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Abstract

Simplified ODE models describing blood flow rate are governed by the pressure gradient.
However, assuming the orientation of the blood flow in a human body correlates to a positive
direction, a negative pressure gradient forces the valve to shut, which stops the flow through
the valve, hence, the flow rate is zero, whereas the pressure rate is formulated by an ODE.
Presence of ODEs together with algebraic constraints and sudden changes of system charac-
terizations yield systems of switched differential-algebraic equations (swWDAESs). Alternating
dynamics of the heart can be well modelled by means of swDAEs. Moreover, to study pulse
wave propagation in arteries and veins, PDE models have been developed. Connection be-
tween the heart and vessels leads to coupling PDEs and swDAEs. This model motivates
to study PDEs coupled with swDAESs, for which the information exchange happens at PDE
boundaries, where swDAE provides boundary conditions to the PDE and PDE outputs serve
as inputs to swDAE. Such coupled systems occur, e.g. while modelling power grids using
telegrapher’s equations with switches [63], water flow networks with valves [76, 80] and dis-
trict heating networks with rapid consumption changes [21]. Solutions of swDAEs might
include jumps, Dirac impulses and their derivatives of arbitrary high orders. As outputs of
swDAE read as boundary conditions of PDE, a rigorous solution framework for PDE must
be developed so that jumps, Dirac impulses and their derivatives are allowed at PDE bound-
aries and in PDE solutions. This is a wider solution class than solutions of small bounded
variation (BV), for instance, used in [19] where nonlinear hyperbolic PDEs are coupled with
ODEs. Similarly, in [5, 71, 73], the solutions to switched linear PDEs with source terms are
restricted to the class of BV. However, in the presence of Dirac impulses and their derivatives,
BV functions cannot handle the coupled systems including DAEs with index greater than one.
Therefore, hyperbolic PDEs coupled with swDAEs with index one will be studied in the BV
setting and with swDAEs whose index is greater than one will be investigated in the distribu-
tional sense. To this end, the 1D space of piecewise-smooth distributions is extended to a 2D
piecewise-smooth distributional solution framework. 2D space of piecewise-smooth distri-
butions allows trace evaluations at boundaries of the PDE. Moreover, a relationship between
solutions to coupled system and switched delay DAE:s is established. The coupling structure
in this thesis forms a rather general framework. In fact, any arbitrary network, where PDEs
are represented by edges and (switched) DAEs by nodes, is covered via this structure. Given
a network, by rescaling spatial domains which modifies the coefficient matrices by a con-
stant, each PDE can be defined on the same interval which leads to a formulation of a single
PDE whose unknown is made up of the unknowns of each PDE that are stacked over each
other with a block diagonal coefficient matrix. Likewise, every swDAE is reformulated such
that the unknowns are collected above each other and coefficient matrices compose a block
diagonal coefficient matrix so that each node in the network is expressed as a single swDAE.
The results are illustrated by numerical simulations of the power grid and simplified circula-
tory system examples. Numerical results for the power grid display the evolution of jumps
and Dirac impulses caused by initial and boundary conditions as a result of instant switches.
On the other hand, the analysis and numerical results for the simplified circulatory system do
not entail a Dirac impulse, for otherwise such an entity would destroy the entire system. Yet
jumps in the flow rate in the numerical results can come about due to opening and closure of
valves, which suits clinical and physiological findings. Regarding physiological parameters,
numerical results obtained in this thesis for the simplified circulatory system agree well with
medical data and findings from literature when compared for the validation.






Zusammenfassung

Modelle, die auf gewohnlichen Differentialgleichungen (GDGL) fiihren, die die Blut-
flussrate beschreiben, werden durch den Druckgradienten bestimmt. Wird die Orientierung
des Blutflusses im menschlichen Kérper als positive Richtung angenommen, so fiihrt ein
negativer Druckgradient zur Umkehrung der Flussrichtung und zum SchlieBen der Herzklap-
pen. Der Blutfluss wird gestoppt und die Flussrate fallt auf Null. Der Verlauf der Druck-
dnderung, die Druckrate, wird dabei mithilfe einer DGL beschrieben. Unterliegen die DGL
algebraischen Beschrinkungen und plotzlichen Anderungen der Systemcharakterisierungen,
fiihrt dies zu Systemen geschalteter differential — algebraischer Gleichungen (DAGL). Die
alternierende Dynamik des Herzens kann mithilfe von geschalteten DAGL gut modelliert
werden. Dariiber hinaus wurden zur Untersuchung der Pulswellenausbreitung in Arterien
und Venen Modelle, die auf partiellen Differentialgleichungen (PDGL) fiihren, entwickelt.
Die Verbindung zwischen dem Herzen und den Gefidlen fiithrt zur Kopplung von PDGL
und geschalteten DAGL. Dieses Modell motiviert zur Untersuchung von mit geschalteten
DAGL gekoppelten PDGL, bei denen der Informationsaustausch an den PDGL-Grenzen stat-
tfindet. Dabei liefern die geschalteten DAGL die von den PDGL benétigten Randbedingun-
gen, wihrend die Ausgabewerte der PDGL als Eingabewerte der geschalteten DAGL dienen.
Solche gekoppelten Systeme treten z.B. bei der Modellierung von Stromnetzen mithilfe von
Telegrafengleichungen mit Schaltern [63], Wasserflussnetzen mit Ventilen [76, 80] und Fer-
nwirmenetzen mit schnellen Verbrauchsinderungen [21] auf. Losungen geschalteter DAGL
konnen Spriinge, Dirac-Impulse und ihre Ableitungen beliebig hoher Ordnungen umfassen.
Da sich die Ergebnisse von geschalteten DAGL als Randbedingungen von PDGL lesen, muss
ein strenger Losungsrahmen fiir PDGL entwickelt werden, sodass Spriinge, Dirac-Impulse
und ihre Ableitungen an den PDGL-Grenzen und in PDGL-Losungen erlaubt sind. Dies
ist eine breitere Losungsklasse als die Funktionen der beschridnkten Variation (BV), die
z.B. in [19] verwendet werden, wo nichtlineare hyperbolische PDGL mit DGL gekoppelt
sind. In dhnlicher Weise sind in [5, 71, 73] die Losungen fiir geschaltete lineare PDGL mit
Quelltermen auf die Klasse der BV beschrinkt. Bei Vorhandensein von Dirac-Impulsen und
ihren Ableitungen kénnen BV-Funktionen jedoch nicht mit den gekoppelten Systemen ein-
schlieBlich DAGL mit Index groBer als eins umgehen. Daher werden hyperbolische PDGL,
die mit DAGL mit Index eins gekoppelt sind, in der BV-Einstellung und mit DAGL, deren
Index groBer als eins ist, auf die Klasse der Distributionen untersucht. Zu diesem Zweck
wird der eindimensionale Raum stiickweise glatter Distributionen auf ein zweidimensionales
stiickweise glattes Losungsframework erweitert. Der zweidimensionale Raum stiickweise-
glatter Verteilungen erlaubt Randwerte an den Grenzen der PDGL. Dariiber hinaus wird eine
Beziehung zwischen Losungen des gekoppelten Systems und den geschalteten retardierten
DAGL hergestellt. Die Kopplungsstruktur, die hier untersucht wird, bildet einen eher allge-
meinen Rahmen. Tatsdchlich wird jedes beliebige Netzwerk, in dem PDGL durch Kanten
und (geschaltete) DAGL durch Knoten représentiert werden, iiber diese Struktur abgedeckt.
Die Ergebnisse anhand numerische Simulationen des Stromnetzes und vereinfachter
Beispiele des Herz-Kreislaufsystems veranschaulicht werden. Die numerischen Ergebnisse
fiir das Stromnetz zeigen die Entwicklung von Spriingen und Dirac-Impulsen, die durch
die, von Sofortschaltern beeinflussten, Anfangs- und Randbedingungen verursacht werden.
Dementgegen beinhalten die Analyse und die numerischen Ergebnisse fiir das vereinfachte
Zirkulationssystem keinen Dirac-Impuls, denn sonst wiirde eine solche Entitit das gesamte
System zerstoren. Dennoch konnen Spriinge in der Flussrate in den numerischen Ergebnis-
sen durch Offnen und SchlieBen der Klappen entstehen, was den klinischen und physiolo-
gischen Befunden entspricht. Was die physiologischen Parameter betrifft, so stimmen die
numerischen Ergebnisse fiir das vereinfachte Kreislaufsystem gut mit medizinischen Daten
und Befunden aus der Literatur iiberein.
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Chapter 1

Introduction

In this thesis, a rigorous solution theory is developed for systems where a system of lin-
ear hyperbolic partial differential equations (PDEs) is coupled with a system of switched
differential algebraic equations (DAEs) via boundary conditions (BC), see Figure 1.1 as an
overview. Furthermore, the well-posedness of a switched system which is composed of semi-

PDE(u)
BC (w,yp)
output yp
Yo yp
swDAE(w)
input yp
output yp

FIGURE 1.1: Coupling of a PDE with a switched DAE via boundary condi-
tion.

linear hyperbolic balance laws and DAE:s is studied, where the system is given as follows

ou(r,x) + As(t,x)ou(t,x) = sq(t,x,u(,x)), (1.1a)
pot) (30))) = Pualtw(o)+pol0) (1.1b)
EoWw = How + Ko s(1)u(r,0") + K 6(t)u(r,17) +£(z), (1.1c)

where the unknown u satisfies the system of semi-linear hyperbolic partial differential equa-
tions (1.1a), and w is the solution to the linear DAE (1.1¢) whose index is one. The functions
u and w are linked together through the boundary conditions (1.1b) of the PDE and the vec-
tor field of the DAE (1.1c). The complete system (1.1) is subject to some external switching,
governed by the parameter 6. Such systems occur in many real applications, for example,
when modeling power grids using the telegrapher’s equations [63] including switches (e.g.
induced by disconnecting lines), water flow networks with valves [76, 80], gas transport
[11, 41, 42], supply chain models including processor breakdown [3, 53], district heating
systems with rapid consumption changes [21] and blood flow with simplified valve models
in the heart [94]. Similar systems, but with nonlinear PDEs, are also used for modelling
the human circulatory system [102, 103, 104] or for controlling traffic flow [38, 56] with
autonomous vehicles. Similar to [72], the closed loop setting illustrated in Figure 1.1 can in-
clude general network structures where edges represent PDEs and nodes stand for switched
DAEs (swDAEs). After rescaling the spatial domain of each PDE, the coefficient matrices
for PDEs are modified by a constant factor. As every PDE is defined on the same space in-
terval due to rescaling, all PDEs in the network can be then viewed as a single PDE whose
unknown consists of the unknowns of PDEs that are stacked over each other. Moreover, the
coefficinet matrix of the resulting PDE is a block diagonal matrix composed of coefficient
matrices of each PDE. In a similar fashion, all swDAEs can be grouped together such that
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there is only one swDAE system whose unknown comprises the unknowns of given swDAEs;
and whose coefficient matrices are block diagonal, which are made up of coefficient matrices
of the corresponding swDAE:s.

In the literature, the coupling between hyperbolic PDEs and ODEs at the boundary has
been studied in different settings; see [19, 20, 29, 34, 35, 57, 58] and references therein. In the
case of nonlinear systems of hyperbolic balance laws, the obtained results hold only locally
in time and with small total variation, [18, 19]. Instead, the setting in this thesis allows to
prove the existence of a global in time solution without any restrictions on the total variation
of the initial data. This is in accordance with the results obtained in the Ph.D. thesis [71] by
Falk Hante about the well-posedness of switched linear balance laws on bounded domains.
It should be remarked that the results obtained in [71] do not cover the case in this thesis.
This is due to the fact that (1.1) is a so-called loop system; i.e., the boundary condition (1.1b)
at one side can depend on the trace of the solution at the other side. The present setting
can also include the case of networks. In the BV setting, only the special case of DAEs of
index one is treated. This is due to the fact that solutions to DAEs with index greater than
one are in general distributions; hence, they do not have the minimum regularity that source
terms of hyperbolic PDEs require. The results are global in time as long as the inputs have
a finite (not necessarily small) total variation. In this thesis, the well-posedness of (1.1) is
proven by using an iterative converging procedure, based on the solutions to both PDEs and
DAEs. Concerning the hyperbolic balance laws (1.1a)-(1.1b), the well-known definition of
broad solutions is employed, see for example [24], based on the concept of characteristic
curves. Using the Banach fixed point theorem, the results on bounded intervals, which are
studied in [71], are extended to the case of looped systems. Moreover, suitable bounds on
the total variation are obtained, which allow one to consider the traces of the solution at the
boundaries. Regarding DAEs, well-known results and estimates are employed, see [81].

In this coupled system, the values of the switched DAE provide the boundary condi-
tions for the PDE and the values of the PDE at its boundaries serve as an input to the DAE.
As an initial example, consider the linear advection equation with the initial and boundary
conditions with the output

ov(t,x) +dyv(t,x) =0, 1 €0,0), x€][0,00),
IC v(0,x) = vo(x),
BC v(t,07) =: b(1), (12)
output yp(t) :=v(t,0).

There exists a unique solution to (1.2) as it is well-known from the classical hyperbolic PDE
theory.
Consider now the following DAE of the form Ew = Hw + Bq with the output

o ol [ =1o 2] i

yp(r):=1[0 1] [W] :

Z

(1.3)

where ¢ : [0,00) — R is some input of the system. There exists a unique solution to the DAE
if and only if the matrix pair (E,H) is regular; i.e., det(sE — H) is not the zero polynomial
for s € R, [130]. Consider now the coupling between these two systems, (1.2) with (1.3),
via their inputs and outputs; i.e., b(¢) = yp(t) and ¢(¢) = yp(t). According to these coupling
rules, however, it is not possible to describe a well-defined coupled system as the output of
the PDE is equals to its boundary condition, which yields an algebraic loop for the DAE as
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follows

yp(t) =b(t) =yp(t) = q(t),

which makes the coupling ill-posed. Here, the delicate issue takes place while designating
the coupling rules so that the information PDE provides as an input to the swDAE needs to
be specified in terms of only outgoing waves of the PDE.

Solutions of switched DAEs in general contain jumps and derivatives thereof, i.e. Dirac
impulses [130, 132], hence the solution concept of the PDE has to be extended to allow for
jumps and Dirac impulses at the boundary. In particular, this is a wider class compared to
the solutions of small bounded variation, e.g. used in [19] where a nonlinear hyperbolic PDE
is coupled to an ODE. Similarly, in [5, 73], the investigations of switched linear PDEs with
source terms are restricted to solutions with bounded variation. In [123], Dirac impulses are
introduced at the position of an interface of nonlinear PDEs. A more general appearance
of Dirac impulses is allowed in [36, 141] for a partially linear system. Since arbitrary high
derivatives of Dirac impulses can occur as solutions of switched DAEs, the aforementioned
approaches are not suitable to handle the coupled systems studied here. Indeed, the first
main contribution is a suitable extension of the 1D piecewise-smooth distributional solution
framework, which was developed to handle switched DAEs in [130, 131], to a 2D piecewise-
smooth distributional solution framework. This solution space allows trace evaluation on the
boundaries of the domain. Towards the main existence and uniqueness result for solutions
of the coupled system, a relationship between the solutions of the coupled systems and the
solution of switched delay DAE:s is established as well. For the latter, a recent existence and
uniqueness result for delay DAEs in [133] is generalized. After defining a 2D solution space,
a condition is stated on systems to be coupled such that the coupling is well-defined.

This thesis is structured as follows. First, several results about the well-posedness of
linear hyperbolic balance laws are summarized and the classical solution theory of linear
hyperbolic PDEs in Chapter 2, theory of distributions in Chapter 3 and the solution theory of
switched DAEs in Chapter 4 are reviewed. In Chapter 5, the coupled problem of hyperbolic
balance laws and switched DAEs is investigated. Then, distributions in a 2D space are defined
in Chapter 6. Later, a novel distributional solution framework for linear hyperbolic PDEs is
introduced in Chapter 7, which is then used in the distributional setting to study coupled
systems with linear transport equations and linear swDAESs of arbitrary index in Chapter 8
and to establish a link between the coupled system and the solutions of switched delay DAE:s.
Finally, the results are illustrated by numerical simulations of a simple power grid and blood
flow examples.






Chapter 2

Hyperbolic partial differential
equations

Exploiting hyperbolic partial differential equations is an effective tool to model physical sys-
tems and engineering problems. Furthermore, they enjoy wide range of applications, such
as describing traffic flow, [22, 32, 33, 75, 137], open channel hydraulics [31], irrigation sys-
tems [88], chemical processes [137], transmission line networks [91, 122], gas flow networks
[10, 137], blood flow networks [96, 98, 105], air traffic management [12], supply-chain mod-
els [7, 62, 70], cell movement in biology [47, 100] and heat exchangers [144]. Many of
the aforementioned PDE systems can be modeled as balance or conservation laws. This
chapter begins with some existing results of semilinear balance laws and method of charac-
teristics. The existing theoretical results are reviewed and extended such that looped systems
are included. By using the Banach fixed point theorem, the results on bounded intervals are
extended to the case of looped systems. Moreover, suitable bounds on the total variation
are obtained, which allow to consider the traces of the solution at the boundaries. For linear
conservation laws, an explicit solution formula to these systems in terms of their initial and
boundary data is provided. Finally, the formulation of the solution to linear conservation
laws at boundaries is expressed in terms of boundary data and solutions at previous time
shifts which depend on the domain and wave speeds.

2.1 Semilinear balance laws

Consider the following semilinear initial boundary value problem (IBVP)

ou(t,x) +A(t,x)o.u(t,x) =s(t,x,u(t,x)), (2.1a)
L

(5 ) ) v

u(to,x) = u"(x), (2.1¢)

where x € [a,b], t > to with the following assumptions:
(H-1): The map A : [ty, ) x [a,b] — R™" is a C? function.

(H-2): The source term s : [fy, ) X [a,b] X R" — R" is bounded, measurable with respect to
t, and Lipschitz continuous with respect to x and u. In particular, there exists Ly > 0
such that

|S(t7-x7u)| SLsa ’S(I,X1,u1) _S(t7x27u2)‘ SLS |X1 _-x2|+LS|u1 _u2‘

for every t > tg, x,x1,x2 € [a,b], and u,u;,u; € R".
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(H-3): The system is strictly hyperbolic; i.e., A(7,x) has n real and distinct eigenvalues,
namely A (7,x) < --- < A,(¢,x), and corresponding left 1;(¢,x) and right r;(z,x) eigen-

vectors for each i = 1,...,n. It is further assumed that
1, ifi=j,
i, =1,  Lrm=¢
0, ifi#}j,

where ||-||, is the Euclidean norm.

(H-4): There exist ¢ > 0and ¢ € {1,2,...,n— 1} such that Ay(¢,x) < —c and Asy;(¢,x) > ¢
for every (,x) € [tg,o°) X [a,b].

(H-5): PO, P! e CO(R;R"=9>") and P, P} € C° (R;R“") are locally Lipschitz continuous

a’~ a

and satisfy
( Po(1) [rrai(r,a) - wu(t )] Pa(e)[ri(t,b) - xo(t, )] )
det #£0
PL(1) [reai(r,a) - wu(t,@)] Py(e)[r1(t,b) - xo(t, )]

for every 1 € [fg, ).

Remark 2.1

Left- and right eigenvectors I; and r; of A(z,x) are Lipschitz continuous with respect to ¢
and x, by the implicit function theorem. Hence, by Rademacher’s theorem, [ 106], partial
derivatives of I; and r; exist everywhere up to a set of measure zero.

2.1.1 The method of characteristics

Under the previous assumptions, the system (2.1) can be rewritten in a diagonal form by
defining the n X n matrices L and R as

L(t,x) = L(6,x) ... L(x)]T  and  R(6,x) = [r1(t,x) ... ra(t,%)],

whose components are respectively the left- and right eigenvectors of the matrix A(¢,x), and
the n x n diagonal matrix A(z,x), which is composed of the eigenvalues of A(¢,x). Note
that, the Assumptions (H-3) and (H-4) imply that the matrices L, R, and A are non-singular.
Multiplying Equation (2.1a) with the matrix L on the left decouples the left hand side into a
system of scalar equations

Vi (t,x) + A(t,x)vy(t,x) = h(t,x,v(t,x)), (2.2)

where
h(z,x,u) ;== L(t,x)s(t,x,u(t,x)) + [L,(t,x) + A(t,x) Ly (2, x)] v(z,x), (2.3)

with h = [hy ... h,]" and the characteristic variable v=[v; ... v,]" such that
vi(t,x) =Ni(t,x)-u(t,x), Vi=1,2,...,n. (2.4)

Note that multiplying Equation (2.1a) with the matrix R™! on the left would decouple the
equation into scalar equations as in (2.2), as well.
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Remark 2.2

As a result of Remark (2.1), the maps A;, for i = 1,2,...,n, are measurable with respect
to t and x; and locally Lipschitz continuous with respect to v.

Solutions to (2.1) are considered in the sense of broad solutions, which are based on the
concept of characteristic curves.

Definition 2.3

An absolutely continuous function ¢ — x;(;7,0) is called i-th characteristic curve if it
satisfies
dxi(t:1,0) = Mi(t,x;(1;7,6))  with  x(1:7,0) =0,

almost everywhere on [f9,0) X [a, b], where x;(;7,0) is defined.
The system (2.2) consists of n scalar advection equations of the form
9,vi(t,x) + Ai(t,x)0,vi(t,x) = h; (¢,x,v (¢,x)), (2.5)

where A;(z,x) is the wave speed fori =1,...,n.
Each equation in (2.5) can be reduced to an ODE along the integral curve x;(¢; T, ) in the
vector field (1,A;) passing through (1,0). Let

&4=1, Lxi(t:1,0) = N (1,%: (£:7,0))
with x;(T;T,06) = o, then it holds

(%vi (t,x; (1;7,0)) = ov; (¢,x; (£;7,0)) % +0yv; (1,x; (1;7,0)) %

= Btvi (t,xi (I;T,G)) —i-)\,,‘ (t,xi (t;t,c))axv,- (t,xi (Z;T,G))
= h; (t,x; (t;7,0),v(t,x; (¢;7,0))) .

As a result, each equation in (2.5) for i = 1,...,n can be considered as an ordinary dif-
ferential equation of the form

Lvi(t;T,0) = hi (t,%; (1;7,0) , v (t,%; (£;7,0))),

along the characteristic curves x;(¢;T,0).
Let v_(z,x) and v (z,x) be vectors composed of left- and right- going characteristic vari-
ables such that

v_(t,x):=[v1...v]" and v (t,x):=[vir1...va]",
where v_ : [tg,0) x [a,b] — R’ and v, : [tg, ) x [a,b] — R"~".
Remark 2.4
By defining

R (¢,x) :=[ri(t,x) ---re(t,x)] and RY(£,x) :=[rp1(t,x) -~ ru(t,x)],
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the boundary condition (2.1b) can be rewritten in the form
N, (1) Ma(t)> <V+(t,a)> R (V_(t,a)>
() Nety) (o) =p0-50 (1705, 20
with

N.(t) =PY(t)RT(t,a), M,(t) =PL(t)R™(t,b), My(t) =P)(1)R(t,a),

OR~(t.a 1
N = BUOR 00), and S = (i () BRI

Due to Assumption (H-5), the n X n matrix

(N ML)
M(©) "<Mb<r> N,,(z))

is invertible; and hence Equation (2.6) can be rewritten as

(:+gz;> = (M(1) " b(r) — (M(1)) () <:;ZZ§> : 2.7)
that is,
v (t,a)=b*(t) +N* (1) ( :g’zg > 7
o (2.8)
O=ONE S ).
with appropriate choices b= () € RY, b* () e R" !, N~ (r) e R™*"” and N* (r) e R~

Remark 2.5

Since the map A is of class C2, it holds that the eigenvalues and the eigenvectors have
the same regularity. In particular the source term h, defined in (2.3), for the diagonal
equation (2.2) satisfies the following estimates: For every T > 1y, there exists a constant
Ly > 0 such that

lh(t,x,v)| < Ln, [h(t,x1,v1) =h(t,x2,v2)| < Ly |x; —x2| 4+ Ly [V — V2,

for a.e. 1 € [tp, T] and for every x,x1,x; € [a,b] and v, v, v, € R".

Remark 2.6

By Assumption (H-4), the function ¢ — x;(;T,0) is invertible as the eigenvalues are
bounded away from zero. In the sequel, the inverse function is denoted by x — #;(x;T,G).

In the following, regarding hyperbolic balance laws, broad solutions, see for example [24],
based on the concept of characteristic curves, are defined.
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Definition 2.7

Fix T > ty. A function u : C°([t, T];L' ((a,b);R")) is a broad solution to (2.1) if,
defining for every i € {1,...,n} the i-th component v; of u as in Equation (2.4), and
consequently writing u as

=

u(t,x) =Y vi(t,x)r;(t,x) =R(t,x)v(¢t,x) on [to,T] X |a,b], (2.9)

1

the following conditions hold:

(1): Forevery i€ {l,...,n},T€ [ty,T], and for a.e. G € [a, D], the equation

Lvi (t:x:(857,0)) = by (t,x:(;7,0), v(t,x:(£:T,0)))

holds for a.e. 7, where the characteristic curve x;(¢;T,0) exists.

(2): The boundary condition (2.1b), or the alternative formulation (2.7), holds for
ae. t€[t,T].

(3): Foreveryie {1,...,n}, the initial condition
vi (to,x) = 1;(t0, x) - u’(x)

holds for a.e. x € [a,b].

In the following lemma, a priori estimate on the total variation of broad solutions to (2.2)
is established. As it will be seen in the sequel, the bound on the total variation will yield the
well-posedness of solutions to (2.1).

Lemma 2.8

Assume that hypotheses (H-1)-(H-5) hold and that x € [0, 1] and 7y = O for brevity. Let v
be a broad solution to (2.2) with boundary conditions (2.8). Then, for every 0 <t < ﬁ,

where Apax 1= max |A;|, there exists a constant C > 0, depending on Apax, h, N*, and
=

)

on N, such that

TV (v(r,-)) <C(14+TV(¥)+TV(b*")+TV(b™))exp(Ct) o)
+C (¥l + 1" - + (16| exp (Cr) |

Proof. First, note that the choice ¢ < % implies that the characteristic curves starting from
one boundary do not reach the other boundary within time % Denote by L a uniform bound
and a Lipschitz constant for h in [O, 7»;.%] x [0,1] x R"; see Remark 2.5. Since v is a broad

solution to (2.2), forevery i € {1,...,¢} and 0 <t < kniax ,

t
Vi(xi(O;t,x))+/hi(’c,xi(‘c;t,x),v(‘t,xi(‘c;t,x)))d’c, if x <x;(£;0,1),
vilt,x) = 0, 2.11)
m,-l(t,-(l;t,x))+/hi(r,xi(r;t,x),V(T,xi(T;t,x)))dt, if x> x; (£;0,1),

1i(151 x)
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while, forevery i € {¢+1,...,n}and 0 <t < 1,

m?(t,(O;t,x))%—/hi(‘c,xi(‘c;t,x),V(T,xi(r;t,x)))d‘c, if x <x; (£;0,0),
vi(t,x) = 1i(0:t%) (2.12)

\7,~(x,-(0;t,x))—i—/hi(‘c,xi(‘c;t,x),v(‘c,xi(r;t,x)))d’t, if x > x;(£;0,0),
0

where t; denotes the inverse of the i-th characteristic curve, see Remark 2.6, m? and mi1 are
i-th elements of v, (¢,a) and v_(¢,b), respectively, see (2.8), such that

m{(¢)
my(t) ,0
: :b+(t)+N+(t)< Lg 1; >
(1)
ik (2.13)
mj(¢) _ _ _(t,
U =b+N (t)<: Et ;)
mh (1)

Forie{l,...,é}and0<t§ﬁw,onehas

TV (vi(t,-)) =TV (vi(t,-);[0,x; (£;0,1))) + TV (vi(t,-); (x; (£;0,1) , 1])

2.14
—|-‘V,' ([’xi(t;()’l)Jr)—Vi (t’xi(t;o’l)i)" ( )

while, fori € {{+1,...,n} and 0 <7 < 31—,
TV (vi(t,-)) = TV (vi(t,-); [0,x; (£;0,0))) + TV (vi(t,): (x; (;0,0),1]) 015)

+ ’V,’ t,Xx; (I;O,O)Jr) —V; (t,x,- (l‘;0,0)i) ’ .

Consider the first term on the right hand side of (2.14) and points 0 < xp < --- < ay <
x; (t;0,1). By using (2.11), the following is obtained

N
Z} (t,xj) —vi(t,xj— ])|<TV —1—2/{}1 (T,xi(032,x;),v(T,x:(052,x;)))
—h; (’C,xl-(O;t,xj_l),V(T,x,-(O;t,xj_l)))‘d’c

<TV(%) +Lt+L/TV(v(’c, -))dr,
and hence
TV (vi(t,-); [0, (1:0,1))) < TV(5) + Lt + L / TV(v(z,-))dx. (2.16)
Similarly, the first term on the right hand side of (2.15) can be estimated by

TV (vi(t,-); (x; (£;0,0),1]) < TV(v,-)+Lt+L/TV(v(r,-))dr. (2.17)
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Consider now the second term on the right hand side of (2.14) and points x; (£;0,1) < xp <
-+ <xy < 1. Byusing (2.11), one obtains

N

N
Y i (t,x;) = vi(t.x-0)| < Z\ (6:(152,%7)) — m} (1(1,x,-1)) |

j=1

+
M=

t
/ hi(T 5 (Tt x,), V(T3 (T, 1) ) )
ti(l;lvxj)
t

— / hi(T,xi(Tt,x-1), v(T,x;(T3¢,xj-1)))dz|.

t,'(l;l,xjfl)

~.
Il

g

Defining K := sup { sup N OEI sup N (éf@”}and using the relations (2.11),
te[0, 5] L §cR"\{0} SeR\{0}

(2.12), and (2.13) yleld

f“ Imj (t:(L;2,x;)) —m} (t:(1;t,x;-1))| < TV (b™) + KnTV (V) +2KnLt

—|—KnL/TV(v(t;-))dr,

while using the assumptions on h and triangular inequalities

t

N
Z / hi(T,x;(T3t,x;), v(T,x:(T32,x;)) )dT

! t,-(l;t,xj)

/ (T, (T, 1) V(T (Tt )) )T

t,‘(l;t,xj',l)

§2Lt+L/TV(v(r;-))dt.

Therefore, the second term on the right hand side of (2.14) can be estimated by

TV (vi(t,-); (xi (£;0,1),1]) < TV (b™) + KnTV (v) + 2 (Kn+ 1) Lt

/ (2.18)
+(Kn+1)L/TV(V(‘c;-))d1.
Similarly, the second term on the right hand side of (2.15) can be estimated by
TV (vi(t,-);[0,x; (£;0,0))) < TV (b") +KnTV (V) +2(Kn+1) Lt
(2.19)

+(Kn+1)L/TV(v(r;.))dr.
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Consider now the third term on the right hand side of (2.14). By using the relations (2.11),
(2.12), (2.13), and the assumptions on h, one obtains

|vi (£,2: (0, 1) %) —v; (£, (£0,1)7) | < | lim m] ()| + [7;(17)]

T—0F

t

+ /hi (T (T3, (130, 1)), v (T, (121, (120, 1)) V) ) de
0
t (2.20)

—/h,- (o (1,2 (130, 1)) v (T3 (11,1 (1:0,1)) ) ) de
0

< b= (0%)|+ (2K +1) HVHLm—i—L/TV(v(’E,~))dT.
0

Similarly, the third term on the right hand side of (2.15) can be estimated by

‘V,’ (t,xi (Z;0,0)+) —V; (t,x,- (I;0,0)i)‘

L i / 2.21)
<|b*(1 )\+(2K+1)||v||Lw—|—L/TV(v(I,-))d‘c.
0
Inserting (2.16), (2.18) and (2.20) into (2.14) yields
TV (vi(t,)) < TV(#%)+ TV (b™) +KnTV (V) + (2Kn+3) Lt
t
+ (Kn+3)L/TV (v (%)) dt (2.22)
0
+ b7 (0F)|+ 2K+ 1) ||9]| -
A similar estimate for (2.15) holds. Consequently,
TV(v(t,-)) < (1+Kn?) TV(V) +LTV(b™) + (n— £) TV(b™)
+ (2Kn+3)nLt +n (2K + 1) V||~ +£¢|b™ (0F)]
t
+(n—0)[b"(17)| +(2+Kn)nL/TV(v(’c,-))dr.
0
An application of Gronwall Lemma implies that (2.10) holds. O

The following is an existence and uniqueness theorem to systems of the form (2.1) and
the basic idea is the same as [24, Theorem 3.2], where the result is proved in the case of no
boundaries. The proof in the case of two separate boundaries, which is considered in the
work [71], does not cover the situation in this thesis. This is due to the fact that the boundary
data depend on the trace of the solution at the other boundary.

Theorem 2.9

Let x € [0,1], T > 0, u(0,x) =: @ and let hypotheses (H-1)-(H-5) hold. There exists a
process
P:[0,T] x D — L((0,1);R")
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where
D = {(u,b) € L'((0,1);R") x L'((0,T);R") : TV (&) + TV (b) < +oo}
satisfying:
(1): u(t,-) = P(t,m,b) is the solution to (2.1) in the sense of Definition 2.7.
(2): P(0,a,b) =1 forevery (a,b) € D.
(3): Forevery 0 <t <, <T and (a,b) € D, it holds:

(.p(lz,l_l,b) = fP(l‘z —ll,fp(ll,l_l,b) ,b(' —l—l‘l)) .
(4): There exists L > 0 such that
HIP(t,ﬁ,b)—!P(t,ﬁo,f))HLI(OJ)gL[Hﬁ—ﬁOHL.(071)—|—Hb—l~)HL1(O7TJ (2.23)

for a.e. t € [0,T] and for all @,y € L' (0,1), and b,b € L' (0,7).
(5): There exists L > 0 such that, for a.e. t € [0,T],

TV(o 1) (P(,0,b)) < Le™ [1+TVg 1y () + TV|o (b)]

L [l Blhen] .
(6): There exists L > 0 such that, for a.e. t € [0,T],
|2 (- 8,b) (07) = (-, 80,b) (07) |1, < LIIE—ollp (0.1 025
+LHb_BHL1(O,T) .
(7): There exists L > 0 such that, for a.e. t € [0,T],
26,8017 = 2(.80.6) Dl S LI -Gohooy

+LHb_BHL1(0,T)‘

Proof. The local existence and uniqueness of solutions will be proven by employing the
contraction mapping theorem. Global existence is then shown by using the a priori estimates
and local existence and uniqueness of solutions. By Remark 2.4, the proof is focused on the
diagonal version of system (2.1) and is divided in various steps as follows.

Local existence and uniqueness. Fix an initial condition @ € L! ((0,1);R") with finite
total variation and a boundary condition b € L! ((0,T'); R") with finite total variation. Denote
with v(x) =L (0,x) t(x) the corresponding initial condition for the diagonal system (2.2) and
with b~, b the corresponding boundary conditions; see (2.8). Define

K= sup 4 sup IN~ (0(@)\7 sup INT(1)(8)] 2.27)
efo.r) |eernipoy 18l Teermgor  [E

M =n (2K + 1)TV (¥) + #TV (b) + 21 ||| - + 1 (2.28)

Amax = max {|A;(s,x)|:i € {1,...,n},s€[0,T],x € [0,1]} (2.29)

A =max { [Milero.rpwouy 7 € {1,-m} - (2:30)
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Note that both A, and A are finite due to (H-1) and (H-3). Choose 7 € (0,7 such that

I 1
F < mi 231
<mm{xmax’nL(4K+2KM+3M+3)} (231)

and |
n(2+nK)eMNLi < > (2.32)

where L is a uniform bound and a Lipschitz constant for h in [0, 7] x [0, 1] x R"; see Remark
2.5.

Note that the choice of 7 implies that every characteristic curve starting form a boundary
does not arrive to the other boundary within time 7. Now, the aim is to construct a map whose
fixed points are solutions to the diagonal IBVP and hence to (2.1). First, introduce the space

sup sup TV(vi(t)) <M
X =< veC([0,7];L ([0, 1;R")): F€llm}€l07] : (2.33)
v(0)=v

equipped with the norm

1
Ml = X lesoriasgonzy = X e [ bte) .34
tel0
0

i=1 i=1
so that X is a Banach space. Now define the operator
M: X — X
v — M(v)=(M(v),...,M,(v)),
according to the following four cases.

(1): Foreveryie {l,...,0},0<t <7 and x € [0,x;(¢;0,1)], define

M;(v)(t,x) :ﬁi(x,'(O;t,x))—I—/hi(‘c,xi(‘c;t,x),V(T,xi(‘c;t,x)))d‘c. (2.35)
0

It is claimed that for every 0 <t <7,
TV (Mi(v)(t,-);[0,x: (£:0,1))) < TV (%) + L(1+M)7, (2.36)
and that
TV (M;(v)(-,0);]0,7]) <TV (¥;)) +L(2+M)t. (2.37)

For later use, for 0 <t <f denote

Mi(v)(2,07)
M, 0(v)(1) = : ; (2.38)
Mq(v)(t,0")

which is well defined by (2.35) and has a finite total variation by (2.37).
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To prove (2.36), fix N € N\ {0}, a time 0 <t <7, and points 0 < xp < -+ < xy <
x; (1;0,1); using the notation ¥;(t) = x; (T;7,x;), one has

Clearly, the term /; is estimated by TV (v;). For the term I, one has

F(7),¥(1,5;(7))) — hi(T,%j-1(7), v(1,5;(7))) | dT

~.
Il
_

epl
IA
1=
o—__
=
o
R

+
M=

S— .
=
—~
a
X

(), ¥(%.%(0))) = hi(1,%j-1(1), ¥ (1,51 (7)) | de

~.
I
—_

t

[ (50 =51 ()] + 95, 5(8) (5,51 (5) ) d
0

IN
h
1=

~
I
—

< Lt +LMt,

and thus, (2.36) is obtained.

To prove (2.37), fix N € N\ {0} and times 0 < 7y < --- < fy <{; by using the notation
£j(t) = xi (1:¢,0), one has

N N
Zl |Mi(v)(27,0) = Mi(v)(1j-1,0)| < Zl |7 (£(0)) = i (£j-1(0)) |
j= j=
1¢]
N |
+Zl /(hz(faxj(’f),V(T,fj(T))) hi(t,£j-1(7),v(1,£(7)))) de
=40
Iy
N |5
+Zl /(hz(wj—l(T),V(Tﬁj(f)))—hi(%fj—l(T)N(f,fj—l(f))))df
J=Ho

~.
Il
—_
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Clearly, the term /3 is estimated by TV (v;). For the remaining terms 4, I5, and s, one
has

ti—1
N J
14gLZ/\x,(r)—)ej,l(r)}drgu
J=1 0

ti—1
N J
5<LY / V(T x:(5:21,0)) — V(T xi(T:1j_1,0))| dt < LMF
Jj=1 0

16 < Lt_;
therefore, (2.37) is proved.

(2): Foreveryie {{+1,...,n},0<t <7 and x € [x;(¢;0,0),1], the following is de-
fined

M;(v)(t,x) :Vi(xi(O;t,x))—|—/h,-(r,xi(r;t,x),V(’c,xi(r;t,x)))dt. (2.39)
0

Similarly, one obtains, for every 0 <t <7,
TV (Mi(v)(1,-): (3 (£:0,0),1]) < TV (7)) + L(1 + M) 7 (2.40)
and that
TV (M;(v)(-,1);[0,7]) < TV (%) +L(2+M)7. (2.41)

For 0 <t <, denote

M1 (v)(2,17)

M, (v)(t) = , (2.42)

M, (v)(2,17)
which is well defined by (2.39) and has a finite total variation by (2.41).

(3): Foreveryic {l,...,0},0<t <7 andx € (x;(1;0,1),1], define

Ml-(v)(t,x):m}(ti(l;t,x))—i- /h,-(’c,xi('c;t,x),V(T,x,-(’c;t,x)))d’c, (2.43)
(151,x)

where #; denotes the inverse of the i-th characteristic curve, and m! is the i-th element
of the following vector

ml(t)
my(1)

=b (r)+N (7) ( M, (V)(1) > , (2.44)
mi (1)
see (2.8), (2.38), and (2.42).
It is claimed that for every 0 <t <7
TV (M;(v)(t,-); (x; (£;0,1),1]) < TV (b~ ) +2KTV (%)

_ (2.45)
+L(4K +2KM +M +2)F.
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To prove (2.45), fix N € N\ {0}, a time 0 <t <7, and points x; (;0,1) <xp < -+ <
xy < I; by using the notations %;(t) = x; (T;¢,x;) and 7; = #; (1;2,x;), one has

N
Z\M (t,x;) = Mi(v)(1,xj-1)| < Z\ G
I
N t
£ X | [ e 50, ¥ 55 0) (5 (5), v (5,551 (1) de
Jj=1 fj
I3
N t
+) /(hz(fafj(f) (7,%-1(7)) = hi(T,%j-1 (1), V(1. %j-1(1)))) dT
Jj=1 ff
Iy
N |
# Y | [ mlesio (@5 (o)t
1o
By using (2.27), (2.37), (2.41), and (2.44), one obtains
L <TV(b™) +KTV(Myo(v)(-)) + KTV (Mp1(v)(-))
<TV(b")+2K[TV (%) +L(2+M)7].
For the remaining terms I3, Iy, and /¢, one has
18<LZ/|vtx] v(t,%-1(7))|dt < LMT,
N t
Iy 3L2/|x*j(r)—x, 1(1)|dt < L7,
j:1f.
J
N =
ho<) / |hi(T,%;-1(7),v(t,%,-1 (7)) | dT < L7,
J=1 fj
which prove (2.45).
(4): Foreveryiec {{+1,...,n},0<t <%, and x € [0,x;(7;0,0)), define
t
M;(v)(t,x) :m?(t,-(O;t,x))+ /h,-(’l:,x,-(‘t;t,x),v(‘c,x,-(‘c;t,x)))d’t, (2.46)

1;(0st ,x)
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where t; denotes the inverse of the i-th characteristic curve, and m? is the i-th element
of the following

() :b+(t)+N+(l)< Myo0(V)(©) >> (2.47)

see (2.8).
Similarly, it is deduced that, for every 0 <1 <7,

TV (M;(v)(t,-);[0,x; (£;0,0))) < TV (b*) + 2KTV (%)

(2.48)
+ L(4K +2KM +M +2)7.

By using (2.35) and (2.43), note also that it holds, for every i € {1,...,¢/} and 0 <7 <7,

lim  M;(v)(t,x)— lm  M;(v)(t,x)| < 2|Vl -+ LMt. (2.49)

x—x;(40,1)” x—x;(£;0,1) "

The same inequality holds in the case i € {¢+1,...,n}.
By using (2.36), (2.40), (2.45), (2.48) and (2.49), one observes, for every 0 < ¢ < and
ie{l,...,n},

TV (Mi(v)(t,-)) < TV (b) + (2K + 1) TV () + 2|7 - .50
+L(4K +2KM +3M +3)7 '
and hence, by the choice of 7 (2.31),
TV(M(v)(1,-)) <M, (2.51)

which implies that the operator M(v) is well defined. Note that the proof that t — M(v)(¢) is
continuous from [0,7] to L' ((0,1);R") is straightforward and hence omitted.
Fix v,v* € X. Forevery r € [0,f] and i € {1,...,¢}, one has

1
[Mi(v)(z,-) = Mi(v*) (2, )| :/IMi(V)(f,X)—Mi(V*)(I,X)Idx
0

x;(:0,1) 1
< / |M;(v)(t,x) — M;(v")(¢,x)|dx+ / |M;(v)(t,x) — M;(v*)(t,x)| dx.
0 x(1:0,1)

By using (2.35) and the change of variable & = x; (T;7,x), one obtains

xi(1;0,1) xi(£:0,1) ¢
/\M,-(V)(t,x)—M,-(V*)(t,x)]dxg / /]hi(‘c,xi(’c;t,x),V(’c,xi('c;t,x)))
0 0 0
—hi(t,x;(Ts1,%), V' (T, x;(T3¢,x)) )| dTdx
xi(£;0,1) ¢
<L / /|v(*c,xi(‘c;t,x))—V*(t,xi(’t;t,x))\d‘cdx

0 0
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t 1
<ML 0/ 0/ V(T.8) — v (1,8)|dEdt < VLT [|v v |y

By using (2.43), the following is obtained

1

1
[ M) 06) = M) 10l < K [ Mpo(¥) 1 (1:0.5)) = Myo(v) (i (11,0 d

xi(1;0,1) xi(1;0,1)

I

K[ M () (6 150,20) My () G (150,94,
x,-(t;071)

I

where

1

t
Lz = / / ’hi(17xi(1;t7x)vV(Tvxi(r;tvx)))
xi(2;0,1) ; (15 ,x)
—hi(t,x;(T51,%), V" (T,x;:(T;2,x) ) )| dTdx.

For the term /11, using (2.35) and (2.38), it holds that

1
gf / ) (1 (131,x) ,0) — M, (v*) (1 (132,x) ,0)  dx
=a@o)
¢ 1 1 (15t ,x)
<y / /h, (T (T (13£,%),0) ¥ (T, (T4 (13£,%) ,0))
=ldon | o

_hj (’E,Xj (T;ti(l;t7x) 70) aV* (’C,Xj (T;ti(l;tax) a0)>) dtdx

’ 1
<Ly /
jzlxi(t;O,l

ti(152,x)

/ v* (tx; (T (Li,x) ,0))
0
v (t,xj (Tt (15,x) ,0))| dtdx
SLLNT||v—vy.
Similarly, the following can be obtained
Ly <L(n—2?) eAt_t_Hv—V*HX.

For the remaining term I3, by using the change of variable & = x; (7;7,x), the following is
obtained

I]3<L/ / V(T (T1,%)) — v (1,x,(T37,x) )| dTdx

xi(1:0,1) 1;(15¢,x)



20 Chapter 2. Hyperbolic partial differential equations

1

< eAfL// V(1,E) — v (1,E)| dTdE < VLT |[v— v*]y .
0

0

Therefore, for every ¢ € [0,7] and i € {1,..., ¢}, it holds

IMi(v) (1) = Mi(v) (1, lr < 2+ Kn) e LT [[v = V7] (2.52)
Analogous calculations allow to prove that, for every i € {¢+1,...,n} and € [0,7],
IMi(v)(1,) = Mi(v) (1)l < 2+ Km) eV LE[[v—v* . (2.53)

Hence, using (2.32), (2.34), (2.52), and (2.53), for every ¢ € [0,7], it holds

IM(v) = M(v)lly <} . 1Mi(v)(2,-) = Mi(v") (t,) |1 o0.1)m)
i=11€|0,t

_ 1
<n (2+K”)€A1Lf ”V_V*HX < ) HV_V*”X7

which proves that M is a contraction; hence, a unique solution exists in the time interval
[0,7].

Global existence in [0, 7]. Assume by contradiction that the solution v does not exist on
the whole time interval [0, 7] and define

T =sup{r €[0,T] : v is defined in [0,7]} . (2.54)
By contradiction T < T. Moreover

lim TV (v(z,-)) = oo, (2.55)
t—T~
otherwise the construction in the first part of the proof can be applied, violating the maximal-
ityof T.
If T < Amax, then Lemma 2.8 implies that TV (v(z,-)) is bounded in the time interval
[0, ﬂ , contradicting (2.55).

If 7 < Amax, then one can apply the previous considerations on time intervals of length
Amax, Obtaining a contradiction with the definition of T.

Stability estimates in [0, 7]. Here, the proofs are briefly sketched for the L!-estimates
(2.23), (2.25), and (2.26). Only the case ¢t < 7 is considered, the final estimates follow by an
iterative procedure. One starts with the four cases in the construction of M. Let v and v* be
the solutions to the diagonal system (2.2) with the initial and boundary conditions v, b and
respectively v* and b*.

(1): Forie{l,...,£},t <t and x € [0,%;], where X; = x;(¢;0, 1), one obtains

< 5= o+ [ [ (w0, 9@ 5w r,0)
00
— hi(T,xi(T31,x), v (T, x:(T32,x) ) ) | dTdx



2.1. Semilinear balance laws

21
t
<V =¥l L [ 19() = v(2: ) s
0
Similarly, for 7 € (0,7), it can be deduced the estimate for the trace
t
/‘M,-(v)(‘t,OJr)f (V) (1,07 dt < /\V, x(F:7,0)) — 7 (xi(737, 0)) | dt
7
+// hi(t,x;(0;7,0),v(t,x;(6;7,0
[ [esgzomes@non

— hi(7,x:(0;7,0),v"(7,x;(0;7,0)))|dOdT
t

< 7= o+ [ IVE) =¥ o .
0

(2): In the same way, fori € {{+1,...,n},t <7, and x € [%;, 1], where X; = x; (¢;0,0),

t
[ M0 M) 091 < 195 o)+ I3 58 o 0
Xi 0

and for 7 € (0,¢)

/\M,-(v)(r,r)—M,-(v*)(r,r)\dr

; (2.57)
< 7= o+ [ IVE) =¥ s o .
0

(3): Forie{l,...,4},r <f, and x € [x;, 1], where X; = x; (¢;0,1), by using (2.56) and
(2.57), the following is obtained

1 1

/|Ml-(v)(t,x)—Ml-(v*)(t,x)|dx</\m,- (151,%)) — m? (13, | dx

+/ / i(T,xi (T3, x), v(T,x: (T3, %)) )

Xi (15t ,x)

—//li(’C,xi(T,t,X),V*(Tvxi(T;tvx)))|dex
<|b _b*HLl 0, T)

+KZ / V)(1,07) — M;(v")(,0")| d

tj(1t,%)

K Y [ e M) E )|
= 1 (13,%;)
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t
L [ IV(5) = ¥(® o 4
0

<[b=b"[Li07) +7KIV=V"Li01)

t
KL [ V(e = v(e ) o 0
0

(4): Analogous calculations imply that fori € {¢+1,...,n}, t <7, and x € [0,%;], with
Xi = X; (I;0,0)

/IMi(V)(t,X)—Mi(V*)(I,X)|dx < b =byi0.r) K|V =" llLio,1)
0

t
KL V5, = ¥(E ) o d
0
By combining the estimates that are obtained in the previous four cases, one has
V() = vt )l < 2[b=b"lpio 7y + (22K +2) [V =¥ {|1 0.1

t
+ (2nKL+2) / [v(T,) = v(T,)[Li 0,1y AT,
0

for every t < 7. By using Gronwall Lemma, one obtains (2.23). Moreover, estimates (2.25)
and (2.26) follow from (2.56), (2.57), and (2.23).
Total variation estimate. The total variation estimate (2.24) follows from Lemma 2.8.

O
2.2 Linear conservation laws
In this section, the following conservation law is studied
ou(t,x) +Adu(r,x) =0, (2.58)

where x € R, t > 1) € R, A € R™" with Assumptions (H-3)-(H-4) and initial condition
(2.1¢).

By applying the coordinate transformation v = R~ 'u, it can be seen that the system (2.58)
is equivalent to a decoupled system of scalar PDEs, i =1,2,...,n,

0vi(t,x) + Aidyvi(t,x) =0, (2.59)

with the initial condition
vi(to,x) =: v (x), (2.60)

where v§° = 1;u’0, where |; is the i—th left eigenvector. In order to give a solution formula in
a compact form, two shift operators are defined as follows.

Definition 2.10: 2D shift operator for functions

Denote with F (A — B) the set of all functions from some set A to some set B. Let T C R
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and X C R, then the time shift operator S’ Ao oith speed A € R and initial position xo € X

time
1S

SEO F(T =R s F(TXX =R), [ [(6,5) = f(t—252)],

with the convention that f(s) = 0 if s € T. The space shift operator Ss}”ﬁé"ce with speed
A € R and initial time ty € T is

Shie: FX=R) = F(TxX 5 R), g [(1,x) = g(x =M1 —10))],
with the convention that f(y) =0ify ¢ X.

By the method of characteristics, [44], it is easily seen that the unique solution of each
scalar PDE (2.59) with differentiable initial data v} is given by v;(t,x) = v (x — A;(t — 0)) or.
equivalently, in terms of the space shift operator by

57»”10 tO

spaceV

Corollary 2.11

2D time shift operator for functions 5 o commutes with (partial) derivative operator
d; and 2D space shift operator for functlons SSpace commutes with (partial) derivative

operator d,, where A, xo, tp € R
A X 7» X n
St f(t) =0V Spe f(1),  and Sk A f(x) =l Skl f(v),

for f:R—RandneN.

Proof. Let f:R — R and 5&;‘3 be the time shift operator. It holds, for n =1,

UL f(1) = duf (1 — 5%
—f ( X— xo)
= Spm £ (1)
= Siad, f(2).

Assume the claim holds for n > 1. Then, for n+ 1, one obtains

Simedi" f (1) = Si0 2, £ (1)

tlme tlme

=" §%5 £(1)

time
n+1 ;onf(t)

tlme

hence, by induction, the claim follows. Analogous steps can be conducted to prove the
commutativity of 53;;2%6 and 0. O

In the original coordinates, the solution u to (2.58) is given as in the following lemma.

Lemma 2.12
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Consider the system (2.58) satisfying Assumption (H-3) with differentiable initial data
u’. Then the unique solution is given by

ISk ul =: SARoyh, (2.61)

space

n
u—=

i=1

where TIT; := R diag(e;) R™!, e; € R" is the i-th directional unit vector, and the space
shift operator 53{;;%@ is canonically extended to 53{;@%6 CFX >R — F(TxX —RY
by applying the space shift to each component of the vector-valued functions.

Remark 2.13

The operator 5§,§§§° F(X = R") — F(T xX — R") is also an extension of 53{;;3%3 0
however, it is not a canonical extension due to the structure of the eigenvector matrix R
unless R=1.

The following simple example illustrates the reasoning behind Remark 2.13.

Example 2.14

Consider the coefficient matrix A = [(1) (1)} whose eigenvalues are A; = —1, A, = 1 and
11

. . . T
the matrix of right eigenvectors R = [_1 1] and the vector u”® = (utl‘) ug’) . Then from
the formula (2.61), it follows
Moto |t Moto |t A2uto  f A2uto  t
5A7R7toufo . 1 Ssplaicoeu 10 - Ssplacoeuzo +~Ssp2acoeu 10 +~Ssp2acoe’420
space — 5 ALyto Aiyto Aayto Aato to |2
2 _5splac%ulo + Ssplac%ugo + Ssp2ac%ulo + 5sp2ac%1420

while the canonical extension Ss?,gilc’? yields the following

Aisto  fo
SALioylo — Sspacell |
space - Aato to | °

Sspaceuz

2.2.1 Bounded spatial domain

When the spatial domain is assumed to be bounded, say x € [a,b], for the system (2.58),
it is necessary to prescribe some boundary conditions at the boundaries x = a and/or x = b.
Hence, in addition to Assumptions (H-3) and (H-4), assumptions on boundary characteristics
must be considered, as well.

In Figure 2.1, characteristics emerging from initial and boundary conditions of a linear
PDE, which has two unknowns for which A; < 0 and A, > 0 hold, are depicted.

The boundary conditions, say b%(¢) and b”(¢) at x = a and x = b, respectively, for the
PDE system (2.58) with the initial condition (2.1c) are defined as

P,u(t,a) =b"(1),

1> fo, 2.62
Pyu(r,b) = b (1), 0 (2:62)

where P, € R(=0x p, ¢ R pe: R — R*‘ and b? : R — R’
In this section, the following modified assumptions on the system and on boundary con-
ditions which are originated from (H-5) are considered.
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XxX=a

FIGURE 2.1: Left- and right going characteristics for a linear PDE with two

unknowns over the domain [fy,e0) X [a,b], a < b. Lines with negative slope

are for A; < 0 and with positive slope for A, > 0. Each different color repre-

sents inputs from initial or boundary conditions for A; and A,. Information
travels along characteristics.

(H’-3): The system (2.58) is hyperbolic; i.e., A has n real and distinct eigenvalues, namely
A <A <...<A, where A; # 0 for each i = 1,...,n, and corresponding left 1; and
right r; eigenvectors for eachi=1,...,n.

(H’-5): P, € R(=0>n ig such that
det (P,R*(t,a)) #£0

for t € [fy,o0). Thus, there exists an (n — ¢) X (n— ¢) invertible matrix M,(¢) with
entries /m; j(t) such that

M,(t) = P,R*(¢,a),

where R" (7,a) is the submatrix of R(z,a) whose columns are the eigenvectors corre-
sponding to the eigenvalues As; > 0 for £ € {1,2,...,n—1}. Further, the (n—¢) xn
matrix can be defined as

M(z) := [M;(t) My(¢)] = P,R(¢,a),
where M € R(=0x{ js some matrix.

(H’-6): P, € R;R" is such that
det (P,R™(1,b)) #0

for t € [tg,o0). Thus, there exists an £ x ¢ invertible matrix N; with entries n; ;(¢) such
that

Ni (1) = PR (t,b),

where R™(#,D) is the submatrix of R(z,b) whose columns are the eigenvectors corre-
sponding to the eigenvalues A, < 0 for ¢ € {1,2,...,n— 1}. Similarly, the ¢ x n matrix
can be defined as

N(r) := [N1(t) Na(r)] = P,R(2,b),

where N, € RY (1) is some matrix.

The boundary conditions in terms of characteristic variables can then be written
M) M) (3109 ) <o)
vi(t,a) ’
V- (ta b) __ b
i N () ) =50,
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which yields
vy (t,a) = —(Ma(t)) "My (t)v_(t,a) +M£1b“(t) )

v_(t,b) = — (N1 (£)) " 'Na(t)v (£,6) + N7 'bb(2) .

The decoupled system (2.5) on the bounded domain [a,b], on the other hand, has v, :
[t, ) x [a,b] — R"~* incoming waves (the waves that enter the domain at the boundary)
and v_ : [fg,%0) x [a,b] — R’ outgoing waves at x = a regarding characteristics. Similarly, at
x = b, the same system has v_ incoming waves and v, outgoing waves.

The boundary conditions (2.62) for the characteristic variables are of the form

(2.63)

t>t, (2.64)

whereM = [M; M| € RO=Oxn and N = NI N] € R are given by

PR~ PR M, M,
P,R™ PbR+ - NN No

where R™, R are submatrices of R such that R™ :=[ry...r;] and R" :=[ry;;...1,]; and
M;, N; are invertible matrices, and, therefore, (2.64) can be resolved further as (2.63).

Remark 2.15

In the case that the wave speed A; = 0, the equation (2.59) is simply d;v; = 0, meaning
that the change in the solution with respect to time is zero, with the initial condition
given as in (2.60). Hence, the solution is given by the initial condition v;(t,x) = v (x).

2.2.2 Explicit solution formula in terms of characteristic variables

Consider the system (2.5) with the initial condition (2.60) and the boundary conditions (2.64).
To ease the notation, let K~ := {1,...,¢} and K™ := {{+1,...,n}. The solution to each
scalar PDE in (2.5) can be found individually in terms of the initial condition v (x) and
boundary conditions v;(t,a) =: vE(t), v;(t,b) =: vR(¢). The solution v(t,x) is expressed in
terms of v_(z,x) and v, (¢,x) separately below.

For the left-going waves, the solution is of the form

S%QW)OJL if x— b < Wi(t — to),

vilt,x) =
t2) ~¢bR)a@ if x—b > At — o),

tlme 1

where i € K—, t > 1y and x € [a,b].
Then the vector of all the left-going waves, v_(¢,x), is formulated as
57\'1717 R

- Z diag(e;) []l{x b<Ni(t— to}5spacev F 1 ponit—10)) Stime V= (t,x),
€K~

where ¢; € R’ is the i-th directional unit vector fori € K~, v" : [a,b] — R the initial condi-
tion, and v¥ : [fy,00) — R’ the boundary condition at x = b. At the left boundary x = a, the
values of the vector v_(¢,a) can be written as follows

Z diag(e; ( t?mﬁ 15) (t,a),

i€eK—
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FIGURE 2.2: The Cauchy-Kovaleskaya procedure, an illustration of the ex-

tension of initial condition for ¢ < #( for a single wave with negative velocity

and initial time 7y. The red lines show the extension on the boundary for
x € [a, b] while blue lines represent the information from initial condition.

where

(.St/i‘n’lél,bv’f) (t,a) = Z diag(e;) <5S7‘I;’;’C°evt3> (t,a), on [to,to + b_;x“] ,
ek~
which can be interpreted as the extension of the boundary condition for negative times in
terms of the initial values, see Figure 2.2 (cf. the Cauchy-Kovalevskaya procedure, [44]).
In a similar fashion, the solution to right-going waves is of the form

A .
Sater?) (6,2, ifx—a > —1o),

vi(t,x) = _
’ 53&:‘%) (t,x), ifx—a<Aj(t—1),
where j € K™ and x € [a,b].
Similarly, the solution for the right-going waves v (,x) is

: i 7"1'7
Vi (I,X) = Z dlag(ej> [n{x—uzh(t—to)} 5355@evti + ]l{x—a<7u;(t—to)} Stimzvi (Z,X),
JEKT

where e; € R"~* is the j-th directional unit vector for j € K*, and v : [a,b] — R"~* the
initial condition, and vX : [ty, ) — R"~* the boundary condition at x = a.
At the right boundary x = b, the solution for the right-going waves v_ (¢,) can be written
as
. Ajy
vi(t,b) = Y diag(e)) (Sinevh) (1),
JEKT

where

(Sime'¥5) (.0) = ¥ ding(e) (v’ ) (). on [ro.t0+ 252

ieK+t

The solutions v_(z,x) and v, (¢,x) together form the solution v(z,x) to the system (2.5)
with the initial condition (2.60) and the boundary conditions (2.64). Hence, v(¢,x) is given
by

dia €; ; Aiy
V(t7x) = Z |: 0 g(ZZ):| []l{x—bﬁ?x.,v(l—to)]ﬂ-s‘s?E)lz?ltcOevtB + ]l{x—b>kg(t—lo)}5timivli:| ([,X)
i€k~ n=k

Oé,nff Mido i a1
+ /GZK+ [diag(ej)} [H{X—azkj(l—to)}js[{ac()evi + ﬂ{x_“<7¥i(f—f0)}5tirjnev+] (t,x),
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where e; € R and e ;€ R, Using the formulae (2.63), the vector values of the solution at
x = a and x = b then are of the form

0rpt|ya Iy 0pn—¢ diag(e; A,
V(t’a) - |:M21 :| b (t) + |:M21Ml 0n7f n£:| ; |: Ong(ﬁ/):| <5t1mle)v}j) (t’a)’
: i€k~

CINT' Tk 0 —N;'Ny 0t | (hia
vit,b) = |:0n—€,[:|b (t)+|:0n—£,£ | P, j§+ diag(e;) (‘Stimevi> (4.5)

where Iy € R and | S R=0x(n=0) gre identity matrices.

2.2.3 Solution framework for the linear hyperbolic system

In this section, the solution u(z,x) to the system (2.58) with the initial and boundary con-
ditions (2.1c) and (2.62) will be formulated by using the results from Section 2.2.2. As the
change of coordinates explained in Section 2.2.1 allows to pass from the linear hyperbolic
PDE system to the decoupled system (2.59), the inversion of the coordinate change; i.e.,
u = Ry, is of use to formulate the solution u(z,x) similarly.

Let u” := u(t,a), uf := u(t,b) be the boundary values of the solution u and IT; :=
R diag(e;) R™!, where ¢; € R” is the i-th directional unit vector. Then

i Ai,
u(t,x)= ) II; (11{)6,%7”0,,0)} SZBétcOe“tO Lo di(1—10)} ‘Stiml;uR> (t%)

icK— Nito 1 Ma L (2.65)
+ Z 11; <ﬂ{x7a27»j(tft0)} Sspacel”’ + L v yon;(1—19)} Stime W )(t,x),
JEKT

is the solution to the IBVP.
Lemma 2.16

Consider the PDE (2.58) on [fy,) X [a,b] satisfying Assumptions (H-3), (H’-5) and
(H’-6) with some given initial trajectory u® as in (2.1c) and boundary conditions b?, b”
as in (2.62). Let ul and uF satisfy the following

u (1) = Yiex-II; ( s);é@e“to) (t,a), r<tot bk;ia’
Fob (1) + K D (Spbbuk) (na), 1> 10+ 522,

(2.66)
i - { T T (spateu) (1,b), r <o+ 58,
FybY (1) + X D (Shicut ) (1b), 1> 10+ 52,

where T, := [R~ R*]diag(e,) [R™ R*]™', withe, e R", K~ = {1,...,0}, KT =
{¢+1,...,n},

—1
Fa:R[OE”’_K], szR[Nl ] (2.67)
M2

I 0rp v o
D;b:R[ 4L b=t ]R 'm, , (2.68a)
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0,y —N;/'N,

Dba —R
P |:0n—f,[ |

] R 'TI, (2.68b)

and where it is assumed that u”(x) = 0 for x ¢ [a,b]. Then every classical solution is
given by

x,,b 7»,
Zn<tlme R) tx+ZH<tlrJnZ L)(tx)

ieK— JEKT

For any initial condition u(x), and boundary conditions b“(z), b”(t), there exist unique
solutions u”(¢) and u®(¢) given in (2.66).

Proof. As from the previous discussion above, by the method of characteristics, a solution
u(z,x) to the initial boundary value problem (2.58) with the initial condition u® and boundary
conditions b?, b? is of the form

Z IT; (]l{x b<\i(t—to)} Sspaceu +]1{x b>\i(t—1o)} Smlnl:; R) ( )

icK~
At A,
+ Z H] (]]‘{X—azkj(l‘—l‘())} Sspjacoeuto + ]l{x—a<7»_,'(t—t())} SIII,IlzuL) ([,x),
JEKT

which satisfies the initial condition u(#y,x) = u. The partial derivatives are

= ¥ 10 () Lo S (0) Lo -y Sime (0°)') (.2

i€k~
+ Z H ( ]l{x a>kj(t—to)} 55pace( to)/+]l{xfa<kj(tfto)} St?rﬁ: (uL),> (tvx)7
JEKT

Oxut = Z IL; (]l{x—bék;(t—to)} 5$é@e (“to)/Jr( )1{x b>Ni(t—10)} 5nme( RY) (t,x)

€K~
+ Z+ I1; (ﬂ{x—azkj(f—fo)} 53»p,ﬂ£% (ulo) + ( ) T a<hj(t—to)} *Stlme ( )> (7, %),
JEK

which proves d,u+ Ad,u = 0 and concludes the proof of existence.
Lett;:=1— b_;’i‘, forie K~ andfj:=t— ’%“ for j € K*. With the manipulations

@) =u(b—-\t),  fort; <to,
llL(fj) :u’O(a—Xjfj), fOI‘fj <,

with the convention that u” (x) = 0 for x ¢ [a, b]. The solution u(#,x) can now be written as

= % (i) (000 + X T (Sindut) (10), (2.69)

€K~ JEKT

where x € [a,b] and the boundary values u’(¢) and u®(¢) are defined as in (2.66) and u (x) =
0 for x ¢ [a,b]. If u(z,x) is another solution, by linearity @(z,x) := u(z,x) —u(¢,x) solves

i (t,x) + Adia(r,x) = 0, (2.70)

with the initial condition @(fy,x) = 0 and boundary conditions b%(r) = 0, b’(r) = 0. A
solution @(#,x) to (2.70) is given by the formula (2.69) which yields @(s,x) = 0. Hence,
u(t,x) = u(t,x). As aresult, there exist unique solutions u’(z), u®(¢) given in (2.66). O
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Definition 2.17: 1D time shift operator for functions

In addition to the 2D shift operator defined as in Definition 2.10, the 1D time shift

operator S;, . with T € R for functions f: T C R — R is analogously defined as follows

St’fme:}-(T_)R)'_)T(T%R)a
[l fe=7)],

where F is the set of all functions from some set T to R and with the convention that

f(s)=0if s ¢ T for f € F.

Q2.71)

Remark 2.18

T

Similar to Corollary 2.11, 1D time shift operator for functions S . with T € R commutes

with the derivative operator.

Remark 2.19

.
Let ug (1) := (uL(t)T,uR(t)T) € R?", where u’(¢) and uf(¢) satisfy (2.66). Below,

u, is expressed in a compressed form in terms of the 1D time shift operator S

time
_ | Fa Onnr be(t) L 0, DZb T
ug(t) = [Ow F, } [bb(t) +k§1 Dl 0, (St euan (1)), (2.72)
where T;, = Sgn”(ﬁ, the matrices F,, F,, D¢ D%, for k=1,2,...,n, are given in (2.67)-

(2.68) and extensions of initial conditions as boundary conditions for r < ¢y + Snb(%,

are adapted as in the proof of Lemma 2.16. Then the equality (2.72) follows from the
equations in (2.66).
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Chapter 3

Theory of distributions

A function f from a set A to a set B uniquely relates each element of A with an element
of B. Therefore, evaluation of functions T+ f(t) is an operation defined for elements of
the domain of the function f. On the other hand, measuring physical quantities at a point
is not possible in real world. What can be measured is, however, their mean values over
some neighborhood of a certain point. These mathematical objects are called distributions,
which generalize the notion of functions. These generalized functions act on a set of so-
called test functions. In this chapter, following the works [30, 40, 78, 90, 130], the theory of
distributions is briefly explained.

3.1 Preliminary Notions

In this section, some preliminary notions which are employed throughout this thesis are re-
viewed.

Definition 3.1: Support of a function

The support of a function f: Q CR? - R, d € N\ {0}, is

supp f(t) = cl{T € Q[ f(1) # 0}.

Definition 3.2: Test functions

The space of test functions is denoted by (;” and is defined as
G (RYGR) == {f e C*(R%R) | supp /() is compact },

where d € N\ {0} and C*(R¢;R) is the space of real-valued functions that are infinitely
differentiable.

The space of test functions C*(R?;R) is a topological vector space, [16]. In the sequel, the
space C*(R?;R) is assumed to be equipped with the topology given in [16].

Definition 3.3: Convergence in (°(R;R)

The sequence @, € G (R?;R) converges to ¢ € G (RY;R) if there exists a compact set

K C IR? such that supp ¢, C K for all n € N and the sequence {(ps,k)} converges uniformly
to ¥ in K for every k = (ki,ko, ... ,kg) withk; e Nfori=1,2,...,d asn — o} i.e.,

lim sup (p,(lk) (1) — oW (1) -0, VkeN,

N9 reRd
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where

oM :=alal?) . 3.

Definition 3.4: Locally integrable functions

A Lebesgue measurable function f : Q@ C R? — R is called locally integrable if
[1r@lde <o,
K

on all compact subsets K C Q. The space of locally integrable functions is denoted by
Lio.(R%;R).

3.2 Distributions in time domains

In this section, taking the definitions from Section 3.1 into account with d = 1, distributions
in R are studied.

Definition 3.5: Distributions

A functional D : (°(R;R) — R is called a distribution if it is linear and continuous.
Linearity in this context means

D(a@; +Be2) = aD(¢1) + BD(¢2),

for all o, € R and @1,¢, € (. As the space of test functions is equipped with the
suitable topology, continuity is characterized by the limit property. In other words, if @,
converges to @ in (°, then

lim D(9,) = D().

The space of distributions is denoted by D((;°(R;R);R) (or in short D), which is, by
definition, the dual space of (*(R;R).
Lemma 3.6: Regular distributions
Let f € Ll .(R;R). A regular distribution fi that is induced by f is defined by
Mm:G —R
o~ [of. (3.1)
R

The space of regular distributions is given by

]D)reg = {f]DJ ‘f € Llloc(R;R)} :

Regular distributions are distributions.

Proof. Assume that ¢ € G°(R;R) and supp@ = K. Then, K is a compact set and the integral
(3.1) is well-defined

fo= [ fo<=,
K
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where f € Ll (R;R). Hence, f is well-defined. The linearity follows from

loc

Fio (001 + Boa) = /K F(0p1 +Bo2) = ofin (1) + Bfin(92),

where @1, ¢2 € G5’ (R;R), o, € R and supp@;,supp@, C K;. To show continuity of fp,
suppose the sequence @, converges to ¢ in (;°(R;R) as in Definition 3.3. Therefore, supp @,
supp @, C K; and thus

lim /o) ~ fo ()| < lim | 1fl19, 0| < lim sup|g, — ol [ [f]->0.
fi—ree = JKi N reR K

since @, converges uniformly to @. O

Remark 3.7

Functions that belong to the space Llloc (R;R) are not required to exhibit any nice be-

havior. For example, the function f(t) = /¥ belongs to the space L (R;R) but f ¢
L'(R;R).

Example 3.8

The Heaviside function Hy € L|. (R;R) defined as

o = b Te20
"0, ifr<o,

induces a regular distribution; i.e., for all ¢ € G;°(R;R)

(Hoo(@) = [ Hoo= [ g <o

as the support of ¢ is bounded.

Example 3.9: Dirac impulse

The Dirac impulse 3 at T € R given by

O : G (R;R) =R
¢ — 3:(¢) == ¢(1),

is a distribution which is not induced by any locally integrable function.

Definition 3.10: Singular distributions

Distributions that are not induced by any locally integrable function are called singular.

Dirac impulse 8, T € R, given in Example 3.9 is a well-known singular distribution.
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Proposition 3.11

The space of regular distributions Dy is a proper subspace of distribution space ID, [78].

3.3 Operations on distributions

Derivatives of distributions Let f € LlloC (R;R) such that its derivative f” exists and is in

L} .(R;R). The derivative of distribution induced by f is
(fp) = / f'o
R
=- / 1o
R
=—fo(¢), Voe G (RR),

where @ vanishes at Feo as it has a bounded support. Hence, the derivative of an arbitrary
distribution can also be defined similarly.

Definition 3.12
The distributional derivative of D € D is

D':zD:z%‘%’D:D—)D
DH_D((p/)a

where ¢ € (7 (R;R).

Proposition 3.13

For D € D, the distributional derivative D’ is linear and continuous, hence in . Any
distribution D € D is infinitely differentiable as test functions are elements of C*(R;R).
Hence, higher order derivatives of a distribution D € D are

(jig)(k) DD
D (19D ( ()" 0),

for k € N. Furthermore,

(#9) = (m)®,
where f € C*(R;R), [30].

Example 3.14

The distributional derivative of the Heaviside function H is the Dirac impulse 9,

& (Ho)n () = —(Ho)p (i%)‘p)

:—/H,.c(p/
R
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Definition 3.15

The addition of any distributions D,D, € D is defined as, [30],

Di+D;: COOO(R;R) —R
¢ — Di1(9) +D2(9), Yo G5 (R;R).

Definition 3.16

The multiplication of any distribution D € D with any smooth function g € C*(R;R) is
defined as, [30],

gD: T (R;R)—=R
¢—D(g9), Voec (G (R;R), goe 5 (R;R).

Corollary 3.17

For D € D and g € C*(R;R),

(gD) =¢'D+gD'. (3.2)

Proposition 3.18

For any D € D and g € C*(R;R), gD €D, and for any f € LL (R;R), gfp = (gf)p
[78, 131].

Definition 3.19

The support of a distribution D € I is the smallest closed set outside of which the distri-
bution D is zero; i.e.,

suppD ::R\U{To CR

Ty is open, V¢ € (5’ (R;R) :
supp® C Tp = D(9) =0 '

The set of all distributions with support in M C R is
Dy :={D €D |suppD C M}.
Similarly, the set of all distributions with point support at T € R is

Dy ={D €D |suppD C {t}}.

35
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Theorem 3.20

Note that a distribution D has point support {t} if and only if there exist co, . ..,cqs, € R,
d: € N such that

e ’
D:=Y e, (33)
i=0

where Sq(;k) is the k-th derivative of the Dirac impulse &; at t € T, [30].

3.4 The space Dy, ~~(T) of piecewise smooth distributions

Definition 3.21: Piecewise-smooth functions

Let 7 C R be an open set. A function & : T — R is called piecewise-smooth if and only
if

o= Z (ai)[‘c,-,‘c,»+|)a (3.4)

i€Z

where the functions o; : T — R, i € Z, are (globally) smooth and the set {t; € T |i € Z}
is an ordered discrete set, i.e. T; < T;4+1 for all i € Z and the intersection with any compact
subset of T only contains finitely many points. The set of all piecewise-smooth functions
is denoted by (i, (T3 R).

Definition 3.22: Piecewise-smooth distributions, [130]

A distribution D € D(T) is called piecewise-smooth if

D=op+ ) D, (3.5)
TEA

where o € C‘;‘V’V(T;R), A C T is a finite discrete set, 7 C R is an open set and D; has
a point support; i.e., suppD; C {t} for all T € A. The space of all piecewise-smooth
distributions is denoted by Dpy (7).

In Figure 3.1, an illustration of a piecewise-smooth distribution with the representation
(3.5) is shown.

T

FIGURE 3.1: A visualisation of a distribution D € Dp, = (T') having the rep-
resentation D = Op + Y 1ca Dr with different magnitudes of Dirac impulses
(red arrows) and a piecewise-smooth function o (blue).

It is easily seen that the space of piecewise-smooth distributions Dy, = (T') is closed with
respect to differentation and contains the space of piecewise-smooth functions G, (T;R) as
a subspace.
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Definition 3.23: Pointwise evaluation, [130]

For D € Dyyc=(T), where D is of the form (3.5), the left and right sided evaluations at
T€Rare

D(T):=lima(t—e),  D(T}):=limo(t+e),

where € > 0.

Definition 3.24: Impulsive and regular parts, [130]

For any piecewise-smooth distribution D € Dy =(T') of the form (3.5), the impulsive
part of D at © and impulsive part of D are defined as, [130],

D;, T€A
DR:={ " T
0, T¢A,

and

D[]:=Y Dix]=Y D,

TEA TEA

respectively. The regular part of D is defined as

Diyeg := 0y =D — D[]

Remark 3.25

For a distribution D € Dy, (T'), Definition 3.23 and 3.24 for left- and right-sided eval-
uations and impulsive part are well-defined, [130]. To see this, consider D!, D?
Dpr"" (T) with

D'=(a')p+ Y Dy and D*=(a’)p+ Y D:.

TEA] TEA,

Then the following holds

ol = o2,
Dl=D2 VteANA,,
Dl =0, VT €A\ Ay,
D? =0, VT € A\ Ay,

D' =D —

which justifies the claims.

Proposition 3.26: Derivative of piecewise-smooth distributions, [131]

For D € Dpy=(T') of the form

D=oap+ ) Dr, with o=) ()gz,) (3.6)

TEA i€Z



38 Chapter 3. Theory of distributions

the derivative of D is
D/ = (Z(ag)[ﬁﬂiﬂ)) + Z (D(Tj_) _D(Ti_)) S‘Ci +DH/'
i€Z D i€Z

If D € Dpy=(T), then D' € Dyye=(T).

Proposition 3.27

Piecewise-smooth distributions have unique antiderivatives in Dyy = (T), [78, 1311,

F= / D, where D € Dyy=(T), 19 €R,
T0
such that F' =D and F(t;)=0.
A distribution is piecewise-smooth if and only if locally it is equal to a finite derivative of

a piecewise-smooth function, [130], in other words, for all D € Dy, (T) and all compact
subsets K C T C R there existk € Nand o € C;f,v(T;R) such that

D(9) = (0p)* () Vo € G (T;R) with suppe C K.

Definition 3.28: Distributional restriction

Let D € Dpy=(T), as in Definition 3.22 and M C R an interval. The distributional
restriction Dy; of D on M is defined as, [131],

Dy := (o)p+ Y, Dr 3.7)
TeANM

Hence, ous € Gy, (T;R). Furthermore, ANM is a finite discrete set; thus, Dy is a well-
defined distribution. Distributional restriction Dy, satisfies the following properties

(R-1): Dy € (Dpwe=(T))cim, for each D € Dpy~~(T') and is a projection for any
fixed M.

(R-2): For f € G, (T;R), it holds that
() = (fo)y-
(R-3): Forevery ¢ € G5°(T;R), D € Dpywe=(T) and M C R,

supp@ € M = Dy (9) = D(),
supp®@ M =0 = Dy () =0.

(R-4): For any D € Dy~ (T),

DM = ZDMn
ieN

where M;, for i € N, are pairwise disjoint union of a countable family of intervals
such that M := {J;cyM,. Moreover, for any pairwise disjoint sets M;, M; C R,
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with i # j, it holds that

(DM,')M/- = 0

Corollary 3.29: Restrictions and derivatives, [131]

Let T C R. For any D € Dpy = (T)

(Dpyw) = (D), ;) +D(11 )8, — D(127)8s,,
(D) = (D) 2y + D@1 7)85, = D(t27)8e,,
(Dyma)) = (D') 3,2y +D(117)85, = D(127)8s,,
Dpy, ) = (D), Tz]—kD T17)8:, — D(127)dy,,

where 71,7y € [—o0,00] and 8+ = 0.

Theorem 3.30

Properties (R-1)-(R-4) cannot be satisfied simultaneously by arbitrary distributions in D,
[130].

Example 3.31

Let D € D given by

D:@w— Y do(dy)
i=0

where d,, := % n € N. The restriction of D to (0,e0) is not well-defined as the sum
does not converge, although the distribution D is well-defined. See [130] for details and

proof of Theorem 3.30.

Remark 3.32

It is impossible to define multiplication of any distributions within the space of dis-
tributions D, [109]. Even if the distributions are induced by locally integrable func-
tions, the product of these functions does not necessarily have to be locally integrable.
For example, consider the function f(t) = \/ﬂ € Ll . whose multiplication with itself

f(z) = IT\ ¢ L\ . On the other hand, within the space Dpy (), an associative multi-
plication of two distributions is defined by the Fuchsteiner multiplication, [13, 52, 130],
yet this multiplication is not commutative.

loc

Definition 3.33

Assume D, E € Dy c~(T), with the representations

D=oap+ Y D[tJ, E=Pp+ Y E[]

TEAD TEAE
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as in Definition 3.22. Using (3.3) and (3.9), the multiplication of D and E is given by,
[131],

DE = (of)p+ Y, opE[t]+ Y. D[1|Bp.

TEAE T€AD

Proposition 3.34: Multiplication and restriction, [130]
For any D,E € Dyyc=(T), T1 < T2 € RU{Feo}, £>0
(DE) (¢, 1) = Dty o) En1 1),
(DE ) = D) B +D[TE (@ ),

)
(DE)(TMZ] = D1, 1) E (1, 1) +D(Tz,rz+8)E[T2]»
>[n ) = Pl ) Bl o) T D2y 1y 1e)E[T2] + D[T1|E(, —e))

Definition 3.35: Multiplication of a distribution with the Dirac impulse, [131]

Let D € Dpy=(T) with the representation (3.5) and T € A. The multiplication of D with
O; from the left and right are defined by

8:D := D(17)3:,

D& := D(1%)8., -3)

and, exploiting (3.2), the following relations can be deduced inductively
!
s¥+p.— <8§k)D) _8¥p' VkeN,

!
Dt (DS&“) —p's¥. wkeN.

Remark 3.36

The multiplication with distributions does not commute; i.e., DE # ED, for D,E €
Dpwe=(T), [130].

Example 3.37

Consider the multiplication of the Heaviside function (H;)p with the Dirac impulse 8,

S‘E(H‘E)D =0 7é 81: = (H’E)DS‘C'
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Chapter 4

Switched differential algebraic
equations

Differential equations are appropriate tools to model dynamical systems of physical mecha-
nisms. However, if the physical system to be modeled has any constraints, such as conserva-
tion laws, then the mathematical model of the process admits algebraic constraints, as well.
Such systems are called differential algebraic equations (DAEs), which have a general form

F(1,w,w) =0, @.1)

where w is the unkown to be determined of the system, F : R x R x R™ — R", m,n € N.

DAE systems with a switching signal governing the transitions between these systems
lead to switched DAEs (swDAEs). Switched DAEs are used to model electrical networks
[89, 124], complementary metal-oxide-semiconductor ring oscillator [92], power systems
[134], lumped parameter models [99], gas supply networks [66], water flow networks [77,
114] and district heating systems [65]. For physical processes are fundamentally nonlinear
and time-variant, certain simplifications are typically imposed while modelling these sys-
tems. Nevertheless, the simplified model needs to serve sufficiently accurate performance to
properly exhibit actual behaviors of the physical system while maintaining essential proper-
ties of the system. In this chapter, a brief overview on linear switched differential algebraic
equations is provided where the considered swDAE is of the form

EGW — HGW + fc, (4.2)

where Eg, He € R™", fz : R — R" for €=1,2,...,N and the switching signal 6 : R —
{1,2,,...,N}, N €N, denotes switches between DAE systems. Moreover, the matrix E¢ can
be singular. On the other hand, if the matrix E is invertible for every €, then one obtains a

switched ODE system by multiplying Equation (4.2) with the inverse of E¢; i.e., Eg ! on the
left.
4.1 Mathematical structure
Consider the swDAE of the form
Eosw(r) = How(t) +Bosq(t) +1(1), (4.3)

with the output yp(t) := Cp,, W(), where w : [tg,%0) — R™, m € N is the state variable of the
system, 6 : R — {1,2,...,N}, N € N, is a piecewise constant switching signal with a locally
finite set of jump points and is right-continuous, E¢, Hz € R"*™ for each € {1,2,...,N}
and f: [t,e0) — R™ is some inhomogeneity, B € R"™*Y, q : [tp,) — R is the input, yp :
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[to,00) = R™, m; € N, CDé € R™>™  Note that the matrix E¢ is not assumed to be non-
singular.

Definition 4.1: Classical solution

Let w € C((19,°°); R™) be any differentiable function. If w satisfies the system (4.3) for
all t > ty, it is called a classical solution.

For the existence and uniqueness of solutions to (4.3), the following definition of regu-
larity of matrix pairs will be employed.

Definition 4.2: Regularity of a matrix pair

The matrix pencil sEg —Hg € R™™[s], € € {1,2,...,N}, N € N, is called regular if and
only if n = m and det(sE¢ — H) is not the zero polynomial. The matrix pair (Eg, He) and
the corresponding mode & for the swDAE (4.3) are called regular if sEg — He is regular.

Definition 4.3: Nilpotency index, [81]

Let N € R™*™ be any matrix. The nilpotency index v € N of the matrix N is the minimum
value such that NV = 0.

Definition 4.4: Index of DAEsS, [8]

Consider the following DAE

Ew = Hw +f, (4.4)

where E, H € R f € R™ and (E,H) is regular. The index of the DAE (4.4) is the
smallest number of the steps taken to analytically differentiate the DAE in order to have
an explicit ODE system for every unknown of the DAE.

Note that switched DAEs are formulated by using DAEs without switches of the form (4.4)
for each mode. In the following, the explicit solution formula for the DAEs will be presented.
To this end, following [14, 55, 132, 135], quasi-Weierstrass form of a regular matrix pair
(E,H) and its consistency projector, differential and impulse selectors are defined.

Theorem 4.5: Quasi-Weierstrass form, [14, 135]

Assume (E,H) € R™*™ is a regular matrix pair. There exist invertible matrices S € R"™*"
and T € R"™*"™ which forms the matrix pair (E,H) into the quasi-Weierstrass from

(SET)SHT)::([; g},[g 2}) , 4.5)

where J € R?*P, p € N, N € R** i nilpotent, and k = m — p.
For later use, let S; € RP*™ and S, € R¥*™ guch that
(g):s, (4.6)

where S is the invertible matrix given as in Theorem 4.5. To evaluate the invertible matrices
S, T € R™™ in Theorem 4.5, Wong sequences can be employed, [14, 140], as described in
the following theorem.
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Theorem 4.6: Wong sequences, [14, 140]
Let (E,H) be a regular matrix pair. The Wong sequences 1}, ‘W are defined as

V:=R", Vur:=H'(EY), i=0,12,...,

4.7)
Wh:={0}, Wy :=E'HW,), j=0,12,....

From (4.7), it can be concluded that Vi1 C ¥}, W11 O W; and there exist i*, j* €
{0,1,...,N} such that

V= Y=V, W= | W, = W .
ieN jeN

Let V, W be any full rank matrices such that imV = 7* and imW = W*. By defin-
ing T :=[V,W] and S := [EV,HW| ', for which both T~! and S~! exist, the quasi-
Weierstrass form of (E,H) can be achieved.

Remark 4.7

By applying the quasi-Weierstrass form, the DAE (4.4) is decoupled into an ODE and a
pure DAE part

ODE: w; =Jw+f],
DAE : NW2:W2+f2,

where N is nilpotent, T~'w = (WlT, W2T )T and Sf = (flT,sz )T.

Definition 4.8: Consistency projector, differential and impulse selectors, [121, 138]

For a regular matrix pair (E,H) with E,H € R™*", its consistency projector, differential
and impulse selectors are respectively defined as

Ogn =T [IPOXP g} T,
4.8)
. I 0 ‘ 0 0
diff . PXp mp . _
Hem '—T[ 0 0] S M =1 [0 IMJ >

where p+k=mand S, T € R™*" are transformation matrices of the matrix pair (E, H)
in order to obtain its quasi-Weierstrass form which can be obtained from Wong se-
quences.

Remark 4.9

The consistency projector, differential and impulse selectors defined in (4.8) do not de-
pend on the choice of S or T, [130].
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Theorem 4.10: Explicit solution formula, [132]

All (classical) solutions to (4.4) with a regular matrix pair (E, H), for sufficiently smooth
f and for some wy € R” have the form

w() = M0 gy o + / HEO Iy f(s)ds
(4.9)

n—1
_ imp\i yimp  ¢(i)
i;o(E ) H(E,H) (1) ,
where ITg ) is the consistency projector, H‘(hft H)’ Hi(rlgf’H) are differential and impulse

selectors of (E,H) as in (4.8) and

Hdlff H((ilff )H, Eimp — HI(EPH)E’ (410)

and for every Wy, the initial value w(#g) € R™ of the DAE (4.4) is given by

nl i i pimy i
w(to) = I (g ) Wo — i:ZO(E‘mP )! H(E?H)f(l)(fo) 7

where the solution w is given by the formula (4.9).

Note that if the inhomogeneity f € (Dpy=(7))™ includes jumps or Dirac impulses, the

antiderivative F of the term (-, %)y H‘(:‘llcf £, where (-, 19) = 4" (~10)  has to be defined
such that

F— / 0(.10)5 lndlff

where ¢(-,70) " := 0(to, ) and
F/ = q)(JO)]]S]H?g’fH)f and F(ta) = O7

so that the solution formula (4.9) is still valid.

4.2 Distributional swDAEs

As can be seen from the solution formula (4.9), the initial value w(z) for the DAE (4.4)
cannot be prescribed arbitrarily. Therefore, prescribed initial conditions might be inconsis-
tent for the DAE system description. Systems that have such inconsistent initial values may
contain jumps and Dirac impulses in the solution. Furthermore, swDAEs might also lead
to inconsistent initial values for its DAE subsystems within the system while changing its
modes. However, to find solutions to inconsistent initial value problems within the space
R™ is not feasible. Therefore, the solution space must be carefully chosen so that it con-
tains distributions. Indeed, a proper solution space which allows to include distributions is
the space of piecewise-smooth distributions Dpy,~=(7") given in Definition 3.22. So, the un-
known w and the inhomogeneity fs in (4.3) are vectors of distributions in Dyyc~(T); i.e.,
w.fs € (]D)pwcw(T))m. On the other hand, conceptually, it does not suffice merely to change
the solution space, as neither might classical nor distributional solutions exist, for distribu-
tions cannot be evaluated at a certain point. In other words, from a distributional point of
view w(fy) = wo has no meaning. Even if distributions could be evaluated at initial times,
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inconsistent initial values would not be allowed. To illustrate, consider the following DAE
Ew =Hw +f

with E=0, H=1and f = 0. The only (distributional) solution is w = 0. Hence, any non-
zero initial value will not yield a solution. Thus, the notion of a solution to such inconsistent
initial value problems needs to be developed so that a distributional solution exists in the
space Dpwc=(T). The idea of how to describe distributional solutions to inconsistent initial
value problems in a proper way is that: Assume that the considered DAE gets activated at
to € R, and before 7y the DAE can be inactive or governed by different conditions. There
cannot exist any inconsistent initial values at any 7, after #y. To this end, the so-called initial
trajectory problem (ITP) arises

— w0
w(_‘x’vt()) - W(—oo,t()) ’

@.11)
(Ew), ., = (Hw+T)

[t07°°) [t07°°) ’

where W : (—oo 1) — R™ is an initial trajectory. However, if the initial value w"(zy) is
inconsistent for the ITP, the solution will be in Dpy=(7T'), and so are the components of the
ITP (4.11) and initial trajectory.

Theorem 4.11: Unique solution to the ITP, [130]

Consider the ITP (4.11) with a regular matrix pair (E,H). Let the quasi — Weier-
strass form of (E,H) be given by (4.5), where the matrix N has the nilpotency in-
dex v € N. Then for any initial trajectory w" € (Dpy=(7))™ and any inhomogeneity
f € (Dpwe=(T))™ there exists a unique solution to the ITP. Assume that the inhomo-
geneity f is v — 1 times differentiable on (t,o0) and f(_.. ;) = 0. The unique solution
W € (Dpwe=(T))™ on (to,o0) is given by the formula (4.9). Furthermore, the impulse at
to 18
n—2

wlio] = Y (B (w(ig) —wo (1)) 8
i=0
where
S imoy im i
witg) =M mwo (i) — Y (E™P) TR, 19,
i=0

where EI™ is given as in Equation (4.10) and IT™P is the impulse selector.

The following existence and uniqueness result follows from the fact that swDAEs are
considered as a set of ITPs which get activated successively.

Theorem 4.12: Existence and uniqueness, [130]

Consider the switched DAE given in (4.3) with regular matrix pairs (Eg,Hg) for S
{1,2,...,N} and assume for the switching signal ¢

¢ has locally finitely
ceco:R—{1,2,...,N} many switches, , 4.12)
O(_w ) 1S COnstant

where the switching times are the initial times for the ITP (4.11). Then, for every ini-
tial trajectory w € (Dpwcw(T))m with the initial time 7y € R and any inhomogeneity
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fe (]D)pwcm(T))m, there exists a globally defined solution w € (Dpwcw(T))m which is
uniquely given by w"(z, ).

Remark 4.13

The condition in (4.12) that ¢ has locally finitely many switches is significant. Consider
a swDAE (4.3) whose switching signal does not fulfill the condition that it has locally
finitely many switches. Assume w € (Dpy (7)) with a point support is the solution
to the considered swDAE. However, the infinite sum of w might diverge. Or even if it is
a well-defined distribution, its restriction to an interval may fail to be well-defined. This
remark is also the reasoning behind the idea that A in Definition 3.22 is a finite discrete
set.
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Chapter 5

Coupling hyperbolic balance laws
with switched DAKEs of index one

In this chapter, the well-posedness of coupled switched systems consisting of semi-linear
hyperbolic balance laws and switched DAEs is studied. Since solutions to DAEs whose
index is more than one are in general distributions, they do not have the minimum regularity
that nonlinear source terms of hyperbolic PDEs require. Therefore, only the special case of
swDAE:s of index one is considered. By employing an iterative converging procedure that
is based on the solutions to PDEs and DAEs, the well-posedness of such systems is proven.
Broad solutions, [24], which are based on the concept of characteristic curves, will be of
use concerning hyperbolic balance laws. Then, the well-posedness of the coupled system is
shown.

5.1 Coupled system

In this section, the following coupled system is considered, where a semi-linear hyperbolic
balance law on a bounded interval has the form

ou(t,x) +Ag(t,x)du(t,x) = sg(t,x,u(t,x)), (5.1a)

where u: [0,7] x [0,1] — R", n € N, is the n-dimensional vector of unknowns of the PDE,
Ag 1 [0,T] x[0,1] = R™™ & =1,2,...,N, sz € R"is a source term, the switching signal
6:R —{1,2,...,N}, N € N denotes the switches. The boundary conditions of the PDE
have the form

Ps(1) < > =Py o(t)W(t) +ps(t), (5.1b)

u(z,17)

where Pg : [0,7] — R, Py ¢ : [0,T] — R™™, pg: [0,T] — R” constitute the boundary or
coupling conditions and the initial condition is given as

u(0,x) =a(x), a:[0,1] > R".
The switched DAE of the coupled system is given as follows
Eow = How + Ko o(1)u(z,0") + Ky (t)u(r,17) +1£(1), t>0, (5.1¢)

where w: [0,7] — R™ is the solution to the sWDAE, E¢,He € R™", Ko, K;e: [0,7] —
R™*" £:[0,T] — R™ and whose initial condition is

w(0)=w, weR™
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In this chapter, the analysis of the coupled system (5.1) is restricted to the case of a sSwDAE
system with index v = 1.

Note that (5.1b) is an algebraic equation and (5.1c) contains algebraic equations. There-
fore, the coupled problem cannot be addressed simply as a combination of the two separate
subsystems. Relations (5.1b) and (5.1c) have to be chosen such that the PDE provides only
information via the outgoing characteristics and sufficient data is given as boundary condi-
tions, as the following trivial example illustrates. In the following example, two simple DAE
and PDE systems are coupled, where both have unique solutions and it is shown that the
resulting coupled system has no solution as the DAE loses its regularity.

Example 5.1

Consider the scalar advection equation with characteristic speed equal to 1 and the initial
condition given as

ov(t,x) +dyv(t,x) =0, t€[0,1], x€[0,00), (5.2)
v(0,x) = vo(x),

and with the boundary condition b(¢) := v(¢,07). Hence, its solution is completely de-
termined by the initial data and the left boundary data. Let the output of the advection
equation yp(t) := v(z,0). From the classical PDE theory, it is known that there exists
a unique solution to (5.2). And assume the following DAE with a regular matrix pair
(E.H)

@L}i@ m El"’ (5.3)

where ¢ is an input. Let the output of the swDAE (5.3) be

yo(t):=[0 1] m :

Similarly, from the classical DAE theory, [130], it is known that there exists a unique
solution to (5.3). Now let the advection equation (5.2) be coupled with the DAE (5.3) at
x = 0 of the PDE domain. The coupling between these systems is achieved via b(t) =
yp(t) and g(¢) = yp(t). Since v(¢,0") is the incoming wave for (5.2), the term Pg has to
be written in a way that it is contained in Hw

o ol [l =Lo o] ]

However, this kind of coupling rule yields the matrix pair

-2 95 9

which is no more regular; i,e., det(sE — H) = 0. In this example, the differential alge-
braic equation is unable to select the boundary data, since the DAE and the boundary
conditions coincide. In other words, the boundary condition does not contain any infor-
mation; thus, the transport equation has infinitely many solutions.

To avoid settings as in Example 5.1, the PDE is rewritten into its characteristic variables
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and the DAE is decomposed into pure algebraic part and pure ODE part as in Remark 4.7.
The resulting system then has the form

v+ A(t,x)dv = h(t,x,v),
() = o) wese) (o) + (i) + (o) ()

v(0,x) = v(x) ,
w0 =g+ sk R0 (00
+SIKi (R, 1) (318}3) +8uf(r)

wa(t) = ~s:kore.0) (1000
~SoKi(OR(1,1) (ﬁ;g }_g) —Saf(r)
Wl(O) =Wj.
54

The algebraic conditions do not conflict with the boundary conditions, provided that

(C-1): For the coupled system (5.1)
S:Ko(t)RT(£,0)=0 and S;K;(1)R™(¢,1) =0,

hold, where S; is chosen as in (4.6). Furthermore, S1Ky (), S;K;(¢) and f(r) are

measurable in time.

Remark 5.2

Note that if this condition is not satisfied, it might be possible to transfer these algebraic
relations into the formulation of the coupling conditions.

With Condition (C-1), one can decouple the algebraic equations and replace w; in the
boundary conditions so that the new system reads

o;v+A(t,x)ov =h(t,x,v),
vi(,07)\ _ [Py, 0(t) Po() N=(1)\ (v-(2,0)
<V+(t, 1—)) = <Pwh(1)(t)> wi (1) + (ﬁ?(r)) + <N+(t)) (v+(t, 1))
v(0,x) =v(x), (5.5)
Wi() = I (6) + 1Ko ()R (1,0) (V E
+S1K;(1)R(t,1) C—E

F

Note that the terms N~ and N* in (5.5) can be different from zero, even if in (5.4) N~ = 0 and
N* = 0. Moreover, the dependencies on v (¢,0") and v_(¢,17) in the ODE can be replaced

with boundary conditions.
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The system (5.5) can be rewritten in a more compact form as follows

ou(r,x) +A(t,x)ou(t,x) =s(t,x,u(t,x)),
B(0) (3111 ) =B (w1050,

u
(0,x) - (x), (5.6)
w0 = w0+ (G 61) ()] e
Wi (0) = Wi,

with the choices

_(-Ng I 0 -Ny _ (Pw0(t) _ (Do)
L e (i) L (5169
and Gy = S1Ky, G| = S;K|, g = Sif. System (5.6) is equivalent to (5.1) due to Condition
(C-1). For this system, the analytical results are provided below.

Definition 5.3

Fix T > 0. A pair (u,w;) is a solution to (5.6) on the time interval [0, T if the following
conditions hold.

(1): wis a broad solution on [0, T] to the system
oru+A(z,x)du = s(t,x,u),
u(r,0M)y _
B(r) <u(t’ 1_)> =By, (t)wi () +b(1),
u(0,x) =u
in the sense of Definition 2.7.

(2): w; € C°([0,T];RP) satisfies

3
wi(e) =W+ [ (Gwi(5) +6(5))ds
for every ¢ € [0,T], where

G(1) = Go(t)u(r,0") + G (t)u(r,17) +g(),

forae.r€[0,T].

The following lemma from [19] will be employed to prove well-posedness of the solution
to the coupled system (5.6).

Lemma 5.4: Lemma 4.2 from [19]

Assume that the sequence %, € C° ([0, T];R™) satisfies

£) < a+p /Oth,,_z(r)dr, with ho(t) € [0,H] and hy(r) € [0,H],
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for positive numbers o, 3 and H. Then for all n > 1,

n—1 Bili Bntn
max{th(t),h2n+1(t)}§aZ T+H py .
i=0 - :

Theorem 5.5

Assume that (Eg,Hg)) is regular for each & = 1,2,...,N and that Condition (C-1), hy-
potheses (H-1)-(H-5) hold. Then, for every T > 0, there exists a semigroup

S:[0,T] x D — D,

where
D ={(@,Wi) €L'((0,1);R") x R” : TV () < +o},

satisfying the following conditions

(1): (u(t,x),wi(r)) =S (¢t,a,w;) (x), for every (7, W) € D, is the solution to the
coupled system (5.1) (or to the alternative form (5.6)) in the sense of Defintion
5.3.

(2): $(0,a,w;) = (a,w;) for every (@,w;) € D.

(3): Forevery 0 <t} <, <T and (a,w;) € D, it holds:

S (tZal_lvV_Vl) = 5(t2 —Il,S(tl,ﬁ,Wl)) .
(4): There exists L > 0 such that

HS (l‘,l_l,V_Vl)—S (t’ﬁvwl)HLl(O,l) <L Hﬁ_ﬁ”L1(0,1)+||W1_W1 ”LI(O,I)} (5.7

fora.e. t € [0,T] and for all (@,w;) € D and (i1, W;) € D.

Proof. The solution to the system (5.6) is constructed by passing to the limit of a sequence
of approximate solutions. The proof is divided into several steps.

Construction of approximate solutions. Set uy(7,x) = @(x) and w;,(r) = w;. For every
k> 1, given u;_; and wy,_,, recursively define uy as the solution to

oru(t,x) + A(t,x)0u(t,x) = s(t,x, ) ,

B(1) <E’;E§ TD — By, ()W, (1) +b(1) (58)

uk(O,x) =u.

Note that Theorem 2.9 applies to the system (5.8) hence the solution uy, exists and is unique.
Moreover define wy, € C°([0,7];IR”) as the solution to the linear non homogeneous system

{ Wi, (1) = Iwi, (1) + Go(H)we—1 (1,07) + Gy (w1 (£,17) +g(1) (5.9)

Wlk (0) = W] .
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Classical theory of ODEs implies that the previous system admits a unique solution, since,
by Theorem 2.9 and Condition (C-1), the function

t — Go() w1 (£,01) + G (w1 (t,17) +g(t)

is measurable; see [25, Theorem 3.1].

wi, is a Cauchy sequence. For k > 2 and € [0,7], by using (5.9), one obtains

}Wlk Wlkl /|J Wlk Wlk—l(s)>‘ds
+ /O 1Gols) (e_1 (5,0) — ug_2(s,0))| ds
+/0th1(s) (We1(5,1) —we_a(s, 1))|ds
<31 [ (9) =i, ()] ds
L /O o 1(5,0) — g_a(s,0)] ds

t
+LG/0 w1 (s,1) —wg_a(s, )| s,

where Lg := max {sup,e[oﬂ 1Go()II,supepo.7) [G1(2)] } By Gronwall Lemma, for k > 2

and r € [0, T], the following is obtained

wi (1) =wi (0] <L w1 (-,0) —wea (5, 0) 1o,

[ 3le (5.10)
+e"Lg (a1 (-, 1) —we—2 (-, 1) [l o) -

By using (2.25) and (2.26), one obtains that, for k > 3,
|W1k(t) _Wlk—l(t)‘ < eHJHtLGLHBwl Wlk 2 T Wi HLI(OJ)

<eMirer B, ||/ Wi, (5) — Wi (s)] ds.

By applying Lemma 5.4, [19, Lemma 4.2], with oo = 0, B =ell'LsL|By,| and hi(r) =
}wlk(t) —wi,_, (t)| to the inequality

t
ha(r) < o+ B / By (7)dt
0
one obtains foralln > 1

Bntn

ltl
max{hy,(¢),hy,1+1()} < Z B

where Y > max {||ho||, [[h]|}.
Thus, there exists a positive constant C; such that

(CHJHTLG LHBwl H)ka
Hcﬂ([o,m =1 k! ’

lek — Wi,
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for every k > 3. Therefore, for every k > j > 3,

lek_wleCO([OT Z [[wi, Wli—lHCO([o,T])
i=j+1

f (MI7Lg LBy, |) T

<( i

i=j+1

which proves that wy, is a Cauchy sequence in C° ([0, T]). Thus, there exists w;* € C°([0,T])
such that wy, converges to wi* in C°([0,77]) as k — +oo.

u; is a Cauchy sequence. By using (2.23), one obtains the existence of a constant C > 0
such that, for every k and k’, the estimate

e, ) —wpe (2, ')HL‘(O,I) <C lek—l Wi, HLI(O,T)

<CT HW1,€,l — Wi, HCO([O-,T])

holds for every ¢ € [0,T]. Thus uy is a Cauchy sequence in C° ([0,7];L'(0,1)), proving the
existence of u* € C° ([0,7];L'(0,1)) such that u; converges to u* in C° ([0,7};L!(0,1)) as
k — o0,

The couple (u*,w;*) is a solution to (5.6). First, it is shown that w;* is the solution to the
ODE with the input from u*. Due to (5.9), one has, for every ¢ € [0,7],

wi, (1) = W1 + /0 Jwi, (s)ds+ /0 [Go(s)u_1(5,0")+ G (s)ue_1 (s, 1) +&(s)] ds.

By using again (2.25) and (2.26), it holds that both the sequences uy (-,0") and u; (-,17) are
Cauchy sequences in L' (0,T) and the limits are u* (-,0%) and u* (-, 1~), respectively, since
the non-characteristic condition (H-4) holds, see [2]. By passing to the limit kK — oo, one thus
obtains

wi* w1—|—/ Jw¥( ds—l—/ [Go(s)u*(5,0%) + Gy (s)u*(s,17) +g(s)] ds,

proving that w;* satisfies Condition (2) of Definition 5.3.
Conversely, define i as the solution to the hyperbolic system

+A(t,x)0,u(t,x) = s(t,x,10) ,

()
(ﬁ (1,07) ) (W (1) (1)
0.) =

Due to (2.23), fort € [0,T] and k > 1, one has

[a(r) = we(®)llLio,ny S LIWE =Wty »

for some positive constant L. Since wy; is a Cauchy sequence and u; converges to u* in
C?([0,7);L'(0,1)), it holds @ = u* in C° ([0,7]; L (0,1)), proving that u* satisfies Condi-
tion (1) of Definition 5.3.

Well-posedness estimate. Consider two initial conditions, namely (@, w;) and (@i, W) with
TV (0) + TV (@t) < +oo. Denote with (g, w;, ) and with (@i, W, ) the sequences constructed
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as in the first part of the proof for the initial conditions given by (@, w;) and, respectively, by

(@, W ). By (2.23), there exists a constant C; > 0 such that

J66(0) = 1) sy < 8=l +C1 [ 10,05) =, (9]
for a.e. t € [0,T]. Moreover, there exists C, > 0 such that, for every ¢ € [0, T],
1,00) =90, (0)] < [ W1+Ca [, (5) =, ()]
+c2/0t (5, 0) — fix(5,0)|ds
+C2/0t|ﬁk(s,1)—ﬁk(s,1)|ds.
By using (2.25) and (2.26) in (5.12), one obtains that there exists C3 > 0 such that
(Wi (8) = W1, ()] < [W1 — Wi [+ G /Ot (Wi (s) = Wi, (s)[ds +C3 la— |10,
for every ¢ € [0, 7], and hence, by Gronwall Lemma,
91, (1) = 91, (0)] < [[91 = 1|+ Cs [[a— )] €
< [ = W1+ G i =l o, | €7,

for every ¢ € [0, T]. Inserting (5.14) in (5.11), one obtains, for a.e. t € [0, 7],

[86() = 8(0) s 0. < (€14 & (2T =1) ) i = oy

—|—%|V_V1—W1’(€C2T—l).

By passing to the limit as k — +oc in (5.14) and in (5.15), it follows that (5.7) holds.

Corollary 5.6

(5.11)

(5.12)

(5.13)

(5.14)

(5.15)

O

Let 7 > 0 and 6: [0,7] — N be a given switching signal with finitely many switching
points. Then, under the above hypotheses, system (5.1) has a unique solution (u, w) on

[0, 7].

A proof can be obtained by iteratively applying Theorem 5.5.
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Chapter 6

Theory of distributions in time and
space

In Section 2.2.1, the classical solution to linear hyperbolic PDEs has been reviewed. How-
ever, considering a coupling with switched DAEs of arbibtrary index, the boundary data for
the PDE is given by piecewise smooth distributions. Thus, the solutions to the PDEs need
to be extended in the distributional sense, including Dirac impulses and derivatives of Dirac
impulses. In other words, impulsive boundary conditions for the PDEs need to be allowed.
However, if one considers distributions on R x R, the necessary properties of solutions would
not be captured in this space. The reason is that the traces at initial time and the boundaries
are still need to be evaluated. In this space, it would not be possible to capture the information
at the PDE boundaries or in the initial condition. Therefore, an appropriate solution space
called the space of piecewise-smooth distributions in time and space is constructed. In this
chapter, this new space, which is denoted by Dy~ (T x X), is established and properties of
distributions that belong to this space are demonstrated.

In this chapter, the tools which are defined in Section 3.1 are employed. In order to work
with distributions in time and space domains, the mathematical structures in Section 3.1 are
adapted for d = 2.

6.1 Distributions in time and space domains

In this section, test functions are considered in (;°(R x R;R) and distributions acting on
those test functions are studied.

Definition 6.1: Distributions in R x R

A continuous linear functional D : G;°(R x R;R) — R is called a distribution in time and
space. It is linear if
D(a@9+b%) = c1D(@) + c2D(B),

forall a,b € R and @,9% € G5°(R x R;R), and it is continuous if {¢, },cn converges to @
in G5°(R x R;R), then
lim D(@,) = D(9).

n—yo0

The space of distributions in time and space is denoted by I (G’ (R x R;R);R), which
is the dual space of (5’ (R x R;R).

In the sequel, instead of writing D (G’ (R x R;R);R), in short hand notation ID (or D(R x
R)) is used to denote the space of distributions in (R x R), which will not mean the same
space of distributions in time domain as defined and used in Chapter 3 unless specified.
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Lemma 6.2: Regular distributions

Let f € L. (R x R;R), that is, on every compact set K C R x R, the Lebesgue integral

loc

of f is finite. Then the regular distribution fp induced by f is given by

:GRxR)—=R
@H//(pf, (6.1)
R R

and the space of regular distributions is denoted by Dyee
Dreg = {fb | £ € Lioe R x R;R) } .

Regular distributions in R x R are distributions.

Proof. The proof is similar to the proof of Lemma 3.6, therefore, it is omitted here. O

Proposition 6.3

The space of regular distributions Dyes (R x R) is a proper subset of the space of distri-
butions D(R x R), [79].

Proposition 6.4

Let f,g € L' (R xR;R) be any two functions. The regular distributions fp, gp induced

loc

by f,g satisfies fpp = gp if and only if f = g almost everywhere, [78].

Derivatives of distributions Let f € LlloC (R x R;R) such that its partial derivatives d; fand

d.f exist and are in L] (R x R;R). The distributional partial derivatives of the distribution
fp induced by f are

ofo= [ [ase oufo = [ [t
R R

R R

:_//fa,(p :—//fax(p
R R R R

= —10(3,9), = —fp(0:9),

for every ¢ € (5’ (R x R;R) where ¢ vanishes at Foo as it has a bounded support. Hence, the
distributional partial derivatives of any distribution in D(R x R) can also be defined similarly.

Definition 6.5: Distributional partial derivatives
The distributional partial derivatives of a distribution D € D(R x R) are
Dt::a,D:: %%DD-)D
D — —D(0,9),

D,:=9.D:= %’D:D—)D
D — —D(0,9),

where @ € G’ (R xR;R).
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Corollary 6.6

The space D(R x R) is closed under differentiation; i.e., D;,D, € D(R x R) for any
distribution D € D(R x R).

Proof. Let ¢ € G, (RxR;R). As D € D is well-defined, the distributional partial derivatives

D; = —D(0,¢9), D, = —D(9,9) are also well-defined. Linearity and continuity of D;,D,
follow from those of D, as well. O]

Corollary 6.7

Higher order distributional partial derivatives of a distribution D € D(R x R) are given
by

(aif)(k) :D—-D, D~ (-1)*¥D ((aa,)(k) (P> ;
(%g)(k) DD, D (—1)®D <(

fork € Nand ¢ € G5’ (R x R;R).

Hlo
~
—
=
=
)
\/

Lemma 6.8: Multiplication with smooth functions
For any D € D(R x R) and g € C*(R x R;R), the multiplication gD is defined by
gD: C”(RxR;R)—> R
¢ — D(g9).

Furthermore, multiplication of a distribution with a smooth function is a well-defined
distribution; i.e., gD € D(R x R) and

0:(gD) = (0,8)D+g(:D),  0x(gD) = (0:8)D +g(dxD).

Proof. Linearity of gD is obvious. As g € C*(R x R) and ¢ € G, (R x R), the product
g9 € Gy (R x R). Thus, continuity of D(g@) follows, so does gD. Moreover,

0:(gD) = —gD(0,9)
= —D(g0,9+ 9;29) + D(9,2¢)
= (azg)D + g(atD)

which yields the last property. O

Definition 6.9: Support of a distribution

The support of a distribution D € D is

suppD := (RXR)\U{T(,XXOgRXR T, X X, open sets, Vo € Gy, : }

supp@ C T, x X, = D(¢) =0
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Proposition 6.10

For every f € Ll (R x R;R), supp fip has measure zero if and only if fp = 0.

Proof. Let S = supp fp, then by definition S¢ := R x R\ S is open and for all ¢ € G7°(R x
R;R) with supp@ C S¢ it holds fp(¢) = 0. Let

B 1.5) = { 12

\/(’ —1i)? 4 (x —x;)* < pz}

denote an open ball with rational numbers 7;,x; as well as p; > 0 such that (#;,x;) is its center
with p > 0 its radius. Then, every open set in R x R is a countable union of such open balls
By, (ti,x;) with 1;,x; € Q and p; € QF, i € N, [142], such that

S = U ﬁ?pi(ti,xi).
ieN

Let ¢ € G (R xR;R). Forz;,x; € R, p; € RT, let6 € R and q);;pA € ¢ (R xR;R) such
that l

%Pi (£,x) =

1, if (¢t,x) € By, (ti,x:),
0, if (t,x) ¢ ﬂp,‘JrG(tiaxi)a

and 0 < ¢, (t,x) < 1 forevery (t,x) € R x R. For € >0, choose &; > 0, i € N, such that
o;

. € P
£i<mln{2i+2,z}.

Let
Pe : —(PH (1 _q)qu, €l> .

Then, ¢¢ € G (R x R;R) and supp(@ — @¢) C S¢. Thus, fp(¢) = f(@e). Moreover,
supp@: C SUSE,

where

s¢:= (aspi\m) . 6.2)

ieN

Taking into consideration that |@g(¢,x)| < |@(,x)], @¢(t,x) =0 on S\ S¢ and S has measure
zero, (6.2) yields

(@) = /(@)

/ / 9¢/171
/ oel 111+ / oells1+ [ leellf

Se\Se
— [ leellr
Se
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= lloll- [ 1£1
Se

The Lebesgue measure u(Sg) of S¢ is

u(se) =Y ane? < ¥ n& =ne?,
ieN ieN
thus, [ |f| — 0 as € — 0. Hence, fp = 0 since @ is chosen arbitrarily. O
Sg

6.2 The space Dy, (T x X) of piecewise smooth distributions

Definition 6.11: Polyhedral partition

Denote by T C R (time) and X C R (space) open sets. A family of subsets (P;);c; of
T x X for some index set [ is said to be a polyhedral partition of T x X if and only if P;
are polyhedral sets; i.e., the intersection of finitely many (open or closed) half-spaces in
T x X which are pairwise disjoint and | J;c; P, =T x X.

Definition 6.12: Piecewise-smooth functions in time and space

Let T C R and X C R be open sets. A function B : 7 x X — R is called (polyhedral)
piecewise-smooth if and only if there exists a locally finite polyhedral partition (J;c; P;
of T x X; that is, the intersection of {P; |i € I} with any compact subset of 7' x X only
contains finitely many elements of the polyhedral partition; and a family of smooth
functions B; : T x X — R, i € I such that

B=Y x»Bi (6.3)

icl
where Xp, is the characteristic function of the set P, C T x X. The space of piecewise-

smooth functions in time and space is denoted by Gy, (T x X;R).

For a piecewise smooth function : 7 x X — R, it is easily seen that for any r € T and
x € X, the functions B(z,-) and B(-,x) are scalar piecewise-smooth functions as in Definition
3.21.

Definition 6.13: Dirac segment, [85, 120, 141]
Let L C T x X be a line segment; i.e., there exists #y,#; € T, x9,x; € X such that
L={(to+ oty —t9),x0+ at(x; —xp)) |o € [0,1]}. (6.4)
Then the Dirac segment on L is
O : GG (T xX;R) =R
¢ — /L 0, (6.5)
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where [, ¢ is the usual line integral given by

1
/L(P:/O O(to+ oty — o), X0 + 0u(x1 —x0)) vV Ar> + Ax* dat

where At =t —ty and Ax = x| — X, see Figure 6.1. Furthermore, for unbounded lines;
i.e., o € Rin (6.4) and for some Ar > 0, Ax > 0 with the condition A2 4+ Ax2 > 0, the
line integral is of the form

/(PZ/ Q(to + AL, xp + 0AX) / Ar2 + Ax? dot .
L —00

Note that if Az # O then, the parametrization of the line can be formulated as

L={(t,xo+&(t—1)) |t €R}

and the Dirac segment on L

1
/L(p:/to O(t,x0+ (1 —19)\/ 1+ 25 dr , (6.6)

and, similarly, if Ax # 0 then, the parametrization of the line can be written as
L= {(t0+At(x xo )‘XER}

and the Dirac segment on L

i A A2
/L(p:/ (p(t0+A—;(xfxo),x) 1+ 25 dx. 6.7)
X0

Conjecture 6.14

Let T CR, X CRbeopen, LC T x X be some parametrized line and D € D(T x X) be
a distribution whose support is the line L. Then D can be written as a linear combination
of Dirac segments on L

n

D= Z(f) Zoaim/‘at(i)a/(rj)sL where m, n € N.
1=0 j=

Proposition 6.15

For any g € C*(R x R;R), and any m,n € N, the product of the smooth function g with
the partial derivatives of Dirac segment 8 on L is

SISy Z 1)+ () (ol g, -afm gy, 6.8)

i=0j=0

where L is some parametrized line and g|, is given by

8|, = 8%Le, (6.9)



6.2. The space Dy, (T x X) of piecewise smooth distributions 61

where an arbitrarily small € > 0 and ¢, ¢ € C° (T x X;R), with 7, X C R, such that

1, lf U ﬂe/z(l‘L’xLJ’
¢L,s(t,x) = (tL,xr)€L

0, if(TxX)\ U B, x)

([L,XL)EL

where

\/(f—t)2+(i—x)2 <r r€R+U{O}}.

Y

-

FIGURE 6.1: The Dirac segment 9;, on some line segment L.

Proof. LetT,X CRand L= {(fo+ 0Af,xp + 0Ax) |0 € R} a parametrized line where tp € T,
xo € X. Let re € C (T x X;R) such that 07 ¢(¢,x) = 1 on U B 5 (tr,x) where (1,x.) € L
and ¢r¢(f,x) =0 on (T x X)\ UBe(tz,xr). If € € (0,1], for any ¢ € C7(T x X;R), the
following holds

(P([,X) = (P(tax)q)Lﬁ(é?g) for (I,X) € $8/2(tL7xL) V(tL,.XL) €L

Then, for m = 0 = n, one obtains

g9, =8, (g9)

iy
L

:/Lg(Pq)L,s
= (g0re)0z =: g|, - Or,

where g0 = g for (¢,x) € B 5 (tr,x1) and 0 otherwise.
For m = 1 = n, it holds

gataxSL = a1‘8)66L (g(P)

= [00.g, 0+ [ g, 00+ [ a5, 0.0+ [ g, -d0r0
= azaxg\L Oy — axg|L -0,y — azg|L - 0,8y, +8 - 0,09y,
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L

_ i le 4 (1) (1) a0l g, -39l s,

Assume, the claim holds for m > 1. For m+ 1, n = 1, one obtains the following
20" 19,8, =" 1a.8.(g)
= (=DA(=1)"19"d, / 59
L

m 1 . , . .
1), Z Z l+j )at(l)aj(cj)g _at(m—l)aj(cl—J)SL

|z
i=0j=0

J L

m+1 1 . . . .
_ Z Z z+j m+1 (l)at(l)a)(cj)& _at(m“‘l—’)a/gl—J)SL.

It follows in a similar fashion for the case n+ 1, m = 1 by assuming the claim holds forn > 1,
m = 1. Therefore, by induction on m and n, the claim (6.8) holds true. ]

Remark 6.16

The product g, ¢ = g, in (6.9) can be considered to be the evaluation of g on the line L
as 0y ¢ has a support that is in €-neighborhood of L for arbitrarily small € > 0.

Lemma 6.17

Assume that 7 =R, X = R and consider the unbounded line given by
L ={(to + 0At,xo + 0Ax) |0 € R}

for some tp € T, xp € X and At > 0,Ax > 0. For the step function along L, see Figure
6.2, given by

1 t—ty> &(x— 1 <A (p
HL([,X) — I 0 — Ax(x X()), — b X — X() ( 0)
0, otherwise , 0, otherwise ,
it holds ; |
oHy, = 725& 0 Hp, = —7251”
1+ (%) 1+(%)

in particular,

a[HLD = —%axHLD .

Proof. Recall the general definition of the partial derivative of a distribution D on 7' x X:

(0:D) (@) = =D(3;¢) and (D) () = —D(0x9).
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Hence, the following holds
@HL) (@)= [ [ Hude(varar

—_ [ 0, 9(t,x)drdx
/-oo/wﬁ; g PO (6.10)

—/ Q(to+ & (x—x0),x) dx = ———e /(Pa
Vit ?E

(Outi) (9) == [ [ Hi(t,002.0(0.)dxar

) xo+%(tflo)
—/_ /_ 0 ¢(t,x) dxdr 6.11)
bl 1
= —/ O(t,x0+ 82 (1t —19)) dt = —7/@
e 14 (&) /E
A
Hence, the claims follow. O

Corollary 6.18

LetT CR, X CRand P C T x X be a polyhedral set with the line segments L;,Lo,...,L,
as its boundaries. Then the partial derivatives of X p, is a linear combination of Dirac seg-
ments 6L17 6L27 ..., 0

P

14
(33, ) (0) = Lot 2y al" Vs, (6.12)
i=1

where &; € R.

H

10

-5 -5 X

FIGURE 6.2: An illustration of the step function in time and space along
some parametrized line L (in black).
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Proof. Consider the characteristic function ) p of a polyhedral set P given by

1, if (¢,x) €P,
XP(t7x)_{ ( X)

0, else,

and assume the boundary I of the set P consists of lines and/or line segments Ly,L;,...,Lp,
p € N\ {0} that are parametrized as

L = { (t§ + aAit,xi + 0Ax) | € [0,00) }

, , fori=1,...,p.
Ly = {(r} + aAit,xh + aAx) |a € [0,1]},

Then, one obtains

@tes) (@) == [ An(t.02,0(1, 1)

where a; € R. Similarly,

(0xxmy ) (@) = —

where b; € R. Assume for m > 1, n = 1 the following holds

P
(3" axes ) (0) = Y& 0" Vs,
i=1
where ; € R. For m+ 1, n = 1, one obtains
(3" Vo, ) (9) = (30™axr ) (9)

Dy A(m—1) O o(m)
—3, Y& " Vo, =Y & a8y,
=1 =1

Similar steps can be conducted to prove the result for n+ 1, m = 1 assuming it holds forn > 1
and m = 1. Hence, by induction on m and n, the claim follows as in (6.12). ]

Definition 6.19: Piecewise-smooth distributions in time and space

A distribution D : G°(T x X;R) — R is called piecewise smooth if and only if there
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exists a piecewise smooth function §: 7 x X — R and a locally finite family of line seg-
ments (L;)jes in T x X and coefficients ocl;.’[ eR, k=0,1,... ,n’j, ntl eEN(=0,1,...,7,
n; € N such that

D=Pp+ Y Y otoMal"5,,. (6.13)
JET kL

The space of piecewise-smooth distributions in 7' x X is denoted by Dpy = (T x X).
In Figure 6.3, a visualisation of a piecewise-smooth distribution in time and space can be seen

where polyhedral partition of the considered domain, Dirac segments and piecewise-smooth
functions over polyhedral sets are presented.

FIGURE 6.3: A 3D illustration of a distribution D in Dpy, (7 x X) consist-

ing of four polyhedral sets. The blue region is polyhedral partition of 7' x X,

four polyhedral piecewise-smooth functions are defined over each polyhe-

dral set, on each black line there is a Dirac segment. Magnitudes of Dirac
segments are kept small for the ease of visualisation.

Proposition 6.20

Let D € Dpw = (T x X) given by (6.13) and (6.3), then
D € Dpye=(T x X) and 9,D € Dpyc=(T x X),

where d; and d, indicate distributional partial derivatives.

Proof. 1t suffices to show that the (partial) derivative of (the induced distribution by) a
piecewise-smooth function (in the sense of Definition 6.12) is a piecewise-smooth function.
Since the sum in (6.3) is locally finite, it furthermore suffices to consider only a single sum-
mand and since the multiplication with a smooth function is well-defined for general distri-
butions, it suffices to show that the partial derivatives of the indicator function )p for any
polyhedral set P C T x X is a piecewise-smooth distribution, which was already established
in Corollary 6.18. Consider the piecewise-smooth function B given as (6.3), for eachi € I,

% (e Bi)p = 3 (Bi- (xp)p)
=08 (xp)p + Biaaif (Xr.)p

*

z
= (xp9:Bi)p +Bi Y aidr,,
i=1
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where a; € R, p; € N is the number of lines that form the boundaries of the polyhedral set
P; C T x X, hence finite. As a result, if D € Dyye=(T % X), then 0,D € Dpy (T x X). O

Lemma 6.21

Let D € Dpy=(T x X) given by (6.13) and (6.3), then the restriction of D to any poly-
hedral set P C T x X given by

Dp:= (Z XPmPBi> L Za];jafk)a)(f)&./ﬂp (&)
D

icl jeg kit

is well-defined and a piecewise-smooth distribution.

Proof. First note that the intersection of two polyhedral sets is again a polyhedral set, hence
YicrxpnpPi is a piecewise-smooth function and (Y;c; xpnrBi)p is a well-defined piecewise-
smooth distribution with support contained in the closure P of P. Furthermore, the intersec-
tion of a line segment with a polyhedral set is again a line segment (or empty), for any test
function ¢ € G5°(T x X ), the summand

¥ Y o005,

JET kL

is also a finite sum and hence well-defined with the support contained in P. Therefore, Dp
as in (6.14) defines a distribution. Moreover, for each ¢ € G (T x X), D € Dpy=(T x X)
and P C T x X, if supp@ C P, then Dp(¢) = D(9) and if supp@N P = 0, then any k-th order
partial derivative of @ is zero for every k € N and for all (¢,x) € P; thus, @ =0 and Dp(9) =0
(since any derivative of any order of test functions have zero value on a compact set). For
any pairwise disjoint polyhedral sets & such that P = [J,cn P; it also holds Dp = ¥ e Dp,
considering the aforementioned arguments. Hence Dp as in (6.14) is again a well-defined
piecewise-smooth distribution. O

In the following, for any (¢,x) € T x X, the partial evaluations D(t*,-), D(t~,-), D(-,x™),
D(-,x") are defined such that they are piecewise-smooth distributions in X or T', respectively,
and such that (partial) differentiation commutes with the partial evaluation; i.e.,

(0,D)(t%,) =D(*,) and (9,D)(-,x) =D(-,x*),

where (-)" denotes the (scalar) differentiation in Dpy = (X) or Dpye=(T'), respectively. Con-
sidering the representation (6.13), it is obvious that for piecewise-smooth functions such an
evaluation is trivially defined as

B(l+7')ﬂ]} = sl:i\r‘r(l)ﬁ(t—i_ev') = B([7')7 B('7x+)ﬂ]> = li\l{l(l)ﬁ(',x—i-S) = B('ax)7

I e 6.15)
B([ 7')D':£1:1\I‘IB)B(I_€7'):B(I7')7 B('>x )]D) .:ll\I{I?)B(',X—S):B(-,X),

where € > 0. To define partial evaluations of Dirac segments, consider, for instance,
(atHLD) (')xi) = HLD('vxi)/ )

where Hy (+,x7) € Dpwe=(T) whose scalar differentiation is the one dimensional Dirac im-
pulse §, | & () and (0;Hp,) expressed as in (6.10). Therefore, due to commutativity re-
quirement concerning differentiation and evaluation, and taking Lemma 6.17 into consider-
ation, there is only one possible choice to define partial evaluations of Dirac segments as
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1+458 1 € [to,t
SL(t+, ) = T Ar? xU"‘%([—lo) ’ S [Oa 1)7
0, otherwise,
142425 e (o,
SL(t_, ):: +A[2 x0+%(l—to) (0 l]
0, otherwise, |
14428 X € [x0,x1) (610
8u(at) = LR 0,31),
0, otherwise,
14 A2
Or(-,x7) = * Ax2810+g£x(x7x0) ;X € (x0,x1],
0, otherwise.

Remark 6.22

The factors in front of d distributions in (6.16) are due to the parametrization of the line
L which yields transformation of axes, such as rotation, reflection and translation, which
is also the case in Lemma 6.17 when differentiating the step function. Therefore, it is
easy to see the connection of the step functions; and hence Dirac impulses, in one- and
two-dimension. Given the parametrized line L, if sufficient transformations of axes are
carried out to obtain such a coordinate system whose x-axis is the line L, then at some
specific x, the Heaviside step function 1, o) in 1D is obtained.

Definition 6.23

Let D € Dpyw (T x X) given by (6.13) and (6.3). Then for any (¢,x) € T x X, partial
evaluations of D are given by

D(*,) =B+, o+ ¥ Y o0l (8,,(%, ) .

JEI kL
D(x*) =B+ ¥ Y o 9Nl (8, (-.x")),
JET kL

where B(t*,)p, B(-,x%)p and 8. (tF,-), &.(-,xT) are given as in (6.15) and (6.16),
respectively.

Corollary 6.24
For this choice of evaluation, it holds that fore > 0,t € T andx € X

1

+ . ) = lim —
D(t ) )((P(tv )) ll\l‘% gD(l‘,t+8)><X((P)7

1

xT . = lim -
D( X )((P( ax)) %I\II%EDTX(x,x+£)((p)>

_ 1
D(t 7)((P(t,)) = 3:1\1‘1(1) ED(lf&t)XX((p))

1

D('axi)((p('rx)) = ll\l’(f(l) EDTX(X—S,X) ((p)7
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where D € Dyye=(T x X).

Proof. The first relation is proved as the rest is akin. Let D € Dyy (T x X) with the rep-
resentation (6.13) and L; = {(t,xoj + % (t —toj)) ‘t eER, Ar; = 0} be the parametrized
J

line for j € 7. This parametrization yields &, (¢",-) = 0 and also L; N ((t,t +€) xX) =0
for t € R, where L; = {(t0,x) |x € X}. Now let the parametrized line L; be given by L; =

{(t,x0j+ix—t/ff(t—toj)) ‘tER, Atj>0} for j € 7. Then

1
lim D(z 1+€)xX (¢) =lim — <ZXPH tt+e)xX)B> (9)
D

e\0 € EN0E \jer
N4
+11m ZZ oM 5L_,-m((t,t+s)xx)((P>
/ejkf
t+e
=1 i
81\1;1’(1)8 //IEZ}XPB
1 t+€
+ZZ k ”a lim - Bg)(p(Txo]JrAx(‘c—toj)) \/Td’t
jeI ki ENOE

= (Z] ﬁi(t7 ) ((p(t, )))

1)k kZ Ax;
+§3;§’ oY (p(t,xonrA—,_-i’(t—toj)) 1+At2
J

=B, ) (9, N+ LY o 9998 a  (0(t) 1+P

jes kit X0+ 37, (1=10;)

=Bt o (o, )+ Y Y b0l (8., (1%, ) (o(2,-)

JET kL
= D(t+7 ) (q)(tv ))7

where € > 0 and Equation (6.6) (as A¢; # 0) and the mean value theorem are employed. Note
that Ax;/At; is independent of € for each j € 7 as the slopes of parametrized lines remain the
same. O

Remark 6.25

Note that due to Lemma 6.17, when At = 0 the partial evaluations 8, (t*,-) are defined
as 0. Similarly, for Ax = 0 the partial evaluations & (-,x*) = 0.

Proof. This is a consequence of Lemma 6.17; i.e., the relations between partial derivatives of
the step function and Dirac segments. For the temporal partial derivative in (6. 10) the line L,

on which the Dirac segment is taken, is parametrized such that { (1o + 3= (x X0)) ‘x €R}
where Ax # 0. And for the spatial partial derivative in (6.11), the line L is parametrlzed such
that {r, (xo+ & (r — 1)) |# € R} where Ar # 0. O
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Chapter 7

Distributional solutions for linear
hyperbolic PDEs

In this chapter, the solutions of linear hyperbolic PDEs in the space of piecewise-smooth
distributions in time and space Dpy = (T x X) are studied. The solutions are interpreted in
the distributional sense, therefore, thanks to this solution framework, they can have jumps,
Dirac impulses and arbitrary high order of their derivatives. The space Dpyc=(T x X) allows
the trace evaluation on the boundaries of PDEs which is required for coupling PDEs with
swDAE:s as solutions to swDAEs can include jumps and Dirac impulses. Hence, the solution
space for PDEs must be chosen suitably according to solutions of swDAEs. Furthermore, an
explicit distributional solution formula to linear hyperbolic PDEs is provided and then the
uniqueness result for the constructed solution is shown.

7.1 Scalar advection equation
Before addressing linear systems, the following scalar advection equation is studied
0,v+Ad,v =0, (7.1)
where A € R is the wave speed and the initial condition is prescribed as
LC. (g ,) =", (7.2)
where V0 € Dpy, = ((a,b)) and the boundary condition given by

v(-,at) =vE,  ifA >0,
B.C.
v

(7.3)
(b)) =R, ifA <0,

where vE, VR € Dy = ((f0,00)).
Now the definition of the shift operator for continuous functions in Definition 2.10 is
expanded to distributions.

Definition 7.1: 2D shift operators for Dirac impulses
Let T,X C R be open sets. The distributional time shift operator of a Dirac impulse
O € Dpwe=(T) att™ € T with speed A # 0 and initial position x is given by

A, 1
S, M08 = —— 8 A %) 5

e /1_1_% Liime
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k,(t*,X()

where L . )= {(t,xo+ At —1*)) |t € T}N(T x X). Moreover, the distributional
space shift operator of a Dirac impulse 6,+ € Dpy~(X) at x* € X with speed A and
initial time #( is given by

At . 1
et 5= e

where LZ}’,E,@‘;X*) = {(to+ 3 (x—x%),x) ‘x eX}N(T xX).

Note that the factors 1/4/1+1/A? and 1/+/1 4 A? in the definition of the shift operator
for Dirac impulses are necessary to obtain the following equalities

(Shmedr ) () =38, 1 and (Shikede ) () = 8 sa iy -

ety (x—x0)
In particular,
A,
(Shmedie ) (-5 =8 and (Shieede ) (157,7) = 8

An illustration of the time- and space shift of Dirac impulses can also be found in Figure
7.1.

X=a _* _*_=x* ® 0k * —
X| XpX3 Xy X5 Xg X7 x=b

FIGURE 7.1: PDE domain (y,0) x (a,b), A > 0. An example of Dirac im-
pulses prescribed in initial and boundary conditions at certain locations in
space, x5, m = {1,2,...,7}, and time domains, ¢, i = {1,2,3,4}, respec-
tively. The blue and red lines correspond to the the Dirac segments on these
lines and show how Dirac impulses are shifted within the domain.

Definition 7.2: 2D shift operators for piecewise-smooth distributions
Let 7 C R, X C R be open sets. Let DT € Dpyc=(T) and DX € Dy~ (X) be given by

D" =df,+ Y D} and DX =dj+ Y D}, (7.4)

X
t*eT* x*eX*

where d” € Gy (T), d* € Gy (X), T* C T and X* C X are locally finite sets, and for
each t* € T* and x* € X*, there exist ' € Nand n* €N, ¢/ €R,i=0,1,...,n" and
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c’f €R,j=0,1,...,n" such that
n X
DL —Zc 98 and DY =Y Vs,
j=0

Then the distributional time shift of DT with speed A and initial position x, is given by

SA,XODT (SkxodT Z ZC a }»xoat ,

time time tlme
t*eT*i

and the distributional space shift of DX with speed A and initial time #, is given by

Skl DX = (S d¥)p+ Y Zc ) shio 5.

x*eX* j=0

Corollary 7.3

2D distributional time and shift operators, .Stlme, 571”)3%6, where A, 19, xo € R, commute

with distributional partial derivative operators a, , 8)(5 " for n € N.

Proof. Below, the claim is proven for the Dirac impulse/segment as for piecewise-smooth
functions it has been proven in Chapter 2. Let 8+ € Dpy=(T') for some t* € R. Then for
n=1

J, S

time

St* 818 A (t* xg)

llmc

=8 1070 (919)
= — / at(P
L?.(l*,xo)
= _a[ / (p

L?»,(I* X0)

time

= at5

time

08;+.
Assume the claim holds for n > 1. Then, for n+ 1, the following is obtained

gty — ghroglng 5

time time

=" %5 5,

time
— a (n+1) 7» ,X0 St*

t1me

Thus, by induction, the claim follows. Analogously, the above steps are followed to prove
the commutativity of 53“152% . and 8)(5"), h

Assume A > 0 and let v and vE be given as in (7.2) and (7.3) with the representations

as in (7.4). With the distributions v, v", below the distributional solution to Equation (7.1)

Aa

in terms of the distributional space/time shift operators 53”1;2%,3, S,

ime 18 formulated. As seen in
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Section 2.2.1, since the solution is constant along the characteristics, exploiting the distribu-
tional space and time shift operators given in Definition 7.2, it can be written as

v ((]l{xfazwfto)})mSféé%eV"’ + (]l{xfm(t—ro)})DS&TJL) : (7.5)

Then, the distributional solution to the differential equation (7.1) at the right boundary
with A > 0 takes the form

)= (1) S+ (1 ) ) )
which can be put in the form
V(- b7) = (Sert) (67),
where
<53;IfevL) (,b7):= <53“p’;(’cevt°) (,b7), on (to,t0+ bfa) )

Now assume A < 0 and let v and vR be given as in (7.2) and (7.3) with the representations
as in (7.4). The solution formulae to Equation (7.1) with A < 0 are now of the form

V= (L beni0)) St + (Le-oaaa) ) Same?)

Similarly, the distributional solution to the differential equation (7.1) with A < 0 at the
left boundary can be written as

+y Mo A,b s
v(-,a ) - <(]l<zo,t0+bf))m~§spaocevo + (]l(zo+bf,oo)>D5timevR> ( ,a )7

which is then of the form

Mb
v(-,at) = SﬁmevR(-,aJr),

where
(i) (o) 1= (St} (,a%), on (1ost0-+152)

7.2 Linear systems of partial differential equations

As a system of PDEs with boundary conditions, the following system is considered

ou-+Adu=0, (7.6a)
I.C. u(ty,) =u", (7.6b)
B.C. Pau(-,at)=b% and Pyu(-,b")=hb’, (7.6¢)

with the unknown u € (Dpwc= ((f,%0) x (a,b)))" and initial condition u® € (Dpwc= (a,b))"
and b* € (Dpw = (10, oo)))"_é, b’ € (Dpwc= ((to, oo)))g are left and right boundary conditions
with P, € R0 and P, € RO
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As in Section 2.2.1 with Assumption (H-3), the system is decomposed into its distribu-
tional characteristic variables v € (Dpwc= ((f0,%0) % (a,b)))" with the initial condition

v_(tf )> (V’O>
v(t ) = 027 ) = , 7.7
(i) (wot-) vy @D
where v € (Dpyc- (a,b))g, v € (Dpwe= (a,b))n_Z and the boundary conditions take the
form

Mv(-,a")=b? and Nv(-,b")=Db"

where the boundary conditions for the right- and left-going waves can be expressed as

vi(,at)=h, (7.8a)
v_(-,b7) =by, (7.8b)

where boundary conditions b, € (Dpwcw(T))"J, b, € (Dpwcw(T))é, V= (V_T,VJFT)T and
T
Vi = (V’ET,VfﬂT) where v_ € (Dpwc= ((fo,0) X (a,b)))g stands for the left-going waves,

whilst v € (Dpwe=((f0,0) X (a, b)))ni[ for the right-going waves.

The distributional solution v to the decomposed system of (7.6a), as was done similarly
to (2.5), with the initial condition (7.7) and boundary conditions (7.8a)-(7.8b) can be written
in terms of the solutions of the left- and right-going waves

d' i [ 1y
v=) [:)ag(e )} ((ﬂ{x—ng,(z—to)})m53”521?th3+(]l{x—b>xi(z ~0)})p 53mﬁbb>
icK- n—_0,0

(7.9)
0/, Aj La
+ Z [diaag(eej)} ((ﬂ{x—azk_/(l—to)}) SPd?e ?‘i‘ (]l{x—adw(t ) }) ‘Stlmeb )

JjEKT
where K~ :={1,...,£} and K* := {{+1,...,n} and ¢; € R’ and e; € R"~* are the i-th and
Jj-th directional unit vectors, respectively.
The distributional solution u to the IBVP (7.6) is now formulated via inversion of the

distributional characteristic variables u = Rv. Let I, := R diag(e,) R™! with e, € R" the
p-th directional unit vector. The solution is

u= ) IJ <(]l{x-ng,-(t-fo)})D5$é?e“t° + (]1{x—b>x,~(z-m)})m5t}ﬂi%];“R)

i€eK~
X T (e ano ) pSogacet® + (L ac ) Simet” ) s
JjEKT

or, in the compact form

u=) I ( Sme R)+ Y1 ( Sime L) (7.10)

i€eK~ JjEKT

with

Lb. R Nisto ol b—
<5t1me u ) : Z I; <‘Sspécocu0>v on <t07l0+ —75;)’

icK~

AT Xa_ L it —
<5t1me ll) - Z <Sspacoeu ) on (tht0+%>~

ickK+
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At the left- and right-end of the spatial domain, the distributional solution u is as follows

ata) =R| 47| )

M,
IM |/ hibyR "
+R|: M Ml On ln— /:|R le;,n ( tlme )(’a )7
7.11
. N (7.11)
ub ) =R ()

-1
e[y R (k)

JEKT
where ul :=u(-,a’), uf :=u(-,6~) and with

(“Stli\fr_‘équ) (na®) = Z I (53;)61@6“10) (na®), on (fo,to+ b%)f:) )

icK—

(St/i\r:,él’“uL) (,b7):= Z I7; (SZE,d@eu")) (-,b7), on (to,to—i- ij”> )

ieK+t

(7.12)

Similar to the 1D time shift defined in Definition 2.17, below the 1D distributional time

shift Sf . for Dirac impulses and piecewise-smooth distributions D € Dy, ~(T') is defined.

Definition 7.4: 1D distributional time shift operator for Dirac impulses

Let T C R be an open set. The 1D distributional time shift operator S* __ with T € R of

time
a Dirac impulse 8 € Dyw=(T) att* € T is defined by

T o—
5timesf* o= 61*+T‘

Definition 7.5: 1D distributional time shift operator for piecewise-smooth distribu-
tions

Let T C R be an open set. Let D € Dy~ (T') be given by

D=dp+ ) D,

t*eT*

where d € Cp"fN(T), T* C T is alocally finite set, and for each t* € T*, there exist n eN,
¢ €R,i=0,1,...,n" such that

n'" .y
Dt* = ZCZ; a[(l)st* .
i=0
Then the 1D distributional time shift of D is given by

5t1me (Stlme ) Z Z Cf at(l)é‘t‘gmesl* 0

t*eT*i=0
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Remark 7.6

T

Similar to Corollary 7.3, 1D distributional time shift operator S; . for T € R commutes

with the distributional derivative operator %‘f.

Remark 7.7

-
Let ugy, := (uLT,uRT) € (]D)pwcm(T))zn, where u” and u® are defined in (7.11). Be-
low, u,;, is expressed in a compressed form in terms of the 1D distributional time shift
operator S}

b¢ "
uy, =F [bb] + ) DS et (7.13)
k=1
where

F, 0, 0,, D®
F= a n, , D, = n,n k ’
|:0n7nﬁ Fb :| ¢ |:D2a Onan:|

b—a

T (A

k=1,2,....n,

where the matrices Fa,Fb,DZb ,Dfa are given in (2.67)-(2.68). The extensions of initial

conditions as boundary conditions for ¢t < #g+ Sgnb(ﬁ are adapted from (7.12). Hence,

the equality (7.13) follows from the equations in (7.11).

So far, a piecewise-smooth distributional solution to the IBVP (7.6) has been constructed.
In the following theorem, the uniqueness of the constructed solution is shown.

Theorem 7.8: Uniqueness of the distributional solution

For all initial and boundary conditions, the IBVP (7.6) has a solution in the space of
piecewise-smooth distributions Dpy~. Moreover, for each initial and boundary condi-
tion, there is only one solution given by Equation (7.10).

Proof. As the considered PDE is linear, it is sufficient to show that the i-th characteristic com-
ponent v; = 0 is the only solution to the problem with zero initial and boundary conditions.
Let T C R, X C R be open sets and §; is the Dirac segment on the line segment L C T x X.
First, it is verified that & is a solution to the i-th characteristic component of the PDE, if the
line segment L has slope 1/A;, where A; € R\ {0} and crosses the boundaries of the domain.
Leto e C;f,v(T x X;R) be a test function with supp@ C T x X and the parametrization of the
line segment L be given by L = {(t,x0+ & (t — 1)) |t € R} where fg € R, Ar # 0, Ax # 0.
Recall the partial derivatives of the Dirac segment J; are

151
(0081) (9) =~ [ 010 (tx0-+ {1l 1)) y/ 1+ 43
fo

1
(9:82) (9) = — /ach (tx0+ 25t — 1)) /1 4+ 22,

fo
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where d; and 0 represent partial derivatives with respect to the first and second components.
Using the chain rule

" oxdr " ordr’

the following is obtained

0:91 + X081, = 0; (Z ak,éazgk)a)(cg) 5L> (9)
[

0 (Z ak,gaﬁk)a£‘)8L> (¢)
kl

13|
-Ead 13 (] ot -0

[ .

+ X020 (1,x0 + £ (t —10)) } dt)

131

_ Ze(lk/at(k)a/g) 1+ ix—; (/ [%(p (t,x0+ &2 (1 —10))
k,

fo

+ (7\41 — %) 82(p ([,XO+ %(l —l‘o))} dl)

— de,eat(k)a;(f) <(P (t1,%0+ £ (1 —10)) +9(t0,%0)
ot

|
Sesees) f azw(r,xo+if(f—fo))df>-
fo

This expression is zero for all ¢ € G, (T x X;R), if A; = & (to,x0) & supp@, and (11,x1) ¢
supp@. Thus, the slope Ar/Ax of the line segment L is the multiplicative inverse of the
characteristic speed A; and the line segment L has to fully cross the considered domain. But
at the points, where the line segment L hits the initial time or the boundaries of the domain, the
solution has to satisfy the imposed conditions. Therefore, the strength of the Dirac segment
is equal to zero; i.e., the factor oy is zero. Due to the linearity of the considered PDE,
the above computation can be extended directly to any combination of spacial and temporal

derivatives of 8, ; and hence, the uniqueness of the solution to the IBVP (7.6) follows. ]

Remark 7.9

The proof of Theorem 7.8 states that there cannot exist any Dirac segments which ap-
pear and/or disappear only within the domain without having any connections to the
boundaries of the considered domain.
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Chapter 8

Coupling linear PDE systems with
switched DAE systems

In this chapter, a linear hyperbolic partial differential equation is coupled with a switched
differential algebraic equation via boundary conditions, see Figure 8.1. The closed loop
setting illustrated in Figure 8.1 can include general network structures. In this coupled system
the values of the switched DAE provide the boundary conditions for the PDE and the values
of the PDE serve as input to the DAE. After a detailed description of the coupled system
including examples of a simple power network and a part of a simplified circulatory system,
an existence and uniqueness result for general switched delay DAEs is established and the
existence and uniqueness of solutions of the coupled system is concluded. At the end of this
chapter, numerical results for the power grid and circulatory sytsem examples are explained
and illustrated.

PDE(u)
BC (ll,y[))
output yp
Yp yp
swDAE(w)

input yp
output yp

FIGURE 8.1: Coupling of a PDE with a switched DAE via boundary condi-
tions.

8.1 System class

In this section, linear hyperbolic PDEs on a bounded interval, which have the following form,
are considered

ou(t,x) + Adu(t,x) =0, X € [a,b], t > 1y, (8.1a)

yp(t) = Cpug(t), t>1 (8.1b)

where a,b,t) € R with a < b, u: [tg,) X [a,b] — R", n € N, is the n-dimensional vector of
unknowns of the PDE, A € R"" and yp : [fy,0) — R", v € N is the v-dimensional output of

the PDE depending on u,(¢) := (u(t,a)",u(t,b) )T € R** and Cp € RY*?". The boundary
conditions of the PDE have the form

Pu,, (1) =yp(t), t>1, (8.1¢)
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where P € R"™?" and yp, : [fy, %) — R" is the output of the switched DAE

Eow(t) = How(t) + Boyp(t) +16(1), t > 1, (8.1d)
Yp(t) = Cpew(t), t > 1, (8.1e)

with the m-dimensional vector of unknowns w : [fy,0) — R™ m € N, the switching signal
6:R—{1,2,...,N},NeN, and E¢,He € R™", Be € R™Y, f; : [tp,0) = R™, Cpg € R"™"
foreach & € {1,2,...,N}.

The coupled system (8.1) has to be equipped with initial conditions

u(fp,x) = u(x), x € [a,b], (8.2a)
w(ty) = w, (8.2b)

where u” : [a,b] — R"” and w" € R™.

Remark 8.1

The coupling structure in (8.1) is quite general, in fact, arbitrary networks whose edges
represent PDEs and whose nodes represent (switched) DAEs which couple different
PDEs are covered. Consider for example a network as illustrated in Figure 8.2a, where
on eachedge E;,i=1,...,5, the quantity u% is governed by a linear PDE utz' +Auk =0.
At each node Aj;, j = 1,...,4, algebraic and/or differential conditions combine possi-
ble internal states w’U with certain boundary values q%’ from the connected u”; i.e.,
Eg\[’w% = H(g,\[jw% —I—BQ\G y,z\é + fg\(’ . This setup can be rewritten in the form (8.1) by first
rescaling the spatial domain (which simply modifies the coefficient matrices A% by a
constant multiple) so that all PDEs are defined on the same interval and can be viewed
as a single PDE where the new unknown u consists of the unknowns u% of each edge ‘Z;
stacked over each other (the A-matrix is then a block diagonal matrix). In a similar way,

the unknowns w’ and inhomogeneities f;\[j of switched DAEs for each node A; can
be stacked over each other leading to the new vector variable w and inhomogeneity f.
Furthermore, arranging the corresponding coefficient matrices of each swDAE in such
a way that resulting coefficient matrices form block diagonal matrices results a single
swDAE together with the unknown w and inhomogeneity f, see Figure 8.2b. Hence, by
rearranging PDEs and swDAE:s, a network (loop) consisting of a single node and a single
edge is obtained, see Figure 8.2c. A similar reduction is used in [72]. In the sequel, this
method is employed for the specific examples of a simple power grid with a switching
transformer and a simplified part of the circulatory system in a human body.

8.1.1 Power grid example

In this section, the simple electrical power grid with a switching transformer is considered,
which is illustrated in Figure 8.3.
Each line Z;, i =1,...,4, is modeled by the telegrapher’s equations given by

oL (t,x) + Lil_ax‘/,-(t,x) =0,

0
1 (8.3)
AVi(t,x) + &auli(t,x) =0,

where x € [a;,b;], b; > a;, I; and V; stand for the current and voltage, respectively, and the
constants L; and C; are inductance and capacitance, respectively. In particular, each line
E; has a position-dependent current /; and voltage V;. By appropriate scaling of the spatial
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(b) Reduction of the network and common scaling of
(a) Ilustration of a network. spatial domains.

(c) Reduced network, single edge, sin-
gle node.

FIGURE 8.2: An example of a network consisting of four nodes and five con-
necting edges and how to reduce it to one node and one edge (loop) network
which still has all the features of the original network.

domains of each edge for the telegrapher’s equations, it can be assumed that all PDEs are
defined on the common domain 7 x X = [0,%0) X [a,b]. At the nodes there is a coupling
between corresponding boundary values, where the “outputs” of the telegrapher’s equations
are the boundary currents /; for each line ;. A generator is located at the first node, where
an externally given voltage is assumed. This algebraic constraint is modeled by the algebraic
relations

0=z —vg, (8.4)

1
Yp =21,

where vg : [0,00) — R is the externally given time-varying voltage of the generator together
with the boundary condition V;(-,a™) = y},. On the consumption nodes, all voltages are
assumed to be equal and it is assumed that the consumption is modeled as a simple Ohm’s
resistance; i.e., the sum of the (directed) currents at the boundary of the lines is proportional
to the voltage at the node, which is modeled by the DAE

0 =204 —Ros(Lu(-,a") = L(-,b7)), Vi = 24, 8.5)
0:Z34_R34(I3('7b_>+14('5b_))7 )’3[’)4 = 3234, .

where R»4,R34 > 0 are the resistive loads. Furthermore, the following boundary conditions
are imposed
Va(b7) =yp,  Va(Lb7) =y,
Va(a®)=yp',  Va(b) =3
Finally, the switching transformer node is governed by the electric circuit given in Figure
8.4.
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consumption

switching

voltage Generator
transformer

consumption

FIGURE 8.3: Simple electrical power grid with one generator node, one
switching transformer node and two consumption nodes.

K1

1, Vs

Kq

°
N

Liz
Vi3

L.V,

FIGURE 8.4: A node connecting three power lines with a switching trans-
former.

The switch independent equations governing this switching transformer node are as fol-
lows . .

Lizgi2 =viz, Lizgi13 = vi3, 8.6)

Va(rat) =%, Vs(-,a") =xkizvis,

where K12, %13 > 0 are amplifiers. Note that, in this example, amplifiers are used only for the
voltage values, so the power grid example is a simplified model.
If the switch connects E; and E,, then the following three algebraic constraints hold

Ozilz_lla i13:0a Vl('vb_):VIZa
and, otherwise,
in=0, 0=i3-1, Vl(',b_):\/m.

Let w = ({12,113, V12, \/13)T be the state vector, then the rules governing the switching trans-
former node can be compactly written as a switched DAE

EGW = ﬁo‘TV + ﬁcsiP

Yo = Cp,W,
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where
B [T 00 R 1
— J— 13 . .

LO 000 LO100

= [0 00 | [0 00] _. w1

B, = —100}— [B1,0,0], B=1g 00] =:[B,,0,0],
L0 00 L—-100

~ [00 1 0 ~ 00 0 1

Cl_ 00K12 0 s CZ_ 001(12 0 s
|00 0 xi3 100 0 xi3

and the coupling via the boundaries of E;, E, and E3 are as follows
fyP = (Il('ab_)712('7a+)713('7a+))T7 FiD = (Vl ('ab_)7VZ('aa+)7V3('7a+))T'
Thus, the overall coupled system has the form (8.1) with

0
0

A As ] where A; = [

.
(bj—a;)L; :| Vi= 17 cee 747 (87)
Ay

__
(bi—a;)C;

u= (u]T,uzT,u;,uI)T with w; = (I;,V;) T, the output of the PDE (used as an input to the

switched DAE) are all currents at the boundaries of the power lines; i.e., the coefficient
matrix for the output is

CP: ! 1 )
1

the switched DAE has the state vector w = (zj, ilz,i13,v12,v13,zz47Z34)T and the following
coefficient matrices

0 1
Ek e Ek 0 , Hk e Hk 1 ,
0 1
0 ~
00 B)
B, = k
k —Ros O Ry ’
—R34 —R34 (8.8)
1
[0,1,0] —vg
[0.0,1] 10 3
1 Ck frd
CDk [170’0] 1 ) fk 8 )
1 1 0
1 0

where k = 1,2 stands for the different modes of the sSwWDAE and the coupling matrix P = “;:}
for the boundary values of the PDE is given by

1
o
1

8.1.2 Multi-scale blood flow modelling

In this section, a representative modelling of pulmonary circulation, heart and systemic circu-
lation is given. The wave propagation in pulmonary venous and ascending aorta is expressed
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in terms of PDEs while the dynamics of the left heart is modeled using swDAEs. First, it is
explained how these models are derived and then how they are coupled with each other.

1D Blood Flow Model

One-dimensional blood flow models for vessels are derived from the incompressible Navier-
Stokes equations, [15, 51],

u,+u-Vu—Au+ VP =0,

divu =0, £>0,

under some simplifying assumptions on a cylindrical domain Q which is considered as a por-
tion of a vessel, which changes in time because blood vessels contract and expand depending
on changes in volume and pressure.

For brevity, the vessels are assumed to be straight cylinders with circular cross-sectional
areas, [50, 101].

Integrating the Navier-Stokes equations over the circular cross-sectional area results in
the following one-dimensional blood flow PDEs for vessels, [48, 86, 94, 101],

QA(t,x) +0,0(t,x) = 0,

SV ) 8.9
0,0(1,x) + 0, (0‘%((1{,;3) ) + AL P(r,x) = — fir(t,x) g((,tjx))7 59

p

where t > 0, x € [a,b] withb >a, A:R" x [a,b] — R" cross-sectional area of the vessel,
Q:R" x [a,b] — R flow rate, P:R" x [a,b] — R" mean internal pressure over the cross-
sectional area, f; : R™ x [a,b] — R friction force on blood that is exerted by vessel walls,
p € R density of the blood, a a dimensionless momentum-flux correction factor, called
Boussinesq coefficient, depending on velocity profile, since the velocity across a section is
not always uniform, [27]. However, arterial blood flow has been proven to have a uniform
velocity profile in general, [46]. Therefore, the momentum-flux correction term is considered
a=1,[86,94].

The unknowns of the system (8.9) are A,Q and P, whereas the system has only two
equations. Therefore, to close the system (8.9), the following pressure law is employed,
[49, 94],

P(t,x) :Pext(l‘,x)—i—‘y(A;Ao,K,Po), (8.10)

where Pex((t,x) is the external pressure which is assumed to be constant Pex = 0, and ®(z,x)
is the transmural pressure' given by

Y(A(t,x):A0(x), K (x), Po) = K(x)0(A(2,x): Ao (x)) + Po,

where Ay and Py are the reference cross-sectional area and reference pressure and assumed
to be constant; and K (x) is a function given by

h(x)E(x)

RRN(EraT)

K(x) >0,

where E(x) is the Young modulus, /(x) is the wall elasticity, G is the Poisson ratio, and Ry
is the reference vessel radius. For incompressible fluids, ¢ = 1/2. In the literature, there are
different approaches to link the pressure P and cross-sectional area A, see [82, 129].

'Transmural pressure is the pressure difference between the internal; i.e., pressure in the vessel, and external
pressure.
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For simplicity, K is assumed to be constant. The function ¢ (A(z,x),Ao) is given by

oat.a0 = (1) = (1)

where m and n are constants which are related to mechanical and geometrical properties of
vessels, [126]. Itis assumed m = 0.5 and n = 0, [93, 94]. From the relation between pressure
P and cross-sectional area A (8.10), the following is obtained

K 1
——0d,A
2A0\/X pue s

which yields the nonconservative form of the system (8.9) in (P, Q) variables

P 0 AP\, (P\ (0 0\ /[P
at <Q> N <—§§apA+g 23) % <Q> - <0 Aﬁ) <Q> : (8.11)

with suitable boundary conditions.
The system (8.9) can also be formulated without the pressure term P as a balance law

0xP = 04P0,A =

dru(t,x) + o f(u(z,x)) = g(x,z,u(t,x)), (8.12)

NANCER IS RES
Q) &+ KA ) )

with u being the unknown vector, f corresponding flux function, and g source term. The
Jacobian J of the flux function f is computed as

0 1
Vuf(u):J(u):<_<g)2+2F§0\/K 22), (8.13)

where V = Q/A is the mean velocity of the blood through the cross-sectional area A and let

K oP K

where

which is the propagation speed of waves.
The Jacobian matrix J has two real and distinct eigenvalues A; and A,, which can be
computed by solving det(J — AI) = 0 for A,

—A 1
det K = 07
(M\/Z— vz v -— x)

for which the eigenvectors A; and A, are found as

K K
M=V UszO\f V—c, and A V+”2pAof V+ec,
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with a complete set of right-eigenvectors r; and r; corresponding to the eigenvalues A; and

A, given by
1 1
r = Vc) and r, = Vaie)

Definition 8.2: Sub- and supercritical flow, [69, 112]

respectively.

The flow is said to be subcritical if the velocity of the flow is smaller than the wave speed.
If the flow speed is larger than the wave speed, then the flow is called supercritical.

Remark 8.3

Under physiological conditions, the wave speed ¢ for arterial blood flow is much greater
than the flow speed, [59, 110, 112, 139]. As aresult, A; < 0 and A, > 0; hence, the blood
flow is subcritical for arterial blood flow.

Linearization of the blood flow model

If the small perturbations are considered, a linear PDE system can be obtained by linearizing
the system (8.12). Furthermore, as pointed out in [43, 111], under physiological conditions,
the equations that model the blood flow are only weakly nonlinear. As a result, linearizing
the sytem (8.12) can grasp the features of the blood flow.

Below the system (8.12) is linearized around the equilibrium point u; = (A, Q;) ", where
Ag > 0, by a Taylor series expansion

u(t,x) = uy+ew(r,x) + O(g), (8.14)

where uy is constant in x and ¢, and € > 0 is small. Higher order terms O(€) in (8.14) are very
close to zero for (Ay, Q) sufficiently close to (A, Q), and hence, they can be dropped out to
attain the approximation u(z,x) = u, +€w(z,x). Inserting this approximation u(z,x) into the
nonlinear system (8.12) yields

£atW(t,X) +axf(us +8w(t7x)> = g(x,t,us,W),
a;W(l,X) +Vllsf(u3) axw(t,x) = %g(x,t,uS,W),

evaluating V, f(uy) results in the following linearized system

A 0 ! A 0
(62w s 24)2(0) - (o)
A 0 1 A 0
% <Q> * <c§ —V? 2vs> Os <Q> = <—Afj'fr Q> ; (8.15)

where ¢; = 4 /%LAO\/AS and V; = Q,/A; are constant.

Let J; be the constant coefficient matrix in (8.15); i.e.,

0 1
JS_ <C?_VS2 2‘/S>7

or, similarly,
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whose eigenvalues A; = V; — ¢, and A, = Vi + ¢ are distinct and real with the correspond-
ing eigenvectors r; = (1,V; —¢s)" and ro = (1,V; +c¢) ", respectively. Hence, the waves
move at characteristic speeds A and A,. Therefore, the constant coefficient matrix J; is R
diagonalizable

J,=RAR!,

1 1 Vs —cs 0
R= A= . 8.16
<‘/A — Gy Vs +Cs> ’ < 0 Vs +Cs) ( )

It is assumed that A; = Ap and V; = 0 and in a similar fashion, the nonlinear system (8.11)
can be linearized around an equilibrium point (Ap,0) as

-3 )04
B,(Q)—i-(,?)o 0 Oy o)~ —%Q . (8.17)

In the case that the source term g = 0, by applying the coordinate transformation v =
R~ 'u, the system (8.17) is decoupled into a system of scalar PDEs

where

0;,v+Ad,v=0, (8.18)

where the characteristic variable v, the diagonal matrix of eigenvalues A and the matrix of
right eigenvectors R are as follows

v_(u(t,x))> 1<—Q(t,x)+coP(t,x>>

" 20 O(t,x) +coP(t,x)

AZ(—co 0>’ R:(l 1>7
0 () —Ccy Co

with ¢ = ¢(Ag) = 4 /ZPLAO\/AO.

Along the characteristics A1, A,, changes in pressure and mean velocity move backward
and forward in x-direction, respectively. Therefore, at each boundary of the spatial domain,
one boundary condition has to be prescribed such as

(8.19)

Pu(t,a®) = b,(1),
Pyu(t,b™) = bp(t),

where P, P, € R1*2, b, : [0,00) — R and by, : [0,0) — R.

Deriving the lumped parameter models from 1D models

In the previous section, the 1D blood flow equations for elastic vessels derived from Navier-
Stokes equations have been studied. On the other hand, blood flow in the heart and in smaller
vessels; namely arteriols, capillaries and venules, is modeled via lumped parameter models.
To obtain the lumped parameter models for the blood flow equations from 1D blood flow
equations, the linearized 1D equations (8.17) are integrated over the spatial domain, with
some assumptions.

The system (8.17) can be written in a simpler form as

CatP + axQ - O,

_ _ 8.20
10,0+ 3.P— —RO, (820
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where

2A0v/Ap
K

L L=P k=

C= , .
Ag A}

Integrating both equations in (8.20) over x yields

CSP+0r—01L=0,

i~ (8.21)
LiO+Pr—PL = —RQ,

where Qy (1) = Q(a,t), Or(t) = Q(b,t), P.(t) = P(a,t), Pr(t) = P(b,t), C = bC, L = bL,
R = bR, and P and Q represent the average pressure and flow rate

1
b—a

1

j
b—a

b B b
[ Puxar and 0= ["orxax
a a
Given two boundary conditions to the system (8.17), let P, and Qg be given to close the
system (8.21), it is assumed
P~Prand O~ Oy,

as the pulse wave velocity is between the values 3.12 — 13.4 meter/second, [39]; that is,
waves move very fast, relating the mean values P, Q to pointwise values P,Q is physiologi-
cally reasonable. Then the lumped parameter model can be written as

CLPr+Qr—Q0 =0,
L§ Qo+ Pr—Po=—RQ.

The blood flow models can be related to electrical circuits including a resistor, capacitor
and inductance. Using this analogy, blood flow rate and pressure are expressed by Kirch-
hoff’s law in the next section. The analogous representation is shown in Table 8.1. Vessel
compliance C is the volume of blood that the vessel can store in response to transmural pres-
sure. Vascular resistance R opposes to blood flow and corresponds to the electrical resistance
that opposes to the current. And the momentum of the blood is the inertia L.

TABLE 8.1: Analogy of electrical circuits and circulatory system.

Circulatory system Symbol Electrical circuit Symbol

Blood pressure P Potential difference \"
Flow rate Q Current I
Vascular resistance R Electrical resistance R
Inertia of blood L Inductance L
Vessel compliance C Capacitance C

Modeling the left heart as a system of switched DAEs

The dynamics of the cardiac chambers are described by the time-varying elastance model
given as in [116, 117, 118] by

Ey(t) = Elaa €1a(t) + Elap, (8.22a)
Ey(t) = Eyva en(t) + Eiwp, (8.22b)



8.1. System class 87

where Ei.,, Elya are active elastances; i.e, systolic elastance coefficients, while Ep,p, Ely, are
passive elastances; i.e., diastolic elastance coefficients. Moreover, e}, e}y are normalized
time-varying elastances for left ventricle and left atrium, respectively, given by, as in [86, 94],

(0.5 <1+cos(w>>, if 0 <t <tya+ Tipta — To,
07 if tia + Trpla —Th<t< Iclay
€la = T(t—te1a) .
0.5 (1 —Cos ( TCPIZ‘“ )) , if fe1a <t < tea+ Tepla,
0.5 (1+cos (L)) it Topa <0 < T, (8.23)
(0.5 (1-cos (). if0 <1< T,
ey =40.5 (1 +cos (TC(ZT%)TICV””)» , i Ty <t < Topy + Trplys
07 if Tcplv + Trplv <t <T,

where Teply, Tepla, Tiplv, Tipla stand for durations of left ventricular contraction, left atrial
contraction, left ventricular relaxation, left atrial relaxation, ., and #;, are the times when
the left atria starts contracting and relaxing, respectively, and T represents the length of one
complete cardiac cycle.

The time variation of chamber volumes v, is formulated in terms of incoming and out-
going blood flow

%Vch = {in — YGcv, (8.24)

where gjj is the blood flowing into the heart chamber.
Moreover, time varying blood pressure-volume relations in each cardiac cycle are given
by, [94],

Pla (f) = Plae+ E (t) (Vla - Vla,O) + Sla%"]m
Piv(t) = Prve + Ei(t) (Vv — Viv0) + Stv S iy,

where piae, pive are external pressures and Sy, S}y are viscoelasticity coefficients of the car-
diac walls of left atrium and left ventricle, respectively; vi, o, viv,0 are dead chamber volumes
of the corresponding heart chambers. The external pressures and dead volumes of chambers
of the heart are assumed to be zero.

The time variation of flow rate through cardiac valve is described by the relation, [86, 94],

d o Apcv _RCVqCV - BcvoV|qCV‘

dev =
dr ch

(8.26)

where Ap., stands for the pressure difference on its both sides cardiac valve, L., (mmHg-s>-
ml™ 1), Rey (mmHg-sz' ml~!) and B,y (mmHg-sz- ml—2) represent inertance, resistance, and
Bernoulli’s resistance, respectively.

The swDAE model for the volume of the cardiac chamber and flow rate through the valve
assumes the state variable (v, qCV)T, where the time variation of the volume v, is given by
(8.24) and q.y is modified as in [1, 99]. When the valve is open, it is expressed as

Apey — Revgey

d —
chv - LCV y

and when the valve is closed, the flow rate through cardiac valve is set to zero

qev = 07
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pulmonary
venous

ascending
aorta

left

oxygen-poor blood ventricle

@ consumption

FIGURE 8.5: A simple illustration of the left heart with lungs, left atrium,

left ventricle, a consumption node (body). Blood flows in the direction of

arrows. Cardiac valves are located between left atrium-left ventricle and
between left ventricle-ascending aorta.

which contributes to the algebraic constraint in the system.

8.1.3 Coupled circulatory system

In this section, the blood flow PDE model is coupled with swDAE model where both systems
are explained in previous sections, see Figure 8.5. The blood flows through pulmonary ve-
nous into the left atrium then through the mitral valve into the left ventricle, and then through
the aortic valve to the ascending aorta.

The flow through pulmonary venous and ascending aorta are modeled as a linear system
of conservation laws, respectively, given as

atApv + aprv = 0
0;Qpv + 5 \/78 A =0,
atAaa + aana = 0
athd + 2 Fa A 0

where x € [a;,b;| with b; > aj, for j =1 for pulmonary venous and j = 2 for ascending
aorta, Apy : RT X [a1,b1] = R, Qpy : RT X [a1,b1] — R and Ppy : R X [a;,b1] — RY are
cross sectional area, flow rate and internal pressure of pulmonary venous, respectively, with
the pressure law given by (8.10). Similarly, Ay, : RT X [a2,b2] = RT, Qua : RY X [a2, 03] = R
and Py, : R™ x [a,b2] — R cross sectional area, flow rate and internal pressure of ascending

(8.27)

aorta, respectively. Let u,, = (ApV,QpV)T and uy, = (AM,Q;M)T denote the unknowns in
(8.27). It is assumed that the following initial and boundary conditions are prescribed for the
systems in (8.27)

Upy (0,x) = ugv (x), Uy, (0,%) = uga(x)7
[0 1]up(r,07) = Qq(1) (1 0] up(r,67) =bp(t),
[0 1] u(r,0M) =bo(t) , (1 0] uw(r,by) =Ps(t),
where ugv s lar,by] — R?%, 4, : [az,b2] — R?, and Qg : [0,00) — R, Pg : [0,00) — R* are

boundary conditions for the flow rate at the left end of the spatial domain of the pulmonary
venous and for the pressure values at the right end of the spatial domain of the ascending
aorta whereas bp : [0,00) — R, by : [0,00) — R are boundary conditions for pressure and
flow rate of pulmonary venous and ascending aorta, respectively, that are assigned to the
PDE system by the switched DAE system. So, conservation rules determine its inputs as a
function of outputs of the swDAE.
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FIGURE 8.6: Mitral and aortic valves allowing blood flow from left atrium
to left ventricle and from left ventricle to aorta, depicted as switches.

The switched DAE model for the left atrium is given as

d ~
aVa = 0— dmv

d d
d Ejavia+Ria g Via—Evviv—Rly g7 Viv—Riagmvy .
a4mv = dr Lonv dr ) lfpla*plv > Oa

dmv = 0, if Dla— Piv < 0,

(8.28)

where vy, : [0,00) — RT, vy : [0,00) = RT, gy : [0,00) = R, pra, piy : [0,00) — R are
volume of the left atrium and left ventricle, blood flow rate through the mitral valve, and
pressures of the left atrium and ventricle, respectively. Ej, € R™ stands for the elastance of
the left~atrium, R, € RT resistance of the left atrium and L,y € RT inertance of the mitral
valve, Q : [0,00) — R is the external blood flow coming from pulmonary circulation.

In a similar fashion, switched DAE model for the left ventricle is

d
aViv = dmv — Gav

d > ds
d Ewviy+Ryy 37 Viv—P—RaaCaa ; P—Rivqav . jog
S = dr I dt if Py — P> 0’ (8.29)

Qav:07 ifplv_ﬁgoa

where g,y : [0,00) — R is the blood flow rate through the aortic valve. Ej, € RT, R, € RT
stand for the elastance and resistance of the left ventricle, respectively, and L,, € R" inertance
of the aortic valve, P : [0,00) — R is the external blood pressure of the ascending aorta.

The dynamics of the valves is governed by the pressure gradient, see Figure 8.6. Below,
the switch independent equations governing motions of cardiac valves in the left heart are
gathered

d N d d
arVla = Q—gnv , a&Vlv =4qmv — qav , Riagvia = Pla— Elavia

bQ:q.aV7 bp = p1a .
If the mitral valve opens and aortic valve shuts, then the following equations hold

d d d
Ly 3,9mv — Ria g, Via + Ry g viv = Elavia — Ewvviv — Riagmy »
dr dr dt
Gav = 0 )

if the mitral valve closes and aortic valve opens

Gy =0,
Lav%Qav —Ryy %Vlv =Eyvy —P— Raacaa%P —Rivqav
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where Ej,, Ey are given by (8.22a)-(8.22b), and if both valves shut, then the following holds

qu:O,
Gav =0

Remark 8.4

It is physiologically not possible that both the mitral and aortic valves are open at once
for a healthy heart, [45].

Let W = (Via, gmvs Viv, av, Pla) | be the state vector, then the switched DAE equations
governing transitions of valves can be written as follows

EGW = ﬁo‘TV‘F ﬁcsyP )

yD:CDGWa
where the coefficient matrices are
rol 088 0O -1 0 88 r00 1
=~ *Rla Lmv Rl -~ Ela *Rla *El g 000
E=| o0 0 100|, H=|0 1 o -10|, By=]oool,
0 0 000 0 0 0 10 000
LR, 0 000 |-Ea 0 0 01 L00O
10 0 00 ro —-10 0 0 -0 0 1
~ 00 0 00 ~ 0 1 0 00 ~ 0 0 0
E,=|00 1 00/, Hy=| 0 1 0 —-10][, B,=|0 o0 of,
0 0 —Rpy Ly 0 0 0 Ey —RyO —1 —RauCaa 0
LRLO O 0 0 |-E. 0 0 0 1 L o 0
10000 -0 —-1000
~ 00000 ~ 0 1000 ~ ~
Es=|o00100], H;=| 0 10-10], B; =By,
00000 0 0010
LR, 0000 L—E, 000 1
C 00010 C. —C C. —C
CDl—[00001]v Cp, =Cp,, Cp, =Cp,,

where Ria, Ly, Rly, Lav, Raa, Caa are physiological constants given in Table 8.3 and the cou-
pling via boundaries of pulmonary venous and ascending aorta are given by

S;P = (Paa('va;r)’ %Paa(')a;)7va('ab?))T7 S;D = (Qaa(o,a;),va(',b;))T,

where P := Py, (-,a) and Q := Qpy (-, b7).
For the complete coupled model, an externally given blood flow is assumed, where blood
flows in from lungs at the first node A in Figure 8.6. The algebraic relations are

O:qL_QG7
Yb=4L,

where Qg : [0,00) — R is the externally given blood flow from lungs with the boundary
condition va(-,af) = y}). Moreover, at the last node Aj in Figure 8.6, an externally given
blood pressure is assumed, for which the algebraic relations are

O:pB_PG7
4
Yp = DB,

where Pg : [0,00) — R™ is the externally given blood pressure with the boundary condition
Pa(+,b5) =y},
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The complete coupled system is then of the form (8.1) where

0 1
b—a; . u
| A for j=1,2, u=|[ "],
1 2 0 uaa

and the output of the PDE is

Y= (va(-,a;“),Qaa(-,a;),va(-,bl_),Paa(-,bz_))T,

with the following coefficient matrix

1
et

and the switched DAE now has the state vector w = (g1, Via; ¢mvs Vivs Qav, Pla; pB)T, and coef-

ficient matrices
00 1 00
E; = E; , Hi= Hy , Bi= By ,
0 1 0

—Q¢
0
L 0
CDK = |: Cy :| s fk = 0 )
1 0
0
—Pg
for k = 1,2 and the coupling matrix P = [ll;‘b‘} is
Po=[560%],  P=1[5670]-

Parameter values for the blood flow example are given in Tables 8.2 and 8.3.

TABLE 8.2: Parameter values depending on medical data for the left heart
chambers and cardiac valves, [86, 94, 99].

Elaa Eap Eiv, Ep Tcplv Tcpla Trplv Trpla Icla Ila Ty
0.070 0.090 2.750 0.080 0.300 0.170 0.150 0.170 0.800 0970 1

TABLE 8.3: Modified parameter values for the left heart cardiac valves and
pulmonary circulation, [86, 94, 99, 117].

Ly Lay Rya Ry va va Caa Raa Sla Sty
0.0002 0.0005 0.001 0.003 0.0005 0.005 0.1 0.01 0.0005p;, 0.0005py

8.2 The coupled system

In this section, the distributional solution framework for linear hyperbolic PDEs introduced
in Chapter 6 is used to establish a link between the coupled system of PDE-swDAE and
the solutions of a switched delay DAE. Then, the existence and uniqueness result for general
switched delay DAEs is demonstrated and the main result about the existence and uniqueness
of solutions of the coupled system can be concluded.
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8.2.1 Existence and uniqueness of solutions of the coupled system

In the following, the switched DAE (8.1d) with output yp given by (8.1¢) together with the

boundary behavior ug; := (u(-,a)T,u(-,b)T)T of the PDE (8.1a) is studied. Based on the
results from Chapter 6, the solution w and u,;, of the coupled system can now be related
one-to-one with the solution of a switched delay DAE as follows.

Theorem 8.5

Consider the coupled system (8.1) satisfying Assumptions (H-3), (H’-5) and (H’-6).

Then z := (w', th)T is a solution of the coupled system if and only if z solves the

switched delay DAE (swDDAE)

R I (D D

where T, u,, and the matrices F and Dy, are given as in Remark 7.7 and its components
as in Equations (2.67)-(2.68).

Proof. (<) Assume thatz= (w',u/,)" solves the swDDAE (8.30). From Equation (8.30),
the following swDAE is obtained

Esw = How +BsCpuy, + 15,

where w is the solution with the input yp = Cpuyy, as shown in Theorem 4.12. And also, from
the swDDAE (8.30), the traces at the boundaries of the PDE are obtained as

u(a®) = E b+ Y D (S5
i=1

—F b+ ZD“b (Sheu®) (),

tlme ua )

u(-,b7) = be”+ZD”“
i=1

— Fyb" + ZDb“ ( tﬁ;gm) (-,b7),
where [EZ] = Cp,w, which together yield the solution u

kb k
u_zn<t1me b>+zn<tlm: a)

icK~ jeK+
where

Lb k i b—

(S[Ime b) - Z H ( ptac(:)eu ) on <t0’t0+ T}j) 9
ieK~ k

A+,I a Jto _
(Stimé a) = X II; ( spjaceulo) on (t07t0+ x)%) )

JEKT /

where IT, := R diag(e,) R™! with e, € R" is the p-th directional unit vector.
(=) Assume that w is the solution to the swDAE (8.1d)

Esw = How + Bgyp +15,
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where yp = Cpug;, and that u is the solution to the PDE (8.1a) given as in Equation (7.10).
Then uyy, is of the form

ug(t) = FCp,w+ Z Dk‘st‘;ﬁleu“b’
k=1

where [EZ] = Cp,w. Hence, z = (WT,u;lrb)T solves the swDDAE (8.30). O

Since the solution of the coupled system on the whole domain can be recovered via
Equation (7.10), it has been shown that the solution properties of the coupled system can
equivalently be characterized by the swDDAE (8.30).

The following result establishes conditions for existence and uniqueness of solutions for
general swDDAEs.

Theorem 8.6: Existence and uniqueness of solutions for swDDAESs

Consider the following switched delay differential algebraic equations having d € N
delays suchthat 0 < 7] <1 < ... < 1Ty

d
Foi = Hoz+ Y D;Sih 2+ o, (8.31)
j=1

witho: R — {1,2,...,N}, NN, B, H,Dy,..., Dy e R™ " foreach§ € {1,2,...,N}.
Assume that (g, # ) is regular for each § € {1,2,...,N}, then for any initial trajectory
ANS (]D)pwcw)’" and any inhomogeneity gz € (Dpwcw)m, the corresponding initial trajec-
tory problem has a unique solution.

Proof. The result is a simple consequence from the “method of steps” and the details for
DDAE:s with a single delay d = 1 can be found in [133]. In the following proof, the prime
notation (') is adapted to indicate the derivative of distributions in addition to the dot notation
(") since the derivative of a distribution restricted to an interval and restricting a derivative of
a distribution to an interval do not have the same meaning. In other words, the operations
restriction to an interval and differentiation of a distribution do not commute.

Let T be the smallest delay within the set {ty,...,T;}. Then the solution to the swDDAE
system (8.31) is shown to be expressed as

__ .- k
Z=2( ) +};Z@,lﬂ)’ (8.32)

where 7y :=1y+kt, k€N, 79 :=tg, and z* € (ID)chw)m is the unique solution to the non-delay
swDAE, (Theorem 4.12),

k k—1
VA ~ =7 ~
(—oo)tx—1) (—ooytx—1)

(zcz") . (%zk +?g},) (8.33)

[H(flvw) ’

where g, = ():;?:1 DS 2! —|—g6>. Let 7 C R and X C R be open sets. For all ¢ €
Cow(T x X;R), 2(0) is a well-defined distribution as test functions ¢ have compact supports
and, hence, the sum in (8.32) is taken over locally finite sets. Therefore, the sum is finite

for each ¢ € G, (T x X;R). Moreover, z € (]Dpwcm)m since it is a linear combination of
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piecewise-smooth distributions. For any k£ > 1,

[tk—1.%)

+Y) (ilff_l,?,,) +27(1, )% | —zp(f;)ﬁr,))>
m—lvﬁ)

i

= (%zk+§c> -

d
— - Yo k-1
- %Zm—l,tk) + 1:21 @J (Stil,nez ) 1 i) + gcﬁkfl,?k)

d

- (%Z+ Z Q)jtggr/nez—i_gG) )
= [e1.12)

where the relations in Corollary 3.29 are exploited. Hence, z given in (8.32) is the unique

solution to (8.31). ]

Remark 8.7

The existence and uniqueness result in Theorem 8.6 can easily be extended to the case
that the delay coefficient matrices D;, j =1,2,...,d in (8.31) are switch dependent; i.e.,
Equation (8.31) becomes

d
a T
Eoz = Hsz+ Z D 6SimeZ+ Eo-
j=1
However, for this case, technical details are omitted as such switch dependent delay
terms do not occur in the applications studied in this thesis.

The main result about existence and uniqueness of solutions of the coupled system can
now be stated.

Corollary 8.8

Consider the coupled system (8.1) with a hyperbolic PDE (Assumption (H-3)) and suit-
able boundary conditions (Assumption (H’-5)-(H’-6)). Furthermore, assume that for all
&€ {1,...,N} the matrix pairs (E¢, He + Bz CpFCp¢) with F as in Remark 7.7 are regu-
lar. Then for any initial value u" € Dpy~~(X)", W € R™ and external inhomogeneities
fe € Dpwe=(T)™, there exists a unique solution (w,w) € Dywe= (T X X)" X Dpye=(T)™
of the coupled system.

Proof. This is a consequence of Theorems 8.5 and 8.6 and the fact that det(sE; — #) =
det (sEz — (He +BzCpFCpy)).
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Remark 8.9

In Corollary 8.8, the condition on the regularity of matrix pairs (Eg, He +Bg CpFCpg ) for
all & € {1,...,N} ensures that the coupling rules define a well-defined coupled system.
In other words, only outgoing characteristics of the PDE can provide information to the
swDAE.

8.3 Numerical results

In this section, it is explained how the examples of power grid and circulatory system de-
scribed in Sections 8.1.1 and 8.1.3 are solved numerically, and the numerical results are
illustrated.

8.3.1 General setup for the PDE discretization

Each spatial domain is considered I = [a,b], b > a. To discretize the spatial domain / into
N € N computing cells, multiple grid cells I; = [x;_; /2:Xi 41 /2] are considered such that the
interiors of cells are pairwise disjoint and the union of all cells covers the domain. Denote
by Ax = xiy1/2 — Xj_1/ cell length, which is assumed to be constant; i.e., Ax = (b —a)/N.
Thus, all boundaries of cells are of the form x;, 1/, = iAx. The center of each cell I; is
x; = (i—1/2)Ax. Furthermore, boundary conditions at x = a and x = b are required to define
the values at the interfaces x1/, and xy,/; so that the numerical scheme can update the
very left and very right cells /; and Iy of the discretized domain for the next time step #"*!.
Ghost cells Iy = [@ — Ax,a] and Iy;+; = [b,b+ Ax] are placed at boundaries. In other words,
imaginary data are created in these ghost cells, see Figure 8.7. Moreover, at x /, and xy 12,
intermediate states are obtained. The discretization of the time variable is done in accordance
with time step size At = t,.1 —t,, such that the Courant-Friedrichs-Lewy (CFL) number €,
[60, 84], for the numerical scheme is smaller than 1

Ax
At =€6—
M max
where |A| . is the largest wave speed in amplitude of the system.
ool
oo I
/—/A
,,,,,,,,,,,,, | | | | | | | | | IS
I_ I I I I I I X; I I Ik
X% =da xli% H»%

FIGURE 8.7: Imaginary, intermediate and right states, uy,u’,u,, at the left
end of the domain x; /, = a are shown. Furthermore, a general cell structure
is depicted with the cell I;, cell center x; and boundaries of the cell /;, namely

Xi—1/2 and x;; 12,

8.3.2 The power grid

Note that the matrix pairs (Zg,Hs) in the power grid example are regular. Denote by
¢ = {€, &), 3, &4} the set of edges in the coupled network, over which the PDE is dis-
cretized. For discretizing the spatial domain [a,b], consider x; = (k—1/2)Ax, k=1,...,N,
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Ax = (b—a)/N, where N is the number of cells in the mesh. Then two ghost cells Iy and Iy
are inserted at both ends of the computational domain which are treated as boundaries. The
CFL number is assumed to be 6 = 1 and denote by u; = u(x;,¢") the approximated solution
at time " and position x;. Denote by (ux)} = ((u,lc);l, (u%)j)T to have a suitable representation
for the unknowns for every edge k € €. Before the initialization to solve the coupled system
at each time, first, the discretized PDE over each edge k € € is decomposed into its character-
istic variables (vi)] as left-going, (vk) and right-going characteristic waves, (v ) where
(u,i);’ = )]+ (v ) and (uk) (vk )+ (% ) To solve the decomposed PDE numeri-
cally, the upwind scheme is used [61, 83, 97 127, 125] and implicit Euler method, [125], for

the swDAE. At each time iteration, the decomposed PDE is solved numerically, then, (uk)"+1

is updated via inverse coordinate change (uk) =Ry (Vk)n+1 where (v¢)} = ((v; );;7 (v,:r);l)T

and A, = RkAkRk_1 for k € &, where Ay is the coefficient matrix given as in (8.7). The equa-
tions in (8.5) together result in coupling conditions in terms of the characteristic variables as
follows

(V2_)7v+1 = 2("1)’11 - (V;);lwl’ (VZ)?\/H = %(V )N+1 +3 (VD;HN

n n —\n —\n 1 2 n
i)', = 2(‘};—)N+1 =)y, (V3 )y = §(V;)N+l 3(VI)N+17

which are four out of eight of boundary conditions for the decoupled PDE, and hence, they
build up the inputs to the swDAE as

W) =)+ 0" () =05k + 3
(”%)7\/ = (V3 N1 + )N (ui)ﬁ’v = e+ 0 -

The remaining four inputs to the swDAE are given in terms of characteristic variables (v; )" ,,
(v et (v2)" and (v3)" ;. Then, at each time step, the swDAE is solved and the bound-
ary conditions (v{)" |, (v{ )N+1’ ()™ ! and (vi)", are obtained. At A} in Figure 8.4, the
boundary condition is assigned as (u 1)0 = vg, where v is the prescribed constant voltage
source, and hence, the boundary condition for the characteristics (v)" | = vg+ (v] ) . At
A over €, the input to the swDAE is (u})y = (vl_)x, + )y .1 and the boundary COIldl—
tion for the characteristic variable is (u )y == )y + (V] )y, The swDAE assigns this
boundary condition according to (8.6)
n n+1 +\7 n+1
R (=200
ntl _ dontl d + +1 +1
Vin Tatin (T a@ (2("1 )N+1 —Vin ) Vin

2N
(ul)N V111n vy )N+1 (Vfr);lv_vﬁl’

where M = 2 or 1 = 3 depending on to which edge the switching transformer connects &;
and 7f,,75,V],, V|5 are discretized state variables for the swDAE at time #". If = 2, Vn+1 is

computed as above, then the boundary condition (vi )% = (v )y — V{5 Uis assigned, hence,
n+1 _ (o +\n n+1
iy = (v{ )+ (v )j4- Furthermore, /{3 = 0 and
vn-‘rl d n—l—l
13 = a3
ntl (8.36)
_ fy iy
=T A

If n =3, then ;' = 0 and v/ is found similarly as in (8.36). Then, the boundary
conditions (u3), = K12V, and (u3)0 = K3/ are assigned, thus, the boundary conditions in
characteristic variables (v3)" | = (v;)", + (13) and (v])" | = (v;)" | + (133, are assigned.
Then, the solution for (uk)f}+l is updated, for all k£ € € by using the eigenvector matrix Ry
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and (v )pt', n=0,1,...,Nand (v0);*', y=1,2,...,N+1. Until the prescribed final time
is reached, the time is updated; i.e., "' = " 4 Ar, and the above steps are repeated.

If, instead of solving for (vi)", one attempts to solve for (uk)? and assigns inputs/outputs
without considering them in characteristic variables, oscillations might occur at boundaries
at each time step. The method described in this section covers the Dirac impulses and ensures
that such oscillations do not take place. Therefore, the numerical steps defined above should
be carried out in characteristic variables and then the original unknown variables (ux)’ should
be updated accordingly.

Remark 8.10

In numerical simulations, the amplitude of the Dirac delta becomes larger as the width
of the grid cell becomes smaller. In other words, the Dirac delta is spread over the
numerical cells in the numerical examples.

Discontinuous initial condition

The computational domain is considered [a,b] = [0,0.5], initial time 7y = 0, and final time
tmax = 1.5, the number of cells N = 150, Ax = 3.3 x 1073, The constant voltage at Aj is
vg = 0.5. The constants are assumed tobe Lip =1, Liz=1, ki =1, K;3=1, Ryy = 1,
R34 =1, Ly =1and C; = 1 for each k € &. The initial conditions for the PDE are 7, (0,x) =0,
x €[0,0.5], V1(0,x) = 0 for x € [0,0.3) and V;(0,x) =1 for x € [0.3,0.5], It(0,x) = 0 and
Vi(0,x) =0, x € [0,0.5], for k = 2,3,4, see Figure 8.8. The switching transformer initially
connects the edges 1 and 2 for 7 € [0,0.4) and then connects the edges 1 and 3 for 7 €
[0.4,0.7). For ¢ € [0.7,1.5], it connects the edges 1 and 2 again. In Figure 8.9, the plots for
all edges are shown at t = 0.5. After the first switch at t = 0.4, a Dirac impulse occurs on
&,. In Figure 8.10, the plots for all edges at r = 0.8 are shown. After the second switch at
t = 0.7, there happens another Dirac impulse on 3. And in Figure 8.11, the solution over
the whole domain (z,x) € [0,1.5] x [0,0.5] is shown for all edges where the lines in the plot
of the solution for the edges &;, €3 and &, show how Dirac impulses move in the domain.

Dirac impulse as initial condition

The setup of this example is the same as the previous example. The only difference from the
previous example is that the initial condition on the first edge & is given zero everywhere for
both the voltage and current values except at x = 0.3 the voltage has a Dirac impulse, as seen
in Figure 8.12. Initial conditions for &;, €3, &4 are prescribed as zero for both currents and
voltages. The switch initially connects the edges 1 and 2 for ¢ € [0,0.4) and then connects
the edges 1 and 3 for ¢t € [0.4,0.7). For ¢t € [0.7,1.5], it connects the edges 1 and 2 again. In
Figure 8.13, the plots for all edges are shown at r = 0.25. Dirac impulse on &; moves along
¢ and then to &,. In Figure 8.14, the results at t = 0.6 are shown. After the first switch
at t = 0.4, a Dirac impulse occurs on €;. And on &3, the information from &; enters the
domain. In Figure 8.15, the plots for all edges at t = 0.8 are shown. After the second switch
at t = 0.7, there happens another Dirac impulse on €3. In Figure 8.16, the solution over the
whole domain (z,x) € [0,1.5] x [0,0.5] is shown for all edges where the lines on &;, &;, &3
and ¢4 show how Dirac impulses move in the domain.
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FIGURE 8.11: PDE solutions for the power grid example with initial condi-
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[0,0.5]. The switching times at # = 0.4 and r = 0.7. The plots on the left

show values for [; whereas on the right for V; for the edges &, k=1,2,3,4,
(I = (u?), Vi = (u}) in discretized variables).
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8.3. Numerical results 103

t=0.25, edge 1 t =0.25, edge 2
120 T T T T T T
100 |- —1 4 200 — I}
—V —V
80 | 4 180 b
60 |- 4 160 |- b
40 1140 7
20 - -4 120 i
(U -4 100 | 4
—20 4 80 B
—40 | 1 6of 7
—60 |- 1 401 i
80| 1 20f 1
—100 |- B 0 B
1 1 1 1 1 1 ~20 1 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0 0.1 0.2 0.3 0.4 0.5
X X
t =0.25, edge 3 t =0.25, edge 4
1 T T 1 T T
— 1 — 1
0.8 1 08} *
—V —V
0.6 4 0.6 :
04 4 04 il
02 4 021 B
of 1 of 1
0.2} 1-02} |
0.4 1-0.4| |
—0.6 - 1-0.6 B
—0.8 |- 1-0.8} B
—1 Il Il Il Il Il Il —1 Il Il | | | |
0 0.1 0.2 0.3 0.4 0.5 0 0.1 0.2 0.3 0.4 0.5
X X

FIGURE 8.13: At time ¢+ = 0.25. Switching has not happened yet, Dirac

impulse on &; is due to the initial condition on ;. On €3 and &, there

occurs no change as the information from &; or &; has not reached there
yet.
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FIGURE 8.14: At time t = 0.6. After the first switch at + = 0.4, the Dirac
impulses on &; brought about by the initial condition and switch are shown.
Along €3, the information coming from & travels in after the switch.

8.3.3 The simplified circulatory system

In this section, the numerical methods are shown to numerically solve the coupled PDE
system (8.27) with the switched DAE (8.28) and (8.29) for the nonlinear blood flow example
by applying the Roe scheme to the PDE, [107, 125, 127], and explicit Euler method to the
swDAE. Even though this example includes a nonlinear system of equations, the same results
hold as in the linear case due to the linearization of the scheme. Moreover, the numerical
results obtained by MATLAB are demonstrated.
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FIGURE 8.15: At time t = 0.8. After the second switch at t = 0.7, on &3
Dirac impulse is caused by the second switch and on &, Dirac impulse is due
to &,.
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(I = (u?), Vi = (u}) in discretized variables).
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Roe approximation

First, the matrix (8.13) is linearized and intermediate states that satisfy coupling conditions
at coupling points are evaluated. To replace the Jacobian matrix of f(u) given in (8.13) with
a Roe matrix A; /25 Roe’s linearization method is employed, [107, 125, 128]. The averaged
Roe state variables A; 1/, and V; ), are given by, [128],

"y At A and Vi, _ ViVAi+ViavAi
12 = T i+1/2 = ;
2 VAi+ VA

where A;, V; and A;;1, Vi1 are variables in cells [; and I;; 1, respectively. These averaged
variables then yield the Roe matrix A; />

0 1
A; 12=<2 2 >, (8.37)
A Ciipp = Vi 2Viap
where ¢j 12 =4/ ZpLAO \/Ait1/2- One of the properties that the Roe matrix (8.37) has, is being

diagonalizable, cf. [107]. Hence,

Aiv12=Riv12 Ay R,-lll/zv

where A;,1/, is the diagonal matrix whose entries are the eigenvalues of the Roe matrix
Ai1/2 and Ry /; is the matrix whose columns are the corresponding right eigenvectors
to those eigenvalues of the Roe matrix A;;1/;. From the Roe flux F; 1/, [84, 136], left
fluctuations are defined as

D p(uiuipy) =Fipy (i, uig) —£(u;)

= Z OC,')\,,‘I‘(’.)
7»[<0

- ~1
= Ri+1/2Ai+1/2Ri+1/2 (ui+1 - ll,')
=Riy100; ) o012
where 0 | /2 1s the wave strength, A, | J, Tepresents the diagonal matrix whose entries are
zeros and negative eigenvalues of the Roe matrix A;, ;> and R; /, is the matrix whose
columns are the corresponding right eigenvectors. Similarly, right fluctuations are defined as
D;;l/z(llialliﬂ) =f(ui11) = Fipi2(u,u541)

= Z (X,'?\.il'(i)

7\4,'>0
= Ri+l/2A;1/2Ri_+11/2(“i+1 —u;)
= Ri+1/2/\;]/26€i+1/2

with A;l P diagonal matrix whose entries are zeros and positive eigenvalues of A, /, and
R; 12 is the matrix whose columns are the corresponding right eigenvectors. Assuming that
over the spatial domain x, the direction where x increases is considered positive, the term
D, 2 contains all contributions of left-going waves at the interface x;, |, whereas D

i+1/2
includes all right-going waves at x; ;.
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To find the intermediate states uf,v, u/, at the coupling points, see Figure 8.7, the follow-

ing numerical conditions are imposed

D/:/+1/2(UN,HN+1) = Fl/z(uN,uNH) —f(uy) L 0, (8.38a)

D)5 (ug,up) = Fy 5 (up, up) —f(up) 20, (8.38b)

which means that under the assumption that at the coupling points at x = b and x = a for
x € [a,b], the backward flux must be equal to zero, as the backward-going waves cannot be
tracked at x = b and x = a. The state ug in (8.38b) and uy; in (8.38a) can be considered
imaginary states. The intermediate states ufw and ul, can be connected to the right state uy |
from (8.382a) and u; from (8.38b) by the waves that are inward direction to those coupling
points. The conditions Dy, , =0 and D} , = 0 mean o; = 0, where a = (o,00)". So,
the wave strengths for the backward going waves are zero. Thus, regarding the conditions
(8.38), backward going waves from coupling points contribute the numerical conditions.

Numerical results

The spatial domains IP¥, I** to be discretized are assumed to be [0,2]. Equidistant mesh
points x; = (k—1/2)Ax, k=1,...,N , with Ax = (b—a) /N, where N = 50. Two ghost cells
for each domain, Igv, Ilr\’,‘jrl, I§* and [ f{,‘ﬁr] , are placed at left and right ends of the computational
domains IPV, I**. As the scheme used is explicit, the CFL condition has to be satisfied. Thus,
6 = 0.9. Furthermore, the time step Az is calculated according to ‘6, and then the time
variable is updated; i.e., #"! = " + Ar. The approximated solution of the PDE at time #" and

position x; is denoted by u} = u(x;,#"), where

T
(upv)? = <(Apv)?a (va)?a (va)’}’ (va)?> )

T
(uaa)? = <(Aaa)?, (Qaa)?» (Vaa);y (Paa)?) s

n

T
n .
w) = (o), (ul)})  with

where A,Q,V and P stand for cross-sectional area, blood flow rate, velocity and pressure.
The velocity V is expressed as V = Q/A. Similarly, the approximated solution of the swDAE
at time 7" is denoted by w" = w(#"), where w" = (v{’a, Vivs @y @avs Pl p{’v), where v, g and p
represent volume, flow rate and pressure.

Depending on physiological parameters, [6, 28, 64], initial conditions for PDE are as-
signed as follows

(Qpv)} = 150 ml/s, (Poy)) = 666.65 Pa,
0_ 0 _ 4
(Qua); =50 ml/s, (Pa)j = 1.3333 % 10" Pa,

from which (Apv)? and (Aaa)g are calculated

2 2
(P )O—PV_PV P O-—Pa—Pa
(Apv)? :AB ( pv/j 0 ext +1] . (Aaa)(; :AS ( aa)] 0 ext +1) .

K, K,

where Af) = 7t(r(v))2 cm? with reference vessel radius 7 = 0.7 cm stands for reference cross-
sectional area for pulmonary venous, Aj = 7'[(}’8)2 cm? with ry = 1.4 cm reference cross-
sectional area for ascending aorta, P} = 666.65 Pa (=~ 5 mmHg) reference pressure for pul-
monary venous, P =1.3333 x 10* Pa (~ 100 mmHg) reference pressure for ascending aorta,
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Pl =0, P¢, =0 mmHg external pressures for pulmonary venous and ascending aorta, me-
chanical/geometrical constants K, = 2(c})*p, K, = 2(c)’p, p = 1.05 x 10> kg/m? density
of the blood and reference wave speeds cfy = 1.053,cf = 5.11 m/s, [94]. Similarly, regarding

physical measurements of the heart, [115], initial conditions for swDAE are

Via = 50 ml, vy = 80 ml,
Gmy =50 ml/s, Gav = 100 ml/s,
Pla = 10 mmHg, prv = 100 mmHg.

Taking into account physiological values of the flow rate in vivo, which have been mea-
sured using Doppler” and two dimensional echocardiography’, [37, 54, 108], at the left end
of the pulmonary venous, I}, the prescribed flow rate is taken as a sinusoidal wave, see
Figure 8.17,

(Qpv) = max (0, sin(27(t — 0.15)))200 + sin((¢ — 0.1)47)130.

The boundary condition at the right end of the pulmonary venous (Pyy)y 1 1s assigned
by the state variable pj, of the swDAE as follows

n_pv_ pv 2
g =y (o= ) .39
14
where (Allov)n is the cross-sectional area of the intermediate state ué,v at xy /2 between cells
Iy and Iy, |, then (Apy)Yy, | is updated as

(Ap )it = 2(400)" = (Ap )y

and finally pressure law yields

v (Apv)i
(Pov) sy = PP+ P +K, (\/P:Tgm —1].

are filled

n

Then ghost cells for (va) Nl

7v+1 and (Vpy)
(QPV)nN+1 = (QPV)X/’
Vo)l = (O (A )

To determine the output of the PDE over pulmonary venous (Qllov)n at xy 12, first define the
intermediate value for velocity (Vplv)" as

(VY = (Apy )y (Opv)yy + (Apv)rzlwl(va)r/lv’ (8.40)

(APV)ZI (APV)XUA + (APV)7v+1 (Apv);lv

2Doppler echocardiography is a technique using Doppler ultrasonography to analyse functions of the heart,
[6]. Doppler ultrasonography is used to determine blood flow in vessels by measuring high-frequency sound
waves that echo moving tissues or blood, [119].

3Echocardiography is a procedure employing sound waves to produce images of the heart[9].
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1

which constitutes together with (AL )" given as in (8.39), the following Roe matrix

pv
0 1 Koy /(ALY
Al = [ n n:| ., where ¢ = (/=R 8.41
P (P - (VR 20%) /A 4D

so that wave strength &pv is defined as

&pv . <E§§:§;> - ngvl ((upV);lVH B (uPV)Irif) ’

where R,y is the matrix whose columns correspond to the eigenvalues of the matrix given in
(8.41), denote by Apy the diagonal matrix whose entries are those eigenvalues. Let A, :=
min (022, Apy ). Then the left fluctuation matrix D, atxy i/, isdefined as

—_ (D) -
Dpv = <(Dpv)2 == RPVAPV(XPV.

Therefore, the numerical output (Q{W)n at xy /2 1s formulated as

()" = (Qpv )y + (Dpy) -

Over the ascending aorta, the right boundary is assigned by the solution of the PDE in
the last physical cell

(Paa);l\url = (Paa)jril,

while the left boundary condition (Qy,)g is determined by the swDAE according to the nu-
merical coupling condition explained in the previous section. To this end, the MATLAB
built-in function f£solve is employed which tries to find the solution y = (yj, yz)T with the
given tolerance to the following problem: Let (ul,)" be the intermediate state at x; /2 over
ascending aorta and let (AL,)", (VL)" be the components of (ul,)" that are

A n
(ALY = Y177 \Aaa)y +(2 ) , and

(VI )" _ \/)Tl(Qdd)rll + (Aaa)rllyZ
" \/)Tl(Aaa)rll + (Aaa)lfyl

which contribute to the following Roe matrix

0 1 Ko/ (AL)"
Al = [ ] where ¢! =/~ Tul (8.42)
“ (czlz>2 - (Vala)z 2Vala ‘ 2p\/A>g

from which the wave strength O, is determined

o (Otaa) -1

Qaa := “ 1) = Raa ((uaa)nN-H _Y) )
(Otaa),

where Ry, is the matrix whose columns correspond to the eigenvalues of the matrix given in

(8.42), denote by A, the diagonal matrix whose entries are those eigenvalues. Let Ay, :=

min (02x2,Aqa). Then left fluctuation matrix at x; /5 is

- Dy )1 .
e (5 -
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As the numerical coupling condition imposes, the following has to be satisfied

!

(Daa)l +y2— q’;v+1 =0,
!

((xaa)l =0.

As fsolve finds the solution y, ghost cells can be updated as follows

(Aaa)g =1, (Qaa)g = Y2, (Vaa)g = ((22::))6?7

(Aaa)n
(P = P+ P B (Y28 1),
(uaa)XHq - (uaa);l\]-
The output (Pia)n over ascending aorta is then evaluated as

n_ (Aaa)o + (Aua)i
AI :( aa/( aa/]
( dd) 2 )

(Pz{a)n :Pext“FP(‘)}‘i‘Bu( () - 1> .
VAS

Next, the time variable is updated according to the CFL number 6. Hence, |A|,,,, of the PDE
system has to be found at every iteration.
To update the PDE solution, the Roe scheme is used
At
+1 _ n +
() = (o) = 5 (AT )" (o)) = (o)) .

+ (A?+1/2)_ ((u")’;”rl B (un)'}» 7

withn = {pv,aa} for j=1,...,N, where A? 1) is assumed to be the Roe matrix of the PDE
given by
. 0 1
A’ = 5 2 al s (8.44)
MR @)= ())) 20,
where
(Al) " = (An);l + (An);l+1 (ce) = Ke\/(Ah),"
n/j 2 » \LgJ; zp\/;% )
J= 1a . 7N_ la
(AT])?(QT]);IJA + (AT]);IJA(QT]);Z
V)" =
T A W) A
n Jj n j+1 n Jj+1 n j
for & = {v,a}. As aresult, for each ¢", |A| .. can be found as the eigenvalues of PDE at each

interface can be calculated by using the matrix A? )2 where

A?ﬂ/z = (Rn)j-&-l/Z(AT])j-i—l/Z(RE])j+1/2'

Moreover, increments of the solution

(AT 12" ()] = ()] ) = Ra) o (An) o o (R () = (09)])
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can be computed to update the numerical soltuion. After finding |A|
dated according to the Roe scheme (8.43) as At is determined.

With the necessary input and sufficient information which will pass to the swDAE, now
the numerical method to solve the swDAE is explained. Given the time period 7y = 1 of one
cardiac cycle and time instances !, before solving swDAE, time-varying elastances of the
left atrium Ej, and left ventricle E}, are calculated, at each iteration tf“ := mod (t”+1 ,To)s
as

max» the solution is up-

n+1 __ n+1
E1a = Elaaela + Elab,

Ei = Enael"! + Enp,
where normalized time-varying elastances ey,, e}y are evaluated as in Formulae (8.23); and
values of Eja,, Elva Enab, Eivb are given as in Table 8.2. For the numerical results of Ej, and
Ey,, see Figure 8.18. After the values of elastances at ! are calculated, swDAE is solved
by passing the values E["™' E/LT, ( {W)", (PL )™ and At

i =i+t ()" — )

+1 _
V{lv - v?v +Ar (Q?nv - qgv) )

n+l _ pn+l _n+l
Pia _Ela VIa >

n+1 __ pn+l_n+l
Py _Elv Viv

if pitt > pit! holds

la

En+lvn+l +Rl pn+1 (( 7 )n _qn )

1 n la la at]a pv myv

Iy = Gy + A

mv mv Loy

_ Elri/Jrlv?VJrl +R1Vp]nv+l (qnmv B qgv) +Rlaqnmv
Ly ’

else ¢! =0,

if p > (PL)" holds

En+]vn+l 4R n+1l( nt+l _ n

dat =gl + A ”f W (' —dh)
av

_ Rivqyy + (Pa{a)n + RaaCaa ((Pz{a)n - (Pz{a)nfl)
LZ.V

else ¢! = 0.

The scheme runs as explained above until #,,x. The results are shown in Figures 8.19,
8.20, 8.21, 8.22, 8.23, 8.24. In Figure 8.19, the numerical results for the volumes of the left
atrium and ventricle are demonstrated while in Figure 8.20 for pressures of those are dis-
played. Once the value of the aortic pressure is exceed by the value of the left ventricular
pressure, blood starts being ejecting into the aorta by the left ventricle. Blood ejection con-
tinues until the pressure value of the aorta is higher than that of the left ventricle, see Figure
8.21. The scheme is able to produce the well-known feature of the aortic valve, which is
blood flowing backwards while valve closure resulting from interactions between the pres-
sure gradient and mechanical properties of tissues, see 8.21, [67]. In Figure 8.22, it is also
reproduced that pressure increases at the closure of the aortic valve. In Figure 8.24, the nega-
tive flow in the pulmonary venous is caused by the atrial contraction. In the results for blood
flow rate through aortic valve, an unusual and unphysical behavior is observed, which is a
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kink immediately after closure of the aortic valve, see Figure 8.25. Once the aortic valve
closes for the first time in one cardiac cycle, it instantenously keeps opening and closing
again. To address and analyse this problem, in the next section, a much simpler system is
studied, which still has the same framework.

Boundary condition for Q,y at x =0

200

100

ml/s

—100

FIGURE 8.17: Prescribed left boundary data for the pulmonary venous, flow
rate (va)g at time ¢ with initial time 79 = 0 until ;. = 8.

Elastances of the left heart chambers
T T T

Eyy
To

mmHg/ml

FIGURE 8.18: Elastances for the left atrium, E},, and left ventricle, E}y, over
two cardiac cycles with cycle period Ty = 1 second.

8.3.4 Coupling a simpler system

In this section, the reader is referred to Appendix to get an intuitive grasp of the reasoning of
this section. In the numerical results of blood flow example in Section 8.3.3, certain behav-
iors, which resemble Zeno behavior as briefly explained in Appendix, have been observed.
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Volumes of the left heart chambers

FIGURE 8.19: Volumes of the left atrium and left ventricle.

Pressure values of the left heart chambers

Pla
140

120

100

80

mmHg

60

40

FIGURE 8.20: Pressure values of the left atrium and left ventricle.
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Flow rates through cardiac valves in the left heart

T T T T T T T T T
700 —

Gmv. —

600 | -

500 |~
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ml/s
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200 |~

100 —
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6 6.2 6.4 6.6 6.8 7 72 74 7.6 7.8 8

t

FIGURE 8.21: Blood flow rate through mitral valve and aortic valve. While
one cardiac valve in the left heart is open, the other valve remains closed.

Flow rate-pressure in ascending aorta at x =0

700 |- Oaa | |

Pan

400 |- g

200 |- —
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6 6.2 6.4 6.6 6.8 7 72 74 7.6 7.8 8

t

FIGURE 8.22: Pressure (mmHg) and flow rate (ml/s) values of the ascend-
ing aorta at its left end.
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Pressure values at aortic valve-ascending aorta

FIGURE 8.23: Pressure (mmHg) values of the left ventricle and ascending
aorta at the coupling point.

Flow rate-pressure in pulmonary venous at x = ¢

P
250 PPy

200

150

100

50

100

—150 | | | | | | L L L L 1

FIGURE 8.24: Pressure (mmHg) and flow rate (ml/s) values of the pul-
monary venous at the coupling point.
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Flow rate-pressure in ascending aorta at x =0

700 Oan |
Par

500 —

300 —

100 [~

FIGURE 8.25: Unphysical behavior during cardiac cycle. After the aortic
valve shuts, it keeps opening and closing instantaneously.

To investigate whether there is indeed such way of behaving in results of blood flow exam-
ple, in this section, much simpler systems are coupled, which still have the same structure,
inputs and outputs as blood flow model given in Section 8.1.3. Furthermore, there is one
valve between these systems that opens and shuts according to the pressure difference on
both sides.

Consider the following switched DAE

Esw(r) = How(t) + Boz(t), t>1o, (8.45)

with two modes m; and m, where coefficient matrices are as follows

(8.46)

respectively. The state vector and input of the system (8.45) are, respectively, w = ( p,q)T
and z := P; with the initial condition W := (p,q) " = w(t), and output of the system (8.45)
Yp := ¢, is coupled to the PDE system

u; + (? (1)> u, =0, 1>1y, x€la,), (8.47)

where u = (P,Q)", at its left boundary. Further, the output of (8.47) is yp := P(-,a'). For
the swDAE (8.45), sw1tch1ng between modes m; and m;p occurs according to the pressure
difference; i.e., for p > P, mode m; is active and for p < P, mode my is active. In other
words, when p > P, the valve is open; while p < P holds, the valve is closed.

From Assumption (H’-5), only one boundary condition has to be prescribed for (8.47)

P.u(t,a’) =b%(t) where P, € RI*?.

Assume b(t) = Q(r,a™); so, P, = [0 1]. Hence, the coupling between swDAE and PDE
systems is constructed via b*(t) = yp and g = yp.
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In the following, the PDE system (8.47) is reduced to algebraic conditions by considering
it in its characteristic variables (8.18) with (8.19) (where cop = 1) only at the coupling point
x=a

P(t) = vi(t) + (1), (8.48)
0(r) = —vi(1) +2(1),

where P:=P(-,a), Q:=Q(-,a), vi :=v_(-,a) and v, := v, (-,a) with v_ and v, representing
left- and right going waves and the boundary condition in terms of characteristic variables is
formulated as follows

Mv(,a) = [-1 1] [”"‘”] = 0(1,a),

V+("a)

where M = P,R and R is given in (8.19). In other words, the boundary condition can be
found as

V+(',Cl) = v,(-,a) + Q('va)'
Hence, the unknown P in (8.48) can be written in terms of the known variables as
P =2v; +b°, (8.49)

where b* = yp.
By inserting the equality (8.49) into the swDAE system (8.45), the coefficient matrices
H;, B; and the input z take the form

Hi =[], Bi=[5%],z=w, (8.50)

whereas the rest of the system (8.45) stays as it is given in (8.46).

In the following, the solution to the ODE system from (8.45) with matrices E;,H;,B; is
given and the initial condition is assumed as y = (p,0) since as p < P holds, say at time f,
the valve shuts and immediately p(r;") > P(t;") follows again due to P(z,) > P(t;"). Hence,
switching from m; to m, then back to m; happens at a time instance.

The eigenvalues A1, A, and corresponding eigenvectors ry, r; of the matrix H; in (8.50)
are

ma=-bEif, n=(4), n=(4).

The solution w to the ODE system from (8.45) with matrices and input as in (8.50) is as
follows

VV(I) _ v Xz(l—exl (”’0>)—7»1(1—e7‘2(”’0)) P —heMo) g ePat0)
iv3 eM (i=1p) _ Mo (t=10) iv3 oM (1=1) _ Ao (1—1)
1 cos ?(Iftg) JrL sin @(tho) 1
— —5(t—1o) V3
=(p—2vi)e 2 > 10 +201 ().
= sin(f(t7t0)> 0
/35 2

The times 7, k =1,2,..., can now be found such that p(#;) = IA’(t,j) holds. From (8.49),

p(tF) = 2vi +q(t]) is solved, which gives ¢ = kt* where 1* = @. Therefore, there is no
Zeno behavior as jump times ¢/, k= 1,2,..., remain the same and there is no accumulation.
Each jump time kt*, k = 1,2,..., becomes an initial time #( x for time intervals [kt*, (k+ 1)¢*]
for the ODE system. Therefore, the solution w; = (pk,qk)T to the ODE system for ¢ €

[
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[kt*, (k4 1)t*], k =1,2,..., can be written as

1
Yi(t) = (Px —2\/1)67507“’“’) '+ 2v; (é) )
with

—_ cos(?(l—m@) +% sin(?(z—m))

%Sin(?(tfto‘k)>
where p, = pi(tox) fort € [kt*, (k+1)t*], k=1,2,.... To be more precise, p, := po(0) :=
p(0) is given and p; = py—1(kt*), k =1,2,3,.... By induction, the value of the solution
W ((k+ 1)t*) at jump times can be found as well
1 *
(k1)) = (pp—2v) e 2" +2vy,
L
qe((k+1)") = (r—2v1) e 2",

with which, in the following, size of jumps, call it J, is evaluated in each time interval. By
using iteration on py, p; is rewritten in terms of p,
P = i1 (kt”)
k *
=(Py—2v1) e 2" +2v;.
Furthermore, with the formula for Py (7) expressed in terms of 5, px(¢) and gx(¢) can be
rewritten in terms of p, as following

1
(ﬁo — 2V1) e_ft |:COS (T[) + % sin (T[) + 2V1,

P(?)
I
qi(t) = % (Po—2v1)e 2" sin(t,),
where

tt:§(t—kt*).

The total area under the solution plot in Figure 8.26a gives the total flux Qo entering
the PDE domain at x = a. Let A, denote the area under the graph over each time interval
[kt*,(k+1)t*], k=1,2,.... Then

Ago=(Po—2w1) <1 —e_;t*> .
Similarly, A, 1 can be found as follows
Ag1 = (Po—2w1) (1 - eif*> —
As aresult, A, ; can be formulated as

1
—5kt*
A%k = Aq70 e 27 .
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The total flux flowing is then formulated as

Qtotal = ZAq,k
k=0

Hence, blood flow in the system is conserved.
The size of difference in pressure values, %, is evaluated in the first time interval [0,7"]

* Sl
~ o2 (1-¢72). b

where t* = 2‘?".

For the next time interval [t*,2¢*], the difference of pressure values, 7, is

=P —p(20)

1.
e 2 ]Oa

where Jy is given in (8.51). Similarly, for %, the expression is as follows

5 =P, —p2(3t")
L,
- e_§2t .707

where fy is given in (8.51).
By iteration on J for k = 1,2,..., a general formula for the jump size J in [kr*, (k+ 1)¢*]
is found in terms of %, as

1, .«
J=e 2", (8.52)

where % is given in (8.51). From (8.52), difference of pressures on both sides of the valve
converges to 0. As a result, the Zeno-like behavior in the numerical results for the blood flow
example in Section 8.3.3 reflects the outcome of the Riemann problem, not the Zeno behavior,
at every time instance when the valve shuts as the pressure value for the PDE system starts
decreasing, which makes the pressure value for the switched DAE system get larger than the
one of the PDE.

Remark 8.11

If, instead, one considers the ODE equations to model the opening and closure of valves,
which are given below, the Zeno behaviour, which is present in the coupled nonlinear hy-
perbolic PDE-DAE model for the circulatory system, would be cured. The valve opening
and closure rates are respectively determined by instantaneous pressure difference Ap on
both sides of the valve and the state v of the valve as, [95],

dv = (1—0) Kop(Ap — Apop), if Ap > Apop,
dv =0 K (Ap — Apa), if Ap > Apa,

where Ko, K are the valve opening and closure coefficients and Ap,,,, Ap are treshold
pressure differences for opening and closing, respectively. With these ODEs, one can
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model the lumped parameter model of the circulatory system as an ODE system instead
of DAEs. This model including only ODEs for the valve motion suits the framework
studied in [17].

Numerical results

In this section, it is explained how the coupled system in Section 8.3.4 is solved numerically
for blood flow rate, Qy, and difference in pressure values, APy, using MATLAB. The results
for APy and Qy are shown in Figure 8.25b and Figure 8.26b along with the analytic solutions
of AP and Q in Figure 8.25a and Figure 8.26a, respectively.

The spatial domain [a,b] for the PDE system is considered to be / = [0,1] and is parti-
tioned into N = 50 computational cells. Furthermore, two ghost cells are placed at left- and
right ends of the computational spatial domain /; namely Iy and Iy, respectively. The time
variable  is discretized and updated as "+ = " + At according to the CFL number ‘6 which
is chosen to be 1. Initial time #y = 0 and maximum time #,,,x until which the numerical com-
putations run is taken as 17. Denote by u’}; =u (x;,#") the approximated solution at time "

-
and position x; of the PDE system (8.47) such that u? = (Pj’-l, Q;’) . Furthermore, denote by

w" = w(t") the approximated solution at time 1" of the switched DAE (8.45) with coefficient
matrices given in (8.46) such that w" = ( p”,q")T. At each time step, the discretized PDE
system (8.47) is decomposed via change of coordinate v'; = Rflu;?, where

(1 1 _ 1. (0 1
R_<1 1>,suchthatA—RAR w1thA—<1 0),

7 J J

+\" . _ —\n +\7 _ —\n +\" .
and (v1);, respectively, where P} = (v7); + (v"); and Q) = —(v7); 4+ (v"); and solve this
decomposed PDE numerically for the next time step !, The decomposed PDE system is

solved by using the upwind scheme,

R (e
O = 0= (0= 0)) for =120,

and the swDAE system is solved by using implicit Euler. After the PDE is solved for its

characteristic variables V';H, the unknown u’}“ of the original PDE system is updated via

-
into its characteristic variables v/ = ((v*)" (v*)'f) with left- and right going waves (v™)";

inverse coordinate change u?“ =Rv'

The initial conditions for the switched DAE and PDE are given as follows

(p07q0) = (110) y
(P?,0)) =(0,09), Vj=0,1,...N+1,

respectively, so that the initial pressure value pg of the swDAE is larger than the initial pres-
sure value Pg of the PDE in order for the valve to open. If, as an initial condition, py were
smaller than Pg, the valve between two systems would never open as it opens and shuts
according to the pressure difference.

Boundary conditions at Iy and Iy are assigned on characteristic varaibles (v')y and
(v™)41- Tespectively, as

()o=a"+07)7

(V_);l\ul = (V_)znv ’
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where ¢”" is the output of the swDAE at time #".
To update solutions (v-);j " and (v©)y", in ghost cells o and Iy 1, the following assign-
ment is numerically performed

=0

()i =0

At each iteration after the PDE is solved numerically, P(’)“rl is assigned to the swDAE as
an input. Then, with the given input, the swDAE system is solved

pn+1 — pn +At(—qn),
{qn-H — qn-i-At (pn+l _PSL—H)’ if pn-i-l > P(I)H—l ,
1 _ . 1 1
anr 707 if pn+ §P61+ )

Then the time variable " is updated for the next time step and iterated until the maximum
time #,4x 1S reached.

The numerical results support the analytical ones for this simple system. It also explains
why there occurs a kink in numerical results of flow rate in circulation system example.

1072 1072

T T T T T T T T
— L —any|
41 § 4 1
351 B 351 i
3+ 4 3k 1
251 : 251 :
2t . 2f :
15 . 15| :
1F R 1F B
0.5 B 0.5} N

0 I I I I I I 0 I I I I I I
0 2 4 6 8 10 12 14 16 18 0 2 4 6 8 100 12 14 16 18

t t
(a): Analytical solution (b): Numerical solution

FIGURE 8.26: Analytical and numerical difference in pressure values with
initial conditions p(0) = 1, P(0,0) = 0.9, fmax = 17. Analytical and numer-
ical results coincide with each other.
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1072 1072
6 T T T 6 T T
50 : 5k .
4 b 4 N
3r N 3+ R
2r b 2F N
1F N 1 N
. | /I/I/m,_ o . Wi
0 2 4 6 8 10 12 14 16 18 0 2 4 6 8 10 12 14 16 18
1 1
(a): Analytical solution of bloof flow (b): Numerical solution of blood flow

FIGURE 8.27: Analytical and numerical solution for blood flow ¢(¢), initial
condition ¢(0) =0, fmax = 17. Analytical and numerical results coincide
with each other.
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Chapter 9

Appendix

9.1 Zeno behavior

In this section, the definitions of a hybrid system and Zeno behavior, which can arise in
these systems, are briefly explained. In the last decade, Zeno behavior has been of great
importance as its occurence can be troublesome from analytical and numerical points of
view, [4, 74, 113, 143].

ground Reset Guard

(a) Setup of a ball (red) dropped from height

=% (b) Bouncing ball model as a hybrid system
x1 onto rigid surface.

with a guard expression and a reset map.

FIGURE 9.1: Bouncing ball on a rigid surface showing Zeno behavior.

If a continuous and discrete behavior interacts with each other in a dynamical system,
then such systems are called hybrid systems, [68, 87]. Roughly speaking, physical systems
that have modes, transitions and switches can be modeled as hybrid systems, [23, 26]. In
hybrid systems, if discrete transitions occur infinitely many times in finite time, this notion
is called Zeno behavior, [26, 87]. However, in physical world it is infeasible that any system
has Zeno behavior. The following is a classical example of this Zeno behavior.

Example 9.1: Bouncing ball

A ball which is dropped from some height onto the rigid surface with or without velocity
shows the Zeno behavior. In Figure 9.1a, the setup of of the ball dropped from height x;
is shown. Denote by x, and g velocity of the ball and gravity of Earth, respectively. The
hybrid system for bouncing ball model, see Figure 9.1b, is

x=Ax+B,

9.1
' x ©.1)
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0.8 |

height

0.4} |

| |
00 2 4 6 8 8.6 10

time

FIGURE 9.2: Simulation of the bouncing ball that is dropped from height
x1 = 1 onto a rigid surface, the Zeno-time 7., = 8.5833.

where X is the unknown vector and y is output of the system

o] B w2 o

with the guard expression
[1 0]x=0 A [0 1]x<0,

and with the reset map at bounces

where Kk € [0, 1] is the restitution coefficient.
Solving the system (9.1) for the output y yields

y = x1(t0) +x2(t —10) — 5(¢ —19)?,
and for x € [0,1), the time T, at which the n-th bounce happens is as follows
20(11) O el
tn=t0+11+%zilc’_ , 9.2)
=
where 1 is the initial time and T, is the first bounce time

T =10+ x2(to)+ xgélo)+2gxl (lo).
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From (9.2), T := lim;,« T,, < 0. Hence, beyond T, the hybrid system is undefined and
simulation crashes.

The vertical position of the ball is shown in Figure 9.2. As the ball bounces off the
ground, time intervals for the ball to bounce off again get smaller and smaller although it
never stops bouncing. Hence, the ball bounces infinitely many times in finite time, which
is called the Zeno time. Denote by T.. the Zeno time. For this bouncing ball example,

8xy
2 2x;
Too = ——,
1—x g

9.1.1 Numerical results of bouncing ball

for x, = 0.

For the numerical scheme, denote by y" and v" the position and velocity variables, respec-
tively. For the spatial discretization, explicit Euler scheme is employed

yn+l — yn —I-Alyn,

where V" = y" from equations of motions Ar > 0 is the time step, which is assumed to be
Ar =0.01.

If the ball has not touched the ground yet; i.e., y"*! > 0, implicit Euler step is applied for
the velocity

VI = Ar(—g), (9.3)

where g is the gravitational acceleration an assumed to be g = 9.8.

The initial time is ¢ = 0, number of iteration is N = 1000, final time #,,x = NAt, the
restituion coefficient is assumed to be k = 0.9, and initial conditions are givenas y* =1, 10 =
0.

Once the ball touches the ground; i.e., y**! <0,

Av=—(1+Kx)",
and if Av > —g; i.e., the ground cannot pull, then the velocity v**! at #**! is updated as
vn+1 — —|—AV,

if Av > —g does not hold, then the implicit Euler step (9.3) applies to the velocity variable.
Figure 9.2 shows the result of a ball that is dropped from a height x; = 1 comes to rest in
finite amount of time, which is the Zeno-time T.. = 8.5833, with infinitely many bounces.

9.2 Algorithm for the power grid example

Below, the algorithm for the example — power grid with switching transformer — is provided.

Algorithm 1 Coupled power grid

Input: 79, fmax, Xmin » Xmax; N, 6, u y, ty,, t,,, Cp,, Cp,, Vi, parameters  Output:
M’ y
1: discretize x,
2: Ax < (Xmax — Xmin)/N
3: Amax <0
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4: (I] Vi b Vo T V3 I V4)%Lt
50 (21 12 @13 vz VI3 24 4) <Y

6: function GHOSTCELLS&EIGENVALUES(It, Vi, Amax)  Output: u, w, y, Ri, A%, A%,

}Vmax

7: for k< 1to4do

8: create ghost cells for each E;, copy values from neighboring cells

9: [Dk Rk] + eigenvalues & eigenvectors of Ag-matrix

10: A« negative & A% « positive eigenvalue

11: Amax — mMax(Amax, |Ak|)

12: W — [WM] < inverse coordinate change & uy < [Ik}
Wi2 Vk

13: end for

14: update u, w

15: end function

16: procedure COUPLEDSCHEME(swDAE,PDE)

17: while ¢ < t;,,x do
18: At < € (Ax/Amax)
19: t—t+ At
20: function BOUNDARYCONDITIONS(z;, w) Output: b, 15, I4
21: W21<N+2)<—2W41<1)—W22(N—|-2)
22: wan (1) <= 2w (N+2) —way (1)
23: W41(N+2) — 2/3W32(N—|—2)—|—1/3W42(N—|—2)
24: W31(N+2) — 1/3W32(N+2) 2/3W42(N+2)
25: le( )<—21+W11(1)
26: Ii(1) <= war (1) +wan(1)
27: L(N+2) < wp (N +2) +wxn(N+2)
28: L(N+2) < ws; (N+ 2) + W32(N+ 2)
29: Li(N+2) < wa (N +2) +wap(N+2)
30: update I, wy fork=1,...,4
31: end function
32: function IMPLICITEULER(Y, 1, s, , t5,, At, VG, W12, I2, I3, 14, Cp, , Cp,, parameters)
Output: y, w, Voltage
33: 71 < VG
34: Z24<—R24(I4(1)—]2(N+2))
35: 234 R3g(L(N+2)+ 14(N+2))
36: ifr <t ort >t then
37. Vip v12+2w12(N+1) 2wia(N+2)
38: W]](N+2)<—W12(N+1)—V12
39: in—wp(N+1)+w (N+2)
40: ip — i3
41: i13<0
42: V13 < L13 3= z,,
43: update y
44; Voltage < Cp,y
45: else
46: ip — i
47. in<0
in— lp

48: Vi < L12
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49: Vp < V13

50: Vi3 < ‘W?iii‘:m

51: W]l(N+2)<—W12(N+1)—V13

52: i3 wpN+1)+w(N+2)

53: update y

54: Voltage <— Cp,y

55: end if

56: update w with wy; (N +2)

57: end function

58: procedure BOUNDARYCONDITIONS(Voltage, w )  Output: w

59: waa(1) < Voltage(1) +wa; (1)

60: w3z (1) « Voltage(3) +ws;(1)

61: update w with way (1), wa(1)

62: end procedure

63: function UPWIND(w, x, Af, Ax, AK, AK)  Output: u;, wy

64: fork< 1to4 do

65: Jj < 1 to length(x)

66: wit (j+ 1) <= wia () = A 2 Wi G+ 1) = wia (7))

67: j < 2 to length(x) + 1

68: wia(j+1) = wia(j) = Mp 2 (wia () —wia(j— 1))

69: Wi [W“] &  up +— 0 — Ry [Wkl(J_. 1)]
Wi Vi wi2(Jj)

70: end for

71: end function

72: end while
73: end procedure

9.3 Algorithm for the circulatory system example

Below, the algorithm for the example — simplified circulatory system in the left heart is given.

Algorithm 2 Coupled circulatory system

Input: #g, fmax, Xmin> Xmax> IV, 6, u, y, parameters  Output: u, y
1: (upv uaa) —u
2: discretize x
3: Ax < (Xmax — Xmin) /N
4: Apax <0
5
6

. create ghost cells for /PY, I*?, copy values from neighboring cells
: while ¢ < t,.x do

Pulmonary venous

7: function BOUNDARY CONDITIONS& OUTPUT(Upy, pla, parameters)  Output: u,,y,
!
pv
: solve for A7, then update Ay (N +2) and Pyy (N +2)
9: Qpv(N+2) < Qpy(N + 1), update Vpy (N +2), and V),
10: construct Af,v—matrix, [D R} + eigenvalues & eigenvectors of A
11: find apv, DI;V and Qf)v at XN+3/2
12: update uy,y with boundary values

13: end function
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Ascending aorta

14: function BOUNDARYCONDITIONS & OUTPUT(uy,, Gay, parameters) QOutput: u,,,

P,

15: update values in Ij* by fsolve via Ga, Dy,

16: find Al and P,

17: Uga(N +2) — upy(N+1)

18: update u,, with boundary values

19: end function

20: function FLUCTUATIONS(upy, Uaa, parameters) Output: Amax, Dpy, ng, D,
D},

21: construct Apy- and A,,-matrices via Af, Vi, AL, Vi, at each interface

22: fori+ 1toN+2do

23: [Dpy  Rpv], [Daa Raa] < eigenvalues & eigenvectors of A{,v, Al

24: Apv <~ max(0,Apy) &  Aga < max(0,Aq)

25: find Gy, Olaas Dy, D;v D,,, D},

26: end for

27: Amax < max(Apy, Aga)

28: end function

29: At < 6 Ax/ Mmax

30: t<—t+ At

31: update upy and u,, by Roe scheme &  u <+ (upv uaa)

Left heart

32: function (¢, y, u, P, parameters) Output: y

33: t* <t mod T

34: Ejy < g:(t*yela)7 Ey .7'-(t*>elv)

35: update vy, viy

36: Pla < Evia,  piv < Enviy

37: if p1, > piy then

38: update gy

39: else

40: Gy < 0

41: end if

42: if piy > PL, then

43: update g,y

44: else

45: Gav <0

46: end if

47 update y

48: end function

49: end while
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