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ABSTRACT

We consider model order reduction of a cable-mass system modeled by a one
dimensional wave equation with interior damping and dynamic boundary conditions.
The system is driven by a time dependent forcing input to a linear mass-spring
system at the left boundary of the cable. A mass-spring model at the right end
of the cable includes a nonlinear stiffening force. The goal of the model reduction
is to produce a low order model that produces an accurate approximation to the
displacement and velocity of the mass in the nonlinear mass-spring system at the right
boundary. We believe the nonlinear cable-mass model considered here has not been
explored elsewhere; therefore, we prove the well-posedness and exponential stability
of the unforced linear and nonlinear models under certain conditions on the damping
parameters, and then consider a balanced truncation method to generate the reduced
order model (ROM) of the nonlinear input-output system. Little is understood about
model reduction of nonlinear input-output systems. Therefore, we present detailed
numerical experiments concerning the performance of the nonlinear ROM; we find
that the ROM is accurate for many different combinations of model parameters. We
also prove the well-posedness and exponential stability of other cable-mass problems
with unbounded input and output operators, and numerically investigate the behavior

of the ROMs for these systems.
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1. INTRODUCTION

Model order reduction (MOR) is currently a very active field of research in
many disciplines with many potential applications including numerical simulation,
optimization, uncertainty quantification, feedback control and data assimilation (see,
e.g., |1, 2, BL 4, 5L 6, [7]). Many types of MOR for linear problems are well established
but remain challenging for nonlinear PDE systems with inputs and outputs.

One main objective of this work is to understand the numerical performance
of a type of balanced truncation model order reduction approach for a specific non-
linear PDE system with inputs and outputs and also with unbounded input/output
operators. Balanced truncation for linear input-output systems was first introduced
by Moore in 1981 [8], and is now a very popular model reduction approach [9, [10].
The theory of balanced truncation model reduction for nonlinear input-output sys-
tems was introduced later by Scherpen [IT], but this method is not computationally
feasible for large-scale systems. We consider another type of nonlinear balanced
truncation model reduction that is closely related to balanced truncation for linear
systems; specifically, the modes obtained from linear balanced truncation are used
to reduce the nonlinear system via a Petrov-Galerkin projection. This approach is
computationally tractable and therefore has potential for various applications; how-
ever, there is no existing theoretical foundation for this MOR approach. Further, we
can find methods of model reduction for nonlinear systems by modifing the balanced
truncation method [12] 13, 14}, 15} 16, 17].

In the absence of required theory, numerical studies are necessitated to test
the performance of this MOR approach. We are aware of only one detailed numerical
study: in [18], the authors numerically show that this nonlinear balanced truncation

MOR approach is very effective for a 1D complex Ginzburg-Landau equation.



In this work, we consider the same model reduction approach for three different
nonlinear input-output cable-mass systems that are represented by a one dimensional
damped wave equation with dynamic boundary conditions. One model, which is
introduced in Section 2, was originally considered as heuristic model for a wave tank
with an energy converter [I9]. In this model, the input is a force to a mass-spring
system in the left boundary. In Section 3, we consider a different boundary condition
in the left end: the input is the force applied to the left end of the cable.

In Section 4, we consider the model from Section 2, but with different output:
the force of the cable on the right mass. The importance of doing Sections 3 and 4 is
the input and output operators are unbounded in each system, respectively. So we
need to study the performance of balanced truncation model reduction numerically.
We note that verifying the balanced truncation theory for PDE systems with inputs
and/or outputs on the boundary of the special domain can often be very challenging
[20, 21], 22] since the input/output operators B and/or C are no longer bounded.
The theory of balanced truncation for infinite dimensional systems with unbounded
input and output operators can be found from [20, 21]. Further, in the literature
some authors present numerical investigations for MOR, of nonlinear systems using
different techniques (see, e.g., [23] 24] 25] 26, 27, 28|, 29, B0, B, B32], B3], B34, 35]).

In Section 5, we also consider a cable-mass system where the cable is fixed at
the left end. An analysis of this PDE system was originally performed in [36], and
nonlinear exponential stability was shown for small enough initial data. The main
purpose of doing Section 5 is to substantiate with theoretical proof the exponential
stability of the original cable-mass nonlinear system in [36] for any initial condition.

We believe the nonlinear cable-mass model considered here has not been ex-
plored elsewhere; therefore, we prove the well-posedness and exponential stability of

the unforced linear and nonlinear models in Sections 2, 3, and 5. The well-posedness



and exponential stability of many types of wave equation models with dynamic bound-
ary conditions have been explored in the literature; see, e.g., [36] 37, 38, 39 40] and
the references therein. The primary difference in the models considered here with
most of the models considered else where is that dynamic boundary conditions hold
on all boundaries or non-dynamic boundary conditions are specified that are slightly
unusual. The paper [37] also considered a 1D wave equation with dynamic boundary
conditions on all boundaries; however, the physical system considered in that work
leads to different boundary conditions than the one we considered.

MOR for wave equations has been discussed in the literature (see, e.g., [29,
A1), [42], [43, [44], [45] [46]); however, many existing works do not consider input-output
model reduction as we do here. The work [42] also considers input-output types of
model reduction for a different cable-mass model; however, that work explores the
effectiveness of the model reduction for a feedback control application. Feedback
control of PDE models with input in dynamic boundary conditions has also been
explored in other work (see, e.g., [47, 48] 49, [50]); however we do not believe model

reduction has been explored in depth for such systems.



2. NONLINEAR CABLE-MASS PROBLEM WITH BOUNDED
INPUT AND OUTPUT OPERATORS

2.1. THE MODEL

We consider a flexible cable with mass-spring systems attached to each end.
Figure illustrate the cable-mass system of interest. Each mass-spring system is
connected to a rigid horizontal support. The dotted line represents the equilibrium

position of the system. Let

e wy(t) denote the position below equilibrium of the left mass at location x = 0

and time t,
e w(t,x) denote the position of the cable at location x and time ¢, and

e w(t) denote the position above equilibrium of the right mass at location = = [

and time ¢.

The left mass is located at position x = 0, and the right mass is located at x = .
We assume the system is driven by an external force acting on the left mass-spring
system, and that there are no other external forces.

We model the motion of the flexible cable with a damped 1D wave equation

on 0 < x < [. We include both Kelvin-Voigt and viscous damping in the model. We

} we(©)

Figure 2.1. The cable-mass system



model the mass-spring system with damped second order oscillators. The left mass-
spring system includes a time dependent external force input u(t), and the right
mass-spring system includes a nonlinear stiffening force. This gives a wave equation

with dynamic boundary conditions:

wy(t, ) + awy(t, x) = YW (L, ) + B2y (t, ), (2.1)

myiy (t) + o (t) + k() = (—ywe(t, 1) — 2w, (t, 1)) — ks [wl(t)]g. (2.3)

Each term in the parenthesis in the dynamic boundary conditions is the force of the
cable acting on the mass. Here, v is the Kelvin-Voigt damping parameter, «, «aq, o
are viscous damping parameters, my and m; are the masses, and ko, k;, and k3 are
the stiffness parameters. In the model the damping parameters are nonnegative, and
the wave equation parameter [ as well as the mass and stiffness parameters are all
positive. Finally, the position of the cable at each boundary must equal the position

of each mass; therefore, we have displacement compatibility condition

w(t,0) = wo(t), w(t,l)=wylt). (2.4)

For the model reduction problem, we assume we have two system outputs: the posi-

tion and the velocity of the right mass, i.e.,

yi(t) = wilt), ya(t) = wi(t).

2.2. THE ENERGY FUNCTION

Next, we give a preliminary investigation of the change in energy of the un-

forced system, i.e., the system with u(¢) = 0. This will help us to obtain the correct



inner products for an abstract formulation of the system. Later we prove the energy
decays to zero exponentially fast under certain assumptions on the system parame-
ters. We assume the solution for the above system is sufficiently smooth. We define

the total kinetic energy of the cable by

l

1
ET,K = 5/?1)? dzx.
0

Differentiating with respect to time and using the wave equation (2.1)) gives

l
dE 1
d?K = 5/2wtwtt dx
0
1

— %/2wt(t,x)(7wtm(t, x) + 52wm(t,x) — awy(t, x)) dx.
0

Integrate by parts to obtain

dE : l |
d?K _ _7/0 (wtx(t7$))2 dx_ﬁQ/O wz(t,x)wm(t,x)dx—a/o (wt(tax))Q dx

+ wi(t, 1) [ywea(t, 1) + BPwa(t, )] — we(t, 0) [ywea(t, 0) + 2w, (t,0)] .

Using the boundary conditions of our cable-mass model (2.2)), (2.3) and the displace-

ment compatibility condition (2.4]) gives

dE : l |
d?K _ _7/0 (wtx(t7$))2 dx_ﬁQ/o wz(t,x)wm(t,x)dx—a/o (wt(tux))2 dx

— Wy (t) [mlwl(t) + Oélwl(t) + k:lwl(t) + k3 [wl (t)]g]

— Ibo(t) [mowg (t) + Oéow() (t) + k’owo(t)] .



This can be written as

—7/0 (wig(t, 2))* da — a/o (wi(t, ) dx — ap (1o (2))? — oy (dy (1))

This suggests defining the system kinetic energy and potential energy as

B = [ gutde + 5 (@n®) + 5 (n(0)?,
l
Ep = / %wg dz + % (wi(t))? + % (wo(t))” + % (wi ()"

This energy expression can also be obtained by considering the kinetic energy and

potential energy of each component of the system. The above energy equation gives

d
‘E="(Ex+E
dt( i+ Ep)

1 l
- |:7/0 (wtz(tax))Q dx + a/(] (wt(ta x))z dr + Qo (wO(t))Q + o (wl(t))Q ’

and therefore E(t) < 0.
This result matches physical intuition and gives the correct energy inner prod-
ucts for the system. Later on, we prove the energy decays exponentially fast to zero

under certain assumptions.



2.3. VARIATIONAL FORM

In this subsection, we introduce the variational form (weak form) of the system.
Later, we use this form to analyze the model. We assume the solution [w, wg, w;] is
smooth and satisfies the displacement compatibility condition w(t,0) = wy(¢) and
w(t,l) = w(t). Multiply the wave equation by a smooth test function h = h(x)
satisfying h(0) = hy and h(l) = h; and integrate:

l l l

!
/wtttl’ hda:—i—oc/wttx hdx—v/wtmtac hdx—BQ/wm(t,x)hdx:O.
0

0 0 0
Now integrate by parts:

l

/l wy(t, ) hdx + oz/wt(t,x) hdx — hy [ywe(8,1) + 8w, (t,1)]
0

0
l l

+ hy [’ywm(t 0) + B*w,(t, 0 —|—’y/wtx (t,x) hy dm+62/wx(t,x)hxdxzo.
0 0

As in the above energy argument, we use the boundary conditions to give the varia-

tional form:

l
0= / wtt(t, ZL‘) hdx + mﬂI)l (t)hl + mowo(t)ho
0

l
+ B2 / Wy (t, 1) hy dx + kyw, (t)hy 4 kowo(t)ho

l
+ / awy(t, 2) h + ywi(t, 7) ha | dz + hianin(t) + hoaotin(t) + ks (@] (2.5)
0

Now we give details about the function spaces to make the formulation precise.

Let H be the real Hilbert space H = L?(0,1) x R? with the inner product of z =



[wawmwl] € H and 1/} = [pa Do, pl] € H defined by

!
(2, 9)y = /defE + MowWopo + MywWip;- (2.6)
0

Let V. C H be the set of elements z = [w,wo,w;] € H'(0,1) x R? satisfying the
displacement compatibility condition w(0) = wy and w(l) = w;. For z € V' as above

and ¢ = [p, po, pi| € V define the V inner product of z with ) by

l

(z,9)y = /52wxpxd$ + kowopo + kywipy. (2.7)
0

We also use the notation o1(z,%) = (z,v),,. The H and V inner products, (2.6
and (2.7)), can be derived from the energy function; the H and V norms are directly

related to the system kinetic and potential energies, respectively. Specifically,

1 1

EK:§(zta Zt)H:§

ks 1 ks
(2 2y + St = 5 ey + 2t

2
el e = - -

DN | —

Furthermore, both inner products appear in the variational form (2.5).
The Gelfand triple is V < H < V' with pivot space H and the algebraic
dual of V is V'. We define (g,v) for g € V', v € V by (g,v) = g(v). Also, we define

the damping bilinear form o5 : V x V — R by

!
oo (2,1) = / (ywepe + qwp) dx + cywope + ywip;. (2.8)
0

Note that this bilinear form occurs in the variational form (2.5) as a damping term

with all first order time derivatives.
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The spaces and inner products are motivated by the above variational form

(2.5). Further we can rewrite the above variational form (2.5 as

(me)H + 01(2(75),%0) + UQ(Zt@)?w) + (f(Z), 7#)H = 07 (29)

where f(2) = [0,0, ksm; 'w}] is the nonlinear term.

2.4. ABSTRACT FORM

The partial differential equation (PDE) model for the physical cable-mass

system can be written in an infinite dimensional abstract form as

&(t) = Ax(t) + Bu(t) + F(z(t)), z(0) = xo, (2.10)

y(t) = Cx(t), (2.11)

where z(t) is the state of the system in the Hilbert space H = V x H, and u(t) is
the input of the system. The operator A : D(A) C H — H contains the dynamics of
the physical system. Similar to Burns & King’s work [36], the PDE system suggests

that the domain of the operator A and the operator A can be formally defined as

D(A) = {x = [w, wo, wy, v, v, vy)" € H : we H(0,1), ve HY0,I),

{BQdifw +fyd%v] € H'(0,1), w(0) = wo, w(l) = wy, v(0) = vy, v(l) = Ul}’
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and ) ) ~ )
w v
Wo Vo
wy U
Ar = A =
4 |1324d d.| _
v dE [ 2 W +vd£v] Qu
5|84 A do| _ ko, _ ag
Vg do [mo d£w+ o de¥ o Wo — 800
_5 |24 ady| ki, o0
i Vg i i (Sl |:mz d£w+ proy d§1) mlwl mlvl ]

where dg and ¢; denote the evaluation operator defined as 0;(¢(+)) = ¢(1) and do(o(+)) =
#(0) in H'(0,1). Also, we define the input/output operators and nonlinear term (A,
B and F) by

r T 001000
0},0
000O0GO0 1

T
Flz)=1000 00 m;lkgwf] .

In our analysis, we do not use the formal definition of the operator A given
above. Instead, we use theory from Banks [51] to rigorously define the operator A
using the bilinear forms o7 and 0,. We use this rigorous definition for the analysis. We
prove the operator A generates an exponentially stable Cy-semigroup in the following

section.

2.5. THE LINEAR PROBLEM

We begin by analyzing the variational form for the linear problem

(22, )i + 01(2(t), ¥) + 0220, ¥) = 0. (2.12)
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We prove the linear problem is well-posed, and also exponentially stable under certain
assumptions on the damping parameters. The exponential stability is necessary for
the application of the balanced truncation model reduction technique considered later.

2.5.1. Function Spaces. We first present basic results about the function

spaces that we frequently use in this work.

Lemma 2.1. The space V with the above inner product s a real Hilbert space,

and V 1s dense in H.

Proof. First, if (z,2)y = 0, where z = [w, wp, w;], then w(x) is a constant function
and wy = w; = 0. The compatibility condition implies w(z) = 0 for all x, and so
z = 0. It is clear that (-,-)y satisfies the remaining properties of an inner product.
Next, let {z"} C V be a Cauchy sequence, where 2" = [w", w{}, w}']. Therefore,
[w?, wi, w'] is a Cauchy sequence in L?*(0,1) x R?, and so there exists [q, wo, w;] €

L*(0,1) x R? such that
w? — qin L*(0,1), wj — wo, w]' — w.

Define w by w(x) = wo + [; q(n)dn. Then w € H'(0,1), w, = ¢, and w(0) = wy.

Also, we have w(l) = w; since

I
w(l) = lim w( —|—/ wr(n)dn = lim w}' = wy.
0

n—oo n—oo

Therefore z = [w, wy, w;] satisfies the displacement compatibility condition and z"
converges in V' to z € V. This shows V is a Hilbert space. To show V is dense in H,

let z = [w, wp, w;] € H and define

g(x) = wo + l_l(wl — wp)T
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Note that g(0) = wg and g(I) = w;. Since H}(0,1) is dense in L?(0,1), there exists a

sequence ¢, € HJ(0,1) such that ¢, — w — g in L?. Define

Zp = [qn + 9, wo, W

Due to the properties of ¢, and g, we have 2, € V for all n and also 2z, — z in H as

n — oo. This proves V' is dense in H.

]

We use the inequalities in the following lemma to prove the well-posedness

and exponential stability of the system.

Lemma 2.2. If z = [w,wy, w;| € V, then

w(@)[* < 2|wol* + 21 |well 720
|‘wHi2(0,l) < 21 ||wol” +1 szHi?(o,l) ;
wi < 2wg + 21 waHi2(o,1) :
w(@)[* < 2|wil* + 21 lwe 720 »
wp < 2w} + 2L w720

2 2 2
loll3aq00 < 20 [l + Ul

Proof. Since w € H'(0,1) and w(0) = wy, we have

xT

w(x) :wo—l—/wg(ﬁ)df.

0

Taking absolute values and using the triangle inequality gives

(@) < Juwo| + / ()] de.

(2.13)
(2.14)
(2.15)
(2.16)
(2.17)

(2.18)
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Then applying Holder’s inequality (|we(§)] = 1. |we(§)]) gives

1
l 2 2

l
|MM§WW%/F% ./WMWM
0

0

1
< Jwol + 12 [lwa |l 2oy -

Squaring this inequality and using Young’s inequality gives (2.13)); integrating (2.13)
from z = 0 to = [ gives (2.14)); and evaluating equation (2.13) at = = [ yields (2.15).

Further note that beginning from w(z) = w; — faf we(€) d§ and applying similar

ideas gives (2.16), (2.17) and (2.18). O

Lemma 2.3. V is continuously embedded in H.
Proof. Let z = [w, wy, w;] € V. We use the H and V inner products and the inequality
[2.14) from Lemma [2.2] to obtain
!
||z||12q = / w?dr + mow? + myw;
0

= HwHiZ'(o,z) + mowg + myw}

IN

20 [l + w20,y +mows + muw

z
< 21° /wi dx + (21 + mo)ws + myw}
0

l
2[2 2 2 20 + mo 2 my 2
< (?) B /wx dx + ( ]CO ) kowo + ]{Z_l klwl
0

!
< O | kow] + kyw} + 52/11)2 dx
0

where C = max{m::m, ’Z—ll,%} This gives C; ' ||2]|%, < |l2]|7 and therefore V' is

continuously embedded in H. O]
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2.5.2. Well-Posedness and Exponential Stability. To show the linear
problem is well-posed, we rewrite the problem as & = Az and show A generates
a Cy-semigroup on H = V x H. We need the following basic concepts concerning

bilinear forms acting on V.

Definition 2.1.

e A bilinear form o : V x V — R is V-continuous if |0 (¢, ¥)| < ¢ [|¢|ly |¥]]; for

all p and ¥ in V.

e A bilinear form o : V x V — R is V-elliptic if there exists a constant co > 0

such that o (¢, ) > ¢ ||¢||% for all @ in V.

e A bilinear form o : V xV — R is H-semielliptic if there exists a constant c¢3 > 0

such that o (¢, ) > c3 ||| for all ¢ in V. Also, o is H-elliptic if ¢ > 0.

Lemma 2.4. 0y is V-continuous.

Proof. Let ® = [p, o, @] and U = [1), 1y, 1] and recall

I
oo (P, V) = / [vpr) + Y1), dx + agpotho + .
0

Applying Holder’s inequality and using the result (2.14) proves the lemma. O

We follow the presentation in [51], Section 8.1, in order to find the linear operator
A. First, o9 is V-continuous. Since o7 and oy are V-continuous we have that there

exists operators A; € L(V, V') for i = 1,2 such that
Uz(@adj) = <Az%¢> for all 907¢ eV.
Define the operator A: D(A) C H — H, where H =V x H, by

D(A) = {o = [p, 0] € H : ¥ € V, Ao + Ag) € H}



16

and

0o I
A= . (2.19)
—Ar —A

Theorem 2.5. The operator A defined above generates a Cy-semigroup on H =

V x H.

Proof. Due to the properties of the spaces H and V', the result follows directly from

Theorem 8.2 in [51] since oy is the V inner product and oy is H-semielliptic. O

Since A generates a Cp-semigroup 7'(t) on H = V x H, then T(t)z is the
unique solution of & = Az where x(0) = xo.

For the exponential stability of the problem, we restrict our attention to the
model with interior damping, i.e., the Kelvin-Voigt damping parameter 7 is positive
or the viscous damping parameter « is positive. In this case, the easiest way to
prove exponential stability is to show oy is H-elliptic or V-elliptic. Note that since
V' is continuously embedded in H, if o5 is V-elliptic then it must also be H-elliptic;

additionally, if o9 is V-elliptic then the semigroup is also analytic.

Theorem 2.6. If o9 is H-elliptic, then the operator A defined in 18 the in-
finitesimal generator of an exponentially stable Cy-semigroup T(t) on H =V x H.

Furthermore, if o9 is V -elliptic, then T'(t) is exponentially stable and also analytic.
Proof. This follows directly from Theorems 8.1 and 8.3 in [51]. O

In this work, we restrict our analysis to the cases where the damping bilinear
form oy is H-elliptic or V-elliptic. The analysis of exponential stability for the model
when this condition is not satisfied is more involved. We prove exponential stabil-
ity for the linear system for three main examples of damping parameter sets. We
also consider model reduction computations for two other examples in the numerical

results.
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Example 1: v,a; > 0 and ag = o = 0. We first consider the case of Kelvin-
Voigt damping (7 > 0) and viscous damping in the right mass-spring system (a; > 0).
We prove oy is V-elliptic. Let z = [w, wg, w;] € V, and recall the bilinear form oy and

the V' inner product are given by

I
o9(z,2) = / yw? dr + aquy,
0

!
ol = [ Gt + kud + Rt
0
Use the inequality (2.17) to obtain

l
2113 < (82 + 21ko) /0 wlda + (ky + 2k )

242 : 2
g 0 aq

!
< (/ ywidr + ozlwf)
0

S 0202(27 Z)>

2
where Cy = max{ﬂ ‘?lko’ k2

} . This proves that oy is V-elliptic. It can also be
shown that o9 is V-elliptic in the similar case when v,y > 0 and o,y = 0.
Example 2: v = 0 and «, ap, oy > 0. Next, we consider the case of viscous

damping in the wave equation and both mass-spring systems (a, ag, a; > 0). We

prove oy is H-elliptic. Let z = [w, wg, w;| € V. Recall

I
o9(z,2) = / aw?dr + apwy + oy,
0

!
[E2l :/ w?dr + mow? + mywy}.
0



Then

!
1
E= / (—) aw?dr + (E) Qowy + (@) awy}
!
< (s [/ aw?dr + apwi + alw?]
0

< C09(2, 2),

a’ ag’ o

where C3 = max {l To m} , This proves that o9 is H-elliptic.
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Example 3: v, > 0 and ag,a; = 0. In this last case, we consider Kelvin-

Voigt damping (v > 0) and interior viscous damping (o > 0) but no other boundary

viscous damping. We prove o, is V-elliptic. We rewrite the bilinear form of o, and

the V' inner products according to the above parameters:

z
09z, 2) = / (yw? + aw?) du,
0

!
ol = [ e+ houd + ot
0

Recall the Sobolev inequality for the H' norm and L* norm:

||u”oo S C ||uHH1(a,b) )

) b

2, 2
||u||H1(a7b) :/ (u” + i) dz,

[ull o = ess sup [u(z)].
z€(a,b)
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Apply the L* norm for w? and w?, then use the Sobolev inequality to obtain

I2))% < /0152w§dx+konH§o+kzHwHio
_ /Ol Fwlde + (ko + k) ]2
< /Ol BPwdx + (ko + k)C ||w||§{1(0,l)
- /Ol BPwidz + (ko + /lcl)C/Ol(w2 +uy) de
- /Ol((ﬁ2 + (ko + k) C)w? + (ko + ki) Cw?)dx

= 04 0-2('27 Z):

B2+ (ko+k)C (k0+kl)c} This

and therefore C;' ||z||7 < 09(z,2), where Cy = max{ > ,

proves that oy is V-elliptic.

In Examples 1, 3 we proved that oy is V-elliptic and Theorem gives us A
is the infinitesimal generator of an analytic exponentially stable semigroup.

In Example 2 we proved that oy is H-elliptic and Theorem gives us A

generates an exponentially stable Cy-semigroup that is not analytic.

2.6. THE NONLINEAR PROBLEM

Next, we analyze the well-posedness and exponential stability of the full un-

forced nonlinear problem. First, we write the nonlinear problem as

(t) = Ax(t) + F(x(t)), x(0) = xo, (2.20)
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on H = V x H where the linear operator A is defined in Section and the

nonlinear term F : H — H is defined for z = [p,¥] € H with ¢ = [w, wy,w;] € V by

0
0
Flz) = o | Folyp) = 0
Fo(y
m; kgw?

Theorem 2.7. The nonlinear cable-mass system has a unique mild solution on some

time interval [0,t*).

Proof. From Section we know A generates a Cy-semigroup in H =V x H. We
can check that the nonlinear term F is locally Lipschitz continuous on H. Therefore,
the result follows using semigroup theory; see, e.g., Theorem 1.4 in Section 6.1 in

52]. O

Next, we prove the unforced nonlinear system is exponential stability when the
damping bilinear form o, is H — elliptic. For the proof, we use the energy argument

from Section [2.2] the variational formulation in Section and also Lemma [2.8

Lemma 2.8. (Theorem 8.1 in [53]). Let E : R™ — RT be a non-increasing function.
If there exists a constant T > 0 such that [ E(t) < TE(s) for all s > 0, then

E(t) < E(0)e!T for all t > 0.

Theorem 2.9. If 05 is H—elliptic and the solution x = [z, z|, with z = [w, wy, w;],
of the unforced nonlinear cable-mass problem 15 sufficiently smooth, then the
energy E(t) = %Hth?{ + %HZ’H%/ + & [y (1)]" of the solution with the initial data

x(0) = xo € H decays exponentially fast as t — oo.

Remark 2.1. It may be possible to identify conditions on the damping parameters
or the initial data xzy € H that provides the required smoothness of the solution for

the proof of this exponentially stable result. We do not investigate this here.
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Proof. First, since the solution is sufficiently smooth, the energy argument from Sec-

tion [2.2] gives E'(t) < 0, where

1
2

1 k
2 2 3
ol s Be =5 2l + =2 fu

E(t) = Ex(t) + Ep(t), Ex = !
Therefore, E(t) is non-increasing. Also, %||x||§{ = %||z||%/ +1 2|3, < E(t). Since
E(t) is bounded, HxHi cannot blow up in finite time; therefore, semigroup theory
gives that the solution must exist for all ¢ > 0 (Theorem 1.4 in Section 6.1 in [52]).

Next, we show that the energy function satisfies the remaining condition in
Lemma by separately considering the kinetic and potential energies. Our proof
use ideas from the proof of Theorem 3.2 in Fourrier and Lasiecka’s work [38]. To use
the above lemma, let s > 0 and ¢ > s.

Step 1 : First, we consider the kinetic energy. Recalling the energy argument

from Section 2.2] immediately gives
E'(t) = —0a(2, 21).

Integrate with respect to time from s to ¢ to obtain

Since o is H-elliptic, there is a constant C' > 0 such that o3(2, ) > (C/2) |23 =

CEg. Therefore, for C; = C~1,
t
/ Ex(r)dr < CLE(s) — CLE(t) < C1E(s),

since E(t) > 0.
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Step 2 : Next, we consider the potential energy. Substitute ¢ = z = [w, wy, w;]

in the vatiational form (2.9) to give

(Zttv Z)H + (Zv Z)V + 02(215’ Z) + (f(Z), Z)H = 0.

Since o5 is a symmetric bilinear form, we have 05(z, 2) = 1405(z, z). Integrate with

respect to time from s to ¢, and then integrate by parts in time to obtain

t

(z(t), 2(t) — (2e(8), 2(8)) g — / (24, 2¢) g AT + /(z, 2)ydr

+ %(O’Q(Z(Zf), 2(t)) — o2(2(s), 2(s)) + /kg(zl(t))4d7' =0.

S

Using the definition of kinetic energy and potential energy gives

%O’Q(Z(t),z(t))—f-Z/Ep(T)dT: —/%[zl(t)]A‘dT—i—Z/EK(T)dT
— (2(t), 2())m + (2e(s), 2(s))m + %02(2(3)7 z(s)).

We remove the nonnegative term f; 1z (t)]*dr > 0, and the equality becomes the

inequality
%O-Q(Z(t),Z(t)) + Q/EP(T)dT < Q/EK(T)dT — (ze(t), 2(t))

1

+(2(s), 2(s))u + 502(2(5), 2(s)).
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Use (u,v)g < ||ul| g |lv|l; and the V-continuity of o9, i.e., o2(®, V) < Cy || @], || W],

to obtain

t

1
Zag(z(t),z(t))—l—/Ep(T)dT

< [ Extrytr + 3 [y I + el 10 + G 11 .

S

Using the result from Step 1 and Young’s inequality gives

t

102(e(0).20) + [ Eplm)ar < GEG) + 5 |5 o)l + 5 1),
+§mwwi+§wwmz+%wA$ml

Use V is continuously embedded in H, i.e., || 2|, < Cs|z]% , to obtain

t

;Lag(z(t),z(t)) + /Ep(T)dT < CE(s) + !

1 1
513 Hzt(S)Hiz + 5 ||Zt(t)||fq

s

C C C.
+§M@%+§W@%+§W@%l

Use the definition of kinetic energy and add positive terms % [z(1)]" and ks [2(s)]*

to the right hand side of the inequality to obtain

ioz(z(t), z(t)) + / Ep(r)dr < C1E(s) + Cy B Hzt(t)H?{ +
3 IO+ 2 L] + o 51 + 5 1O + 2 o)

where Cy = max{%, 1,03}, and C5 = max {%, 1,C5 + Cg}.
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Since t > s and E'(t) < 0 for all t > 0, we have E(t) < F(s). Also since

102(2(t),2(t)) > 0 we get

/ Ep(r)dr < CoE(s),

S

where Cg = C + Cy + C5. Combining the result of Step 1, letting ¢ — oo, and using
Lemma 2.8 proves the result. O

2.7. BALANCED TRUNCATION MODEL REDUCTION

Next, we return to the forced nonlinear cable-mass system (2.1)) with the

system input u(¢) in the dynamic boundary condition (2.3) and system output

y(t) = [wi(t), w(t)])"

of the position and velocity of the right mass. In this section, we describe a balanced
truncation model reduction approach for this nonlinear system. We begin by briefly
reviewing balanced truncation model reduction for linear input-output ordinary dif-
ferential equation systems and then infinite dimensional systems. We outline the
finite difference method we use to approximate the nonlinear cable-mass model, and
then describe the balanced truncation model reduction method for the approximating
nonlinear finite dimensional system.

2.7.1. Finite Dimensional Balanced Truncation. Balanced Truncation
is one of the most popular model reduction methods in control and system theory,
and it is based on the idea of controllability and observability [9, [L0]. To review the

main ideas, consider the exponentially stable linear time invariant dynamical system
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in state space form

&(t) = Az(t) + Bu(t),

y(t) = Cx(t). (2.21)

The above physical problem with dynamics has state z(t)eRY, where N is the di-
mension of the state space, u(t) € R™ is the input, and y(¢f) € R? is the output.
Moreover, ACRN*N = BERN*™ and C€RP*YN are constant matrices, and A is stable.

To reduce the complexity of the system, we approximate the problem using
a reduced number of states » < N. Balanced truncation looks for a reduced order

model

a(t) = Aya(t) + Byu(t),

yr(t) = Crat),

where a(t) € R” is the reduced order state, such that the error in the output
lly(t) — y,(t)]| is small when the same input u(t) is applied to both systems.
To do this, let T € RV*N be invertible, and make the change of variable

z = Tx. Then we can write the original system (2.21)) as

2(t) = T 'AT2(t) + T ' Bu(t),

y(t) = CT=(t).

It can be checked that the transfer function G(s) = C'(sI — A)~! B relating inputs to
outputs in the original system is equal to the transfer function of the transformed sys-
tem. If A is exponentially stable, then the controllability and observability Gramians,

P,Q € RY*N are the unique positive semidefinite solutions to the Lyapunov equa-

tions AP + PAT 4+ BBT = 0 and ATQ + QA + CTC = 0. It can be checked that the
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Gramians of the transformed system are given by P = TPTT and Q = (T-1)" QT
Furthermore, if P and () are positive definite, there exists 7" such that transformed
Gramians P and Q are balanced, i.e., they are equal and diagonal; the positive diag-
onal entries are called the Hankel singular values of the system, and they are ordered
from greatest to least.

The states in the transformed system corresponding to “small” Hankel singular
values are truncated to produce the balanced low order model. In addition, the

truncation error between the transfer function G(s) of the original system and transfer

function G,(s) = C,.(sI — A,)7'B, of the balanced low order model is bounded by

IG(s) = Gr(8)lo €2 a3, (2.22)
i>r

where {ai}f\il are the ordered Hankel singular values of the system and the norm is the
H o system norm. Therefore, if the Hankel singular values decay to zero quickly, then
the balanced low order model can provide a good approximation to the input-output
response of the full order system. Once the Hankel singular values are computed, the

above error bound can be used as a guide to choose an appropriate value for r.
2.7.2. Infinite Dimensional Balanced Truncation. Since we consider a
partial differential equation system in this work, we briefly review balanced truncation

model reduction for a linear infinite dimensional system of the form

(1) = Ax(t) + Bu(t),

y(t) = Cx(t), (2.23)

holding over a Hilbert space H, where A : D(A) C H — H is the generator of an

exponentially stable Cy-semigroup on H, and B: R™ — H and C : H — R are both
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bounded linear operators. We also verify the theory holds for the linear cable-mass
system.

The theoretical background for the existence of the balanced truncation for
this class of infinite dimensional linear systems can be found in |20, 54]. Specifically,
there is a transformed system holding over the Hilbert space [? that is balanced, i.e.,
the controllability and observability Gramians are equal and diagonal; also, as in
the finite dimensional case, the diagonal entries are called the Hankel singular values
and are ordered from greatest to the least. Truncating the states in the transformed
system corresponding to small Hankel singular values again yields the reduced order
model. The transfer function error bound still holds, and the right hand side
of the error bound is finite and tends to zero as r increases.

We can write our linear cable-mass system in the above first order abstract
form with Hilbert space H =V x H, as in Section [2.5.2] The operator A was
defined previously. The operator B : R — H and C : H — R? are defined as follows.
First, Bu = [0, Bou|, where Byu = [0, my " u, 0]. Then

1Bull3, = |1Bully, + 1Bullf; = 1Bully, = [|[0,mg", 0] ull; = |mg*ul*

< mg?|ul?,

and therefore B is bounded. Then let x = [z, x| € H, where z is the position and x

is the velocity. For z = [w, wo,w;| and x = [p, po, pi], Cx is defined by Cx = [wy, py].
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Then

2 2
IC[[ge = [T, pi] |

= w} +p}

1 2 1 2
= |— |k
{mz} mw; + |:kl} 0]

1 l
1 1
< / widz + mowg + {E} mlw? + / 52pid1’ + kop% + {_
0 l 0

k‘z] ki
< Cs [Il=17 + lixlly]
< Gyl
where C5 = max {1, mil, kll} This proves the result that C is bounded. Since B, C
are bounded, the balanced truncation theory holds for the linear cable-mass system.
2.7.3. Formulating the Finite Difference Approximation. Finding ex-
act solutions of the nonlinear cable-mass problem is usually impossible. Therefore,
we use a basic numerical method, the finite difference method, to approximate the so-
lution to our model problem with dynamic boundary conditions. Using this method,
we convert our PDE system to an ODE system, and we apply the model reduction
method to the resulting nonlinear finite dimensional system.
We place n equally spaced nodes {z;}’_, in the interval [0, [], where z; =
(j — 1)h and h = Y@m-1) so that xr1 = 0 and x,, = [. In order to apply balanced
truncation below, we also eliminate the second order time derivatives by introducing
a velocity variable. Therefore, let d; denote the finite difference approximation to

the displacement w(t, x;), and let v; denote the finite difference approximation to the

velocity wy(t,x;). We assume the solution is smooth so that the displacement and
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velocity compatibility conditions are satisfied; we obtain

We use second order centered differences to form finite difference equations for the

wave equation ((2.1)

2

B
’Uz/‘ = %[UH—I — 21)1' -+ Ui—l} + ﬁ[di-i—l — 2dl -+ di—l} — Q;,

d,=wv; fori=2,..n—1. (2.24)

(2

To discretize our system we use (2.24) to obtain

/ 2y gl g 5 23° 32
v, = [—oz — ﬁ} U; -+ [ﬁ} Vi—1 + [ﬁ} Vi+1 + [ﬁ di+1 — ﬁ dz + ﬁ di—h

d; =wv;, fori=2..n—1

To discretize the dynamic boundary conditions we use second order accurate one

sided finite difference approximations to the first order spatial derivatives. First,

—3w(t dw(t h) —w(t 2h

Then we replace h by —h to obtain another second order accurate one sided finite
difference approximation for w, (¢, z) in terms of w(t¢, z), w(t,x — h) and w(t, x — 2h),

ie.,
—4 —h)+ —2
wa(t, 7) ~ 3w(t, x) w(t,x2h h) +w(t,x h). (2.26)
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Using these approximations we discretize the term w,(t,0) in the left boundary con-

dition by
—3dy + 4dy — d3
2(t,0) ~ , 2.97
w.(1,0) - (2.27)
and we discretize the term w, (¢, 1) in the right boundary condition by
3d, —4d, 1+ d,—
wy(t,1) ~ 12 (2.28)

2h

Using these one-side finite difference approximations allows us to keep the the second
order accuracy without introducing “ghost” nodes outside of the spatial domain. After

discretizing the dynamic boundary conditions we obtain

r ko 36 4052 3 3y o
u = [—m—o—zhmo}dﬁ{zhmo = ] B T 2hmy  m | !

il

2hm Mo

!
dl = 1,

and

o[- 2 [ [

my thl thl thl
Qy 3y 4y vy ks 3
- n Y n—1 = Y n—2 - dn Y
+ |: my thl:| Un F |:2hml:| Un-t |:2hml:| Un—2 |:ml:| [ ]
d;I = Up,

where d;, v; and u(t) represent displacement, velocity, and input respectively. Then

the matrix form of the above system becomes

d 0 I d 0 0 d? 0
= + + u, (2.29)
v’ All Alg v F12 0 U3 Bl
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y 0 -~ 1 .-+ 0 d
= , (2.30)

Ys 0 --- 0 --- 1 v

where the matrices are defined below. First, the matrix A;; has nonzero (i, j) entries,

where i, j represent the row and column respectively, as specified below. The nonzero

first row entries of Aj; in the (1,1), (1,2) and (1,3) entries are (—k—o — 3 ),

mo 2hmg

(2‘%1?;0), <—2;L8;0), respectively. The nonzero last row entries of Aj; in the (n,n —

2), (n,n — 1) and (n,n) entries are (— £ >, (£>, <—ﬁ — ﬁ), respectively.

2hmy 2hmy my 2hmy
The middle part of the matrix ¢ = 2,3,...,n — 1 is a tridiagonal matrix. The entries
are
(
2 .
5_27 J=1— 17
[All]iJ - _2}%2’ .] = i)
2 .
f—z, j=1+1.
\

Similarly, the nonzero first row entries of A in the (1,1), (1,2) and (1,3)

; _ 3 _ oo Ay __ ;
entries are ( i ~ me )> \ 2o ) S , respectively. The nonzero last row

entries of Ay in the (n,n —2), (n,n — 1) and (n,n) entries are <—#ml>7 (4_7>7

2hm;
(—f;—ll — %), respectively. The middle part of the matrix « = 2,3,...,n —11is a
tridiagonal matrix(. So the entries are
%, j=i-1,
[Awljj = —a—-%, j=4
o, j=1+1.

Also,
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0
0 0
. . 0 -« 1 --- 0
Fig=1 1 ", : , U= , Bi= mal
0 --- 0 --- 1
0o --- —ml_lk‘g
0

Furthermore, A1, A 2, Fi2 are n X n matrices, C'is a 2 x 2n matrix and By isan x 1
matrix.

Or, we can write the nonlinear finite dimensional approximating system as
&= Az + F(z)+ Bu, y=Cz. (2.31)

2.7.4. Implementation of Balanced Truncation Method. We compute
the balanced truncated reduced order model using the “square root algorithm” de-
scribed in [9]. The algorithm generates matrices 7,€ R*"*" and S,€ R™*" such that
T, = [¢1,¥2... ¢r], where @; denote the jth column of T}, and S, = [%,%,.--,%]T ,
where 1; denote the ith row of S,. Further S,.T,. = I,, where I, is an identity matrix.

Approximate z(t) in the nonlinear full order model by z(t) = Tra(t),
and multiply the full order model on the left by S, to produce the reduced order
model

a(t) = Ava(t) + Byu(t) + S, F(Tra), y-(t) = Cra(t).

The matrices A,, B,, and C, in the reduced order model are given by A, = S, AT,,
B, = 5,.B and C, = CT,. These are exactly the same matrices from the balanced
truncated reduced order model in the linear case.

We want to rewrite the nonlinear term S, F(T,.a) in terms of a;, p;, 1; so that
we can compute the reduced order model using only low order operations. The 2n x r

matrix 7, has ij entries ¢;;, where ¢;; denotes the ith entry of ¢;, for i =1...2n
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T

and j =1...r. Also, a = [ay,as, ... ,a,,]T is a r x 1 dimension vector. Then Z ;i
j=1
is the ¢th entry of the vector of T,a with 2n x 1 dimension where

T T T
TTCL = Z goj,laj, NN Z QOj’QnCLj . (232)
j=1 j=1

In our system we have only one nonlinear term that is in the right boundary condition.
Let d, be the vector consisting of the first n entries of 7T,.a. Using the definition of

F(z) from the previous section gives

F(T _ 0 _ 1 3T
( 7»(1) = s FO(dr) = [0, RN ,0, ml k’g(Tra)n] ,

FO(dr)

where (T,.a), denotes the nth entry of T,.a. Therefore, we do not need to compute

the entire 2n x 1 vector T.a as in (2.32); we only need the nth entry. This gives

0 j#2n,

F(Ta), = 3
—m; 'k (Z§:1 gpjmaj) j = 2n.

J

Therefore, the nonlinear term in the reduced order model can be computed using

only low order operations by

r 3
[Sr F(Tra)]z = —ml_lkj37l)i72n (Z gojmaj) , Z = 1, 2, Lo, Ty

=1

where 1; 9, denotes the 2nth entry of the vector ;.

2.8. NUMERICAL RESULTS

In this section, we present the numerical results concerning the effectiveness of

the balanced truncation MOR method applied to the finite difference approximation
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Table 2.1. Fixed Simulation Parameters

mo | my | ks | B
1 1 1511

of the cable-mass problem. For our experiments, we used 100 finite difference nodes
and solved all ordinary differential equations with Matlab’s 0ode23s. Increasing the
number of nodes did not make any substantial change in the results. We fixed some
of the basic problem parameters, as shown in Table 2.1 and tested variations of the
remaining parameters to determine when the MOR approach is accurate.

In our model, there are two types of interior damping. One is Kelvin-Voigt
damping and the other is viscous damping. The Kelvin-Voigt damping is proportional
to the rate of change of strain. The viscous damping is proportional to velocity.
The Kelvin-Voigt damping parameter is 7 and the viscous damping parameters are
a, ag, oy and those are interior and boundary damping parameters, respectively. Also
there are three stiffness parameters: kg, k;, and k3. Here k5 is the stiffness parameter

for the nonlinear term. We investigate the following examples:

e Example 1: Kelvin-Voigt damping in the interior (v > 0) and damping in the
in the right boundary (a; > 0). All other damping parameters are taken to be

zero, i.e., ag = a = 0.

e Example 2: Viscous damping in the interior (o > 0) and damping in both
boundaries ag, a; > 0. The Kelvin-Voigt damping parameter + is set to zero.
Unlike Example 1, the Cy-semigroup generated by the linear problem is not

analytic in this case and the PDE is hyperbolic.

e Example 3: Viscous damping in the interior (o > 0) and Kelvin-Voigt damping
in the interior (v > 0). All other damping parameters are taken to be zero, i.e.,

ag=qa; = 0.
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e Example 4: Viscous damping in the interior (o« > 0). All other damping pa-

rameters are taken to be zero, i.e., vy = ag = a; = 0.

e Example 5: Kelvin-Voigt damping in the interior (y > 0). All other damping

parameters are taken to be zero, i.e., « = ap = ay = 0.

In Sections and [2.6] we proved that the unforced linear and nonlinear systems
are exponentially stable for Examples 1-3. Numerical results indicate that the linear
problems are also exponentially stable for Examples 4-5. We do not investigate
Examples 4-5 theoretically here.

2.8.1. Exponential Stability. Before we present the model reduction com-
putational results, we briefly present numerical results concerning the linear and non-
linear exponential stability theory. For the linear problem, we test the exponential
stability by analyzing the eigenvalues of the matrix A in the finite difference model
[2.31). Figure shows the eigenvalues of matrix A for v = a; = 0.1, kg = k; = 1,
and ap = a = 0. This is a case of Example 1. The eigenvalues all have negative
real parts. For the nonlinear problem, we consider the solution of the finite difference
model (2.31)), and compute an approximation to the (continuous) energy function in
Theorem by using trapezoidal rule quadrature on the integrals. Figure
shows the exponential decay of the energy with the same parameters and the initial
data e”sin(1 — z) for the position and cos(z) for the velocity.

We also approximated the eigenvalues and the energy for the nonlinear prob-
lem when v = 0; see Figure [2.3] This is a case of Example 2. We see the exponential
stability in both linear and nonlinear cases. The Cy-semigroup is not analytic in
this case, and we see the imaginary part of the eigenvalues increase as is usual with
hyperbolic problems. In the nonlinear case, if v = 0 and all the other parameters
are small, then the energy decays exponentially fast and also fluctuation takes place

rapidly.
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Figure 2.2. Eigenvalues and the energy decay for v = a4 = 0.1, kg = k; = 1 and
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Figure 2.3. Eigenvalues and the energy decay fory=0and a =ag=a; = ko = k; =
0.01

Furthermore, we look at the behavior of the eigenvalue nearest the imaginary
axis by increasing the number of spatial nodes. As we can see in Tables and
the eigenvalue do not approach the imaginary axis when the number of spatial nodes
is increased. This is the behavior we expect since the PDE system is exponentially

stable.
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Table 2.2. Eigenvalues of the linear system for number of spatial nodes with v = o =
0.1, kp=k=1landa=ay=0

| N | 10 [ 2 | 40 | 8 | 160 |
| Re (A) [ -0.0160 | -0.0160 | -0.0160 | -0.0160 | -0.0160 |

Table 2.3. Eigenvalues of the linear system for number of spatial nodes with v = 0
and o = a9 =a; = kg = k; = 0.01

| N [ 10 [ 20 [ 40 | 80 | 160 |
| Re (A) [ -0.0043 | -0.0043 | -0.0043 | -0.0043 | -0.0043 |

2.8.2. Model Reduction Results. Next, we begin the model reduction
experiments. We study the effects of the various parameters on the accuracy of the
model reduction. To do this, we consider the reduced order model (ROM) and full
order model (FOM) with zero initial data and the same input u(t) and compare the
output of the FOM and ROM. Recall the output y(t) of the cable-mass system is the
position and velocity of the right mass.

Although we focus on the accuracy of the nonlinear ROM, we also present
some results for the linear ROM for comparison. The output of the linear ROM is
highly accurate in all cases considered, as expected by balanced truncation theory.

For our experiments, we investigate the behavior of the ROM and FOM for

four different oscillating smooth or discontinuous input functions wu(t).
e Input 1: u(t) = 0.1sin(0.27t)

e Input 2: u(t) = 0.02cos(at) 4+ 0.03 cos(bt), where a, b are the two largest real

parts of the eigenvalues of the matrix A

e Input 3: u(t) = ¢;sin(mt) + co cos(nt), where ¢y, co, m,n are constants in the

range of ¢y, co, < 0.1 and m, n < 0.2
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e Input 4: u(t) = 0.1square(0.27t), where the square wave function is defined by

square(7) = 1 if sin(7) > 0 and square(r) = —1 if sin(7) < 0

Input 1 was originally considered for this problem in [I9], where this cable-mass
system was considered as a heuristic model for a wave tank with a wave energy
converter. Input 2 was considered for a different cable-mass problem in [36]. We note
that this input causes a type of resonance, i.e., the solution magnitude can initially
grow in time before the damping causes the magnitude to return to a moderate level.
We also considered Input 3 to test a variety of oscillating input behaviors. Finally,
we considered Input 4 to see if a discontinuous input causes any change in the ROM

output.

e Small damping parameters
Case 1la : Small damping parameters with smooth inputs

Here we investigate the behavior of the ROM for damping parameters that are small
relative to the boundary stiffness parameters. We experiment for damping parameters
a, ag, o, v in the range of 0.1 to 0.001, and fix kg = k; = 0.1. In this case, for all
smooth inputs (Inputs 1-3) the output of the nonlinear ROM is highly accurate
compared to the FOM output. We present results for two specific scenarios. Figure
2.4 shows the output of the FOM and ROM for both the linear and nonlinear systems
for Example 1, Input 2 with ag = a =0, oy = kg = k; = 0.1, and small Kelvin-Voigt
parameter v = 0.001. The agreement is excellent in both the linear and nonlinear
cases.

Figure [2.5] shows the output of the FOM and ROM for both the linear and
nonlinear systems for Example 2, Input 2 with v =0, ko = k; = 0.1, ap = oy = 0.01,
and small interior viscous parameter o = 0.001. The linear and nonlinear ROMs are
highly accurate. Further, the output of the linear and nonlinear systems have similar

patterns but the amplitudes are different in each graph.
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Figure 2.5. Example 2, Input 2: Output of the ROM and FOM for v =0, kg = k; =

0.1, ap = oy = 0.01, a = 0.001

Case 1b : Small damping parameters with discontinuous input

Next we observe the behavior of the ROM and FOM for small damping with discon-

tinuous input. Figure shows the behavior of the linear and nonlinear FOM and

ROM for Example 5, Input 4 (the square wave) with o = ag = oy = 0, v = 0.001 and

ko = k; = 0.1. The linear and nonlinear FOM and ROM output are highly accurate

even though the position and velocity outputs are very irregular.
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Figure 2.6. Example 5, Input 4: Output of the ROM and FOM for a = ag = oy = 0,
v =0.001 and ko = k; = 0.1

Overall, we can conclude that the linear and nonlinear ROM outputs are very
accurate for a long time interval for all examples and all inputs when the damping

parameters are small relative to the boundary stiffness parameters.

e Small stiffness parameters
Case 2a : Small stiffness parameters with smooth inputs

Next, we investigate the behavior of the FOM and ROM when the boundary stiff-
ness parameters are small relative to the damping parameters. We fix the damping
parameters as ¥ = a = oy = g = 0.1. We observe that if one or both of the stiff-
ness parameter are small (either ko or k; in the range of 0.001 to 0.1), we get highly
accurate ROM output for both linear and nonlinear systems with all smooth inputs.
Two specific scenarios are presented below.

Figure2.7shows the behavior of the ROM and FOM of the linear and nonlinear
systems for Example 1, Input 1 with a« = oy =0, v = a; = 0.1, and kg = k; = 0.001.
Figure [2.8] shows the behavior of the ROM and FOM of the linear and nonlinear
systems for Example 4, Input 3 with a = 0.1, v =0, oy = oy = 0, and ky = 0.001,
k; = 0.01.
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Overall, for all examples with all smooth inputs, the linear and nonlinear ROM

are highly accurate over a long time interval.
Case 2b : Small stiffness parameters with discontinuous Input 4

Next, we explore the behavior of the ROM and FOM for smaller stiffness parameters

with discontinuous input (square wave input). We present results of two specific
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Figure 2.9. Example 1, Input 4: Output of the ROM and FOM for a = oy = 0,
v=aq; = 0.1, and kg = k; = 0.001

scenarios with small stiffness parameters. FIirst, Figure [2.9] shows the behavior of
the linear and nonlinear FOM and ROM output for Example 1 with o = ay = 0,
v = oy = 0.1, and small stiffness ky = k; = 0.001. The nonlinear ROM for r = 4 is
accurate over an initial time interval and thereafter loses some accuracy. Increasing
r yields high accuracy for the entire time interval 0 < ¢ < 300 . The linear ROM is
highly accurate for a longer interval.

Figure [2.10] shows the FOM and ROM output over the longer interval 0 <
t < 300 for another scenario: Example 5, Input 4 with v = 0.1, « = a9 = oy = 0
and small stiffness ky = k; = 0.001. The nonlinear ROM is highly accurate for an
initial time period, but then suffers a loss of accuracy. Increasing r does not yield
high accuracy.

Next, we explore the behavior of the nonlinear ROM depending on the right
and left stiffness parameters. In Examples 1, 3, 4, 5 with Input 4, the left stiffness
parameter affects the nonlinear ROM more than the right stiffness parameter. Figure
shows the behavior of the ROM of the nonlinear system for Example 3, Input
4 with ag = oy =0, « =y = 0.1 and ko = 0.01, k; = 0.001, and in Figure[2.11(b)| with
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Figure 2.11. Example 3, Input 4: Output of the nonlinear ROM and FOM for oy =
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ag=a; =0, a =7 =0.1, and ky = 0.001, k; = 0.01. The nonlinear ROM output
belonging to the smaller right stiffness parameter is much less accurate compared
to the ROM output belonging to the smaller left stiffness parameter. Increasing r
improves the accuracy of the ROM in both cases over a long interval.

Succinctly, when the stiffness parameters are small relative to the damping

parameters, the nonlinear ROM is highly accurate in all examples with smooth inputs.
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However, for the discontinuous input, the nonlinear ROM is highly accurate over an
initial interval and then accuracy is likely to be lost. Increasing the order r of the
ROM may not improve the accuracy. Also, if the magnitude of the input is reduced,
then the length of the highly accurate initial time interval does increase. Further,
the nonlinear ROM is much less accurate when the right stiffness parameter is small

when compared to the small left stiffness parameter.
e Small damping and stiffness parameters (All parameters are small)

Finally, we consider the behavior of the nonlinear ROM when the damping and
stiffness parameters are small relative to the mass and nonlinear stiffness parameters

(mo =1, my = 1.5, and k3 = 1).
Case 3a : Small damping and stiffness parameters with continuous Input 2

The nonlinear ROM is highly accurate in all examples with Input 2. Figure shows
the behavior of the ROM of the nonlinear system for Example 3 for oy = oy = 0 and
a =7 =ky =k = 0.001 with input u(t) = 0.02cos(0.0001¢) + 0.03 cos(0.0008t)
and Example 5 for « = a9 = oy = 0 and v = kg = k; = 0.001 with Input 2
u(t) = 0.02cos(0t) + 0.03 cos(0.0007¢). Overall, we can conclude that the nonlinear
ROM is very accurate in all examples with Input 2 when both damping and stiffness

parameters are small.
Case 3b : Small damping and stiffness parameters with Input 3

The nonlinear ROM is highly accurate in Examples 1, 3, 4, 5 with Input 3 over a
long interval. Only in Example 2 does the nonlinear ROM lose accuracy over a long
time period, but increasing r improves the accuracy. Figure shows the nonlinear
ROM output for Example 2, Input 3 with v =0 and a = ap = oy = kg = k; = 0.001
for r = 4 and r = 6. Overall, we can conclude that the nonlinear ROM is very
accurate over a long interval in all examples except Example 2 with Input 3 when

the damping and stiffness parameters are small. Increasing r improves the accuracy.
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Figure 2.13. Example 2, Input 3: Output of the ROM and FOM for v =0, a = a9 =
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Case 3c : Small damping and stiffness parameters with Input 1

For all examples, the nonlinear ROM output is highly accurate for an initial time
period, but then suffers loss of accuracy with Input 1. Increasing r improves the

accuracy over a long interval.

Case 3d : Small damping and stiffness parameters with Input 4
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For all examples, the nonlinear ROM output is highly accurate only for an initial time
period, but then suffers a great loss of accuracy. Increasing r does not improve the
accuracy over a long time interval. Figure [2.14] shows the behavior of the nonlinear
FOM and ROM for Example 1 with Input 4 with a = ag=0and vy =ao; = ko = k; =
0.001 for » = 4 and r = 10. Overall, when all parameters are small, all behaviors are
possible. The nonlinear ROM may be highly accurate over a long time period, or it
may lose high accuracy after an initial time period. Also, increasing » may or may

not improve the accuracy over a long interval.
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3. NONLINEAR CABLE-MASS PDE SYSTEM WITH UNBOUNDED
INPUT OPERATOR

In this section, we study the performance of the balanced truncation model
reduction when the operator B is unbounded. We do not attempt to prove the infi-
nite dimensional balanced truncation theory for this problem. Instead, we investigate
the model reduction numerically. As we mentioned in the introduction, several PDE
examples have been investigated numerically in the literature to understand the be-
havior of ROMs (see e.g., [23], 24], 25] 26, 27, 28|, 291 30, 32, B33}, 34], 35]). The unforced
PDE system considered in this section differs from the cable-mass problem in Sec-
tion 2. We prove the linear and nonlinear exponential stability for this model in this

section.

3.1. THE MODEL

The flexible cable is driven by an external force u(t) acting on the left end
and is attached to a mass-spring system at the other end. The mass-spring system
is connected to a rigid horizontal support, and we assume all motion takes place in

the vertical direction. Let
e w(t,x) denote the position of the cable at location = and time ¢, and

e w;(t) denote the position of the right mass above equilibrium at location x = [

and time ¢.

We assume there are no other external forces acting on the system.
We model the motion of the flexible cable with a damped 1D wave equation
on 0 < x < [. We include both Kelvin-Voigt and viscous damping in the model. We

model the mass-spring system with a damped nonlinear second order oscillator. This
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gives a wave equation with a dynamic boundary condition:

wy(t, 1) + aw(t, ) = YWiee(t, ) + BPwee(t, T), (3.1)
Ywie (t,0) + B2w,(t,0) = u(t), (3.2)
mytiy () 4 agpin(t) + ko (t) = —(ywe(t, 1) + BPwe(t, 1) — ks [wi ()] (3.3)

The term in the parenthesis in the dynamic boundary condition is the force of the
cable acting on the mass. The boundary condition (3.2) indicates the external force
u(t) is applied at the left end of the cable. Here, 7 is the Kelvin-Voigt damping
parameter, « and q; are viscous damping parameters, m; is the right mass, and k;, k3
are the stiffness parameters. The model damping parameters are nonnegative, and
the wave equation parameter S as well as the mass and stiffness parameters are all
positive. Finally, the position of the cable at the boundary must equal the position

of the mass; therefore, we have the displacement compatibility condition

w(t,l) = w(t).

For the model reduction problem, we assume we have two system outputs as in Section

2: the position and the velocity of the right mass, i.e.,

yi(t) = wi(t), wya(t) = n(t).

3.2. THE ENERGY FUNCTION

Next, we give a preliminary investigation of the change in energy of the un-
forced system, i.e., the system with u(¢) = 0. This will help us to obtain the correct
inner products for an abstract formulation of the system. We assume the solution for

the above system is sufficiently smooth.



We define the total kinetic energy of the cable by

l
1
ET,K = Q/wtz dzx.
0

Differentiate with respect to time and use the wave equation (3.1 to obtain

l
dE 1
LK = 5/2wtwtt dl’

I
/th (t, 2) (YWiae (t, ) + Brwee (t, ©) — aw,(t, x)) dx.
0

[\Dlr—t

Integrate by parts to obtain

dE ! l l
d?K = _7/0 (wm(t,x))Q dl'—BQ/(; waC(tax)wtac(tvx)dx_a/O (wt(t,[E))Z dx

+ wi(t, 1) [ywe(t, 1) + B2w,(t,1)] — wi(t, 0) [ywea(t, 0) + BPw,(t, 0)] .

Use the boundary conditions of our cable-mass model (3.2]), (3.3) to obtain

z z
dEd:;,K _ _,y/o (wig(t, ) da — 52/0 Wy (L, x)wey (t, x)dx — Oé/ol (wi(t, )" da

— wl(t) [mlwl(t) + Oéﬂbl (t) + klwl(t) + k’3 [wl(t)]g] .

This can be rewritten as

i(l/lwth?l(wl( )+ %/w do+ 2w <t>>2+%<wl<t>>4) =

! !
—7/0 (wye (2, 33))2 dx — a/o (wy(t, :1:))2 dr — o (wl(t))2 )

49
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This suggests defining the system kinetic energy and potential energy as

This energy expression can also be obtained by considering the kinetic energy and

potential energy of each component of the system. The above energy equation gives

d d
—FE =
dt dt(

=— {’y /Ol (Wi (t, 7)) da + a/ol (we(t, ) dz + ay (iy (1))?]

Ex + Ep)

and therefore E(t) < 0. This result matches physical intuition and gives the cor-
rect energy inner products for the system. Later on, we prove the energy decays

exponentially fast to zero.

3.3. VARIATIONAL FORM

In this section, we introduce the variational form (weak form) of the system.
Later, we use this form to analyze the model. We assume the solution [w, w;] is
smooth and satisfies the compatibility condition w(t,l) = w;(t). Multiply the wave

equation ({3.1)) by a smooth test function h = h(x), where h(l) = h; to obtain

l l l

1
/wtttx hdx—I—a/wtt x hdx—y/wtmtx hdm—52/wm(t,x)hdx:0.
0

0 0 0
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Now integrate by parts:

l

!
/ wy(t, T hd:c—l—oz/wt (t, ) hdz — by [ywe(t, 1) + 2w, (t,1)]
0

0
l l

+ 1(0) [ywe(t,0) + fPw,(t,0)] —i—’y/wm (t,x) hy dx+ﬁ2/wz(t,x) h, dz = 0.
0 0
As in the above energy argument, we use the boundary conditions to give the varia-

tional form

l

l
/ wi(t, ) b da + myiy (£ hy + B2 / wa(t, ) hy dz + kg () + ks [y (B)]
0

0
l

+ aghyu (t +/ aw(t, ) h + yw(t,x) hy | dx = 0. (3.4)
0

Now, we give details about the function spaces to make the weak formulation
precise. Let H be the real Hilbert space H = L?(0,1) x R with the inner product of

z=|w, w)] € H and 1 = [p, pi] € H defined by

!
(z,0)y = /wpda: + mywp;. (3.5)
0
Let V C H be the set of elements z = [w, w;] € H'(0,1) X R satisfying the

displacement compatibility condition w(l) = w;. For z € V as above and 1) = [p, p;] €

V define the V inner product of z with ¢ by

(z,9)y /ﬁ wepdx + kywipy. (3.6)

We also use the notation o1(z,v) = (2,9),,.
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The H and V inner products, (3.5) and (3.6]), can be derived from the energy
function; also, the H and V norms are directly related to the system kinetic and

potential energies, respectively. Specifically,

1 1 1 s 1 5 ks
By = 3 (2t, 2¢) = B l2ellzr, Ep = B (2, 2)y + wa =3 121l + Zw?-
Furthermore, both inner products appear in the variational form (3.4)).
Also, we define the damping bilinear form o5 : V xV — R
!
o9(2,9) = / (Ywepe + awp) dx 4 aywip;. (3.7)
0

Note that this bilinear form occurs in the variational form (3.4) as a damping term
with all first order time derivatives.

The spaces and inner products are motivated by the above variational form

(3.4). Further we can rewrite the above variational form (3.4) as (2.9).

3.4. ABSTRACT FORM

Our original PDE model (3.1)) with the boundary conditions (3.2), (3.3) can
be written as a first order abstract form (2.10). Similar to Burns & King’s work [36],

the PDE system suggests that the operator A can be formally defined as

D(A) = {x = [w,w,v,v)" €V x H : we H'(0,1), v e H'(0,1), w(l) = w,

v(l) = v, <@2%v + 7%‘“’) (0) = 0}
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and ) ) ) )
w v
wy U
d | p2d d
v d_f [ d_fw + ’Yd—gU:| — Qv
B% d v d k a
I R [m?” m—g“} ~ W T

where §; denotes the evaluation operator as before. Because the left boundary condi-
tion does not contain any of w, w;, ¥, v;, therefore it is impossible to write © = Ax+Bu
holding in H =V x H. Therefore the operator B is said to be unbounded. It is pos-
sible to use the variational form to define B, but we do not consider this here.

Furthermore, define the operators C' and F by

0100 T
C= , Fl@)=10 0 0 m; kyw}
0001
As before, we do not use the formal definition of the operator A given above. Instead,

we use theory from Banks [51] to rigorously define the operator A using the bilinear

forms o and os.

3.5. THE LINEAR PROBLEM

We prove the linear problem ([2.12)) is well-posed and also exponentially stable
under certain assumptions on the damping parameters. The exponential stability is
necessary for the application of the balanced truncation model reduction technique
which is considered later.

3.5.1. Function Spaces. We first present basic results about the function

spaces that we frequently use in this work.

Lemma 3.1. The space V with the above inner product s a real Hilbert space,

and V 1s dense in H.
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Proof. First, if (z,2)y = 0, where z = [w, w;], then w(z) is a constant function and
w; = 0. The compatibility condition implies w(x) = 0 for all =, and so z = 0. It
is straightforward to show that (-,-)y satisfies the remaining properties of an inner
product.

Next, let {z"} C V be a Cauchy sequence, where 2" = [w", w}']. Therefore,
[w?, w?] is a Cauchy sequence in L?(0,1) X R, and so there exists [¢,w;] € L*(0,1) x R
such that

w? — qin L*(0,1), w]' — wy.

Note:

We know wi* — w; and w” — ¢ in L?*(0,1). Therefore, lim w"(0) exists and

n—oo

l
lim w"(0) = w; — / q(n)dn = C (constant).
0

n—o0

Define w by w(x) = w; — f; q(n)dn. Then we can rewrite

mmzm—AEwm+Ame,

mw=o+£2mwf
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Then w € H'(0,1), w, = q, and w(0) = C. Also, w(l) = w; since

w(l) = lim (O+ / | wZ(n)dn>
~ tim ()

n—oo

n—oo

— lim (0 4w (l) — w”(O))

= lim w;" = wy,
n—00

where we used w”™(l) = wj. Therefore z = [w,w;] satisfies the displacement com-
patibility condition and 2" converges in V to z € V. This shows V is a Hilbert
space.

To show V is dense in H, let z = [w,w;| € H and define
g(x) =C + 1w — Oz,

where C' is defined above. Note that ¢(0) = C and g(I) = w;. Therefore, w — g €
H'(0,1). Since H;(0,1) is dense in L*(0,1), there exists a sequence g, € H'(0,1) such

that ¢, — w — g in L?*(0,1). Define

Zn = [Qn + 9, wl]-
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Due to the properties of ¢, and ¢, ie., ¢, + g € HY(0,1), (g, + ¢9)(0) = C, and

(gn + g9)(I) = w; we have z, € V for all n. Also,

. 2 . 2 2
Tim |z, = 2[[}; = Tm {lg, + g = w20y + [wr = wi
l
= lim [ (g, +g—w)’dz

n—oo 0
!
= lim (gn — (w — g))2da:

n—oo 0
. 2
= 7}1_{20 gn — (w — g>HL2(O,Z)
= 0.
This proves V is dense in H. O

Lemma 3.2. If z = [w,w;| € V, then
w(@)* < 2wl + 20 w720 (3.9)

2 2 2
ol a0y < 20 [lnf® + Ulwall a0, (3.10)

Proof. Since w € H*(0,1) and w(l) = wy,

l

w(z) =w; — /wg(ﬁ) dg.

T

Take absolute values, and use the triangle inequality to obtain

l
()] < fur] + / ()] de.



57

Applying Holder’s inequality (Jwe(§)| = 1. Jwe(§)]) gives

w(z)] < | + /1d5 /m

< |w| + & Hw:cHL2(0,l) .

Square this inequality and use Young’s inequality to get (3.9)), and integrate (3.9)from
x =0 to x =1 to obtain (3.10)). O

Lemma 3.3. V is continuously embedded in H.

Proof. Let z = [w, wy] € V. We use the H and V inner products and the inequality

(3.10) from Lemma [3.2] to obtain

!
[EZl :/ w?dx + myw?
0
2
= ||w||L2(0,1) +mwy

<212 waH%g(OJ) + 2lw; + myw;
I
=2/ /w2 dz + (my + 20)w;

202 21
( )/BQde + (ml]:l_ >klwl2

<Oy |k} +62/wxdx
0

Therefore Oy ' || 2||5, < ||2]|3, where C} = max {mlk—fm, %j} This proves the result. [

3.5.2. Well-Posedness and Exponential Stability. To show the linear
problem is well-posed, we rewrite the problem as # = Ax as before and show A

generates a Cyp-semigroup on H =V x H.
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As before, we restrict our analysis to the cases where the damping bilinear
form o, is H-elliptic or V-elliptic.

Example 1: v,a; > 0 and a = 0. We first consider the case of Kelvin-Voigt
damping (v > 0) and viscous damping in the right mass-spring system («o; > 0). We
prove oy is V-elliptic.

We rewrite the bilinear form oy and the V' inner product according to the

above parameters:

!
o9(2,2) = / yw? dx + aqwy,
0

l
HZH%,—/O ﬂQwidx—l—klle.

Then

!
41 = 8 [ uide o+ b
2 l L
= <6—) / ywidr + (—l> oqw?
v 0 7
!
< O,y (/ ywidz + oznuf)
0

< Cy09(2, 2)

where C5 = max {%2, s—ll} . This proves that o, is V-elliptic.
Example 2: a,a; > 0 and v = 0. Next, we consider the case of viscous

damping in the wave equation and the right mass («, oy > 0). We prove oy is H-

elliptic. Since

!
o9(z,2) = / aw?dr + oy},
0

!
HzH?{:/O w?dx + mywy,
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we have
2 : 1 2 l
12|15 :/ ( )aw dx + ( )alwl
0\ a
!
< (4 {/ aw dx+0qw]
0
Therefore, C3' 2|3, < 0a(z,2), where C3 = { l}, and this proves oy is
H-elliptic.

Example 3: v,a > 0 and a; = 0. In this last case, we consider only Kelvin-
Voigt damping (v > 0) and interior viscous damping (o > 0). We prove oy is

V-elliptic. We have

!
ra(z) = [ (ul+ aw) e
0

!
Bl / Brwidx + kwy.
0

Since L>°(0,1) is continuously embedded in H'(0,1), there exists a constant C' > 0

such that

l
2 2
Jol o) < Clleolpos, = C / (w? + w?)da.

Therefore, since w(l) = wy,

[
2 2
1212 < 82 / w? dz + h 0] 2o

! !
= (2 / w? dr + k’lC’/ (w? + w?)dz
0 0

< 04 02(2,2),

B*+kC Kk C
v«

where Cy = max{ } This proves o, is V-elliptic.
In Examples 1, 3 we proved o9 is V-elliptic and Theorem 8.1 in [5I] gives us

A is the infinitesimal generator of an analytic exponentially stable semigroup.
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In Example 2 we proved oy is H-elliptic and Theorem 8.3 in [51] gives us A

generates an exponentially stable Cy-semigroup.

3.6. THE NONLINEAR PROBLEM

We write the nonlinear problem as
(t) = Ax(t) + F(z(t)), x(0) = zo (3.11)

on H =V x H. Here the linear operator A is defined in Section 2.1 and the nonlinear

operator F : H — H is defined for = = [p,¢)] € H with ¢ = [w,w;] € V by

0 0

Fo(p) mflk:aw?

Theorem 3.4. The nonlinear cable-mass system has a unique mild solution on some

time interval [0,t%).

Theorem 3.5. If 05 is H—elliptic and the solution v = |z, z;], with z = [w,w,], of the
unforced nonlinear cable-mass problem 15 sufficiently smooth, then the energy
B(t) = Lzl 5+ 2 1215+ [wi(t)]" of the solution with the initial data ©(0) = xo € H

decays exponentially fast ast — oo.

Proofs of Theorems and 3.5 are similar to Section 2.

3.7. BALANCED TRUNCATION MODEL REDUCTION

Since the input operator B is unbounded, it is more difficult to check the
infinite dimensional balanced truncation theory [20, 21, 22]; we do not attempt to do

this here. Therefore, we do not have the balanced truncation theory for the linear
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PDE system. So, our main goal in this section is to analyze the performance of the
model reduction numerically.

As before, we use a basic finite difference method to approximate the solution
to our model problem with a dynamic boundary condition.

We place n equally spaced nodes {z;}7_, in the interval [0, [], where z; = jh
and h = !/n so that x; = h and z,, = [. In order to apply balanced truncation below,
we also eliminate the second order time derivatives by introducing a velocity vari-
able. Therefore, let d; denote the finite difference approximation to the displacement
w(t, z;), and let v; denote the finite difference approximation to the velocity wy (¢, x;).
We assume the solution is smooth so that the displacement and velocity compatibility

conditions are satisfied; we obtain

We use second order centered differences to form finite difference equations

for (31)

= Lo — 20+ v, }Jrﬁ_g[d. —2d; + di_y] — av;
Ui_ h2 Vi+1 U; Vi—1 h2 1+1 i 1—1 Qavy,

d,=wv;, fori=1,..,n—1. (3.12)

To discretize our system we use (3.12)) to obtain

/ 2y g g B 25 B
v; = [—OZ - ﬁ} v; + [ﬁ} Vi1 + [ﬁ} Vig1 + {ﬁ dity1 — e di + e di-1,

d; =, fori=1..,n—1
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To discretize the boundary conditions we use second order accurate one side
finite difference approximation to the first order spatial derivatives. After discretizing

the left boundary condition we obtain

/ 23 232 27y 27 2u
“1}[@]“[@ BT T (3] T

dl = U1,

and for the right boundary condition we obtain

o[- e [ [

my thl thl thl
o] 3y 4~ ¥ ks 3
+ l my 2hm1:| Un F |:2hm11 Un-1 |:2hm11 Un—2 |:ml:| [dn] ’
d;l = Up,

where d;, v; and u(t) represent displacement, velocity and input, respectively. The
above system can be placed in the matrix form (2.29)). First, the matrix A;; has
nonzero (7, j) entries, where i, j represent the row and column respectively, as spec-
ified below. The nonzero first row entries of Ay in the (1,1) and (1,2), entries are

( ﬁ), (£> , respectively. The nonzero last row entries of Aj; in the (n,n —

T 3h2 3h2
. 2 4 2 k 3 2 .
2), (n,n — 1) and (n,n) entries are (—%m), (2}57”), <_le — %), respectively.
The middle part of the matrix ¢ = 2,3,...,n — 1 is a tridiagonal matrix. The entries
are
(
2
g, i=1i—1,
[All]i,j - —2}%2, 1 =1,
g, i=i+1.
\

Similarly, the nonzero first row entries of A5 in the (1,1) and (1,2) entries

are (—a — 3%75), (5%), respectively. The nonzero last row entries of Ay in the (n,n—
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2), (n,n — 1) and (n,n) entries are <—#ml>, (%), (—2‘1—’1 — %), respectively.

The middle part of the matrix ¢ = 2,3,...,n — 1 is a tridiagonal matrix. The entries
are
.
%, 1=1—1,
[All]z] - — }21_’;, 1 = Z,
%, 1 =1+ 1.
\
Also,
0 0 32
0 -+ 1 -+ 0 sh
Fio=11: "-. : C = B, =
0 -«- 0 --- 1
0 ... —ks 0

my

Furthermore, A1, A2, Fio are n X n matrices, C' is a 2 X 2n matrix and B,

1s a n X 1 matrix.

Or, we can write the nonlinear finite dimensional approximating system as

&= Ax+ F(z)+ Bu, y=Cux. (3.13)

3.8. FORMULATING THE FINITE DIFFERENCE APPROXIMATION
OF THE ENERGY FUNCTION
For the nonlinear problem, we consider the solution of the finite difference
model and compute an approximation to the energy function in Theorem using
trapezoidal rule quadrature on the integrals.

The energy of the unforced system is £ = Fx + Ep where



Recall trapezoidal rule quadrature for an integral:

/ Fla)de ~ g [F(a) + F(b)] + i hE ().

Applying the trapezoidal rule to each integral term in the energy gives

/0 %w? di ~ % {g (0 (1))? + g (vM(t)f] W1 ; B (vi(8))?

and

/ Srudem | e ) )|+ 5 )

Use one-sided and centered difference formulas to get

l
/ B 2 h [ —3w; + 4wy — ws 2 n h 3wy, — 4wp—1 + W2
2 w, d 2 2h 2 2h
0
B*h = Wit — Wi—1 ?
9 22 oh |

Then the energy of the system is approximated as follows:

h hoomy h e 32
E(t)zzvf+{z+7}vi+§;( vi(t))? +16_h[ 3wy + 4wy — ws)”
s S .
+ = [Swn 4wy 1 + Wy 2 oL Z Wiy1 — Wi— 1
16h 8h —
ky o ks 4
3 () + 2 ()

64
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Table 3.1. Fixed Simulation Parameters

(L[ [ ks [ 5]
(1[15]1[1]

3.9. NUMERICAL RESULTS

In this section, we examine the performance of ROM when the input operator
is unbounded. For our experiments, we used 100 finite difference nodes and solved
all ordinary differential equations the Matlab’s ode23s. We fixed some of the basic
problem parameters, as shown in Table and tested variations of the remaining
parameters to determine when the MOR approach is accurate.

We investigate the following examples:

e Example 1: Kelvin-Voigt damping in the interior (v > 0) and damping in the
right boundary (o; > 0). The interior viscous damping parameter is taken to

be zero, i.e., a = 0.

e Example 2: Viscous damping in the interior (o« > 0) and damping in right
boundary «a; > 0. The Kelvin-Voigt damping parameter - is set to zero. Unlike
Example 1, the Cy-semigroup generated by the linear problem is not analytic

in this case and the PDE is hyperbolic.

e Example 3: Viscous damping in the interior (o > 0) and Kelvin-Voigt damping
in the interior (v > 0). The boundary damping parameter is taken to be zero,

i.e., ap = 0.

e Example 4: Kelvin-Voigt damping in the interior (v > 0). All other damping

parameters are taken to be zero, i.e., « = a; = 0.

e Example 5: Viscous damping in the interior (o« > 0). All other damping pa-

rameters are taken to be zero, i.e., v = a; = 0.
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(a) Eigenvalues of the linear system (b) Energy decay of the nonlinear system

Figure 3.1. Eigenvalues and energy decay for y =a; = 0.1, k;, =0.1 and « =0

In Sections and we proved that the unforced linear and nonlinear systems
are exponentially stable for Examples 1-3. Numerical results indicate that the linear
problems are also exponentially stable for Examples 4-5.

3.9.1. Exponential Stability. Before we present the model reduction com-
putational results, we briefly present numerical results concerning the linear and non-
linear exponential stability theory. For the linear problem, we test the exponential
stability by analyzing the eigenvalues of the matrix A in the finite difference model
(3-13). Figure[3.1(a)|shows the eigenvalues of matrix A fory =y = 0.1, k; = 0.1, and
a = 0. This is a case of Example 1. The eigenvalues all have negative real parts. For
the nonlinear problem, we consider the solution of the finite difference model ,
and compute an approximation to the (continuous) energy function in Theorem
by using trapezoidal rule quadrature on the integrals in Section Figure
shows the exponential decay of the energy with same parameters and the initial data
ze”sin(zx) for the position and cos(z) for the velocity. We choose the initial condition
to match the boundary condition at x = 0 to produce a smooth solution. So the
initial condition for the position wy(x) satisfies wy(0) = 0, and the initial condition

for the velocity vo(z) satisfies v,(0) = 0.
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Figure 3.2. Eigenvalues and energy decay for y =0 and a = oy = k; = 0.01

Table 3.2. Eigenvalue with largest Re(\) for the linear system with N spatial nodes,
y=o;=0.1k=01and a=0

| N [ 10 [ 20 [ 40 | 80 | 160 |
| Re (A) [ -0.0189 [ -0.0194 | -0.0196 | -0.0197 | -0.0197 |

We also approximated the eigenvalues and the energy for the nonlinear prob-
lem when v = 0 (this is a case of Example 2); see Figure . We see the exponential
stability in both linear and nonlinear cases. In the nonlinear case, if v = 0 and all
the other parameters are small, then the energy decay becomes exponentially stable
and also fluctuation takes place rapidly.

Furthermore, we look at the behavior of the eigenvalue nearest the imaginary
axis by increasing the number of spatial nodes. As we can see in Tables [3.2] and
the eigenvalue do not approach the imaginary axis when the number of spatial nodes
is increased. This is the behavior we expect since the PDE system is exponentially
stable.

3.9.2. Model Reduction Results. Next, we begin the model reduction

experiments. We study the effects of the various parameters on the accuracy of the
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Table 3.3. Eigenvalue with largest Re(\) for the linear system with N spatial nodes,
y=0,and a =a; =k; =0.1

| N | 10 [ 2 | 40 | 8 | 160 |
| Re (A) [ -0.0040 | -0.0040 | -0.0040 | -0.0040 | -0.0040 |

model reduction. To do this, we consider the reduced order model (ROM) and full
order model (FOM) with zero initial data and the same input u(t) and compare the
output of the FOM and ROM. Recall the output y(t) of the cable-mass system is the
position and velocity of the right mass.

We focus on the accuracy of the linear and nonlinear ROM and present some
results to show the performance of the ROM in both systems.

For our experiments we investigate the behavior of the ROM and FOM in the

four different input functions from Section 2:
e Input 1: u(t) = 0.1sin(0.27¢)

e Input 2: u(t) = 0.02cos(at) + 0.03 cos(bt), where a, b are the two largest real

parts of the eigenvalues of the matrix A

e Input 3: u(t) = ¢y sin(mt) + ¢z cos(nt), where ¢y, co, m,n are constants in the

range of ¢, ¢o, < 0.1 and m, n < 0.2
e Input 4: u(t) = 0.1square(0.27t)
We consider the same parameter scenarios as in Section 2.
e Small interior damping parameters

Here we investigate the behavior of the ROM for interior damping parameters that
are small relative to the boundary stiffness parameter. We experiment for damping

parameters o and 7 in the range of 0.1 to 0.001 and fix k; = 0.1 and oy = 0.1.

Case 1la : Small interior damping parameters with smooth Inputs 1, 2
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Figure 3.3. Example 3, Input 1: Output of the ROM and FOM for v = a = 0.001,
kl = 0.1 and o) = 0

In this case, in all examples for smooth Inputs 1, 2 the output of the linear and
nonlinear ROM is highly accurate compared to the FOM output. We present results
for two specific scenarios. Figure [3.3|shows the output of the FOM and ROM for both
the linear and nonlinear systems for Example 3, Input 1 with oy =0, v = a = 0.001.
The agreement is excellent in both the linear and nonlinear cases.

Figure |3.4] shows the output of the FOM and ROM for both the linear and
nonlinear systems for Example 4, Input 2 with k&, = 0.1, « = o; = 0 and small
Kelvin-Voigt parameter v = 0.001. The linear and nonlinear ROM outputs are
highly accurate.

Overall, for all examples with smooth Inputs 1, 2 the linear and nonlinear

ROM outputs are highly accurate over a long interval.

Case 1b: Small interior damping parameters with smooth Input 3 and discontinuous

Input 4

Next, we observe the behavior of the ROM and FOM for small interior damping
with Inputs 3 and 4. In this case all behaviors are possible. We show different

behaviors for three specific scenarios below. Figure shows the behavior of the
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Figure 3.5. Example 1, Input 4: Output of the ROM and FOM for a = 0, v = 0.001
and Qp = kl =0.1.

linear and nonlinear FOM and ROM for Example 1, Input 4 with o = 0, v = 0.001

and oy = k; = 0.1. The linear and nonlinear ROM outputs are highly accurate.
Next, we present a case where the output of the nonlinear ROM is highly

accurate over a short time period and increasing r improves the accuracy over a long

time interval. Figure |3.6| shows the behavior of the nonlinear FOM and ROM for
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Figure 3.6. Example 4, Input 4: Output of the ROM and FOM for o = o = 0,
v =0.001 and k; = 0.1.

Example 4, Input 4 with oy =0, a = v =0.001 and k; = 0.1 for r =4 and r = 8. We
note the linear ROM is highly accurate over a long time interval with Inputs 3, 4.

Now, we present a case where the output of the nonlinear ROM is highly
accurate over a short interval and increasing r does not greatly improve the accuracy.
Figure [3.7] shows the behavior of the nonlinear FOM and ROM for Example 5, Input
3withy=0a; =0, a=0.001 and k; = 0.1 for r =4 and r = 8.

Overall, all behaviors are possible with Inputs 3 and 4 for nonlinear ROM. The
linear ROM is highly accurate over a long time interval. In Example 1, the nonlinear
ROM may be highly accurate over a longer time interval and in Examples 3, 4, 5 the
nonlinear ROM may lose high accuracy after an initial time period. Also, increasing

r may or may not greatly improve the accuracy over a long period of time.
e Small boundary damping parameter

Here we investigate the behavior of the ROM for a boundary damping parameter that
is small relative to the interior damping parameters and boundary stiffness parameter.

We experiment for boundary damping parameter «; in the range of 0.1 to 0.001 and
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Figure 3.7. Example 5, Input 3: Output of the ROM and FOM for v = a; = 0,
o = 0.001 and k; = 0.1

fix k;, = v = a = 0.1. Note only Examples 1 and 2 are applicable here since Examples

3-5 have g = 0.

Case 2a : Small boundary damping parameter with smooth Inputs 1, 2

In this case, in Examples 1 and 2 with smooth Inputs 1 and 2, the output of the
nonlinear ROM is highly accurate. We present results only for one specific scenario.
Figure |3.8] shows the behavior of the ROM and FOM of the linear and nonlinear
systems for Example 1, Input 1 with @« = 0, v = k; = 0.1 and small boundary
damping a; = 0.001.

Overall the performance of both linear and nonlinear ROM outputs are excel-

lent.

Case 2b : Small boundary damping parameter with smooth Input 3 and discontin-

uous Input 4

Here, for Example 2 with Inputs 3, 4 the output of the linear and nonlinear ROM
is highly accurate. For Example 1 with Inputs 3, 4 the nonlinear ROM is accurate

for an initial time interval. Increasing r improves the length of the accurate time
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Figure 3.9. Example 1, Input 4: Output of the ROM and FOM for aa =0, v = k; =

0.1 and oy = 0.001

interval but does not yield accuracy over a long time interval. Figure [3.9 shows the

behavior of the nonlinear ROM and FOM of the nonlinear systems for Example 1,

Input 4 with o = 0, v = k; = 0.1 and small boundary damping a; = 0.001 for r = 4

and r = &.

Succinctly, the linear ROM is highly accurate when the boundary damping

parameter is small. The nonlinear ROM may be highly accurate over a longer time
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interval or highly accurate only for an initial period of time and increasing r can

improve the accuracy.
e Small boundary stiffness parameter

Next, we investigate the behavior of the FOM and ROM when the boundary stiffness
parameter is small relative to the damping parameters. We experiment for stiffness
parameter k; in the range of 0.1 to 0.001 and fix the damping parameters v = a =
a; = 0.1.

Case 3a : Small stiffness parameter with smooth Input 2

In all examples for smooth Input 2, the output of the nonlinear and linear ROM is

highly accurate compared to the FOM output.
In Figure [3.10| shows the behavior of the ROM and FOM of the linear and
nonlinear systems for Example 3, Input 2 with oy =0, « =~ = 0.1 and k; = 0.001.
Overall, in all examples with smooth Input 2, the linear and nonlinear ROM

are highly accurate for a longer time period.

Case 3b: Small stiffness parameter with smooth Inputs 1, 3 and discontinuous Input

4.
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Figure 3.11. Example 2, Input 3: Output of the ROM and FOM for vy =0, a = oy =
0.1 and k; = 0.001

Next, we explore the behavior of the ROM and FOM for smaller boundary stiffness
parameter with smooth Inputs 1, 3 and discontinuous Input 4 . For Examples 1,
2, 3, 5 with Inputs 1, 3, 4 the nonlinear ROM is highly accurate over a long time
period. Only Example 4 behaves differently. For Example 4 with Inputs 1, 3, and 4
the nonlinear ROM is highly accurate over an initial time interval, and then it loses
accuracy. We present results for two specific scenarios. First, Figure shows the
behavior of the linear and nonlinear FOM and ROM output for Example 2, Input 3
with v =0, @« = oy = 0.1 and small boundary stiffness k; = 0.001. In this case both
the linear and nonlinear outputs of ROM are highly accurate over a long period of
time.

Figure shows another scenario for the nonlinear output over a long time
interval: Example 4, Input 4 with v = 0.1, @ = oy = 0 and small stiffness k; = 0.001.
The nonlinear ROM is highly accurate over an initial time period, but then suffers a
loss of accuracy. Increasing r does not yield high accuracy.

Succinctly, when the boundary stiffness parameter is small relative to the

damping parameters, the accuracy of the nonlinear ROM can vary with different
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Figure 3.12. Example 4, Input 4: Output of the ROM and FOM for v = 0.1, a =
o) = 0 and k‘l = 0.001

examples and inputs. The linear ROM is highly accurate in all examples with all

inputs.
e Small damping and stiffness parameters (all parameters are small)

Finally, we consider the behavior of the nonlinear ROM when the damping and
boundary stiffness parameter are small relatively to the mass and nonlinear stiffness
parameters (mg = 1, m; = 1.5, and k3 = 1). We experiment for damping parameters

«, aq, v and stiffness parameter k; in the range of 0.1 to 0.001.
Case 4a : Small damping and stiffness parameters with continuous Input 2

The nonlinear ROM is highly accurate in all examples with Input 2. We present

results for two specific scenarios. In Figure [3.13| shows the behavior of the ROM of

the nonlinear system for Example 3 with Input 2 and Example 4 with Input 2.
Overall, the linear and nonlinear ROM outputs are very accurate in all exam-

ples with Input 2 when the damping and stiffness parameters are small.

Case 4b : Small damping and stiffness parameters with Inputs 1, 3 and 4
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In all examples, the nonlinear ROM output is highly accurate over an initial time
period, but then suffers a large loss of accuracy with Inputs 1, 3 and 4. Increasing r
does improve the length of the accurate time interval but may not yield high accuracy
for a long time interval. We present results for two specific scenarios. Figure |3.14
shows the behavior of the ROM of the nonlinear system for Example 3 with Input
3 with oy = 0 and v = a = k; = 0.001 for » = 4 and r = 10. Increasing r greatly
improves the length of the accurate time interval.

Figure [3.15|shows the behavior of the ROM of the nonlinear system for Exam-
ple 1, Input 4 with & = 0 and v = oy = k; = 0.001 for » = 4 and r = 10. Increasing
r greatly improves the accuracy, but we do not get accuracy for a long time interval.

Overall, when all parameters are small all behaviors are possible. The non-
linear ROM may be highly accurate over a long period of time, or it may lose high

accuracy after an initial time period. Also, increasing r may or may not give accuracy

over a long time interval. The linear ROM is highly accurate in all cases.
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4. NONLINEAR CABLE-MASS PDE SYSTEM WITH UNBOUNDED
OUTPUT OPERATOR

In this section, we study the effect of an unbounded output operator to the
model reduction. Here, we use the same wave equation and boundary conditions as
described in Section 2 with a different output. We do not attempt to prove the PDE
balanced truncation theory for this problem. Instead, we examine the performance

of the model order reduction numerically.

4.1. THE MODEL

As we explained in Section 2, the model is the same and we investigate the
model reduction with different outputs. Recall the wave equation with dynamic

boundary conditions is given by

wy(t, 1) + aw(t, ) = YWiae (t, ) + BPwae(t, 1), (4.1)

mlwl(t) —|— Oélwl(t) + k‘lwl(t) = (—wwm(t, l) — ngx(t, l)) — k3 [wl(t)]g . (43)

We assume we have one system output: the force of the cable acting on the right
mass, i.e.,

y(t) = ywe (t, 1) + BPw, (L, 1).

4.2. ABSTRACT FORM

Our original PDE model (4.1)) with the boundary conditions (4.2), (4.3) can
be written in the first order abstract form (2.10). The operators A and B are given in

Section 2. We define the output operator C, which is unbounded in this case. Define
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Table 4.1. Fixed Simulation Parameters

mo | my | ks | B
1 1 1511

the operator C, where C : D(A) — R, by Cx = 51( Qd%w + ’y(%u). Since C maps the
domain of A to R, and Cxz is not well-defined in general for x € H =V x H, C is

called an unbounded operator.

4.3. NUMERICAL EXPERIMENTS

In this section, we examine the performance of ROM when the output operator
is unbounded. For our experiments, we used 100 finite difference nodes and solved
all ordinary differential equations the Matlab’s ode23s. We fixed some of the basic
problem parameters, as shown in Table [4.1] and tested variations of the remaining
parameters to determine when the MOR approach is accurate.

We investigated the following examples. Here we only consider the examples

when the Kelvin-Voigt parameter is positive.

e Example 1: Kelvin-Voigt damping in the interior (v > 0) and damping in the
in the right boundary (a; > 0). All other damping parameters are taken to be

zero, i.e., ag = a = 0.

e Example 3: Viscous damping in the interior (o > 0) and Kelvin-Voigt damping
in the interior (v > 0). All other damping parameters are taken to be zero, i.e.,

ag=qa; = 0.

e Example 5: Kelvin-Voigt damping in the interior (v > 0). All other damping

parameters are taken to be zero, i.e., a = ayg=a; =0



81

4.3.1. Formulating the Finite Difference Approximation. The matri-
ces A, B, and F are given in Section 2. We define the matrix C, which is 1 x 2n,
by

= gl by 3y B2 4 34
C=10 - 0 g —5 5 0 05 -5 3

This gives the nonlinear finite dimensional approximating system:

&t =Ax+ F(z)+ Bu, y=Cux. (4.4)

4.3.2. Model Reduction Results. Next, we begin the model reduction
experiments. We study the effects of the various parameters on the accuracy of the
model reduction. To do this, we consider the reduced order model (ROM) and full
order model (FOM) with zero initial data and the same input u(t) and compare the
output of the FOM and ROM. Recall the output y(t) of the cable-mass system is the
force of the cable on the right mass.

We focus on the accuracy of the linear and nonlinear ROM and present some
results to analyze the performance of the ROM.

For our experiments, we investigate the behavior of the ROM and FOM for

four different input functions as before.
e Input 1: u(t) = 0.1sin(0.27¢)

e Input 2: u(t) = 0.02cos(at) + 0.03 cos(bt), where a, b are the two largest real

parts of the eigenvalues of the matrix A

e Input 3: u(t) = ¢y sin(mt) + co cos(nt), where ¢y, co, m, n are constants in the

range of ¢, co, < 0.1 and m, n < 0.2.
e Input 4: u(t) = 0.1square(0.27t)

The inputs are the same as previously described in Section 2.
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Figure 4.1. Example 5, Input 1: Output of the ROM and FOM for v = 0.001, ky =
k=01, a=a)=a =0 when r=4

e Small interior damping parameters

We first investigate the behavior of the ROM for interior damping parameters which
are small relative to the boundary stiffness parameter and boundary damping param-
eters. We experiment for damping parameters o and ~ in the range of 0.1 to 0.001,

and fix kg = k; = 0.1 and o; = 0.1.
Case 1la : Small interior damping parameters with all inputs

In this case, for Examples 3 and 5 with all inputs, the output of linear and nonlinear
ROM is accurate for r = 4 but the amplitude of the ROM is slightly different com-
pared to the FOM. Increasing r does give high accuracy. Figure [4.1]shows the output
of the FOM and ROM for both linear and nonlinear systems for Example 5, Input 1
with a = ag = oy = 0, kg = k; = 0.1, and small Kelvin-Voigt parameter v = 0.001.
The behavior of Example 1 is different from the other two examples. We
present results for two specific scenarios. For Example 1 with smooth Input 1 the

output of linear and nonlinear ROM is highly accurate. Figure[d.2]shows the behavior
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Figure 4.2. Example 1, Input 1: Output of the ROM and FOM for oy = a = 0,
oy = ko =k =0.1 and v = 0.001 when r =4

of the linear and nonlinear FOM and ROM for Example 1, Input 1 with ag = a =0,
a; = ko =k; =0.1 and v = 0.001 when r = 4.

Next, Example 1 with Inputs 2, 3 and 4 the nonlinear ROM is moderately
accurate and increasing r does not yield high accuracy. The linear ROM for Example
1 with Inputs 2, 3 and 4 is accurate but the amplitude of the ROM is slightly different
from the FOM and increasing r does give high accuracy. Figures and show
the behavior of the linear and nonlinear FOM and ROM for Example 1, Input 4 with
ag=a=0,a; =ky=k =0.1 and v = 0.001 when » =4 and r = 10.

Overall, when interior damping parameters are small, for Examples 3 and 5
with all inputs, the outputs of linear and nonlinear ROM are accurate with little
amplitude difference compared to the FOM and increasing r gives high accuracy. In
Example 1 high accuracy may be lost after an initial time period. Increasing r may

or may not improve the accuracy.

e Small boundary damping parameter
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Figure 4.3. Example 1, Input 4: Output of the ROM and FOM for oy = a = 0,
oy = ko =k =0.1 and v = 0.001 when r =4

Here we investigate the behavior of the ROM for boundary damping parameters
that are small relative to the interior damping parameters and boundary stiffness
parameters. We experiment for boundary damping parameters a; and «q in the
range of 0.1 to 0.001 and fix kg = k; = v = a = 0.1. Note only Example 1 is

applicable here since Examples 3, 5 have a; = 0.
Case 2a : Small boundary damping parameter with all inputs

For Example 1 with all inputs, the linear and nonlinear ROMs are accurate only for

an initial time interval. Increasing r yield highly accurate ROMs.
e Small damping parameters

Here we investigate the behavior of the ROM for boundary and interior damping
parameters which are small relative to the boundary stiffness parameter. We ex-
periment for damping parameters «, 7, aq, o in the range of 0.1 to 0.001 and fix

ko =k =0.1.

Case 3a : Small damping parameters with all inputs
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Figure 4.4. Example 1, Input 4: Output of the ROM and FOM for ay = a = 0,
o = ko =k; =0.1 and v = 0.001 when r = 10

In this case all linear and nonlinear ROMs are accurate with little amplitude difference
compared to the FOM and increasing r does give high accuracy. Figures and
show the output of the FOM and ROM for the linear and nonlinear systems for
Example 3, Input 3 with ap = a; =0, kg = k; = 0.1 and o = v = 0.001 when r» =4

and r = 6.
e Small stiffness parameters

Next, we investigate the behavior of the FOM and ROM when the boundary stiffness
parameters are small relative to the damping parameters. We experiment for stiffness
parameters ko and k; in the range of 0.1 to 0.001 and fix damping parameters as

y=a=aoa=aoq =0.1.
Case 4a : Small stiffness parameters with all inputs

We test when one of kg or k; is small, and also when both are small. In this case,
for all examples with all inputs both the nonlinear and linear output of the ROM are

moderately accurate and increasing r does yield high accuracy.
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Figure 4.5. Example 3, Input 3: Output of the ROM and FOM for oy = o = 0,
ko =k; = 0.1 and o =y = 0.001 when r =4

e All parameters are small

Finally, we observe the behavior of the nonlinear and linear ROM when the damping
and stiffness parameters are small relative to the mass and nonlinear stiffness param-
eters (mg = 1, m; = 1.5, and k3 = 1). We experiment for damping parameters «, «,

~ and the stiffness parameter kg, k; in the range of 0.1 to 0.001.
Case ba : All parameters are small with all inputs for Examples 1 and 3

Here, for Examples 1, 3 with Inputs 1, 3 the output of the linear ROM is highly
accurate and the output of nonlinear ROM is moderately accurate. Figure 4.7| shows
the output of the FOM and ROM for the linear and nonlinear systems for Example
3, Input 3 with ay = oy =0 and ky = k; = a = v = 0.001 when r = 4.

In Examples 1, 3 with Input 2, the output of linear and nonlinear ROM is
moderately accurate. Increasing r does not give high accuracy. Figure shows the
output of the FOM and ROM for the linear and nonlinear systems for Example 1,

Input 2 with ap = a =0 and ky = k; = oy = v = 0.001 when r = 4.
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Figure 4.6. Example 3, Input3: Output of the ROM and FOM for a9 = a4 = 0,
ko =k = 0.1 and o = v =0.001 when r =6

Next, for Examples 1, 3 with Input 4 the nonlinear ROM is moderately accu-
rate. The linear ROM is accurate with little amplitude difference compared to the
FOM and increasing r does produce high accuracy.

Overall, the linear ROM is highly accurate or moderately accurate when r is
small with all inputs and increasing r does yield high accuracy except Input 2. The
nonlinear ROM is moderately accurate and increasing » may or may not yield high

accuracy.
Case 5Hb : All parameters are small with all inputs for Example 5.

In Example 5, the linear and nonlinear ROM is highly accurate for an initial time
interval and then accuracy may be lost. Increasing r for both the linear and nonlinear

ROM yields high accuracy.
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Figure 4.8. Example 1, Input 2: Output of the ROM and FOM for ay = a = 0 and
ko = k; = ag = v = 0.001 when r = 4.
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5. NONLINEAR EXPONENTIAL STABILITY OF ANOTHER
NONLINEAR CABLE-MASS PDE SYSTEM

Next, we consider a cable-mass model similar to Section 2, but with different
boundary condition at the left end. This problem was originally studied theoretically
by Burns and King in [36], but our model includes one additional damping term. In
[36], Burns and King proved the solution of the unforced nonlinear system decays to
zero exponentially fast if the initial condition is small enough. The primary goal of
this section is to prove the nonlinear exponential stability for large initial conditions.
Further, we demonstrate the exponential stability of the linear and nonlinear systems

numerically. We do not consider model reduction for this system.

5.1. THE MODEL

We consider a flexible cable which is fixed at one end and attached to mass-

spring at the other end. Let
e w(t,z) denote the position of the cable at location x and time ¢, and

e w;(t) denote the position of the right mass above equilibrium at location = = [

and time ¢.

The left side is fixed and the right mass is located at x = [. We assume there are no
external forces. The right mass-spring system includes a nonlinear stiffening force, as

before. This gives a wave equation with a dynamic boundary condition:

wy(t, 1) + awy(t, 1) = YWiae(t, ) + B2wee(t, ), (5.1)
w(t,0) =0, (5.2)

mytiy (t) + oy (t) + k() = —(Ywee (£, 1) + B2w,(t, 1) — ks [wl(t)]g . (5.3)
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Finally, the position of the cable at each boundary must equal the position of the

mass; therefore, we have the displacement compatibility condition

w(t,0) =0, w(t,l)=w/lt).

5.2. THE ENERGY FUNCTION

Next, we give a preliminary investigation of the change in energy of system.
The only difference with the model considered in [36] is the addition of the viscous
damping term aw; in the wave equation. As before, we assume all damping param-
eters are nonnegative, and the remaining parameters are positive. This will help us
to obtain the correct inner products for an abstract formulation of the system. We
assume the solution for the above system is sufficiently smooth. We define the total

kinetic energy of the cable by

l

1
ET,K = é/wtz dz.
0

Differentiating with respect to time and using the wave equation (5.1)) gives

l
dE 1
% = - thwtt dx

(]

I
DO | =
O\N o\

2w (t, ) (YWiae (T, T) + B Wee(t, ) — qwy(t, x)) dx.

Integrate by parts to obtain

—db;?K =— /Ol (wia(t, 2))* dz — 2 /Ol Wy (1, T)w(t, ) dr — 04/01 (wi(t,z))* da

+ wi(t, 1) [ywie(t,1) + 82w, (¢, 1)] — we(t, 0) [ywe(t,0) + fPw,(t,0)] .
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Use the boundary conditions of our cable-mass model (5.2)), (5.3), which gives w(t,0) =

0 and since the solution is smooth this implies w;(¢,0) = 0, to obtain

dET’K
dt

l ! :
~ o [l o) e = 57 [ wnlt st nir—a [ o)

- wl(t) [mlwl(t) + alu')l(t) + klwl(t) + kg [U)l (t)]g] .

This can be rewritten as

( O/lwtdx+— (ain(t))” + %QO/IwidH%( (1) +%( (t))4) _
- / (wialt, 2))" d — o / () — o (1 (0))

This suggests defining the system kinetic energy and potential energy as

l

e [ 3

l
Br = [ Sukde+ 5 0) + 2 (o).

DN | —

This energy expression may be obtained by considering the kinetic energy and po-

tential energy of each component of the system. The above energy equation gives

d d
%E dt (EK + Ep)

— {7/0l (wm(t,x))Qd:eroz/Ol (we(t, @) dz + oy (in(t))?|

and therefore E(t) < 0.
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5.3. VARIATIONAL FORM

In this section, we introduce the variational form (weak form) of the system.
We assume the solution [w, w;] is smooth and satisfies the compatibility condition
w(t, 1) = w(t). Multiply the wave equation (5.1)) by a smooth test function h = h(z)

satisfying h(0) = 0 and h(l) = h; and integrate by parts to obtain

l l l

!
/ wtt(t,x)hdx+a/wt(t,a:)hdx—y/wtm(t,x)hdx—BQ/wm(t,x)hdx:0.
0 0 0 0
I

!
/ wy(t,x) hdr + « / wi(t, x) hdr — hy [ywe(t,1) + Fw,(t,1)]
0

0
l

I
+h(0) [ywe(0) + B*w,(0)] + fy/wm(t, z) hy dx + 52/wx(z€,x) he dz = 0.
0 0

The boundary conditions give

l
/0 wtt(t, l‘) h dl’ —|— hl [mlu}l(t) —|— ozlu')l(t) + k:lwl(t) —|— k3 [wl(t)]3]

+a/wt(t,x)hd:c+7/wm(t,x) hxda:—i—ﬁQ/wm(t,x) hy dx = 0.
0 0 0

I
!
/ wy(t, ) hdx + myw(t)hy + / [aw(t, x) h + ywy,(t, z) hy | dax
0
0

l
162 / wo(t,2) hy da + ko ()h + aghiin(®) + s [l (OF =0. (5.4)
0

Let H be the real Hilbert space H = L?(0,1) x R with the inner product of 2z =

[w,w;] € H and ¢ = [p,p;] € H defined by

l

(z,9)g = /wpdf + mgwipr. (5.5)
0
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Let V C H be the set of elements z = [w,w;] € H'(0,]) x R = V satisfying the
boundary condition w(0) = 0 and the displacement compatibility condition w(l) = w.

For z € V as above and ¢ = [p, p;| € V, define the V' inner product of z with ¢ by

!
(Zv T/J)V = /ﬁ2wxpzdx + klwlpl- (56)
0
We also use the notation o1(z,v¢) = (2,v),.
As before the, H and V norms are directly related to the system kinetic and

potential energies, respectively. Specifically,

1 1 1 k 1 k
Eg = 5 (2t 2e) 1 = 5 |zl Ep= 3 (2, 2)y + fw? =5 I=113 + Zgw?
Also, we define the damping bilinear form o5 : V x V — R,
l
oa9(z,10) = / (Ywepe + awp) dz + aqwyp;. (5.7)
0

5.4. ABSTRACT FORM

Our original PDE model (5.1)) with the boundary conditions (5.2), (5.3) can
be written in the first order abstract form (2.10). Similar to [36], the PDE system

suggests the operator A may be formally defined as

w(0) =0, w(l) = w;, v(0) =0, v(l) = vl},
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w v
wq U
Ar=A = (5.8)
d d d
v dé [ 2d—5w +7d—§?}:| — QU
5 |24 Aodo| kg, o
L Y B J [mz d§w+ my dfv} mllwl mllvl i

As before, we do not use the formal definition of the operator A given above.
Instead, we use theory from Banks [51] to rigorously define the operator A using the

bilinear forms o; and o9.

5.5. THE LINEAR PROBLEM

We prove the linear problem ([2.12)) is well-posed and also exponentially stable
under certain assumptions on the damping parameters.

5.5.1. Function Spaces.

Lemma 5.1. The space V with the above inner product s a real Hilbert space

and V s dense in H.

Proof. First, if (z,z)y = 0, where z = [w, w;], then w(x) is a constant function and
w; = 0. The compatibility condition implies w(z) = 0 for all z, and so z = 0. It is
clear that (-,-)y satisfies the remaining properties of an inner product.

Next, let {z"} C V be a Cauchy sequence, where 2" = [w", w}']. Therefore,
[w?, w] is a Cauchy sequence in L?(0,1) x R, and so there exists [q, w;] € L*(0,1) x R
such that

w? — qin L*(0,1), w"(0)=0, w!— w.
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Define w by w(z) = [, q(n)dn. Then w € H'(0,1), w, = ¢, and w(0) = 0. Also,

w(l) = w; since

Therefore z = [w, w;] satisfies the displacement compatibility condition and z" con-
verges in V' to z € V. This shows V is a Hilbert space.

To show V is dense in H, let z = [w,w;| € H and define

g(z) = 1" w.

Note that g(0) = 0 and g(I) = w;, Since H}(0,1) is dense in L*(0,1), there exists a

sequence ¢, € Hj(0,1) such that ¢, — w — g in L?*(0,1). Define

2y = [gn + g, wil.
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Due to the properties of g, and g, i.e., ¢g,+g € H', (g, +¢)(0) = 0, and (g, +9)(I) = wy,

we have z, € V for all n. Also,

. 2 . 2 2
Tim [z — 2l = lim [lgn + g = wl[2 ) + lwr = will
l
= lim [ (g, +g—w)’dz

n—o0 0
l
— i _ _ 2
=t f g = (w—g))de

_ 2
= nh_)rgo lgn — (W = 9) 7200

= 0.

This proves V is dense in H. O

Lemma 5.2. If z = [w,w;| € V, then

2 2
w(@)[” < Uwallz20y) » (5.9)
2 2
HwHL2(o,l) <P Hw:cHL2(0,z) g (5.10)
2
wi < 1wl - (5.11)

Proof. Since w € H'(0,1) and w(0) = 0, we have

wia) = [ wele)de.

0

Taking absolute values and using the triangle inequality gives

w(z)] < / e (€)] de.
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Applying Holder’s inequality gives
z o/ 3
wil< | [ i) | [P i
0 0

1
< B2 Jwall 20 -

Squaring this inequality and using Young’s inequality gives (5.9)); integrating from
r = 0tox =l gives us (5.10); and evaluating equation (5.9) at = = [ yields (5.11). O

Lemma 5.3. V is continuously embedded in H.

Proof. Let z = [w,w;] € V. We use the H and V inner products and the inequality

(5.10) from Lemma ({5.2)) to obtain
!
E= / wdz + mywy
0

2
= Hw”L2(0,l) + mywp

<P “wr||i2(o,l) + myw;

!
= 1?2 [ w?dz + muw?
T l
0

l
2
<) [ e (5 o
0

l
< ¢ klwlz—l—ﬂz/wida: )
0

where ] = max {é—z, 7;—;} This gives C; ||2||%, < ||2||7, therefore V is continuously

embedded in H. ]

5.5.2. Well-Posedness and Exponential Stability. To show the linear
problem is well-posed, we rewrite the problem as # = Ax as before and show A

generates a Cyp-semigroup on H =V x H.
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As before, we restrict our analysis to the cases where the damping bilinear
form o, is H-elliptic or V-elliptic.

Example 1: v,a; > 0 and a = 0. We first consider the case of Kelvin-Voigt
damping (v > 0) and viscous damping in the right mass-spring system («o; > 0). We
prove o, is V-elliptic. We rewrite the bilinear form of o5 and the V inner products

according to the above parameters:

!
o9(z,2) = / yw? dz + oqwy,
0

l
M@:/ﬁ@m+mﬁ
0

Then
) !
ol = 8 [ wddo -+ b
0
2 l k
= (ﬁ—) / ywidz + (—l> oqw?
Y 0 a
!
<y (/ ywidr + alw?)
0
S CQO'Q(Z, Z)
where Cy = max {%2, Z—ZL}, This proves that o, is V' — elliptic.

Example 2: a,a; > 0 and v = 0. Next, we consider the case of viscous
damping in the wave equation and the right mass («, o, > 0). We prove oy is H-
elliptic. Since

I
09z, 2) = / aw?dz + cqwy,
0

[
M@:/wm+mﬁ,
0
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we have

l
1
B / (—) aw?dr + (@) aqwy?
0 « Oél

!
< (5 {/ aw?dr + alw?] ,
0

1 my

where C3 = max {E’ a—l}, and this proves oy is H-elliptic.

Example 3: v > 0 and o = a; = 0. In this last case, we consider only Kelvin-
Voigt damping (7 > 0) and no other viscous damping. We prove oy is V' — elliptic.

Since

l
ooz, 0) = / Y,
0

I
2l = | BPulds + ki,
0
use (5.11)) to obtain

l l
[EXlE gﬁQ/ wgdx+klz/ w? dx
0 0

2 !
= <5 +kll)7/ w? dx.
v 0

Therefore C;' ||2])%, < 0a(z, 2), where Cy = 52:’“”, and this proves oy is H-elliptic.

In Examples 1, 3 we proved o9 is V-elliptic and Theorem 8.1 in [51] gives us
A is the infinitesimal generator of an analytic exponentially stable semigroup.
In Example 2 we proved oy is H-elliptic and Theorem 8.3 in [51] gives us A

generates an exponentially stable Cy-semigroup.
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5.6. THE NONLINEAR PROBLEM

We write the nonlinear problem as
(t) = Ax(t) + F(z(t)), x(0) = zo (5.12)

on H =V x H. Here the linear operator A is defined in Section 2.1 and the nonlinear

operator F : H — H is defined for x = [p, )] € H with ¢ = [w,w;] € V by

0 0

Fo(@) mflkgwl?’

Theorem 5.4. The nonlinear cable-mass system has a unique mild solution on some

time interval [0,t%).

Theorem 5.5. If oy is H-elliptic and the solution x = [z, |, with z = [w,w,|, of the
unforced nonlinear cable-mass problem 15 sufficiently smooth, then the energy
E(t)=1 ||th?{+% HZ”%/“‘% [wi(t)]* of the solution with the initial data x(0) = zy € H

decays exponentially fast ast — oo.

Proofs of Theorems 0.4l and [5.5] are similar to Section 2.

5.6.1. Formulating the Finite Difference Approximation. In this sec-
tion, we present numerical results concerning the linear and nonlinear exponential
stability theory. For the linear problem, we test the exponential stability by analyz-
ing the eigenvalues of the matrix A in the finite difference model (5.12).

We place n equally spaced nodes {:pj};.l:l in the interval [0, (], where x; = jh
and h = !/n so that x; = h and x,, = [. In order to apply balanced truncation below,
we also eliminate the second order time derivatives by introducing a velocity vari-
able. Therefore, let d; denote the finite difference approximation to the displacement

w(t, z;), and let v; denote the finite difference approximation to the velocity wy (¢, x;).
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We assume the solution is smooth so that the displacement and velocity satisfy the

zero Dirichlet boundary condition at x = 0 and the compatibility condition; we obtain

We use second order centered differences to form finite difference equations

for the wave equation (5.1)):

2
/

v; = %[UHI — 20; + v + %[di—i-l —2d; + di1] — aw,

dy =v;, fori=2...n—1. (5.13)

To discretize our system we use (5.13)) to obtain

92 2 2 2 2
o= [ R o [l ) [ ] - [ e [

d,=v;, fori=1,...n—1.

After discretizing the left boundary condition using one-sided finite difference ap-

proximations and substituting the result in the above equation with ¢ = 1, we obtain

2 2
vll = {2}?2 } di + {i} dy + {—i—z —a] v + [hQ] Vo,

!
dl - Ul.

For the dynamic right boundary condition we obtain

, k; 332
=|—— = d, dy—1 — d,—
Un [ my 2hml] + [thl] ! [thl] 2

o7 3y 4y gl ks 3
- n 1 n—1 7 1 n—2 - dn )
+ [ my thl:| Un F |:2hml:| Un-t |:2hml:| Un—2 |:ml:| [ ]
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d. = v,.

where d;, v; and u(t) represent displacement, velocity and input respectively. The
above system can be placed in the matrix form . First, the matrix A;; has
nonzero (i,j) entries, where i, j represent the row and column, respectively, as
specified below. The nonzero first row entries of Ay in the (1,1) and (1,2) en-
tries are <—2hi22>, (i—;), respectively. The nonzero last row entries of A;; in the
(n,n—2), (n,n—1) and (n,n) entries are (_25511)’ (;;5;), <—% — ;ﬁ;), respec-

tively. The middle part of the matrix ¢ = 2,3,...,n — 1 is a tridiagonal matrix. The

entries are

g, i=i—1,
[AH]Z‘J - _2}11227 1= ia
g, i=i+1.

\
Similarly, the nonzero first row entries of A5 in the (1,1) and (1,2) entries

are (—a — 21), (%), respectively. The nonzero last row entries of A5 in the (n,n —

72
2), (n,n — 1) and (n,n) are (—#m), (%), <_7C:Tll - #?nl), respectively. The
middle part of the( matrix ¢ = 2,3,...,n — 1 is a tridiagonal matrix. The entries are
%, 1=1—1,
[All]z‘,j —\y—a-— ,21—3, =1,
%, i =1+ 1.

\
Also, the matrix Fio in the nonlinear term is defined similarly to earlier sec-
tions. Furthermore Ay;, A9, Fio are n X n matrices.

We can write the nonlinear finite dimensional approximating system as
&= Ax + F(x). (5.14)

5.6.2. Formulating the Finite Difference Approximation of the En-

ergy Function. For the nonlinear problem, we consider the solution of the finite
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difference model and compute an approximation to the energy function in Theorem
using trapezoidal rule quadrature on the integrals.

The energy of the unforced system is £ = Fx + Ep where

l
1 my
/ S e+ T (1))

IS

Br = [ Sutde+ L) + 2 )"

0

Recall trapezoidal rule quadrature for an integral:

/ Flz)dz ~ g (@) + FO)] + Y hF()

[ utde =5 |5 @O + 5 0] + 5 S )
and
y 2 2 o n—1
/%wg di ~ % [2 (wa(t, 7)) + & (wa(t xn))Z] + % 3 h (wy(t, 3:))°

!

/B—2w2dx~/8—2 h ( =3w; + 4wy — wy 2+ﬁ 3w, — 4w, 1 +w, o\
2 F 2 |12 2h 2 2h

0
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Table 5.1. Eigenvalues of the linear system for number of spatial nodes with v = a; =
0.01, i, =0.01 and =0

| N | 10 [ 2 | 40 | 8 | 160 |
| Re (A) [ -0.0050 | -0.0052 | -0.0053 | -0.0053 | -0.0054 |

Then the energy of the system is approximated as follows:

h h h
E(t) ~ —v? — 4+ — |+ = 4
(t) 4v1(t)—|—{4 }vn—l—2 2 vl 16h [—3w; + 4wq — ]
9 9 n—1
+ 156_h [Swn 4wn 1+ wy, 2]2 + 5_ [wi-i-l wy 1]
=2
K o k3 4
+ 5 wa) + 22 (wn)

5.6.3. Numerical Results. Figure [5.1(a)[shows the eigenvalues of the ma-

trix A for v = oy = 0.01, k; = 0.01, and o = 0 (this is a case of Example 1), and
Figure shows the eigenvalues of the matrix A for a = oy = 0.01, k; = 0.01,
and v = 0 (this is a case of Example 2). All eigenvalues have negative real parts.
Similarly, the eigenvalues of Example 3 have negative real parts. We do not give

figures for this case.

Figure [5.1(b)| and [5.2(b)| shows the exponential decay of the energy with the

same parameters with the initial data e”sin(z) for the position and cos(x) for the
velocity. We choose the initial condition to match the boundary condition at x = 0
to produce a smooth solution.

First, we look at the behavior of the eigenvalue nearest the imaginary axis
by increasing the number of spatial nodes. As we can see in Tables [5.1] and [5.2] the
eigenvalue do not approach the imaginary axis when the number of spatial nodes
is increased. This is the behavior we expect since the PDE system is exponentially

stable.
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Table 5.2. Eigenvalues of the linear system for number of spatial nodes with a =
a;=0.01, k,,=0.01 and y =0

| N | 10 [ 2 | 40 | 8 | 160 |
| Re (A) [ -0.0037 | -0.0037 | -0.0037 | -0.0037 | -0.0037 |

1004 ———
w*******mwm
80r W**H 9
*
****
60 ey 8]
*,
401 &ﬁ& 1 7
> % 6
g 3
c o
5 0 o 5f
g i
£ ] J
40 ﬁj , 3r
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-80f kx* 1r
*********** A
100 g ek kKA . . . . . . 0 . . . 4
5100 -9 80 70 60 -5 40 -3 -2 -10 0 0 5 100 150 200 250 300
Real time
(a) Linear system (b) Nonlinear system

Figure 5.1. Eigenvalues of the linear system and energy decay of the nonlinear system
with v =qa; = 0.01, k; = 0.01 and o =0

Next, Figures [5.1 and [5.2] show the exponential stability for examples of both
the linear and nonlinear cases. In the nonlinear case, if v = 0 and all the other

parameters are small then the energy decays exponentially fast and fluctuates rapidly.
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Figure 5.2. Eigenvalues of the linear system and energy decay of the nonlinear system

with a = a; = 0.01, £, =0.01 and v =0
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6. CONCLUSION

We considered a cable-mass system originally motivated by an application to
wave energy that is modeled by a 1D wave equation with linear and nonlinear sec-
ond order oscillator dynamic boundary conditions. In this work, we discussed four
different cable-mass models, and we proved the well-posedness of the unforced linear
and nonlinear problems. Under certain assumptions on the damping parameters, we
proved the linear problems are exponentially stable and the energy decays exponen-
tially fast for the nonlinear problems.

For the forced input-output nonlinear cable-mass system, we described and
numerically investigated a model order reduction (MOR) approach based on balanced
truncation. Overall, we analyzed the performance of the ROM under three cases:
the damping parameters are small, the stiffness parameters are small, and both the
damping and stiffness parameters are small (i.e., all parameters are small).

When both input/output operators are bounded as in Section 2, we proved the
PDE balanced truncation theory holds. No theory currently exists for this nonlinear
balanced truncation approach.

In Section 2, the output of the linear ROM is highly accurate in all cases
considered, as expected in balanced truncation theory. The nonlinear ROM is highly
accurate in most cases. The other cases the nonlinear ROM is always highly accurate
over an initial time interval and increasing r may or may not improve the accuracy.

In Section 3 the input operator and in Section 4 the output operator are
unbounded. We did not attempt to prove the PDE balanced truncation theory holds.

In Section 3 the linear ROM is highly accurate in all cases. The nonlinear

ROM is highly accurate for all cases with smooth input 2. In other cases the nonlinear
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ROM is highly accurate over initial period of interval and increasing r may or may
not greatly improve the accuracy.

In Section 4 the performance of ROM is not accurate as Sections 2 and 3. The
linear ROM is not always highly accurate for a longer time period but increasing r
improves the accuracy. The nonlinear ROM does show high accuracy for few cases.
When either damping parameters are small or stiffness parameters are small the
nonlinear ROM is moderately accurate and increasing r improves the accuracy. When
all parameters are small, both the linear and nonlinear ROM are moderately accurate.
Increasing r gives high accuracy for the linear ROM but for the nonlinear ROM
increasing r may or may not improve the accuracy.

To summarize, the linear ROM is always highly accurate when both the input
and output operators are bounded or the output operator is bounded. If the output
operator is unbounded the linear ROM is highly accurate over a long time period
or loses accuracy after an initial time interval and increasing r does improve the
accuracy. The accuracy of the nonlinear ROM can vary when the input and output
operators are bounded or the output operator is bounded or the input operator is
bounded. Increasing » may or may not improve the accuracy.

If the magnitude of the input is decreased, then the length of the accurate
time interval for the nonlinear ROM increases. The output of the linear and nonlinear
ROM is always accurate for an initial time interval and increasing r does improve the
accuracy.

The results in this work suggest some beginning theoretical results that could
be investigated. Specifically, our numerical results suggest it may be possible to prove
that the error in the output for the nonlinear ROM is small over an initial time period,
and that the length of this interval increases as the magnitude of the input decreases

or r increases.
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For our linear and nonlinear exponential stability results, we required the
damping bilinear form to be H-elliptic. For each cable-mass system, we proved this
H-elliptic condition assuming various conditions on the damping parameters. For
Example 4 and 5 the damping bilinear form is not H-elliptic, and so the exponential
stability theory in our work does not apply. Investigating these examples theoretically
is a topic for future research. Furthermore, it would be interesting to investigate the
exponential stability and MOR of a cable-mass system with only with boundary

damping terms.
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