y = a(ug + ug, v) for all v € X. Together with

<UU1+U27 U)X = a(ul + UQ,U) = a’(uhU) + CL(UQ,U)
:<UU1>U>X+<UUQ>U>X:<UU1 +Uu27U>X7 VUEXa

we have vy, 1y, = Uy, + Uy, and thus A(uy + uy) = Aug + Aug. Similarly,
we obtain A(Au) = MAu for A € R and v € X and the linearity of A
follows. For the continuity of A, we obtain with the continuity of a for
all w € X with Au # 0

1Aull = (Au, Au) y = (v, Au) = a(u, Au) < Jully | Aull

A
o Aully <y lully, VueX = sup 1AUx
ueX\{0} HUHX

This concludes the proof. O

Theorem 1.13 (Lax-Milgram)
Let X be a Hilbert space and a : X x X — R a coercive and continuous
bilinear form with coercivity constant cc. Then, there exists a unique operator

A€ L(X) fulfilling
a(u,v) = (Au,v) 5, Yu,v e X.

13
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Furthermore, A is bijective with A~ € L(X) and
1
Al = <
«

Proof: The existence and uniqueness of A € L(X) follow from Theorem
1.12. With the coercivity of a we obtain

9 CSU
allul% < a(u,u) = (Auuy < J|Aully [l
= allully < Aully, Vue X (1.2)

For the injectivity of A, let u € X so that Au = 0. This implies

1]y = 0% Jufly =0 = u=0.

To obtain the surjectivity, we first show that R(A) is closed.

Consider a Cauchy sequence (y;);en in R(A) and we have a corresponding
sequence (u;);en in the inverse image of A satisfying y; = Au; for i € N.
Using (1.2) for u,, —u, € X, for m,n € N, yields

0t =ty < At — Al = g~ ally = 0. m. m = 0.

Therefore, (u;);en is a Cauchy sequence as well and with the completeness
of X we have @ := lim; . u; € X. With A being continuous, we obtain

lim Au; = Au € R(A)

1—00

and R(A) is closed. Since A is linear, RA is then a closed subspace of X
so that Theorem 1.7 yields the existence of an orthogonal Projection P onto
R(A).

Surjectivity: assume that there exists a v € X with v ¢ R(A) such that
v :=v — Pv # 0. With Theorem 1.7 we obtain (Au,v), =0 for all u € X.
Remembering that v € X and using the coercivity of a and get

0<alv|% <a(@,7) = (A5,7), =0,

which is a contradiction. Therefore, it has to be v € RA such that X =RA
and A is surjective and thus bijective and A~! exists. A~! is linear, as for
A, A2 € R and uy, us € X we know from the bijectivity of A that there
exist uq, Uy € X so that

Uy = A’[Ll, Ug = Aﬂg & U= A_lul, Uy = A_1U2

14
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and we obtain

A_l()\lul + )\QUQ) = A_l()\lAﬂl + )\214712) = A_l(A()\lﬂl + )\2712))
= )\1@1 + )\2112 = )\114_1114 + )\QA_IUQ.

As for every w € X \ {0} there exists a u € X with w := Au, we obtain the
continuity of A™! via

o (1.2)
al|[AT |y =allully < uwllx

- 1 |A™ w]ly _ 1

=47 < ~flully = X <=

a lwlly

A lw
for all w € X \ {0} such that ||A7'|| = supweX\{O}% < 1 which
concludes the proof. O

1.2.2 Parameter Dependence

If not specified otherwise, X always denotes a Hilbert space and P C R?
denotes a bounded parameter set.

Definition 1.14 (Parametric Linear and Bilinear Forms)

We call

(a) 1: X xP — R a parametric continuous linear form, if

I(;p) € X' forall peP.

(b) a: X x X xP — R a parametric (symmetric) bilinear form, if
a(,5p): X x X =R

is a (symmetric) bilinear form for all j € P. Furthermore, if

<00, Vu€eTP,
u,weX\{0} ||U||X ||U||X

we call a(-, -; ;) parametrically continuous with continuity constant ~(u)
and if
a(u, u; p)

in >0, VuewpP,
we\or ful% g

a(u) =

we call a(-, -; pu) parametrically coercive with coercivity constant a(u).
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A parametrically continuous linear or bilinear form does not have to be con-
tinuous with respect to p. A counter example for a linear form is

Y

N =

<
X=R, P=01] l:XxP%Rwithl(x;u)z{gf’ o=
51’, [L>

N[ =

We formalize properties of linear and bilinear forms with respect to pu.
Definition 1.15 (Parametric Properties of Forms)
We call

(a) a parametrically continuous linear form | or bilinear form a uniformly
continuous w.r.t u if there exist ;, ¥ < oo satisfying

sup 1G5 )|l < or supy(p) < 7.
weP UEP

(b) a parametrically coercive bilinear form a uniformly coercive w.r.t. u if
there exists an a > 0 satisfying

inf > a.
inf a(p) 2 a

(¢) a linear form 1 or a bilinear form a Lipschitz-continuous w.r.t. p if there
exist Ly, L, > 0 satisfying
(s ) — 1 12)] < Lo Jull s — ially s Vot € X, Vg, oo € P,

or
la(u,vi ) — afu,vi )| < La lfully [0l i = gl
for all u,v € X and all py, pe € P.

In the following we define an important property required for the computa-
tional efficiency of RB-methods that will be investigated in Section 1.3.3.

Definition 1.16 (Parameter-Separability)
We call

(a) a function v : P — X parameter separable, if there exist components
vy € X and coefficient functions 67 : P — R for ¢ =1,...Q, satisfying

Qo
v(p) = 60u (v, Y eP.
q=1

16
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(b) a parametric continuous linear form [ : X x P — R parameter separable,
if there exist I, € X' and Hé P —= R forq=1,...,0Q; satisfying

W= 0 (wly(v), YpePveX

(¢) a parametrically continuous bilinear form a : X x X x P — R parameter
separable, if there exist bilinear and continuous a, : X x X — R and
07 : P =R forq=1,...,Q, satisfying

a(u,v; ) Z@“ wag(u,v), VueP, uvelX.

We will see in Section 1.3.3, that @), and @Q; should preferably be small.

Lemma 1.17 (Transfer of Coefficient Properties)
Let | be a parametric continuous, parameter separable linear form and a a
parametrically continuous, parameter separable bilinear form.

(a) If Gé(u) or 05(p) are bounded for all g =1,...,Q; or q=1,...Qq, then

[ or a are uniformly continuous w.r.t. p.

(b) If there ewists a constant ¢ > 0 such that 05(u) > c for all p € P,
q=1,...,Qq, and if a,(v,v) > 0 for allv € X, ¢ = 1,...Qq, and if
a(-, ;) is coercive for at least one i € P, then a is uniformly coercive
w.r.t. (.

(¢) If 6. () or 05(u) are Lipschitz-continuous for all g =1,...,Qy or
qg=1,...,Qq, then | or a are Lipschitz-continuous w.r.t. p.

Proof: See Exercise 2.1. O

We close this section with a comprehensive example.

Example 1.18 (Thermal Block)

For By, By € N, let Q := (0,1)? be decomposed into p := By - By congruent
rectangles Q;, i = 1,...,p, see Figure 1.7. Let P := [fimin, fmax)? C R be
the parameter set with 0 < pimin < Mmaz < 0O.

Then, p = (u1, ... ,,up)T € P is a vector of heat conductivities on the subdo-
mains and o(x; u) defines a piecewise constant heat conductivity field via

Tip) =Y HeXa,(¥)

17
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Figure 1.7: Illustration of Thermal Block domain for By = 3, By = 4.

Now, consider the following elliptic partial differential align with Dirichlet
and Neumann boundary conditions.

—V - (o(; p) Vu(z; p))
u(z; p) =
(o(x; ) Vu(z; ) - n(x)

0, forux e,
, forxeTlp,
i, forzeln,; t=0,1,

where the boundary parts I'p, I'ng, and U'n; are as in Figure 1.7 and n(x)
denotes the outward unit normal.

Interpretation: there is a unit influr on I'n 1, no flow on 'y, no heat sources
inside ) and a prescribed cooling of the material to u = 0 on I'p, while p
prescribes the heat conductivity of the material on the subdomains Sy, ..., €.

The weak form of this problem is: for p € P find u(n) € Hf (Q) with
Hp () :=={ue H(Q) | u|r,= 0} satisfying

/Qa(x; w)Vu(z;p) - Vo(z) de = / v(z)dz, YveHp (). (o)

, Iy

=:a(u,v;u) =:f(v;p)

One might also desire the average temperature over I'n 1 as a possible output

)= [ e

We will show in Exercise 2.2 that

18
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PROBLEMS

o a(-, ;) defined in (o) is a parameter separable continuous bilinear
form, which is uniformly coercive and continuous and Lipschitz-contin-
uous w.r.t. (.

o f(-; ) defined in (©) is a parameter separable continuous linear form,
which is uniformly continuous and Lipschitz-continuous w.r.t. pu.

1.3 Reduced Basis Methods for linear coer-
cive Problems

If not specified otherwise, X always denotes a Hilbert space and P C RP
denotes a bounded parameter set.

1.3.1 Problem Formulation and Properties

Definition 1.19 (Detailed Problem)

Let the parametric bilinear form a be uniformly coercive and continuous w.r.t.
i and let the parametric linear forms f and l be uniformly continuous w.r.t.
w. For a given u € P find the detailed solution u(u) € X and output
s(p) € R satisfying

a(u(p),v; p) = f(v; ‘”.’ Vv € X, (P())

Before we introduce the reduced problem and prove well-posedness of both
problems; we formally define and discuss the solution manifold.

Definition 1.20 (Solution Manifold)
We define the solution manifold M of the detailed problem (P(u)) as

M = {u(p) | u(p) solves (P()) for u € P}.

The term "manifold” is not used in the strict differential geometric sense
here, since we do not assume continuity or differentiability of M. We want
to better understand the solution manifold via the following examples.

Example 1.21 (M of Thermal Block)

As shown in Ezxercise 2.2, the problem proposed in Fxample 1.18 is an in-
stance of problem (P(j)). Regarding its solution manifold, we make the
following observations.

19
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1. Simple solution structure: if By = 1 (or By > 1 but the u, are identical
in each row) the solution wu(u) is piecewise linear and constant in xi-
direction. Thus the solution manifold is contained in a Bs-dimensional
and thus finite dimensional subspace of H%D(Q). This will be shown in
Exercise 2.5.

2. Complex solution structure: if By > 1 and pu € P is arbitrary, no finite
dimensional space contains all solutions u(u).

3. Parameter redundancy: if u(p) is a solution for p € P and ¢ € R\ {0},
then Lu(p), is a solution for cu € P. Thus, the solution manifold is
invariant under scaling of the parameter .

Example 1.22 (M in the case of Q, = 1)
If a and f in (P(p)) are parameter separable with QQ, = 1 and Qy € N

arbitrary, M is contained in an at most Q) p-dimensional linear subspace of
X. In this case (P(p)) reads

07 (n)aq (u,v) Zﬁf ,(v), YveX.
Due to the uniform coercivity of a, it is 0%(u) # 0 and thus

Qr of
ai(u,v) = Z % ,(v), YvelX. (o)

Furthermore, w.l.o.g. ai(-,-) is coercive (otherwise —ay(-,-) is coercive) such
that the Lax-Milgram Theorem 1.13 yields for each g =1,...,Qy,

g=1

ar(u,v) = fo(v) & (Au,v)y = (V) y, Y EX
SAu=v;, & u=Alvy,

where vy, € X is the unique riesz-representative of f;. Now, u, := A vy,
is the unique solution of ai(u,v) = fy(v) for allve X and ¢=1,...Q. In

total, u(p) := Zqul ZG(# Uy € span ({uq}qQ:f1> uniquely solves (o) for u € P,

such that M is contained in an at most Q) s-dimensional linear subspace of

X

Example 1.23 (Arbitrary complex M)
Let uw : P — X be an arbitrarily complex mapping. Defining a detailed
problem (P(p)) via

a(u,v; ) == (u,v)y and f(v;p) = (u(p),v)y

20
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results in u(p) being the solution to this detailed problem for u € P. Thus, the
corresponding solution manifold M can be arbitrarily complex, nonsmooth or
even discontinuous.

Remark 1.24 (Solution Manifold)

From these examples we can conclude that the dimension p € N of P does
not necessarily correlate to the complexity of the solution manifold M. In
the Thermal Block Example 1.21, we have seen that many parameters do not
have to induce a complex solution manifold as there might be a redundancy in
the parameters. Furthermore, one can show: for p € N arbitrary and suitably
chosen a(-,+; p) and f(-; p), problem (P(j)) may have a solution manifold M
which is contained in a 1-dimensional subspace.

Example 1.25 demonstrates the other extreme case: even for p =1, a suitably
chosen (P(p)) can have a highly complex solution manifold M, e.g., when
u(p) is a “space filling curve” (e.g. a Hilbert curve).

We now want to introduce the reduced problem. In order to do so, we assume
to have a low-dimensional Reduced Basis space

Xy :=span(®y) = span({u(p™), ... u(p™)}) c X (1.3)

with Reduced Basis ®y available. The functions u(p¥) € X are suitably
chosen snapshots of the detailed problem at parameter samples p(9 € P. We
will present sophisticated techniques to construct Xy in section 1.4 and for
now only assume that the snapshots {u(u")}~, are linearly independent.

Definition 1.25 (Reduced Problem)
Let a detailed problem (P(p)) be given. For a given u € P find the reduced
solution uy(u) € Xn and reduced output sy(u) € R satisfying

alun(p),v;p) = f(vsp), Vv e Xy,

Both problems (P(y)) and (Py(y)) are well-posed.

Proposition 1.26 (Well-posedness and Stability)

For jy € P there exist a unique detailed solution u(p) € X and output s(u) of
(P(p)) as well as a unique reduced solution uy(p) € Xy and reduced output
sy(p) of (Pn(p)). Furthermore, they are bounded by

()l < = I Cmle < 2, ()l < 2.
sw )] < s Gl W) < 222, (] < 122,
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where & is the uniform coercivity constant of a and v and 7; are the uniform
continuity constants of f and .

Proof: We only prove the statements for the reduced problem (FPy (1)), the
statements for (P (y)) follow analogously.
With Xy C X the stability constants of the full problem carry over to the

reduced problem:

a\u,v; u a\u, v; _
wp  lewunl o Jelwunl s
u,veX N \{0} ||U’||X ”U“X u,weX\{0} ||u||X ||U||X
alwuip) o g GBS
weXn\0) flul} T weXVor [Julf}

Analogously, the linear forms f and [ are continuous on Xy and existence
and uniqueness of uy(u) follow from Theorem 1.13 via

a(un(p),vsp) = flosp) = (Aun(p),v)x = (ve(p),v)x Vv € Xy
SAwun(p) =vi(p) & un(p) = A" (@ (p),

where vy € X is the unique riesz-representative of f(-; x). As a consequence,
sn(p) = lun(p); 1) is unique and the boundedneess follows via

lun ()l x = [[A (w)vs ()] < A7) s ()]l
1 ' &
< ) 1F Gl = =
s ()] = [Hun ()] = | {vn(p), un (1)) x | < o)l x llun ()l ¢
1 T
< o MGl Gl < 228,
where v; € X is the unique riesz-representative of I(+; u). O

Furthermore, if the bilinear form and the linear forms are Lipschitz-continuous
w.r.t. i, the solutions of (P(s)) and (Py(1)) are Lipschitz-continuous w.r.t.
1 as well.

Proposition 1.27 (Lipschitz-Continuity)

In addition to the assumptions of (P(p)), let the bilinear form a and the

linear forms f andl be Lipschitz-continuous w.r.t. p with Lipschitz-constants
La, Lf, and Ll. ThGTL,

[u(un) —w(p2)llx < Crllin = pally, Nun(pa) —un(p2)llx < Crllpn = pall,

[s() = s(p2)| < Collpn = pally,  fsw(pm) = snlp2)l < ol — pall,
for all py,pe € P with Lipschitz-constants C7 := % + % as well as

CQ = Ll% + :)/101.
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Proof: See Exercise 3.1. O

From a computational point of view, solving problem (FPy(;)) amounts to
solving a simple linear align system.

Proposition 1.28 (Discrete Reduced Problem & Numerical Stability)
For pn € P and a given reduced basis ®y = {p1,...,pn} we define the
following matriz, right hand side and output vector

An (1) = (alps, iz )Ny € RV,
fy () == (f(es )ity € R, Iy(p) == (les p)L, € RY.

(a) By solving the following linear system for un(p) = (un;)~, € RN

An(p)uy(p) = fn(p)

we obtain the solution of (Py (1)) via

un(p) =Y unye;  and sy(p) = In(m)uy (p).

j=1

(b) If a(-,; p) is symmetric and @y is orthonormal, then the condition num-
ber of An(u) is bounded (independently of N ) by

con = -1 M
da(An (1) = AN ()]l [ Aw () HQSQ(M)-

Proof: The statement of (a) follows by inserting the expressions for wuy(u)
and sy(p) into (P ().

Regarding (b): since a(-, -; u) is symmetric and coercive, A y(u) is symmetric
and positive definite and we have conds(An(p)) = ’/\\m‘?x with Amax, Amin

being the largest /smallest magnitude eigenvalue of Ay (u).

Let Wpax = (u3)Y, € RN be an eigenvector of A y(u) for the eigenvalue Apax
and set Upyax 1= Zfil u;; € X. Then, we have on the one hand

N

N N N
2 2
||Umax||X = <ZUZSO’L7ZUJ<)DJ> = Z UUy <90Za ¢j>X = ZU? = ||umax||27
i=1 j=1

x  ig=1 i=1
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and on the other hand by definition of Ay (u) and the continuity of a(-, ; i)

>\max HumaxH; = u:-nax)\maxumax = uT umax Z U;U;a 9017 Pj; b )
2,7=1

=a (Z Ui Ps, Zuﬁp]) < ’7 HumaxHX

In total, we conclude Apax < v(1) and as Apin > a(p) can be shown analo-
gously we obtain the desired result. 0

At this point we can note some differences between the reduced problem and
a discretized full problem.

Remark 1.29 (FEM vs. RB)

Let Ay € RF*H for some large H € N denote the Finite Element (or Finite
Difference, Finite Volume, etc.) matriz of the linear system of (P(j)). Then
we note that

o the RB-matriz Ay € RN, with N < H, is small but typically dense
(as the basis functions y; usually do not have a disjoint support) in
contrast to Ay which is large but typically sparse,

e the condition number of A does not deteriorate with growing N if an
orthonormal basis is used, in contrast to the large Ay whose condition
number usually grows polynomially in H.

A basis property of the RB methodology is the reproduction of solutions.
The property trivially follows if one has error estimators available (as we will
see later), but it can also be proven without. It states, that if a solution of
(P(p)) is in the reduced space, the reduced basis approximation is exact.

Proposition 1.30 (Reproduction of Solutions)
If u(p) € Xy for some p € P, then un(p) = u(p).

Proof: If u(u) € Xy the error e(u) = u(p) — uy(p) is in Xy as well. Since
u(p) and un(p) are solutions of (P () and (Py (1)) respectively, we obtain
with the coercivity of a

a(p) le(u)|3 < ale(u), e(p); 1) = a(u(p), e(p); 1) — alun(w), e(w); 1)
= fle(u); ) — fle(u); ) =0

such that e(u) = 0. O
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Remark 1.31 (Validation of implementation)

The reproduction property from Proposition 1.30 is useful to validate your
implementation of a RB-scheme. By setting the reduced basis ®n as a snap-
shot basts, i.e.,

Oy = {9017 ceey SON} - {u(:u(l))v cee ’U(M(N))}7

the reduced solution for u then must be uy(pu')) = e;, the i-th unit vector,
since uy (p¥) = Zf:l djipj (with 0;; denoting the Kronecker 0) is a solution
of (Pn(11)) and the solution has to be unique.

1.3.2 Error analysis & Error estimators

As first approximation property, the RB-approximation will always be as
good as the best-approximation, up to a constant.

Lemma 1.32 (Céa’s Lemma)
For all p € P holds

7). .
o) o ) = vllx

Ju(p) —un(p)llx <

Proof: For any v € Xy it is v — uy(p) € Xy and we obtain

a(u(p) — un(p),v —un(p); p)
a(u(p), v —un(p); 1)
= fv —un(p);p) — f(

—aun(p), v —un(p); 1)
v —un(p);p) =

Coercivity and continuity of a yield

alp) [[u(p) = un ()3 < alulpm) — un (), u(p) — un(p); p)

= a(u(p) —un(p),v —un(p); p)

+ a(u(p) — un(p), u(p) — vi p)

= a(u(p) —un(p), u(p) —v; p)

< () lu(p) — un ()|l x Nulp) = vl

= ) = ux(l < 5 Julo) = ol Vo € X,
which concludes the proof. Il
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The property of Céa’s lemma is also called "quasi-optimality” of the RB-

approximation and it is important to note that the constant 11 qoes not

a(p)
grow with increasing dimension NV of the RB-space. Furthermore, we can say

that the approximation error will be small if the space Xy is "good” in the
sense that inf,ex, ||u(pn) — v||  is small.

For further error analysis of the reduced basis error, we provide the following
error-residual relation, where the error satisfies a variational problem with
the same bilinear form but the residual as the right hand side.

Proposition 1.33 (Error-Residual Relation)
For i € P we define the residual r(-; 1) € X' as

r(vip) = flo;p) —alun(p),v;p), veX. (1.4)

The reduced basis error e(u) := u(p) —uny(p) € X then satisfies

ale(p),v;p) =r(v;p), veX.

Proof: A simple calculation yields

a(e(p), v; ) = au(p),v; p) — alun(p), v; 1)
= f(v;p) — alun(p), vy p) = r(v; p),

which concludes the proof. O

In particular, the residual vanishes on Xy since for v € Xy it is

a(un(p),v; p) = f(v;p) and thus r(v; p) = 0.

In the following, we discuss an important topic for RB-methods, the certifi-
cation of the method via a-posteriori error bounds, which will be based on
the residual. Here, we assume to have a rapidly computable lower bound
arp(p) of the coercivity constant available.

Proposition 1.34 (A-posteriori Error Bounds)

Let for u € P denote v,.(n) € X be the riesz-representative of the residual
defined in (1.4) and vi(p) € X denote the riesz-representative of the output
functional 1(+; p) from (Py(p)). Then, for all p € P, the reduced basis error
e(p) = u(p) — uy(p) is bounded by

o (1)1l x

i) = un ()l < Awlpe) := Z200 S

and the output error |s(u) — sn(p)| is bounded by

[s(p) = sn ()] < Ag(p) == ui(p)ll x An ().
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Proof: With coercivity and the error-residual relation with e(u) € X we
obtain

ars () le()x < a(u) le()x < ale(n), e(u); 1) = r(e(w): )
= (vr(p), e(i) < lor ()l x lle(r)llx -

Division by e(p) and arp(p) yield the first result. For the output error we
obtain

[s(p) = sw ()| = [Uu(p); i) = Wun (s )| = [ (i), (i) x |
< lullix lle@llx < To()llx An(p),

which concludes the proof. O

Remark 1.35 (RB-error bound)

(a) Bounding the error by the residual is a technique well known from finite
element methods (FEM) where the FEM-solution is compared to the ana-
lytical solution. In that case, X is infinite-dimensional and ||v,||y is not
available analytically. In our case, by using a fine discrete FEM-space as
X, the residual norm ||v,| y then becomes a computable quantity, which
is available after the reduced solution uy(p) is computed. Therefore, our
error bound derived in Proposition 1.3/ is an a-posteriori bound.

(b) Since the error bounds in Proposition 1.3/ are provable upper bounds,
we call them rigorous error bounds. Thus, we not only obtain an RB-
approximation but also a certification via a rigorous error bound, which
motivates to call the approach made so far a certified RB-method.

Having an error bound available, we want to investigate how tight the bound
is. As a first desirable property, we can show that the bound is zero when
the error is zero.

Proposition 1.36 (Vanishing Error Bound)
If u(p) = un(p) for some p € P, then An(u) = Ay(p) = 0.

Proof: With e(u) = u(p) — un () = 0, we have

0= a(0,v) = a(e(n),v) = r(v; p) = (1), v}, Yo X

such that v,(p) = 0. Therefore, Ax(p) = 0 and thus Ag(p) = 0. O
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This statement gives hope that the a-posteriori error bounds are effective,
meaning that the amount of overestimation is bounded. In particular we
want to investigate the quotient of the error bound and the true error. For
now, we only consider the error bound for the reduced basis error and tackle
the error bound for the output error later.

Proposition 1.37 (Effectivity Bound)
For u € P let yyp(n) > (1) denote a (computable) upper bound of the
continuity constant. The effectivity is then defined as and bounded by

o An(p) Yos(i)
W) = i el = aza(e)

Proof: The definition of the error bound yields

B AN(,U) o ||UT(M)||X
MU= Tl ™ arnlo) el

With the error-residual relation and the continuity, we obtain

or ()% = (ve(p), ve(p)) ¢ = r(0r(p); 1) = ale(p), vr(1); )

(1.5)
< () lleCe)ll x llvr ()l x -
This implies
arp(p) ~ arp(p)
which concludes the proof. 0

As An(u) is now proven to be reliable and effective, we wan call it an error
estimator.
We can also derive an error estimator for the relative error.

Proposition 1.38 (Relative Error Estimator and Effectivity)
If for all p € P

A}”\c;l( ) L 2 . HUT(H)HX <1

o flun(w)lly  aws(p) T

then the relative reduced basis error is bounded by

() = ux (@l o
Tl = ov )

The bound is then also effective via

rel o ArNel(M) . 7UB(M>
W) = e Tl =° azs(n)
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Proof: Using the error estimator Ay (u) we get

[u(p) —un(@lly o 1 [l (1)l ¢

()l  llullx  ars(w)

and it remains to show that

12
luCi)llx = llun ()l x

- % lun ()]l < ()]l

Using the reverse triangle inequality, we obtain

lu)llx = llux ()l | o lule) —un(llx _ lle(wllx

Tl 1= TGl TGl
HUT(M)”X _1 rel 1
S s lun ()l — 22V W <5

If Jun ()l x > llu()lx, we get lun ()]l x — llu(w)lly < 3 llun ()]l from
the above statement and it follows

5 ()l < o)l

If llun (o)l < lu(o)l, we directly obtain L [lux(2)ly < [[u(u)]y and the
error bound for the relative error follows.

For the effectivity, we note that as in (1.5) we have |[v, (1) ||y < vos(r) lle(p)]|
and obtain

2l |
W) = St Tun Wl TeGoTx /Tl
_oslmlebot lulply
= Lol Tun ()l

It remains to show that [[u(u)lly < & Jux(e)llx- T Ju(olx < luv(o)l
this is obvious, if ||u(p)| x > |lun ()| x, we obtain from

)Ly~ luw (o)l | 1
[Jun (1)l x 2
that .
lu()llx = llun ()llx < 5 lluv ()l
and thus ()] < & [l () x- 0
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Effectivity bounds for the output estimator Ag(u) can not be proven without

further assumptions. This is due to % not being well-defined as soon

as Ag(p) # 0 but s(u) = sy(p). This can be obtained as follows: choose Xy
and p € P such that uy(p) # u(p) which is achieved by u(p) ¢ Xn. Then

e(p) #0 = v () #0 = Apn(p)#0and Ay(p) # 0.

Now, choosing I(v; i) :== (v;,v) € X' with v, € X such that v; L u(p)—un(p)
yields

s(p) = sn (i) = Uu(p) — un(p); 1) = (v, u(p) — un (i) x = 0.

1.3.2.1 Estimators for Symmetric Bilinear Forms

In the following we assume that the bilinear form a is, in addition to the
assumptions made in Definition 1.19, symmetric. Based on that we can
define the u-dependent energy norm.

Lemma 1.39 (Energy Norm)
For u € P and all u,v € X we define the form

(u,v), = alu,v; p).

This is a positive definite form and thus a scalar product. We call the norm
induced by this the energy norm

[ull, =/ (w W),

The energy norm is equivalent to the X -norm

V) lully < ull, < V() llully, Vue X.

Proof: For u € X and p € P we have by coercivity
0 < au) [l < alu,u; p) = (u,u),

so that (-,-) ., 18 positive definite. Symmetry and bilinearity are inherited
from the bilinear form such that (-,-)  is a scalar product. We obtain the
equivalency to the X-norm via coercivity and continuity

o) llully < alu,usp) = Jlull; < ¥(p) lully
evap) llullx < llull, < V) llullx

which concludes the proof. 0
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We can show that the reduced solution is the orthogonal projection with
respect to the energy scalar product.

Proposition 1.40 (Galerkin Projection & Galerkin-Orthogonality)
Let Xy C X. Let for p € P denote P, : X — Xy denote the orthogonal
projection with respect to (-,-), and let u(p), un(p) be solutions of (P(u)),
(Pn (1)) respectively. We then have

un(p) = Puu(p)

which implies (u(p) — un(p),v), = 0 for allv € Xy, the so-called Galerkin-
Orthogonality.

Proof: Due to the norm equivalency in Lemma 1.39, (X, (., >u) is a Hilbert
space and since (X, (,),) is finite dimensional it is a closed subspace.
Therefore, the orthogonal projection P, is well-defined and the orthogonality
of the projection error from Theorem 1.7 yields for all v € Xy

& a(Puu(p) —u(p),v; p) =

& a(Puu(p),v; p) = b(u(p), v; 1)

& a(Puulp),vip) = f(v;p)
Therefore, P,u(p) is a solution of (Fy(x)) and as the solution has to be
unique due to Proposition 1.26 we get un (1) = P, u(p). O

For non-symmetric bilinear forms, we previously already used the simpler
"Galerkin-Orthogonality”

a(“(”) - UN(,M),’UHM) =0, Vv € ‘XVNHu cP.

One consequence of the previous result is that uy(u) is the best approxima-
tion with respect to the energy norm. We further obtain an improvement of
Lemma 1.32 in this symmetric case.

Corollary 1.41 (Energy Norm: Error Statements)
Let p € P and u(p), un(p) be solutions of (P(p)), (Pn(1)) respectively.

(a) The error in the (u-dependent) energy norm satisfies

Jaty0) = (), = inf [fa(e) = vl
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(b) The error in the (u-independent) X -norm satisfies

()
) ok ) = vl

Ju(p) —un(p)lx <

Proof: The first statement follows from Proposition 1.40 and Theorem 1.7
as

) = un()ll,, = llu(p) = Puu(ll, = inf Jlulp) = vl

The second statement follows from the equivalency of the X-norm and the
energy norm as well as the first statement

Vo) lu(p) —un (@l x < lulp) —un(@ll, = inf [Ju(e) -2,

veEX N
< VA0 inf lu() —ollx
veEXN
which concludes the proof. O

An immediate consequence is a monotone decrease of the reduced basis error
in the energy norm for so-called hierarchical RB-spaces.

Corollary 1.42 (Monotone Error Decrease in Energy Norm)

Let {XN}%‘;‘}" be a sequence of hierarchical RB-spaces, i.e., Xy C Xy for
N < N'. For u € P we define ex(p) := u(u) — uny(p) and the sequence
{HeN(u)H#}%“:""‘f‘ is then monotone decreasing.

Proof: Since Xy C Xy for N < N’, we obtain
_ — _ > _
lulp) = un(ll, = mf flu(p) —vll, = iof Jlu(u) = oll,

= [Ju(p) = un (Wl

which was the desired result. O

Remark 1.43 (RB-error Decrease in X-norm)

We do not obtain a strictly monotone decrease of |lex(p)|,- Nevertheless,
the “worst case” scenario of a stagnating error is unrealistic as every new
basis vector would have to be orthogonal to the projection error. In fact, with
clever basis construction one can obtain exponential convergence as we will
see in section 1.4.

The error in a different norm |lex(p)||, does not have to decrease monotonous-
ly. But, as the RB-spaces are finite dimensional, we have

cllen(@ll,, < llex (W)l < Cllen (W)l

with some constants ¢, C' > 0 independent of N. Therefore, the error||ex ()]
does remain inside a “corridor” given by the energy norm.

*
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len (1) H# error

worst-case

Cllen()ll,

len ()l
realistic

C HGN‘Y(N’)HM

Figure 1.8: Error decrease for increasing dimension N of Xy.

Remark 1.44 (Uniform convergence of Lagrange-RB-Approximation)
Let P C RP be compact. We define for Sy = {p®M,...,u™M} c P, for
N € N, the so-called fill-distance and the Lagrange-RB-space

hy :=sup inf |u—pl, and Xy= span({u(p®) | u® € Sy}).
pEP W ESN

Furthermore, let u(u), un(p) be Lipschitz-continuous w.r.t. p with Lipschitz-
constant L., that is independent of N (this is for example the case in the set-
ting of Proposition 1.27) and let for p € P denote pi* := arg min s, || — 1|l
the 7"closest” parameter. Then, we obtain for all p € P and N € N

lup) = un ()l x < llulp) = ul@)llx + lu(e®) = un (@)l x + lluv (@) = un (@]l

< Lyl — il + 0+ Ly ||pp — p1*||y < 2k Ly,

where ||u(p*) —un()|lx = 0 due to the reproductions of solutions from
Proposition 1.50. Now, choosing Sy such that the fill distance converges
to zero, i.e., limy_ oo hy = 0, we can conclude uniform convergence of the
RB-error as

li — =0.
i supffufp) = un(w)llx
But, the linear convergence rate in hy is practically not relevant, since hy
decays very slowly and thus N would have to be very large to guarantee a small
error. This further motivates to investigate sophisticated basis construction
techniques in Section 1.4.
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Proposition 1.45 (Energy Norm: Error Estimators & Effectivities)
For all p € P we have the error estimator for the error in the energy norm

) — (), < Ag ) = Lol

arp(p)
and the estimator is effective with
en Aen(ﬂ) fyUB(:u)
ny (1) = = <

() —un(ll, ) azs(p)’
Furthermore, if for all u € P

Aen,rel< ):: 2 . HU7"<M)HX <1
N lux(ll, ors(w) ~

then the relative reduced basis error in the energy norm is bounded by

Ju(p) = un ()], < Ay

[u(u)ll,,
and the estimator is effective with
nen,rel(u> - A%L7T6l(u) <3. TuB (ﬂ’) '
N leCe)ll,, / luCll, — arp(p)
Proof: See Exercise 3.2. U

We obtain an effective output error estimator in the so-called compliant case
that occurs when the output functional and the right hand side functional
are equal.

Proposition 1.46 (Output Error Bound in Compliant Case)

Let pn € P and u(p), un(p) be solutions of (P(1)), (Pn(1)) respectively. If
for all p € P we have f(v;pn) = l(v;p) for allv € X, then the output error
s(p) — sy(p) satisfies

0 < s(n) = sn(p) = l[u(s) —un (Wl -

We thus obtain the error estimator

o (12) |5
s(pu) — s < Ag(p) i= ———=
(1) = sn(p) < As(p) P
and the estimator is effective with
As(p) sk

M) = S — sn (@) S awsn)’
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Proof: From Proposition 1.40 we know that

a(un(p), u(p) —un(p); 1) = (un(p), u(p) — un(p)), =0

and since u(u) solves (P (1)) we obtain

(
s(p) — sn(p) = Wu(p); p) — Wun(p); p) = flu(p); ) — flun(p); )
= a(u(p), u(p) —un(p); p) — alun(p), u(p ) —un(p); )
= aulps) — u (), ws) — un () 1) = [l <_ )~ un ()l

which implies s(u) — sy(u) > 0. From Proposition 1.45 we obtain

() — s () = () — un ()2 < 10l A )

T arp(p)
as well as
_ As(p) _ (A?\?(N))z _ (. en s _ yus()
) = ST on T ) — anGOlE ~ R S 5
which concludes the proof. Il

Assuming Ay(p) = h < 1, we observe a quadratic dependence of Ag(u)
on h in this symmetric/compliant case compared to the linear dependence
of As(p) in Proposition 1.34 such that this improved output error bound is
expected to be much better.

1.3.2.2 Output Error Estimators: an additional Dual Problem

In the following we define a dual problem as well as a reduced dual problem
in order to get an improved reduced output and thus obtain the "quadratic
effect” observed in Proposition 1.46 also for non-symmetric/non-compliant
problems. We assume that the bilinear form a and the linear form [ are the
forms from the detailed problem (7 (y)).

Definition 1.47 (Dual Problem)
For a given p € P find the dual solution u®(u) € X of

() 1) = —l(v; ), Vo € X. (P ()

a(v,u

Again, we assume to have a Reduced Basis space X% C X with dimension
N4 € N given, where N and N9 can be different.
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Definition 1.48 (Primal-Dual Reduced Problem)
For a given p € P let un(u) be the corresponding solution of (Pn(11)). Then,
find the dual reduced solution u%*(u) € X% and improved reduced output

shy(p) € R satisfying

alv, ult (w); ) = —l(vi ), Vo € X3,

/ du

1) = L) ) — (0 ()i ). (P w)

Well-posedness of both problems (P (;:)) and (P{“(;1)) follow from the co-
ercivity and continuity as in Proposition 1.26.

We observe that compared to the reduced output in (Py(s)), the improved
reduced output s’y (p) incorporates a ”correction term” given by the residual
evaluated with the dual reduced solution. This "correction” yields sharper
output error bounds.

Proposition 1.49 (Dual Error Bound & Improved Output Bound)
For a given p € P we introduce the dual residual

rdu(v;,u,) = —l(U;M) - (U uﬁl\?(:u) M)7 Vo e X

and obtain the error estimator

du du ||U )”X
u — < AY () -
where v¥(u) € X is the Riesz-representative of the dual residual. The esti-

mator is effective with

AGH (1) Yo (Ht)
[t (1) — ue(p HXSO%B(M)’

() =

and we further obtain the improved output error bound

o Gl e Gl

() = shylp)] < A4 (p) = TE=ETS

Proof: See Exercise 3.3. L]

Comparing this primal/dual scenario to the symmetric/compliant case in
Proposition 1.46, it is easy to see that the problems (Py(s2)) and (P{“(y)) are
equivalent in the symmetric/compliant case, when Xy = X as f = l and a

is symmetric, ud(u) = —uy (1) solves the dual problem and r(v; u) = r%(v; i)
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for all v € X and p € P such that Ay(u) = A% (u) for all p € P. Fur-
thermore, as u®(n) € Xy, r(u(p);u) = 0 and sy(u) = sh(u) for all
p € P. Similarly, both problems (P (x)) and (P%(s)) are equivalent in the
symmetric/compliant case. Therefore, this primal/dual approach is an ex-
tension enabling an improved output and sharper output error bounds in the
non-symmetric/non-compliant case.

Remark 1.50 (Summary: Relevance Error Estimators)

The error estimators

e are rigorous upper bounds for the approximation error, not just “error
indicators” as in FEM.

e are effective as the degree of overestimation of the error is bounded with
a known bound. In particular: e(p) =0 < Ax(p) =0 for all p € P
and thus "a-posteriori” verification of an exact approximation.

e together with the reduced solution can be efficiently computed via an
Offtine/Online decomposition (~ Section 1.5.3).

e can be utilized offline for the basis generation (~ Section 1./), online
for the dimension choice, or even in a problem specific adaptive basis
generation strateqy (for example in optimization or inverse problems).

1.3.3 Offline/Online Decomposition

We now focus on the efficient implementation of the RB-methodology and
start by revisiting the full problem (P (y)). In an implementation this corre-
sponds to a high-dimensional discrete problem. Assuming that

X =span({¢1, ..., ¢¥u})

is spanned by a large number of basis functions ;, we introduce the following
notation

A(:u) = (a<wlawjaﬂ))f]:1 € RHXH»
£(u) = (S )i € R, 1u) = (Ui )i, € R
Then, for ;1 € P, the full problem (7 (1)) can be solve by determining the co-

efficient vector u(1) = (u;)fL; € R¥ of the detailed solution u(y) = 371, ugb;
by solving the linear system
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In the following, we want to give a rough complexity analysis for computing
a detailed and a reduced solution. For this, we assume that A(u) is a sparse
matrix such that a solution of (P(y)) requires O(H?) operations. In contrast,
the solution of the reduced problem (P (1)) from Proposition 1.28 requires
O(N?) operations as the matrix Ay(u) is usually dense as mentioned in
Remark 1.29. Clearly, the RB-approach only pays off computationally if
N < H. Let us further investigate the relevant steps for the computation of
a RB-solution:

1. construction of Xy via N snapshots of (P(p)): O(NH?),
2. obtaining A y(u) via N? evaluations of a(p;, p;; u): O(N?H),
3. obtaining fy(u) via N evaluations of f(p;;u): O(NH),

4. solution of the N x N linear system in (Py(y)): O(N?).

As we can see, the approach does not pay off if only the solution for a single
parameter p is required. If one needs the solutions for many different param-
eters, the RB-approach will pay off due to an efficient implementation via
the Offline/Online decomposition. Ideally, we want to achieve the following
split:

o Offline-phase: p-independent, high-dimensional quantities are com-
puted, operation count depends on H. Expensive but only done once.

e Online-phase: performed for every new u € P. The offline data is
combined to give the small y-dependent discretized reduced system and
thus the reduced solution uy(p) and sy (i) can be computed rapidly.
Operation count is ideally independent of H and scales polynomially
in N.

Comparing this desired splitting, we can already assign step 1 above (con-
struction of X ) to the offline phase and step 4 (solve reduced system) to the
online phase. Steps 2 and 3 can not be clearly assigned as they involve both
low- and highdimensional operations. Dividing these steps into an offline and
an online part, is made possible by assuming that the bilinear form a and
the linear forms f, [ in problem (P(;)) are parameter separable as defined in
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Definition 1.16 such that

a(u,v; p) ZH“ wag(u,v), and

Q1
= Z%(u)fq(v), ;) =Y 04 (1)lg(v)

for all 4 € P and all u,v € X.

Due to the linearity of the problem (Py(x)) the parameter-separability of
a, f, 1 transfers over to Ay, fy,1ly and we obtain the Offline/Online decom-
position of (Py(1)).

Corollary 1.51 (Offline/Online decomposition of (Pn(1)))
Offline Phase

o Compute a reduced basis Oy = {¢1,...,pn}-
o (Construct the parameter-independent component matrices and vectors
ANq = (a’q(gpiagpj))zj 1RNXN7 q= 17“‘7@&7

qu (fQ(SO’L))Z 1 GRN q:17“'7Qf7
Ivg = (@), €eRY, q=1,...,Q:.

Online Phase

e Fora given 1 € P evaluate the coefficient functions 62 (), 67 (1), 0% (1)
and assemble the matriz and vectors

Qa Q1
= ZQZ( JANg: fn Z@f Mng Iv(p) = Zez[;(ﬂ)lN,q-
q=1 q=1

o The resulting linear system coincides with the system in Proposition
1.28 and can thus be solved for un(u) and sy(u).

The second step in the offline phase can be realized in a simple way: let the
reduced basis vectors ¢; be expanded in the basis {¢;}2, of the discrete full
problem by ¢; = 21:1 @i j4; with the resulting coefficient matrix

Dy = (pi,)0N € RN, (1.6)

1,7=1

39



CHAPTER 1. PARAMETRIC MODEL ORDER REDUCTION

toffline f\r(k>

Figure 1.9: Runtime comparison of full and reduced model for increasing
number k of simulations.

Then, using the component matrices and vectors of the full problem

Aq = (aq<¢i7¢j))fj:1 € RHXH7 q= 17 BRI Q(M
fq = (fq(¢2))fi1 G]R’Hv q:17"'7Qf7
lq = (l(I(wl))ZIil € RH? q= 17 e Qh

we obtain the reduced matrices and vectors via

Ay, = PNA, By, fy, =P\, Iy, = @4,

Regarding the complexities, we observe that the offline phase scales in the
order of O(NH? + NH(Q; + Q;) + N*HQ,) and the online phase scales in
the order of O(N?Q, + N(Q; + Q;) + N?) and thus completely independent
of H.

Let ¢y, tof fline, tontine denote the computational time required for a solution
of (P(p)), the offline phase of (Py()) and the online phase of (Py(pu)).
Then, assuming that these times do not vary for different p € P, we need
t(k) = k -ty for k full solutions and tn(k) = toffiine + k - tontine for k
reduced solutions, see Figure 1.9.

t i . .
It can be seen that we need k > k* := tf;+mle simulation requests before
u ontine

the reduced model pays off.

Remark 1.52 (No Discrimination between u(u) and up,(p))
Throughout this chapter, we usually have no separate notation for the discrete
detailed solution up(p) (FEM) and the detailed solution u(p) (weak solution).
This can now be motivated as follows:

40



1.3. RB METHODS FOR LINEAR COERCIVE PROBLEMS

e As the online phase of (Py(1)) is independent of H and the offline
phase is only done once, H can be chosen arbitrarily large. Therefore,
up(p) will be arbitrarily accurate (due to suitably refined grids) such
that u(p) and up(p) are practically the same (e(p) = ||Ju(p) — un(p)]l
is arbitrarily small) whilst (Py (1)) is still rapidly solvable.

o Therefore, due to

Ju(p) = un (Wl x < e(p) + lun(p) = un ()l

the true approzimation error ||u(p) — un(p)|| will in practice be dom-
inated by the reduction error ||up(p) — un(p)|| . As a consequence, by
controlling the reduction error (which can be controlled via our error
estimators!), we also control the true approzimation error up to ().

The parmeter-separability can also be exploited in the full problem.

Remark 1.53 (Decomposition of (P(u)) & Parameter-Separability)

(a) Using the parameter-separability, problem (P(u)) can also be decom-
posed. The component matrices A, € R q=1,...,Q,, and vectors
f,e R, g=1,...,Qs, 1, € R, ¢ =1,...Q,, of the full problem can
be precomputed once and then, for a new p € P, we can assemble the
full system

Qa Qr Qu
AG) =302 A, £ = 301008, 1) =36 ()l

and solving A(p)u(p) = £(u) foru(p) = (u;), € RY yields the solution
of (P(1)) via

w() = Y uithi and s(p) =1 (p)u(p).

Obuviously, both parts of this decomposition depend on H and the only
gain is, that solving (P (1)) in the presence of parameter-separability boils
down to solving a large linear system.

(b) We have seen that the parameter-separability of a problem plays a ma-
jor role in the computational efficiency of the RB-approach. Thus, we
mention that for non-parameter-separable problems the Empirical Inter-
polation Method [EIM] is available.
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(¢) Finally, the availability of the components A, f,, 1, is non-trivial when
third-party discretization packages are used and this is a major challenge
in a broad practical application of the RB-approach.

We want to derive an Offline/Online decomposition of the a-posteriori error
estimators and thus begin with the parameter separability of the residual.

Proposition 1.54 (Parameter-Separability of the Residual)
Set Q== Qf + NQ, and let x = {¢1,...,pn} be a reduced basis. From
the Riesz-representation Theorem 1.8 we obtain the unique representatives

(Whv), = fo(v), YweX 1<q<Qy

and
(Vi™,v)x = ag(pn,v), Y EX, 1<qg<Qy 1<n<N.

We now define ry € X' and vl € X for1 <q < Q, via

(7”1('), s 7TQT‘(.)) = <f1<)7 SR fo<'>,Cl1((,01, ')7 s 7aQa<§017 ')7
(PN ) aQu (s )

ryc oy Yp a ) a ) Fa Y Ya

(1)1 vQT) = (v},...,v?f,vl’l ...,vQ“’l,... vl’N,... an’N>.

Letting for p € P be un(p) = S uni(p)gi the solution of (Py(j1)), we
define 0; (1) : P =R, ¢=1,...,Q, via

(G5 (1) 05, () = (61 (), - -, 6, (1),
=07 (1) - una(p)s -, =05, (1) - uni(p),
=0T (1) - un v (1), - =00, (1) - un v (1)

Then, for all p € P and v € X, the residual and its riesz-representatives are
parameter-separable via

Qr Qr
r(oip) =Y Or(rg(v), ve(p) = 05 (.

Proof: Using the parameter-separability of a, f and the definition of the
residual, we obtain for all p € P and v € X

r(v; ) = f(v; ) — alun(p), v; 1)

Qf Qa N
= Z 9§(u)fq(v) - Z Z O (1)unn (1) ag(@n, v)
q=1 g=1 n=1
=52, 05 (1) (v)
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and thus

Qs
”>x=29§<u> (v,v) ZZG“ unn () W 0) . Vo€ X

qg=1 n=1
<Z€f ZZ@“ U (1 vq’",v> Yo e X,
q=1 n=1
=9, 0 o)t ¥
which concludes the proof. Il

Remembering X = span({¢1, ...,1¥n}), we introduce

K = ()0, € RPY

the inner product matrix of X which is typically sparse. This allows for an
easy computation of riesz-representatives.

Lemma 1.55 (Computation of Riesz-representatives)

Let g € X' and v = (v,-)fil € R be the coefficient vector of its riesz-
representative v, = Y or vah € X. Introducing g = (g(¢)), € R, we
can obtain v by solving the linear system

Kv =g.

Proof: For any test function w = Zlel w;; € X with coefficient vector
w = (w;)L, € R we obtain

H
= Zwig(%) =wg
i=1
and

vQ’ <Z Uz¢zazw3¢3> —WTKV.

Since g(w) = (vy, w) has to hold for all w € X this is equivalent to g = Kv.
U

We continue with the Offline/Online decomposition of the residual norm and
the solution norms of the relative error estimators.
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Proposition 1.56 (Offline/Online decomposition of error estimators)
Offline Phase

After the offline phase of Corollary 1.51 and after the computation of v,
1 <q < Q,, according to Proposition 1.5/, we define the matrices

Ky = ((¢i,0i)x) 5, € RVY = & Ky,

where @ was the coefficient matriz of the reduced basis defined in (1.6), and

G’fr = <<Uq Uq> )Q7 e RQT‘XQ’I‘
rTyYr X :

q,9'=1

Online Phase

For a given u € P and corresponding reduced solution uy(p) = Zf\il UN,iPi
with coefficient vector un(p) = (un;)Y, € RY we compute the residual

coefficient vector 0,(u) = (GQ(M),...,GTQT(M))T € R9. Remembering the
reduced system matriz Ay (u) from Corollary 1.51, we obtain

o (1)l x = /0 ()T G0 (),
() = /() Koy ().
(], = /() Aux(p)

Proof: Straight forward calculations reveal

= )
N N N
lun ()II% = <Z UN,ipi, Z Nj<Pj> =D unaun (pi i)
=1 j=1 X

ij=1

N
lun ()12 = alun (), un (1); 1) = Y uniun jaler, 5 1)
i,7=1
= un (1) Anuy(p),
which concludes the proof. 0
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The last ingredient required for the error estimators is ay (1), a lower bound
for the coercivity constant. Surely, for some model problems the true coerciv-
ity constant «(p) is available and rapidly computable (Exercise 2.2) and one
can choose arp(p) = a(p). For general problems, one can rapidly compute
a lower bound via the following min-theta-approach.

Lemma 1.57 (Min-Theta-Approach for a;g(u))

Let the components and coefficient functions of a(-,-; ) satisfy a,(u,u) >0
and 05(p) > 0, forq=1,...,Q, and allu € X, p € P. Furthermore, let
f € P such that a(ji) is available. Then, we have

0<arp(p) <alp), VueP,

with the lower bound

arp(p) == a(ii) - min

03 (1)
— (i) - i AL
app(p) = a(f) - min 0 > 0.
By definition, we have

)= i AR

in >
weX\o} - luflx

and it is sufficient to show that a(u,u; 1) > arp(u) ||lul% for all u € X. We
calculate

Qa Qa Ho
a(u,u, ;1) = Z@Z(,u)aq(u, u) = Z %Gg(ﬁ)aq(u,u)
- O (1)
> 2 <Q,:r{},1f}Qa o m) 05 () ag(u, u)
_ O (1) ] Op(w)\ o
(m e;«m) ol = (m e;%(ﬂ)) "l

2
= arp(p) [Jullx

which is valid for all © € X such that the statement follows. O
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For the min-theta-approach we require «a(f) for one i € P and we can
compute this via a high-dimensional eigenvalue problem.

Proposition 1.58 (Computation of a(u) for (P(pr)))

We remember A(p), K € R¥*H the system matriz of (P(i1)) and the inner
product matriz of X. Defining A(p) :== 2(A(n) + A(w))" as the symmetric
part of A, we obtain

a(p) = Amin (K AL (1))

where Anin denotes the smallest eigenvalue.

Proof: See Exercise 4.1. O

In order to prevent the inversion of K, one can either use an eigenvalue
solver that requires only matrix-vector products so that as soon as a product
w =K 'A,v, for w, v € R¥, has to be evaluated, one can solve the system
Kw = A,v instead. Alternatively, A\, can be computed as the smallest
eigenvalue of the generalized eigenvalue problem Ay,v = A\Kw.

For problems, where the min-theta approach cannot be applied, the Succes-
sive Constaint Method [SCM] is available.

Similarly to azg(p), we can obtain vy (i), the upper bound for the conti-
nuity constant, if a is symmetric.

Lemma 1.59 (Max-Theta-Approach for vyp(pn))
Let a(-,-; p) be symmetric and let the components and coefficient functions

satisfy aq(u,u) >0 and 05(p) >0, forq=1,...,Qq and allu € X, p € P.
Furthermore, let i € P such that v(f1) is available. Then, we have

Y(p) < ywslp) < oo, VueP,

with the upper bound

Proof: See Exercise 4.2. ]
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1.4 Basis Construction

Again, if not specified otherwise, X always denotes a Hilbert space and
P C R? denotes a bounded parameter set.

We begin with a formal definition of the type of reduced basis that we have
been using so far.

Definition 1.60 (Lagrange Reduced Basis Space)
Let Sy := {pM, ..., pt™MY C P be a sample set of parameters such that the
snapshots {u(uW}Y, C X are linearly independent. We then call

Oy = {u(p®, ... ™M}

a Lagrangian reduced basis. The resulting space Xy := span(®y) is then
called o Lagrangian reduced basis space.

Aim of this section

e Good global approximation of the solution manifold

M= {u(p) | p € P}

Can be achieved by optimizing with respect to different error measures,
e.g., minimizing the maximum error in the X-norm (energy norm also

possible)
inf  sup |lu(p) — un(p)] 5
dinzf(%(zzv neP )

or minimizing over the mean squared projection error

. 2
St [ 0 = PruGol
dim(Y)=N

e Desirable properties of the basis:

— orthonormality to ensure numerical stability,

— "hierarchical basis”, i.e., the basis vectors posses a meaningful
sorting with respect to accuracy of the reduced basis space. If
Xy = span({¢1,...,on}) for 1T < N’ < N is a sequence of
spaces, then increasing N’ should increase the accuracy of Xy .

e Generate numerical basis construction procedures from the above op-
timization problems via several simplifications:
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— discretization of P: instead of mean/sup over P choose a finite set
Sirain C P of training parameters somehow resembling P (equidis-
tant grid, randomly or adaptively chosen).

— instead of Y C X, search for for Y C span({u(u’)} ) with some
set of snapshots, e.g., Myqain = {u(p?) | 4* € Strain}-

— instead of error measure involving the full solution u(u), use error
estimators that can be rapidly evaluated.

We met various inner product matrices in the previous section. Now we
formalize the construct.

Definition and Theorem 1.61 (Gramian Matrix)
Let {u;}, C X. We define the Gramian matrix as

K, = ((uiyuy) ), ,_, € R
K., has the following properties.
(a) K, is symmetric and positive semidefinite.

(b) rank(K,) = dim (span({u; }I-,)).

(c) K, is positive definite < {u;}"_, are linearly independent.

Proof: See Exercise 4.3. O

We present a first trivial reduced basis generation technique.

Definition and Theorem 1.62 (Gram-Schmidt basis & properties)
Let {u;}?_, C X be linearly independent. We define for 1 < m < n the
Gram- Schmldt basis ®arm = {¢1,. .., Pm} via

Z thn 90 x
Pm
[l

Pm =

and by Xerm = span(Perm) the corresponding Gram-Schmidt-RB-space.
We have the following properties for 1 < m < n:

(a) Parm is an orthonormal basis,
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(b) Xcrm = span({u;}i~,),
(c) max;—y . minfuexgp., U —vl|y = 0.

Proof: We proof the properties.

(a) We have
TN @dly el /o el
for i = 1,...,n. The orthogonality follows via Induction: for m = 2, we
have

(orvond = (e
P1, P2 == , U2
X l@alx \Mwllx™ 7/«

1 Uy Uy U1
J— — s . u2’— :0_
[P2llx \Mwllx llullx / x Juillx / x

N

=1

Then, assuming (p;, ¢;) = 0;; for all 1 <4, 7 < m/ < n, we have

(m/+1)—1

1

<(’0"’90m’+1>x - W <90¢,um/+1>x o Z (U1, @k)x (i, SOk)X

ol k=1 _5 9

ik
1
= m (<g0i7um/+1>X - <SO’L; Um/+1>X) — 0
m/ X

(b) By construction, we have X¢gr,,, C span({u;},) and equality follows
as dim (Xggrm) = m = dim (span({w; }*,)) since the {u;}I; C X were
linearly independent.

(c) Trivially holds, as u; € Xgg,», for j < m follows from (b). d

Remark 1.63 (Gram-Schmidt)
(a) We obtain an orthonormal basis, which guarantees stability of the RB-
scheme via Proposition 1.28.

(b) Resulting RB-space Xgrm only allows for trivial approximation state-
ments: the snapshots {u;}", that were used for the construction of
Xcrm are perfectly approzimated, but the remaining snapshots {u; }7—,, .+
could be approrimated arbitrarily bad.
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(¢c) The basis Pgrm depends on the order of the snapshots, which is only
reasonable if the snapshots {u;}", already had a meaningful order.

(d) The Gram-Schmidt procedure is usually not used to create a reduced basis
space, but is rather used as post-processing in order to orthonormalize a
reduced basis, see, e.q., section 1./.2.

1.4.1 Proper Orthogonal Decomposition

Theorem 1.64 (Proper Orthogonal Decomposition)
Let {u;}, C X be a given set of snapshots. We define the empirical corre-
lation operator

1 n
R:X — X:uw— Ru:= 5Z<“w“>x“l
=1
R is a compact self-adjoint linear operator and there exists an orthonormal set
{gpi};il of 0 < n' < n eigenvectors with real eigenvalues \y > +-- > Ay >0

satisfying

i=1
For 1 < m < n' we define ®popm = {@i}i*, as the POD-basis and via
Xpop.m = span(Ppop.m) C X the corresponding POD-RB-space.

Proof: R is surely linear and also continuous via

R LS g, u) e ul| o osu 1 &
||R|| = sup H u”X = sup Hn Zz71< i >X Z||X < _Z”ul||§(
ueX\{0} ||| ueX\{0} [Jul x n-

As R(R) is finite dimensional, R is then also a compact operator. For
u,v € X we obtain

n

<RU7U>X = l Z <ui7 u>X <ui7 U>X = <u7 RU)X

n -
=1

so that R is also self-adjoint and from the Spectral-Theorem 1.10 we obtain
the desired spectral decomposition of the operator where the decomposition
must be finite (n’ < co) since R(R) is finite dimensional. Furthermore, as

n

1
(Ru,u)y = —Z(ui,u>§(, Yu € X,

n <
=1
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the operator is positive semidefinite such that it follows from [Alt, Remark
10.13(2)] that all eigenvalues of the operator are positive and there exists at
least one strictly positive eigenvalue such that n’ > 0. U

We provide a short geometrical interpretation of the POD.

Illustration
span ({u;}iL,) C X
™Y (]
° 21
K [
A //\295\)\ ° ®
¢ U@ 7
// ° [
A1P1re N,
7/
7/ (]
/
o// .
Figure 1.10: Illustration of POD.
e {p;}", is an orthonormal basis for span({u;}?,) but it is not unique

(reflections, multiple eigenvalues of same magnitude).

7 is the direction of ’highest variance’ of {u;}? ;, ¢ is the direction
of "highest variance’ of {PX#op,lui};;l’ etc.

The coordinates of the data w.r.t. the POD-basis, i.e., (ug, ¢;) € R,
are uncorrelated, see Exercise 5.1.

R : span({u;}7,) — span({u;}?_,) is bijective. Then, {¢;}?, and
{\/)\_Z};il are the the principal axes and principal axes sections of the
ellipsoid {u € X | (u, R"'u), = 1}, see Exercise 5.1.

The Terminology POD, especially "proper’ relates to the french expres-
sion 'valeur propre’ which directly translates to 'own value’

o1
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e In the literature, the POD is also known as Principal Component Analy-
sis, Karhunen-Loeve-Transformation or Hotelling-Transformation and
the basis vectors of ®pop ., are often referred to as POD-modes.

In order to compute a POD-basis, one has to solve the eigenvalue problem
for the correlation operator which is either high-dimensional (dim X = H) or
infinite-dimensional (dim X = co). If n < H, one can alternatively solve an
n-dimensional eigenvalue problem for the Gramian matrix of the snapshots.

Proposition 1.65 (Computation of Xpop,,m via Gramian Matrix)

Let {u;}, C X be a set of snapshots with corresponding Gramian matric
K, = (<U¢,Uj>X)?j:1 € R™™. Then, the following statements are equivalent

(a) ¢ € X is an eigenvector of R for an eigenvalue X > 0 with |¢||y =1
and a representation p =Y ¢ au; with a = (a;)?, € N(K,)*,

(b) a=(a;)}, € R™ is an eigenvector of *K, for an eigenvalue X > 0 with
1
lall, = 7
Proof: Since K, is a positive semidefinite real symmetric matrix, there ex-
ists an orthonormal system of eigenvectors where the eigenvectors for the

zero-eigenvalue span NV (K, ) and the remaining eigenvectors span R(K,) = N (K,
The same holds true for %Ku

)t

(b) = (a): let a = (a;)"; € R™ be an eigenvector of K, for an eigenvalue

A > 0 with ||a]|, = \/% so that

1
xa = —K,a.
n

Multiplying the i-th component of this align with wu; yields
A : En (ui, u;)
a;U; = — sy Uy a;U;
n 3l x @

and summation over ¢ yields
n n n
1
A E a;u; = E ﬁ E <ui, uj>X Q;Uj.
=1 =

i=1 ' j=1

Defining ¢ := 7, uja; yields

Ap = )\Zaiui = %Z <ui,2ajuj> Uj = %Z (wi, o) x wi = Ry
i=1 i=1 b% '

J=1
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so that ¢ is an eigenvector of R for the eigenvalue A. Regarding the norm,
we obtain

n n
ol = <zz>
i=1 j=1

1
= nA|all; = nA =1

(VnA)?

(a) = (b): we first show that the representation

n
T T
E aia; (Ui, uj) = a Ka=a nia

Q= Zaiui, with a = (a;)", € N(K,)*

i=1
is not an assumption but can always be obtained.

Let ¢ be an eigenvector of R for an eigenvalue A > 0 with [|¢|l, = 1.
Therefore, ¢ € R(R) and we can find a € R™ so that ¢ = > | au;.
Since N(K,) is a closed subspace of R™, we have the orthogonal projec-
tion P : R" — N(K,) and define the projection error a := a — Pa € R" so
that Pa € N(K,) and a € N (K,)*. Defining ¢’ := > | a;u;, we obtain

i=1
(¢ ur)x = <Z C_Liuz'auk> - <Z(Pa)iuiauk>
i=1 X i=1 X

= <907uk>X - Z(Pa>l <ui7uk>X = <()07uk>X7 k= 17 <o N,

i=1

N J/

=(K,-Pa),=0

so that ¢ = ¢’ = Y1 a;u; with a € N(K,)* and we always obtain the
desired representation.

Since ¢ is an eigenvector of R for an eigenvalue A > 0, we have

n n

Ro= 23ty = 23 () w=20=a 3,
i=1 X j=1

i—1 j=1

Testing this align with wu; yields

3

1 n
n D (i) g ag (s ug) = N> ag (ug,u)

ij=1 i=1

J/

—(K2a)y —(Kua)x

(<
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so that %Kia = MK,a and thus K,a being an eigenvector of %KU for the
eigenvalue A > 0. Since a € N(K,)* = R(K,), we have a representation

a = Z:il v;a’ where the a' are the eigenvectors of %Ku for the positive
eigenvalues \; > 0. We calculate

n' n’ n'
: 1 1 . ,
K,a=n Z e = —Kza =n Z vini—K,a'=n Z Vi)\faz.
i=1 n i=1 " i=1
But since K, a is an eigenvector of %Ku for the eigenvalue A > 0 it has to be
1 n’ n’
. .
ﬁKia =K, a=n Z Vl-)\?az = nz vid\a'
i=1 i=1

sothat v; =0forallie I :={ie{l,...,n'} | \; # A}. Therefore,

a = Z via@ = —-Kya= Z v;ha' = Aa
icl n icl

so that a is an eigenvector of %Ku for an eigenvalue A > 0. For the norm, we
obtain
Jal, =
all, = —,
2 Vi

which concludes the proof. 0

1=|el% = a' Kya = nia'a =n\ lal <

Sometimes, the POD-basis can also be generated via a singular value decom-
position of the snapshot-matrix.

Proposition 1.66 (Computation of Xpop, s via SVD for X = R¥)
Let X = RY, U = [uy, ..., u,] € RET*™ be the so-called snapshot-matrix with

rank(U) = n'. Let U = ®SV' be a truncated singular value decomposition,
i.e.,

e & € R with orthonormal columns,
e S e R diagonal,

o V e R™*" with orthonormal columns.

Further let S = diag(oy,...,0u0) with o1 > 09 > -+ > o, > 0. Then,
¢ = (DPOD,n“




1.4. BASIS CONSTRUCTION

Proof: Let ® = (41,..., @ ). Since X = R we obtain from the definition
of R

n

1
Ru = — = —UU Yu € X.
Therefore,
1 1 1 1
Rp; = ~UU p; = —0SV'V. ST ® ¢ = —De;0? = —02¢;

1 _2

such that ¢; is an eigenvector of R for the eigenvalue ~o7. Since these

eigenvalues are strictly monotone decreasing, the sorting coincides with the
spectral decomposition of the POD such that %0? = N\, and @; = ; or

Qi = —p;. O
Finally, we provide two non-trivial statements about the approximation qual-
ity of the POD-RB-space.

Theorem 1.67 (Approximation Properties of Xpop,m)

Let {u;}, C X. Define for a closed subspace Y C X with dim(Y) < oo the
mean square projection error

1 n
= ﬁz lus — Pyusl|%
i=1

where Py € L(X,Y) denotes the orthogonal projection onto Y. Then, we
obtain for Y = Xpop . defined in Theorem 1.6/

(a) J(Xpopm) = Z i,

i=m+1

dim(Y)=m

Proof: (a) Let {¢1,...,%} be an orthonormal basis of a generic Y C X
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with dim(Y) < co. We obtain via Theorem 1.7

2

Z”uz PYuz“X Z Z<UZ7¢J>¢J
i=1 j=1 <
- —Z Jeull - —ZZ (uis )’
=1 j=1
1
+- ;jkz:l (ui, ¥5)  (uis Vi) x (W5, 0) x
b — J7k
= D il - - DD )y
i=1 i=1 j=1
Now, let Y = Xpopm so that {¢1,...,¢,} are an onthonormal basis
of Y, where ¢;, i = 1,...,n’ were the eigenvectors of the correlation
operator R. Since u; € R(R) and since {¢1, ..., p, } are an orthonormal
basis of R(R) we also obtain
2 2
wi =Y (w0 p; and  fullyx = (i 0%
=1 j=1
In total, we obtain for the mean projection error
1 n n ) 1 n m )
J(Xpopm) = - DD o)y — - DD (u o)y
i=1 j=1 i=1 j=1
1 n n’ ) n’ 1 n
i=1 j=m+1 j=m+1 \_" =1 )
=Rp;=\j;
B SRS N S
j=m+1 Jj=m+1
(b) Exercise 5.2. O

Remark 1.68 (Summary of POD)
(a) The POD yields an orthonormal basis, which guarantees numerical sta-
bility of the resulting RB-Scheme.
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(b)

(c)

(d)

(¢)

There exist approximation statements via the mean squared error and
even optimality can be proven. The POD bases approximate all snapshots
{u;}_, and allow for error control via the truncated eigenvalues.

The bases are furthermore hierarchical, i.e., ®popm C Ppopm for
m' < m and do not depend on the ordering of the snapshots.

The POD can furthermore be used for the extension of an existing ONB,
denoted ® here, by first orthogonalizing {u; 1, w.r.t. ® via

Ui 2= U; — Pspan(CD)ui
and then computing a POD basis of {u;}};.

Finally, the POD can be interpreted as an incremental procedure of 1-
dimensional optimization problems of the mean squared projection error:
for given snapshots {u;}1, C X define

§ . N
p1 1= PODy({ui}iy) € ang min — 3 flus — (us, 9) x 2y

lpllx=1 =1

as well as X, := span(@y). Fori=2,...,n' define
@; == POD; ({uZ — Pxi_lui}?zl) . and X, := span({@1, ..., Pi})-

Then {@1,...,¢w} is a POD-basis for {u;}?_,. In this sense, it can be
seen as an approzimate solution of the optimization problem

YCcX
dim(Y)=

wt [ Julo) — PruGol du
N P

from the beginning of this section. Instead of the mean over p € P, we
average over the set of snapshots and instead of the infimum overY C X
with dim(Y') = N we have an iterative sequence of spaces Y = Xpop m.

1.4.2 Greedy Search

The central idea of the Greedy Search is to incrementally construct both
the sample set of parameters Sy and the reduced basis 5 by repeatedly
selecting the "currently worst approximated” parameter and then computing
the corresponding snapshot.

We formulate the abstract algorithm utilizing
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e a general error indicator A(Y,u) € R*, that predicts the expected
approximation error for the parameter p € P when using the subspace
Xy=Y,

® Siain C P, a given training set of parameters,

e &, > 0, a prescribed error tolerance.

Algorithm 1 Greedy-Algorithm(S;qin, €101, A(Y, 1))

1:m= 0, Sm = (Z), (I)GRE,m = ®7 XGRE',m = {O}

2: while ¢, := max A(XGrEm: 1) > €0 dO
ME train

3 fhmyr i= argmax, g, A(Xarpm, 1)
4: Smt1 = Sm U {Nm—H}
5 ©mi1 = U(fbm+1), i-e., the solution of (P(tm41))
6:  Porem+1 = Parem U {Ome1}
70 XerEm+1 = XGREm + span(Pm41)
8: m=m-+1
9: end while
10: N:=m

11: return Porp N, XerEN

Remark 1.69 (Greedy-Procedure)
(a) ®crem s a Lagrange reduced basis for the sample set S,, and it is hier-
archical, i.e., ®arem C Parpm for m <m'.

(b) In general, the basis is not orthonormal but it can be orthonormalized via
for example the Gram-Schmidt procedure after each step of Algorithm 1
to ensure the numerical stability of the resulting RB-scheme.

(¢) The search for py, i.e., the first iteration of the Greedy-Procedure, is
often skipped and one simply starts with a random element of Sirain .

(d) The Greedy-Algorithm is an accumulative basis generation procedure,
which in each iteration selects i1 € Strain, the parameter that is cur-
rently worst approximated, computes Qi1 = U(fimi1), the corresponding
snapshot, and chooses this snapshot as the new basis vector.

It can thus be seen as an approrimate solution of the optimization problem

inf  sup |lu(p) — un(p)||
dirr}lf(}c/§(:N HneP *
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from the beginning of this section. Instead of the supremum over j € P,
we mazrimize over (i € Syain and instead of the infimum over Y C X
with dim(Y') = N we have an iterative sequence of spaces Y = Xarpm-

(e) For Xgrp n to be a reasonable space, Siqin has to somehow represent P.
Often, Sirain s chosen as a random or structured subset of P with finitely
many parameters, but there are also very sophisticated approaches in the

literature ("randomized greedy”, “partitioning approaches” and “adaptive
training set extensions”).

We list various choices of the error indicator A(Y, ) for which the Greedy-
Algorithm terminates after a finite number of steps and further comment on
these choices.

Lemma and Remark 1.70 (Error Indicators and Termination)
If the error indicator A(Y, ) satisfies for all p € P and all subspaces Y C X

u(i) €Y = A(Y, 1) =0,
Algorithm 1 terminates after N < |Sirain| Steps with

max A(Xgren: ) < Etor-
Mestrain

This is satisfied by the following error indicators.

(a) Projection error: A(Y, p) := infoey [[u(p) — vfl x = [[u(p) — Pru(p)|
with Py : X — Y the orthogonal projection.
Motivation: Lemma 1.32 means small projection error = small RB-
error.
Disadvantage: expensive, as all snapshots u(u), p € Siain must be
available and high-dimensional operations for the projection are required.
Thus, Sirain has to be of moderate size.
Advantage: generation of Xy decoupled from RB-model. Greedy can
be applied without RB-model/error estimator available.

(b) RB-error: A(Y, p) = [lu(u) — un (1)l x-
Motivation: the ultimate quantity to be controlled.
Disadvantage: expensive, as all snapshots u(p), @ € Siraim must be
available such that Sirqin has to be of moderate size.
Advantage: is the error measure one wants to be small.
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(¢) Error estimator: A(Y,u) = An(un) from Proposition 1.3 (or for
symmetric a A(Y, p) = ASH(p) from Proposition 1.45).
Motivation: for rigorous error estimators, RB-error will also be small.
Disadvantage: if "overestimation” of the true error is too large, result-
ing space can be unnecessarily large.
Advantage: cheap to evaluate (Offline/Online decomposition), hence
Sirain can be much larger and thus represent P much better; Algorithm 1
only requires N snapshots computations and is thus fast.

Proof: We verify that all proposed indicators fulfill
u(p) €Y = A(Y,u) =0,

for all p € P and all subspaces Y C X.

(a) For A(Y,p) = JJu(p) — Pyu(p)|| 5 this is fulfilled as Pyu(p) = u(p) if
u(p) €Y.

(b) For A(Y, p) = ||u(p) — un(p)|| i, Proposition 1.30 (reproduction of solu-
tions) yields un(u) = u(p) such that A(Y, u) = 0.

(¢) For A(Y,u) being a residual-based error estimator, Proposition 1.30
yields e(x) = 0 and Proposition 1.33 then yields v,.(1) = 0 such that
the corresponding error estimator is also zero.

The rest of the statement follows since with
u(p) €Y = A(Y, 1) =0,

no element in Sy, can be selected twice during Algorithm 1. O

Besides the error indicators described so far, one could also use a goal-oriented
error indicator, e.g., having the output as goal A(Y, u) could either be the
output error or the output error estimator. This would result in a possi-
bly very small RB-space that approximates the output very well, but u is
potentially not well approximated. This is in contrast to the various error
indicator choices discussed above, where the approximation for both u and
thus the output is good but the RB space is potentially larger.

We list a simple quality statement of the RB-spaces constructed via Algo-
rithm 1 and comment on the issue of overfitting.
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Lemma and Remark 1.71 (Quality Statement, Overfitting)
With A(Xgre,n', 1t) being either ||u(p) — un (1) or An/(p) for1 < N’ < N,
we obtain

max [Ju(p) — un ()l x < en.
.U‘estrain

Furthermore, ey = max A(XGren, 1) is called the training error of the
KEStrain

Greedy-Algorithm. If Sy s too small/does not represent P very well, so-

called "overfitting” can occur, i.e.,

sup [[u(p) — un(p)[lx > en.
neP

Therefore, a small training error is not sufficient and one should also aim at
a small test error

Etest +— 1Nax A(XGRE,N7,U)>
MEStest

where Siee C P is a test set independent of Sirain -

Proof: As
Ju(p) — un ()|l < A(XGren, 1)

for both choices A(Xgren', 1) = An/(p) or A(Xgren, 1) = ||u(p) —un (1) x,
it follows from Algorithm 1 that

max [|u(p) — e (p)lly € max A(Xorern) = e,
ﬂest'rmln Hestrain

which concludes the proof. U

In some special cases one can prove monotonic decrease of the training error.

Lemma and Remark 1.72 (Monotonicity of Training Error)

For a general A(Y, p) the training error €, = max,es,,.., M Xcren, i) does
not have to decrease monotonically, such that €,,1 > €, is possible. Never-
theless, if

(a) A(Y, p) = [lu(p) = Pru(p)x or

(b) problem (P(u)) is compliant (a(-,-; u) symmetric and f =1) and
AY, ) = [ulp) = un ().,

the sequence (e,)n>1 generated by Algorithm 1 decays monotonically.
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Proof: As Algorithm 1 produces a hierarchical sequence of RB-spaces and
both error indicators posses the best-approximation property

AY,p) = nf flu(p) —oll,, neP

in their respective setting, the statement follows as in the proof of Corollary
1.42. 0

We can see that the Greedy-Algorithm is a perfect application of our error
estimators as error indicators A(Y,p). They can be rapidly evaluated for
all 1 € Sirain (Offline/Online decomposition) without having to compute
u(p) for all g € Sprain such that Sy.q, can be chosen very large. There-
fore, Sirqin can represent P much better such that the RB-approximation for
i € P\ Sirain should be of high quality.

Furthermore, we can compare the Greedy-Algorithm using the projection
error as error indicator with the POD.

e While both methods require the set of snapshots {u(u) | i € Sirain} to
be available and are thus expensive, they are guided by different error
measures. The POD wants to minimize the mean squared projection
error while the Greedy-Algorithm wants to minimize the mazximum
projection error. As a result, single ”outliers” with a large projection
error are allowed in the POD while they are prevented by the Greedy.

e Furthermore, while the Greedy-Algorithm produces a Lagrangian RB-
space, the POD produces a space that is a subset of a span of snapshots
but not a Lagrangian RB-space.

As mentioned in Remark 1.69, we can orthonormalize the Greedy-basis af-
ter each iteration of Algorithm 1. This can conveniently be done via the
respective Gramian matrix.

Proposition 1.73 (Orthonormalization of Reduced Basis)
Let &y = {p1,...,pn} be a reduced basis with Gramian matriz

Ky = ((901‘7 ‘PJ’>X)ZJ‘YJ‘:1

which has the Cholesky-factorization Ky = LL'. Letting Cij ‘= (L_T)J
ij

we obtain the Gram-Schmidt orthonormalized basis (iDN =A{¢1,...,oN} via
Gj =D i CijPi-
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Proof: Exercise 5.3. O

We close this section with a discussion on the theoretical convergence of
the Greedy-Algorithm, i.e., when ¢,, — 0 for m — oo can be expected.
Therefore, we introduce the Kolmogorov n-width, which is defined as the
maximum projection error of the n-dimensional linear subspace that is best-
approximating the solution manifold M = {u(u) | u € P}

dp(M) = il sup Ju(p) = Pru(p)|x -

dim(Y)=n Ke
Choosing A(Y, p) so that A(Y, i) > ||u(p) — Pyu(p)||  for all p € P, we get
sSup A(XGRE,na /’l/) > dn(M)

neP
Therefore, the decay of the Kolmogorov-n-width d,(M) is a necessary con-
dition for the convergence of the Greedy-Algorithm: if sup ,cp A(XgrEn, 1t)
becomes small, d,,(M) has to become small as well, and if d,(M) does not
decay, the left-hand-side cannot decay either and Xgrpg,, cannot approxi-
mate M well.

Now, the converse statement is of interest: does a decay of d,,(M) also imply
a decay of the greedy error (estimator)? A positive answer has been given
in recent literature: we list the results adapted to our notation and refer to
the article for the proofs.

Theorem 1.74 (Greedy Convergence Rates)
Let Sirain = P be compact and let A(Y, ) be chosen such that for every
fnt1 = argsup,es,  A(Xgrea, p), n > 0, there exists a § € (0, 1] such that

Hu(:un—H) - PXGRE,nu<:un+1)||X > § Sél/a ||u - PXGRE,nuHX : (1'7)
We then obtain

(a) algebraic convergence: if d,(M) < Mn~% for some a, M > 0 and all
n >0 and do(M) < M, then

e, < CMn™,  foralln >0,
where the constant C' can be explicitly computed.

(b) exponential convergence: if d, (M) < Me™*" for some a,a, M > 0 and
all n > 0, then
en < C’Me’mﬁ, for allm >0,

with (= 57 and constants c, C' that can be explicitly computed.
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Proof: [BCDPWD, Theorem 3.1 & Theorem 3.2] O

The Greedy-Procedure is called

e strong ("strong greedy”) if £ = 1, which is e.g. obtained by the projec-
tion error A(Y, p) = [|u(p) — Pru(p)||x-

o weak ("weak greedy”) if £ < 1, since instead of the currently worst ap-
proximated element, a sufficiently bad approximated element is chosen
for the basis extension.

Thus, Theorem 1.74 is also called quasi-optimality of the Greedy-Procedure
in the literature. The question remains, if condition (1.7) is fulfilled by our
error estimator. The answer is yes and we can show that the error estimator
An(p) yields a weak Greedy-Procedure.

Proposition 1.75 (Weak Greedy via An(p))
Let Sirain = P be compact. The Greedy-Procedure with A(Y, ) = An(p) is
a weak greedy scheme with weakness parameter

=2
«

f__ € 0717
72 ( ]

where & and ¥ were the uniform lower/upper bounds for the coercivity/conti-
nuity constant.

Proof: We obtain for all n > 1

L7
Hu(/LnJrl) - PXGRE,nu<Iu”+1>HX = ve)%glfw ”u<:un+1) - UHX
2 lpns)
> [w(pns1) — un (pns) |
Y(kns1) i X
1.37 a/(lun_H)
Z AN(,UTH—I)
Y (H1)0N (fn41)
a(:“’nJrl)
= sup Ay ()
V()N (fng1) pep
1.34 52
> =5 sup [[u(pns1) = un (pns) |
VT oper

> Esup Hu(llfn-i—l) - PXGRE,nu(/“’L"H‘l)HX
neP

and ¢ € (0,1] follows from the definitions of @, 7 as well as the coercivity
and continuity. 0
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Chapter 2

Balanced Truncation for Linear
Time Invariant Control
Systems

2.1 Introduction

We begin with the definition of a linear time invariant (LTI) control systems.

Definition 2.1 (LTI Control System)

Given time-invariant system matrices A € R"*", B € R™™, C' € RP*",
D € RP*™, a time horizon [to,ty], an initial state xy € R™ and the control
u : [to,ty] = R™, we seek the state x : [to,tf] — R™ and the observable
output y : [to, tf] = RP satisfying

&(t) = Az(t) + Bu(t), x(to) = o,

y(t) = Cz(t) + Du(t). (LTD)

We denote with X, ., the set of all LTI systems with state space dimension n,
m inputs and p outputs and shortly write [A, B,C, D] € ¥,, . Furthermore,
the set of admissible controls is denoted Uyq.

We illustrate the concept with an example.

Example 2.2 (Controlled Parabolic Heat align)
Similar to Ezample 1.18, let Q := (0,1)% be decomposed into m congru-
ent rectangles Q;, i = 1,...,m and let the time interval [0,ts], with some
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final time ty > 0, be given. We investigate the parabolic PDE: for a time-
dependent control vector u(t) := (uy(t),. .., un(t))" € R™, find the ‘temper-
ature’ T € L*(0,t¢, Hy () solving

m

T(t.x) = AT(tx) = > wlt)xi(z), (t,x) € (0,t7) x Q,

=1

T(0,2) =0, z€Q,

where T(t, ) = %T(t,x). One can show that an equivalent variational form

of this problem is given by: find T € L*(0,ts, Hy(Q)) solving

LT(t,x)v(x) dx—i—/QVT(t,x)-Vv(x) dx:/QZui(t)Xi(x)v(x) dz

for allv € HJ () and t € (0,t;) almost everywhere. Discretizing the prob-
lem in space with piecewise linear finite elements yields the Ansatz-space
Xy :=span({y;,...,pn}). We then seek Ty : [0,t7] = Xy satisfying

/QTH(t, x)v(z)dr + /Q VTy(t,z)-Vo(z)de (o)
_ /Q S wlt@v(e) de, o e Xu, Tu(0) = 0.

AsTy € Xy forallt € [0,tf], there exist coefficient functions x(t) : [0,tf] - R
such that Ty (t,x) = >0 xi(t)pi(x) and introducing the notation
x(t) := (z;(t)),, the mass- and stiffness matrices

M = (/ ©0ip; da:) e R"" and K := (/ Vi -V, dx) e R"™",
Q ij=1 Q 1,7=1

as well as the matriz B € R™™ which contains in the i-th column the evalu-
ation of x;(x) at the n grid points, solving (©) is equal to solving the system
of ordinary differential aligns

Mi(t) + Kz(t) = MBu(t) < i(t) = —M 'Kux(t) + Bu(t).

Introducing as output the average temperature over 2
o) = [ Tulta)ds < y(t) = Ca(t)
Q

with the row vector C 1= (fQ wi(x) dx)?zl € R", we obtain a system of the
form (LTI) by setting A := —M 'K as well as D = 0. The system has state
space dimension n, m inputs and 1 output.
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2.1. INTRODUCTION

A B
Smp : =1 4illg
:Enmm
C D C || D

Figure 2.1: Schematic model order reduction approach for LTI systems.

Aside from the previous example, time-dependent linear partial differential
aligns occur in various branches such as mechanics, biological systems, and
weather prediction. Furthermore, (large) ODE systems naturally arise when
modeling electrical circuits. Example 2.2 shows that LTI systems can get
very large in practice (£2 could also be a 3-dimensional domain) such that
model order reduction techniques are required.

The general idea for model order reduction in LTI systems is to find a co-
ordinate transformation for the state such that insignificant parts of the
transformed state can be truncated. In formulas, we want to approximate
[A,B,C,D] € ¥,,,, by some [A,B,C,D] € Y myp With r < n and this is
visually sketched in Figure 2.1.

Especially, the dimension of the control and the output remain unchanged.
Ideally, the reduced system [A, B,C, D] € %, ,,,, should

e have a small approximation error (with possibly a global error bound),

e preserve stability of the original system (what concept of stability is
present here?).

Finally, the procedure to generate the reduced system should be computa-
tionally stable and efficient. We will investigate the following aspects:

e How can a reduced system be obtained? How can we identify insignif-
icant parts of the state and how to trucnate them?

e How can the approximation error be measured /quantified? An intuitive
measure would be that outputs y(¢) and g(¢) obtained by the full system
Ynm,p and the reduced system X, ,,, using the same control u(t) are
close (the norm difference being small).
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2.2 Theoretical Background

For simplicity, we work with continuous controls in this section, i.e., Uyq = C([to, tf], R™).

In order to discuss the solution of (LL'TT), we introduce the matriz ezponential.

Definition and Theorem 2.3 (Matrix Exponential)
For any A € R™"™ we remember that A° = I,,.,,. Then, for a given t € R,
we define the matrix exponential

N [e's)
1 k
e i 2 g (0= 2 g (A’

At

As the series converges uniformly for all t € R, the map t — e** is a well-

defined analytic function from R to R™*™. It has the properties

o A0 =1 . and e*TB =e%e® for any B € R™™ with AB = BA,
o AT = pAlAT for any 7 € R, and hence et = (eAt)fl,

° %e““ = AeAt = At A,

For mg € R", x(t) = ey is the unique solution of
&(t) = Az(t), x(0) = .

Proof: e4° = I, follows from the definition of et as a power series and
that A° = I,,,,, for A € R™". Now, given any B € R™*" with AB = BA,
we obtain with the cauchy product

o (Gir) (E0)

=0 i=0

with

1 1 . 1 : 7 ) 1 .
=) A Bt== AlBi' = (A + B)!
¢ Z::z! (i —1)! i!;(l) aA+ B,

where the binomial theorem was used in the last equality which is applicable
here since A and B commute. Thus,

eAeB:Zl(A—i—B) B,
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Using this result and setting X := At, Y := A7 for some t, 7 € R, it is clear
that XY = AtAT = AT At = Y X and thus

eAteA'r _ €X€Y _ €X+Y _ eA(t"rT)'
Thus, eAte=4* = I,,,,, such that e is invertible with e~4* = (eAt)_l. For
the third property the differentiation and sum can be switched due to the
uniform convergence of the series and thus

0 o= 1 =10 = 1
a_kzk_ kzk_a_ ; Atk 1A= kzk—(At)kA

and it is clear that A can also be dragged out of the series to the left.
Regarding the second part, we first verify that z(t) = e4z, is a solution
since

r(0) = ezy = w0, (t) = %BA zo = Aetrg = = Ax(t).

For the uniqueness, assume that y(¢) is also a solution for y(0) = zy. Using
the product rule, we obtain

g7 ) = (e ) w0+ Ju(t) = - Ap) + (o

A (—A+ A)y(t) = 0.

Thus, e~ 4y (t) = c for some constant ¢ € R™ and plugging in ¢ = 0 yields
¢ = x¢ such that

for all t € R. U

The matrix exponential can be calculated using for example the Jordan nor-
mal form. This leads to an explicit formula for the matrix exponential.

Definition and Theorem 2.4 (Jordan normal form & eA?)

For every A € C"*" there exists an invertible S € C"*"™ such that

N1 -0

STIAS = J = diag(Jy, ... J,), with Jo=|: o |
g(l g) : o --- )\l 1
0 (DY
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where J; are the Jordan blocks. This Jordan normal form diag(Jy,...J,) s
(up to permutation) uniquely determined by A, \i,...,\;, g < n, are the
(not necessarily different) eigenvalues of A, and S collects in its columns the
(generalized) eigenvectors corresponding to the Jordan blocks. Regarding the
matriz exponential, we obtain

et = 5e’'S7h = Sdiag(e”, ..., e?") S

and letting d denote the dimension of the Jordan block J;, we have

t2 td—2 td—l
b (d=2)!  (d—1)
0 1 t . td—3 td—2
” @3r @2 [ ied
et =1 : : et e R for 1=1,...,g.
00 O 1 t
00 0 0

Proof: Regarding the existence of the Jordan normal form and its proper-
ties, we refer to a basic linear algebra lecture. The remaining statements are
proven in Exercise 6.2. U

We introduce the concept of stability for ODEs.

Definition and Theorem 2.5 (Stability of (LTI))
We call the LTI system [A, B,C, D] € %, ., asymptotically stable, if all
solutions of the linear homogeneous ODE

#(t) = Az(t)

satisfy limy o x(t) = 0 for all initial conditions x(ty) = o € R".

The LTI system [A, B,C, D] € ¥, ,,., is asymptotically stable if and only if
all eigenvalues {\;}1, of A satisfy \; € C~ :={\ € C: Re(\) < 0}.

Proof: "<”: As a consequence of Theorem 2.4, it is clear that e4* can be
explicitly written as a linear combination of terms of the form t*e*, where
A is an eigenvalue of A and £ € Ny. Now, letting A = ¢ + iw be such an
eigenvalue with o < 0, we obtain (as w.l.o.g. ¢t > 0)

theM| = tF|evte™| = thet|et] = eottF \/COS2<wt) + sin?(wt) = e7't"
N g
vV

=1
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t

and e”‘t* goes to 0 when t goes to infinity since ¢ < 0. As e’ is a linear

combination of such terms, we obtain lim,_,., e4* = 0 such that

lim z(t) = lim e*'zg =0
t—r00 t—o0

for all xg € R™.

"=": we prove that if there is an eigenvalue of A with non-negative real part,
then the system [A, B, C, D] € %,, ., is not asymptotically stable. Therefore,
let w.l.o.g. the first eigenvalue \y = ¢ + iw fulfill ¢ > 0. According to
Theorem 2.4, S = (vq,...,v,) collects the eigenvectors of A in the sorting
corresponding to the Jordan normal form and since S=1S = I,,,,, it is clear
that S~'v; = ey, where v; # 0. We thus obtain using Theorem 2.4

ey = Sdiag(e”, ..., e’1")S v, = Sdiag(e™, ..., el1)e; = My

= Tty — e (cos(wt) + isin(wt)) - (Re(vy) + iIm(vy)).
As et € R™*", we have
eMRe(v1) = Re(e?v;) = Re(eMvy) = €7 (Re(vy) cos(wt) — Im(vy) sin(wt)).

Thus, choosing o = Re(v;) € R™ as the initial value of the homogeneous
ODE #(t) = Ax(t), it is clear that x(t) = e*Re(v;) - 0 for t — oo since
o > 0 and since either Re(v;) # 0 or Im(vy) # 0 (it was vy # 0). Therefore,
the system [A, B, C, D] € ¥, ,,, is not asymptotically stable. U

We are now ready to formulate the analytical solution of (LTT).

Proposition 2.6 (Solution of (LTT))
For any input w € Uysg = C([to, t7], R™) and initial state xy € R™ the unique
state solution of (LTI) is given by

t
z(t) = et gy +/ eAt=7) Bu(t) dr,
to

where the vector-valued integral has to be understood component-wise. The
corresponding output-response of (LT1) is then given by

t
y(t) = Cetlt=tly, +/ Ce =) Bu(r) dr + Du(t).

to

Proof: See Exercise 6.3. O
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We note that u € C([to,ts],R™) is necessary for the uniqueness of the so-
lution, but the existence of a solution is already guaranteed for controls
u € L*([to, ts], R™).

In case the control is constant in time, i.e., u(t) = u. € R™ for all ¢t € [ty, ],
and the system is asymptotically stable, the solution formula from Proposi-
tion 2.6 further simplifies. For some zy € R", we obtain

t
z(t) = et gy + (/ A=) dT) Bu,
to

and since A is invertible, we get

t t t
/eA(t_T)dT:/ et e dr = e /ge_ATdT (—A7hH

or
to to to
:%efAT(_Afl) ~ e e’

:[e_m]%o —e—At_— Aty

such that in total

z(t) = et (zy + A7 Bu,) — A7 Bu,.

We continue with two more important system characterizations of (L'TT).

Definition 2.7 (Further Properties of (LTI))
We call the LTI system [A, B,C, D] € ¥y, mp

(a) controllable, if for every initial condition x(tg) = xo € R™ and every
state & € R", there exists a time t; > ty and a control function u € U,q
such that x(t1) = &. We also say that every state T € R™ can be reached.

(b) observable, if for two solution trajectories x(t) and T(t) (obtained with
the same control function u € Uyg) it holds:

Cz(t)=Cz(t) forallt >ty = x(t)=2a(t) forallt>to.
Thus, the state solution can fully be recovered from the output-response
of the system.
As for the asymptotic stability, controllability and observability have equiv-
alent algebraic characterizations as shown in the following lemma.

Lemma 2.8 (Algebraic Characterizations)
The LTI system [A, B,C, D] € ¥, 1, s
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(a) controllable < rank( M,ywn — A BD =n VAeC
= rank( B AB ... A”_lB]) =n.

(b) observable < rank ( /\]”Xg,_ A}) =n YAeC
[ C
CA
< rank . =n.
_CAn—l
Proof: We refer to [ANT, Theorem 4.15 & Theorem 4.26]. O
The matrix
(B AB ... A"'B] e RV

is also called the controllability matriz of the system, while
[c cA ... cA] R

is called the observability matriz. One can show (see [ANT, Theorem 4.23))
that both concepts are dual in the sense that an LTT system is observable if
and only if the dual system

2t) = ATz(t) + CTo(t)

is controllable, where z(t) € R" is the dual state and v(t) € R” is the dual
control.

With the following considerations, we want to motivate the two Gramians
that shall be defined next. We first define the input-to-state map

which represents the effect of an impulsive control input on the solution of
the state align, when ¢y = 0 and z(0) = zp = 0. An impulsive control u(t)
only takes a value ug € R™ at ¢t = 0 and is zero everywhere else and we write
this as u(t) = upd(t) with § denoting the Dirac delta distribution. Then,

t t
z(t) = ety + / AT Bu(r) dr = / A Bugd (1) dr
0 0

= e Bug = C(t)up.
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The above calculation is mathematically not correct, since ¢ is not a function
mapping from R to R, but a distribution (also called generalized function)
that is defined as

§:CP(RF,R) = R, fr~ f(0).
Thus, we should write
z(t) =06 (eA(t_')Buo) = e Buy,

where the application of the delta distribution has to be understood component-
wise.

Next, we define the state-to-output map
n(t) = Ce™,

which represents the effect of the (initial) state on the output and is motivated
by the fact that for z(0) = 2o € R" and u(t) = 0, we obtain

t
y(t) = Cetlry + C’/ AT Bu(r) dr = CeMag = n(t) .
0

For the analysis of LTI control systems we now define the following Gramians,
which are based on the input-to-state and state-to-output map.

Definition 2.9 (Finite Gramians)
The matriz

T
P(T) = / AMBB At dt € RV

0
is called the (0,T)-controllability Gramian of the system (LT1). The matriz

T
Q(T) = / AtCT Ot At € R
0

is called the (0,T)-observability Gramian of the system (LT1I).

Do note that these matrices are indeed Gramian matrices: introducing for
functions u,v € L?([0,T],R™) the inner product

T
:
<UaU>L2([0,T],Rn) 3:/ u(t) v(t) dt,
0
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and given a matrix-valued function W : R — R™ " : t — [wy(t), ..., w,(t)],
we indeed observe

i) xgoae = [ i worae = ([ wewiea)

ij

Thus, P(T) is the Gramian for the columns of BTeATt, Q(T) is the Gramian
for the columns of Cet and according to Def/Theorem 1.61 they are both
symmetric and positive semidefinite. We conclude this section by considering
these Gramians for 7" — oo.

Lemma 2.10 (Infinite Gramians)
Let the system (LTI) be asymptotically stable. Then,

(a) the infinite controllability Gramian

P:= lim P(T) :/ eMBBTeAtdt € R

T—o00 0

as well as the infinite observability Gramian

Q := lim Q(T) :/ AtCT Ot 4t € R

T—o00 0

exist. Furthermore, the they are the unique solutions of the two Lyapunov
aligns

AP+ PA"=—-BB" and A'Q+QA=-C'C.

(b) If the system (LTI) is also controllable and observable, both Gramians
are positive definite, i.e., x' Px > 0 and ' Qz > 0 for all 0 # z € R".

Proof: (a) See Exercise 7.1.

(b) Assume P is not positive definite, then there exists 0 # x € R™ with

0=2'Pr = / r BB e txdt = / HBTGA by ‘ dt.
0 0 2

Since HBTeATtx > 0 for all ¢ > 0, we obtain BTeAty = 0 for all
2

t > 0. As e is an analytic function, this implies that also all derivatives
are zero at t = 0, i.e., B'(A")'z = 0 for all i > 0. But the system is
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controllable, such that we get from Lemma 2.8 (note that the rank of a
matrix and its transpose are the same)

BT
BTAT
rank ([B AB ... A”‘lBD = rank ) =n
B (AT
~—_——
=M

and M has full columnrank. But Mz = 0, a contradiction.

The proof for () follows similar lines: assume it is not positive definite,
then there exists 0 # = € R" with

0=2'Qz= /000 :L’TeATtCTC'eAtxdt = /000 HC’eAt:L'H; dt.

Therefore, it has to be Ce?*x = 0 for all t > 0, such that again all
derivatives have to be zero at t = 0 and C A’z = 0 for all ¢ > 0. But as
the system is observable, we have from Lemma 2.8

C
CA

rank ) =n,

cAn!

—_——
=N

but Nz = 0, which is again a contradiction.

This concludes the proof. O

2.3 Balanced Truncation

As described in the Introduction, the aim of model reduction for LTT systems
is to reduce the state dimension n, that is to truncate state variables. But
what variables shall be truncated? The main idea of Balanced Truncation is
to truncate states that are difficult to observe and at the same time difficult
to reach. We will introduce both concepts in the following section and then
present a state space transformation that results in a balanced system.
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2.3.1 Input and Output Energy

Let us consider the state align 4(t) = Ax(t) + Bu(t) with initial state
r(—o0) = 0 and an input u € L*((—oo,0],R™) that acts on the negative
time-horizon leading to z(0) = xg. By switching off the control input at
t = 0, the output align y(t) = Cx(t) + Du(t) then gives an output signal
y € L*([0,00),R?) on the positive time-horizon. Based on this setup, we

define via
0 . \?
Bu = Il ey = ([ )1 )

oo

the corresponding input energy and via

> 2
Ey = ”y||L2([07OO)7]Rp) = (/0 |’y(7—)||2 dT)

the corresponding output energy. In many applications these can be inter-
preted as actual physical energies of the system.

Given the state z(0) = xy € R", we define

1

Eu(xo) := inf 12l 22— o000, mm) (2.1)
u€L2((~o0,0],R™)
z(—00)=0, 2(0)=x¢

as the minimal input energy required to steer the system from the zero-state
to the state xg in an arbitrary time. If E,(xg) is small, then the state zg is
easy to reach (as the input energy required to reach it is small), otherwise it

is hard to reach. Do note that E,(zg) = oo is possible, such that the state
xo is said to be unreachable and the system is uncontrollable.

Regarding the output, the control is switched off at ¢ = 0, meaning that it
is always u|[p,00) = 0 here. Thus, we have y(t) = Ce*'zq and

Ey(zo) := |Yll 2((0,00),r0) = ||C€A'$0HL2([0,OO),RP)’

as the output energy gained from the state xq. If E,(z) is large, then z is
easy to observe, otherwise it is hard to observe. If E,(zo) = 0, the state g is
unobservable, and therefore the system is unobservable.

We now know what it means if a state is easy/hard to reach or easy/hard
to observe. But how can we easily compute these quantities? It turns out
that the energies £, () and E,(z() can be conveniently expressed using the
Gramians from the previous section.
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Theorem 2.11 (Input & Output Energy)

Let the system [A,B,C,D] € %,.,, be asymptotically stable and control-
lable. The minimal input energy and corresponding output energy can then
be obtained via

Ey(z0)? = 2P 'z and E,(z0)* = 20 Qxo,
where P and Q) are the controllability and observability Gramians defined in
Lemma 2.10. Moreover, u.(t) = BTe_ATtP_lxo is a control for which the
infimum in (2.1) is attained.
Proof: We begin with the statements regarding the controllability Gramian

and note that due to the controllability of the system and Lemma 2.10, P
is positive definite and thus invertible (and the inverse is also symmetric).

Furthermore, by setting t = —7, we obtain
00 0
T T
pP= / BB tdt = / e "BB'e 4 Tdr.
0 —o0

Now, let z(t) be a solution trajectory obtained with initial state x(—o00) = 0,
final state 2(0) = zg, and control u € L*((—oo, 0], R™) having finite energy
E, < oco. Then, due to Proposition 2.6, we have

xo = x(0) = /_: e~ " Bu(r) dr.

We show that E, > E,, for u,(t) := BTe_ATtP_le. Define v(t) := u(t)—u.(t),
such that

/ ’ w, (1) v(r)dr = 2 P ( / i e A" Bu(r) dr

—00 —00

0
—/ e ‘BB e_ATTdTP_le)

—00
N

Hence, we obtain

B2 = / D () () dr

—00

:/ (0(r) + 1) (W(r) + us(7)) dr

0 0 0
= / v(7) v(r)dr —i—2/ U (T dT+/ u, (1) (1) dr > E2
>0 —E2 >0
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such that the infimum is attained at u, and E,(z¢) = E,,. Moreover, we
have

U

0
B2 =qlpt / e ATBB e AT dr Plyy = 2l PTLPP

N

g

=P
Tp-1

Regarding the corresponding output energy, as the control is switched off at
t = 0 (such that u|j,c) = 0), we have y(t) = Ce'zq and thus

Ey(xg)2 = / y(T)Ty(T) dr = x(T)/ eATTCTC’eAT drzg = x(T)Q:EO,
0 Jo )

g

=Q

which concludes the proof. U

Since P is real and symmetric, it has an eigendecomposition P = ULU" with
orthogonal U = [uy,...,u,] and ¥ = diag(oy,...,0,), where oy,...,0, >0
(the system is assumed to be controllable). Then, according to Theorem
2.11, the energy needed to reach the state o = u; from x(—o00) = 0 is given
by
E,(u;)? = u] P~ u; = luZTuZ = l
0i O
Thus, eigenvectors of P corresponding to large eigenvalues are easy to reach
and eigenvectors of P corresponding to small eigenvalues are hard to reach.

The eigenvectors corresponding to zero eigenvalues are unreachable.

Analogously, @ has an eigendecomposition @ = VAV with orthogonal
V = [v1,...,v,] and A = diag(\y, ..., \,), where Aj,..., A\, > 0 and the
output energy gained from the state ¢y = v; is given by

Ey(Ui)Q = $ZQU¢ = )\ﬂ)gvi = )\1

Thus, the eigenvectors corresponding to large eigenvalues of () are easy to
observe, the ones corresponding to small eigenvalues are hard to observe, and
those corresponding to zero eigenvalues are unobservable.

2.3.2 Model Reduction by Balanced Truncation

We begin with an example indicating the need for a so-called balancing trans-
formation (which we will define later).
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Example 2.12 (Balancing Energies)
Consider the following asymptotically stable, controllable and observable sys-

tem
1 3 1
A:(_l _2), B:(O), C=(0 1), D=0.

According to Lemma 2.10, we can compute P and @) by solving the corre-
sponding Lyapunov aligns and obtain

- ;s
(G F) me=(11)

Computing the eigenvalues and eigenvectors, we obtain (rounding to 5 digits)

e (291421 0 [, — (092388 0.38268
P 0 0.08578 )7 “F 7 \ —0.38268 0.92388 )’

A _ (1:30901 0 v, _ (0-52573  —0.85865
Q~ 0 0.19098 /> "9~ (0.85865 0.52573 /-

Thus, the eigenvector u; = (0.92388 —0.38268)T is easy to reach and the

etgenvector uy = (0.38268 0.92388)T s hard to reach. Calculating the cor-
responding output energies, we obtain

uy Quy = 0.21966  and  uyQuy = 1.28033.

This means, that uy is at the same time easy to reach and hard to observe
and conversely us s hard to reach but easy to observe.

The example shows that if we want to do model order reduction via trunca-
tion of states that are difficult to reach and difficult to observe, we have to
find a coordinate transformation, in which states that are difficult to reach
are at the same time difficult to observe (and vice versa). This motivates the
following definition.

Definition 2.13 (Balanced System)
An asymptotically stable system [A,B,C,D] € X, ., with controllability
Gramian P and observability Gramian () is called balanced, if

P =Q = diag(o1,09,...,0,),

with some oy, ...,0, € R.
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Now, given a state-space transformation, i.e., an invertible matrix 7" € R™*",
and introducing the transformed state & = To < x = T~ ', we obtain from
the original system [A, B,C, D] € 3,

©(t) = Ax(t) + Bu(t), y(t) = Cx(t) + Du(t)
e T71(t) = AT (t) + Bu(t), y(t) = CTi(t) + Du(t),
& &(t) = TAT '2(t) + TBu(t),  y(t) = CT 'i(t) + Du(t),

the transformed system [121, B , C’, D] € Yp,mp With
A=TAT™', B=TB, C=CT™', D=D, and i(t) = Tux.

We will show that we can find a state-space transformation such that the
transformed system is balanced. In order to do so, we have to investigate
how such transformations affect the Gramians.

Lemma 2.14 (Transformed Gramians)
Let [A, B,C, D] € ¥, ., be asymptotically stable. Given T € R™"™ invertible

with associated transformed system [121, B,C, D} = [TAT ', TB,CT ', D],

(a) P is the controllability Gramian of [A, B,C, D] < P := TPT" is the
controllability Gramian of [A, B, C, D},

(b) Q is the observability Gramian of [A, B,C, D] < Q=T "QT" is the
observability Gramian of [A, B,C, D}.

Proof: See Exercise 7.2. O

We are ready to show how to balance a system using a so-called balancing
transformation.

Theorem 2.15 (Balanced Transformation)

Let the system [A,B,C,D] € X, .., be asymptotically stable, controllable,
and observable. Then, there exists an invertible matriz T € R™™ such that
the transformed system [TAT~',TB,CT ', D] € ¥, is balanced.

Proof: From Lemma 2.10, the Gramians P and () are positive definite, so
that there exist Cholesky decompositions P = RR' and Q = LL", where R
and L are lower triangular with positive diagonal and thus invertible. We fur-
ther introduce the singular value decomposition L' R = UXV" with orthogo-
nal U,V € R™" and ¥ = diag(oy,09,...,0,), with 01 > 09 > --- > 0, > 0.
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Since L and R are invertible, so is L' R and therefore, we even have ¢, > 0
such that > is invertible as well.

Introducing the transformation 7" := ¥~ 2UTLT we see that
YU LRVY 2 =N tUUSVVE: = [,

such that 7-! = RVY 2. For the controllability Gramian P of the trans-
formed system we thus have

P=TPT" =y 3U L'RR'LUS : = 23U USV'VSU'US ™2 = X,
Analogously, for the transformed observability Gramian Q we obtain
Q=T"Qr ' '=22V'RILL'RVS 2 =Y :VVSU ULV VY 2
=N =P
and the transformed system [TAT ', TB,CT~ ', D] € ,,,,, is balanced. O

We continue with our example.

Example 2.16 (Example 2.12 continued)

Following the steps of the proof of Theorem 2.15, we obtain the singular values
o1 = 0.80902 and oy = 0.30902 (again rounding to 5 digits) and, defining the
quantity v = 0.66874, we obtain the transformation matriz

-1 -1
T=x .
L i

Thus, the transformed system [A B,C, E E Y911 Us given by

A ’Y_ _
A=TAT ' = < % 01 o —0.27639 0.89443> |

089443 —0.72361

02 o1 20’2
5 (=) _ (—0.66874
B=TB = (7) N (0.66874 ’
C=CT'=(y )= (066874 0.66874),
D=D=0.
Indeed, the system is balanced as

01 0
0 02

ﬁn:TPTﬂz( )::TTQT*Q.

such that the eigenvector ey of pP= Q is both harder to to reach and harder
to observe than e;.
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Truncating states of a balanced system that are at the same time difficult
to reach and difficult to observe results in truncating states that correspond
to small eigenvalues of the transformed gramians. Thus, we can formulate
(given a desired reduced state dimension r) our model order reduction al-
gorithm for asympotically stable, controllable and observable LTT systems
[A, B,C, D] € ¥, ,,, that is called Balanced Truncation, see Algorithm 2.

Algorithm 2 Balanced Truncation([A, B,C, D] € X, mp, 7 < 1)

1: Solve the Lyapunov equations

AP+ PA"=—-BB', ATQ+QA=-C"C

for the Gramians P > 0 and ) > 0.

Compute Cholesky factorizations P = RR' and Q = LL".
Compute the singular value decomposition L'R = UXV'.
Set T'=%"2U"L" (and T7! := RVY2).

Do the balancing transformation

-1 -1 A A |B
[TAT-', TB,CT ,D}_HA21 AQJ,{BJ,[Q (Jﬂ,D}

with [A11, By, Cy, D] € ¥, ,,,, denoting the reduced system.
6: return [Ay, B1,C1, D] € &0y

2.4 Properties of Balanced Truncation

It is now clear how to generate a reduced LTI system, but what properties
does the reduced system have? Is it asymptotically stable? And is there a
meaningful way of choosing r the reduced state dimension?

We first revisit the setup introduced in section 2.3.1 and discover the theo-
retical background of the approach made in Algorithm 2. Thus, consider the
state equation on the time horizon (—oo,0] with z(—o0) = 0 and a control
u € L*((—o0,0], R™) steering the system towards

2(0) =z = /_ io e AT Bu(r) dr.

For the output equation on the time horizon [0,00) the control is then
switched off so that one obtains an output signal y € L?([0,00), R?) with
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y(t) = Ce?lzy. This motivates the definition of the following operator map-
ping "past inputs to future outputs”.

Definition and Theorem 2.17 (Hankel Operator & Singular Values)
Let the system [A, B,C, D] € ¥, .., be asymptotically stable. The operator
H : L*((—00,0],R™) — L*([0,00), R?) defined via

u— (Hu)(t) =y(t) = /0 Ce™=7) Bu(t) dr

is called the Hankel Operator of the system and it is a linear and bounded
operator. Thus, its adjoint operator H* : L*([0,00), R?) — L?*((—o0, 0], R™)
exrists and it is defined via

y s (Hy)(r) = / BTt 00Ty (1) dt.

0

Furthermore, o > 0 is called a singular value of H, if 02 is an eigenvalue
of H*H, i.e., there exists an eigenfunction v € L*((—o0,0],R™) \ {0} such
that H*Hv = o%v. In particular, the positive singular values of H are called
Hankel singular values.

Proof: With the system being asymptotically stable the operator is well-
defined and the linearity is obvious due to the linearity of the integral. Letting

0
Ty = / e~ Bu(r) dr, we have (Hu)(t) = Ce*txy and thus

—00

2
2

o0 T 1
HHU’ﬁ:?([O,oo),Rp) = xg/o et TCTCeM drxe = x(TJon = HQ2x0

2
2
ol

< HQ%

Regarding the second term, we note that for any v € R", one can prove that
v]|3 = max | (v,u), |*. Using Cauchy-Schwartz, we thus obtain
ucR™

l[ull,=1

2
2
lzoll; = max | (zo, z), |* = max

n

0 T
/ u(r) B e ™ Tz dr

— 00

[[=]l;=1 [[=]l;=1

2

T _AT.

= max <u,B e
zeR™
[[zll,=1

>L2((oo,0],1R’”)

2

T
’B e

2
< i‘relﬂa{)"% HUHL2((700,0]7R’”)

L2 —00,0], m ’
o, =1 (Zeethi
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But
2 0 2
HBTB_AT'I‘ —a' / e_ATBBTe_ATTde — ' Py = HP%x
LQ((—OO,O],]R"") —00 2
_p
2
< |[PH|, el
2
so that in total
1 1
Pl ooy < [[QF, || P2, Mooy

and the operator is also continuous. Regarding the adjoint, we calculate
> T
(Hot.9) 0y = | ()0 o(0)
0

00 0

= / / u(T)TBTeAT(t_T)CTy(t) drdt
0 —0o0
0

:/ U(T)T/ BTeAT(t_T)C’Ty(t)dth
—oo 0

= <Ua H*y>L2((—oo,0],IRm)

and since the adjoint operator satisfying this property is unique due to The-
orem 1.9, the operator H* is indeed the adjoint operator. U

It turns out that we already encountered the Hankel singular values during
Algorithm 2.

Theorem 2.18 (Hankel Singular Values & Balanced truncation)
Let [A, B,C, D] € ¥, be asymptotically stable, P and Q its controllability
and observability Gramians, and H its Hankel operator. Then, o > 0 is a
Hankel singular value if and only if 02 is an eigenvalues of PQ.

Proof: We first want to obtain a representation of (H*Hw)(t) for some func-
0

tion u € L?((—o00,0], R™). Again, letting x¢ := / e~ Bu(t) dr, we have

(Hu)(t) = Ce*zy. On the other hand, we obtain for some y € L2([0, c0), RP)
(H*y)(t) = / BT =0Ty (1) dr = BTe_ATt/ eATTCTy(T) dr.
0 0
This leads to

(H*Hu)(t) = BTe_ATt/ eATTCTC’eATxO dr = BTe_ATtQ:EO.
0
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"=": Assume that ¢ > 0 is a singular value of H. Then there exists an

eigenfunction u € L?((—o0,0], R™) of H*H corresponding to an eigenvalue
2 .

o“>0,i.e.,

1

T T
= —B'e ™ Quy.
o2

(H*Hu)(t) = BTe_ATthO =cu(t) < ut)

Inserting this u into the definition of z( yields

—00

0 _a 1 Dy 1/ _a T 4T 1
Ty = e "B B e " TQuodr = — e ""BB e " Tdr Qro = — PQuo
o o J_ o

g

=P

such that o2 is an eigenvalue of PQ.

"< Now assume that o2 > 0 is an eigenvalue of PQ with an eigenvector
v € R"\ {0} and define u(t) = IQBTe*ATtQU € L?((—o0,0],R™). We obtain

e8] 0
(H*Hu)(t) :BTeATt/ eATTCT/ Ce"*) Bu(s)ds dr

0 —00

et [T earor [1 cerrp L BT Quds d
=B e /e T / et e *Qudsdr
0 —00

o2

roaTe [ ATt L[ —ATs
=Be e TC Ce™ — e ““BB'e dsQudr
0 o

—0o0

*° 1
= BTeATt/ eATTCTC'eAT —PQu dr
0 \J_\,_/

= BTe_ATth = o?u(t),
and o is a singular value of H. O
Coming back to Algorithm 2, the system is then also controllable and observ-
able, such that P and @) are positive definite and the Cholesky factorizations

P = RR" and Q = LL" exist. Thus, if 02 is an eigenvalue of PQ for an
eigenvector v € R", then we have

PQu= (RR")(LL v = o*v.

Multiplying both sides with R™! from the left, this is equivalent to
(R'L) (L'R)R v = 0*R™"v,
———

=(LTR)T
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which implies that o is a singular value of L'R. Therefore, the positive
entries of 3 computed in Algorithm 2 are exactly the Hankel singular values
of the system. Thus, the model order reduction is based on truncating the
states of the transformed system that correspond to the neglectable Hankel
singular values.

We now turn our attention to the question: is the reduced system obtained
with Algorithm 2 asymptotically stable? Is it also controllable and observ-
able? The answers are given in the upcoming Theorem.

Theorem 2.19 (Stability of the Reduced System)

Let [A, B,C, D] € ¥, mp be asymptotically stable, controllable and observable
and let [Ay1, B1,Cy, D] € X,,,, be the reduced system obtained with Algo-
rithm 2. Assume that o, > o.41 holds for the Hankel singular values o;,
i=1,...,n of the full system. Then, the reduced system [A11, By, C1, D] is
asymptotically stable, observable, controllable, and balanced with the Grami-
ans PH = Qll = diag(al, e O'T) =: 21.

Proof: Since the system [A, B,C, D] € %,,,, is controllable and observ-
able, the balancing transformation introduced in Theorem 2.15 leads to the
transformed Gramians

P=Q= diag(oy, ..., 0,) =: diag(X1,%2) > 0

and the Lyapunov equations in balanced coordinates read

An Ap| % 0 2 0 AL Agl _ By T T

{Agl anl |0 s T 0 sl |al A= || B Bl (22)

{A; AU o 2l T o S| [4n An| = 7] & G (23)
Thus, if the reduced system is asymptotically stable, Lemma 2.10 yields
that ¥; > 0 is the controllability and observability Gramian of the reduced
system which is thus balanced. Furthermore, the reduced system is then also
controllable and observable (one can show, see e.g., [ANT, Theorem 4.15 &

Theorem 4.26], that the converse of Lemma 2.10 holds as well, i.e., that the
positive definiteness of a Gramian implies controllability /observability).

Thus, it remains to show that all eigenvalues of A;; have negative real part.
Let A € € be an eigenvalue of A}, with eigenvector 0 # v € C” (thus, A is an
eigenvalue of A, for the eigenvector ©). Multiplying the reduced Lyapunov
equation

AnYi + S1A] = —B B
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with v* from the left and with v from the right, yields
2
- HBIUH =v"A; 1 X0+ U*ZlALv =V A2 v + Ao
2
and since

)
AT = (0 Ane)') T = (07410) 5 = (0A0) ' = s

we have ,
- HBIU = 2Re(\) v*¥v,
2 ——
N e’ >0

<0

such that Re(A) < 0 and it remains to show that A;; has no eigenvalues on
the imaginary axis. Therefore, assume that there exist imaginary eigenval-
ues. Let iw € iR be an imaginary eigenvalue and {vy, ..., v,} C C” be an
orthonormal basis of N (A — iwl,), ie., V = [vl vq] € C"*1? spans
the eigenspace for the eigenvalue iw. Then, we have

(A —iwl)V =0, V*(A}, +iwl,) =0,
and from the reduced Lyapunov equations, we have

(A —iwl)S + 21 (A +iwl,) = —B By, (2.4)
(Al + iwl,) Sy + Sy (A — iwl,) = —C) Cy. (2.5)

Multiplying (2.5) with V* from the left and with V' from the right gives

V(AL +iwl) SV + VS (A — iwl,)V = —V*C]C1V,

g

~
=0 =0

resulting in C1V = 0. Multiplying (2.5) with V' from the right yields

(AL, +iwL) 2,V + 3y (Ay — iwL)V = —C] GV,
. —~—

~
=0 =0

and thus (AI1 + iwl)$1V = 0. Now, multiplying (2.4) with V*%; from the
left and with >,V from the right results in

VS (A — iwl) SV + VS (AL 4wl )5,V = V'S B B %V,

v v~
=0 =0
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giving B] ¥,V = 0. By multiplying (2.4) with ¥,V from the right, we obtain
(A — w22V + 51 (Afy +iwl,)SV = —By B %, V,

=0 =0

such that (A3 — iwl,)X2V = 0 and each column of 3%V is an element of
N (A1 —iwl,). Since V is a basis of this kernel, there exists a matrix = € C7*¢
such that

SV =VE with A(E)CA(Z}), (2.6)

where the second statement follows from the first one: let A € C be an
eigenvalue of = with eigenvector y € C9, then

Y2Vy =VEy = \Vy,

such that \ is also an eigenvalue of ¥2 with eigenvector Vy. Multiplying the
(2,1) block of (2.2) by ¥,V from the right yields

An Y2V 4+ S,ALSV = —ByB{ %,V = 0.

On the other hand, multiplying the (2,1) block of (2.3) by V from the right
results in

ATV 4+ 5540V = —C, CLV = 0.
Using (2.6) and both of the last two equations we get
ApVE = Ap X2V = -5, A0V = $2A,V.
This is a Sylvester matrixz equation
Ni X +XNy=M

with Ny = —¥2 N, = =, unknown X = Ay V, and M = 0. One can
show that this matrix equation has a unique solution, if N; and —Ny have
disjoint spectra. Since we have A(Z) N A(X2) = 0 from (2.6), the solution
is unique here and since the zero matrix is a solution to this equation, we
obtain A9V = 0. In total, we have

i VI [An Al [V [AdV| i Vv
0o A21 A22 o A21V N 0|’
and since A and A are similar (T is a similarity transform), iw is also an imag-

inary eigenvalue of A, contradicting the asymptotic stability of the original
system. Ul
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To conclude this chapter,we want to present an error bound for the approxi-
mation error of Balanced Truncation. We first define the necessary concepts
and begin with the Laplace transformation.

Definition 2.20 (Laplace Transformation)
Let f :[0,00) — R™ be exponentially bounded, i.e., there exist M > 0 and
a > 0 such that || f(t)]|, < Me®* for allt > 0. Then,

LA{f}(s):= /000 f(r)e"dr e R"

for Re(s) > a is called the Laplace transform of f. The process of forming
the Laplace transform is called Laplace transformation.

We want to apply the Laplace transform to (LTT): assuming that each of the
Laplace transforms X (s) := L{z}(s), U(s) := L{u}(s), and Y (s) := L{y}(s)
exists, one can show that the Laplace transformed system reads

=
—
V2)
SN—
|
8
—
(=)
N~—
Il

AX(s)+ BU(s),
Y (s) = CX(s)+ DU(s)

and under the assumption that x(0) = 0, we obtain the relation
Y(s) = (C(sl, — A)"'B+ D) U(s).
This leads to the following definition.

Definition 2.21 (Transfer Function)
The function

G(s):=C(sl, — A)'B+ D € R(s)*™

is called the transfer function of the system [A,B,C,D| € X,.,,. Here,
R(s)P*™ denotes the set of all pxm matrices that have real-rational functions
as entries.

We can see, that the transfer function maps the input of the system to the
corresponding output (in the frequency domain). Thus, the error between the
transfer functions of the full and reduced system G(s) —G(s) is an interesting
quantity. In order to measure this error in the correct norm, we introduce
the following Hardy Space.
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Definition 2.22 (The Space HPX™)
Introducing the Hoo-norm ||G||,, = sup ||G(iw)||,, the space HE™
weR
HEX™ = {G : C" — C"™ : G is analytic in C* and |G|, < oo}

equipped with this norm is a Banach space.

Based on these concepts, one can show the following error bound.

Theorem 2.23 (Balanced Truncation Error Bound)
Let [A,B,C, D] € X, with transfer function G € HEX™ N R(s)P*™ be
asymptotically stable and balanced with Gramians

P =Q = diag(o11,,021s,,...,01ls,) where oy > 09 > ... > 0 > 0.

Let [A11, B1,Cy, D] € X, be the reduced of order r obtained with Algorithm
2 with v = s1+ s2 + ...+ s for some | < k and with transfer function
G € HEX™ N R(s)P*™. Then, it holds

k
G—C?H < 2.
H Hoo Z 7
j
Proof: See, e.g., [ANT, Theorem 7.9]. O

Finally, one can show

I 191 22 p0,00),m7)
1G4, = ;
u€L2(]0,00),R™) HUHLz([o,oo),m)
u#0

such that this bound also relates back to the time domain of the system.

91



CHAPTER 2. BALANCED TRUNCATION FOR LINEAR TIME
INVARIANT CONTROL SYSTEMS

92



Bibliography

[Alt] Alt, H. W. (1992). Linear functional analysis. An application oriented
introduction.

[EIM] Barrault, M., Maday, Y., Nguyen, N. C., & Patera, A. T. (2004).
An ’empirical interpolation’ method: application to efficient reduced-
basis discretization of partial differential equations. Comptes Rendus
Mathematique, 339(9), 667-672.

[SCM] Huynh, D. B. P., Rozza, G., Sen, S., & Patera, A. T. (2007). A
successive constraint linear optimization method for lower bounds of
parametric coercivity and inf-sup stability constants. Comptes Rendus
Mathematique, 345(8), 473-478.

[BCDPWD] Binev, P., Cohen, A., Dahmen, W., DeVore, R., Petrova, G.,
& Wojtaszezyk, P. (2011). Convergence rates for greedy algorithms in
reduced basis methods. STAM journal on mathematical analysis, 43(3),
1457-1472.

[ANT] Antoulas, A. C. (2005). Approximation of large-scale dynamical sys-
tems (Vol. 6). Siam.

93



	Parametric Model Order Reduction
	Introduction
	Theoretical Background
	Linear functional analysis in Hilbert spaces
	Parameter Dependence

	Reduced Basis Methods for linear coercive Problems
	Problem Formulation and Properties
	Error analysis & Error estimators
	Offline/Online Decomposition

	Basis Construction
	Proper Orthogonal Decomposition
	Greedy Search


	Balanced Truncation for Linear Time Invariant Control Systems
	Introduction
	Theoretical Background
	Balanced Truncation
	Input and Output Energy
	Model Reduction by Balanced Truncation

	Properties of Balanced Truncation


