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Abstract

The optimal control problems for the wave equation are considered on networks.
The turnpike property is shown for the state equation, the adjoint state equation
as well as the optimal cost taking into account the nonhomogeneous final con-
ditions for the velocity of the adjoint state equation. The proof is given with all
details and it contains that given in [1] as a particular case with homogeneous
final conditions for the adjoint state. The shape and topology optimization is per-
formed for the network with the shape functional given by the optimality system
of the control problem. The set of admissible shapes for the network is compact
in finite dimensions, thus the use of turnpike property is straightforward. The
topology optimization is analysed for an example of nucleation of a small cycle at
the internal node of network. The topological derivative of the cost is introduced
and evaluated in the framework of domain decomposition technique. Numerical
examples are provided.
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1 Introduction

In this paper, the optimum design problem for networks is considered. The dynam-
ics on the networks are governed by hyperbolic PDEs with boundary or distributed
control. The optimal control is uniquely determined by the optimality system for the
distributed parameter control problem. The structure of the optimization model is
divided into two levels. The lower level is an optimal control problem which delivers an
optimal control and the optimal value of the cost. The higher level is a design problem
that uses the optimal cost for the shape functional. In other words, the shape func-
tional which is the objective functional on the higher level problem is defined using
the optimal value of the lower level problem.

In general, the existence of an optimal shape is a difficult challenge for geometrical
domains. However, for one dimensional state equations under reasonable assumptions,
the existence of an optimal shape can be shown. The dynamics on the networks are
covered by the framework presented in [2]. Thus, we consider bilevel optimization on
graphs. The mathematical question that we consider in this paper is the possibility
to approximate the dynamic optimal control for evolutionary state equations by the
static optimal control obtained for the steady state equation. The approximation error
decreases with growing time horizon T for the dynamic problem with fixed initial
conditions. This is a significant simplification of the solution strategy when it can be
applied. The proposed approximation is useful for large time horizons. The novelty of
this paper is the exploitation of the turnpike structure in the framework of optimal
shape design.

We consider two optimal control problems. The first problem (OCE) is governed
by an evolution equation. In order to define the second problem (OC'S), the evolution
state equation is reduced to the steady state equation. The optimal controls are given
by the appropriate optimality systems, see [3]. In order to justify the approximation of
(OCE) by (OCS), we study the turnpike property of the couple (OCE)-(OCS). For a
recent survey on the turnpike property in optimal control, see [4], [5] and the references
therein. Several forms of the turnpike phenomenon have been studied in detail, for
example, the exponential turnpike property (see [6]) and the interval turnpike property,
see [7]. Numerical issues and the turnpike phenomenon in optimal shape design with
parabolic PDEs have been studied in [8].

Note that in our paper, we study the application of the turnpike property to shape
optimization. This is a novel approach. The turnpike property for control problems in
variable domain setting has been considered in [9]. In this paper, the optimal control
determined from the optimality system for (OC'S) is used to construct an approach
for the determination of the optimal shape that is computationally tractable. Simpler
optimum design problems with linear models are considered, e.g., in [10]. Our approach
is more general.



We specify our approach for the networks, but it could also be used for standard
control problems if the existence of an optimal shape is known. In the case of networks
the existence of an optimal shape € is simpler compared to the case of PDEs defined
in geometrical domains in R™ for n = 2, 3, see [11] for the elasticity system.

The outline of the paper is the following. We introduce two optimal control prob-
lems (OCE) and (OCS) with the controls uw = u(t,z) and v = v(z) and the optimal
controls @ and ¥, respectively. The geometrical domain of the network is designated
by Q. Thus ¢ = a(T,Q;t,x) and © = 9(Q; x) for the spatial variable x € Q and the
time horizon T' for (OCE). The cost functional for (OCE) takes the form

T T
w—s % /0 /Q(y(u) —ya)® + 7 (ye(w)) de dt + % /0 /F(U —ua)’dl(@)dt (1)

where y(u) denotes the state that is generated by the control uw. For systems that are
governed by the wave equation, a regularization parameter v > 0 should be chosen,
since we need the velocity part in the cost. In the parabolic case, we do not need such
a term hence v = 0 can be chosen.

Our aim is to study the shape optimization problem for the modified shape
functional

1 ’ 7 2 AN\ 2 1 T R 9
Q+— 5/0 /Q(y(v)—yd) + 7 (y:(9)) dmdt+§/o /r(v_ud) dr(x)dt. (2)

In this approach, we replace the optimal control for (OCFE) by the optimal control
for (OCS) and as a result we get the shape functional (2) for the optimum design of
the network. Such a procedure will be justified by the turnpike property of the couple
(OCE) and (OCS).

We want to mention some recent contributions about shape optimization problems
from the literature. While the time-dependent shape optimization problem for the
heat equation has already been studied in the literature (see e.g.[12]), fewer results
are known for the hyperbolic case (see e.g. [13]). In [14] the problem of mitigation of
coastal erosion is studied where the water flow is modeled by the porous shallow water
equations.

2 Optimal control problems on graphs

Let us consider the finite connected graph G = (V, E) with V = {P;|j € J} the set
of vertices and E = {E;|i € I} the set of edges. We consider the evolution equations
on the edges of G. The dynamics of the edges are coupled by suitable node conditions
for example Kirchhoff-type. Therefore we assume that the edges correspond to curves
Q; in R, R?, or R3.

Define Q = U;ez8;. We are interested in control problems defined on G. The
controls are denoted by v := v(z) with z € Q, and by uy := ur(x,t) with z € Q and
t € (0,T). There are two control problems, the first is the static control problem, and
the second is the evolution control problem. The static state equation gives the state



z = z(v;z) = z(x) that is determined by the state equation for

zeH : a(z7¢) = (L(U)7¢)+(fv¢)7 Vo € H, (3)

where z — z(v; ) lives in the Hilbert space H. In the applications usually H is a
Sobolev space. We assume that the bilinear form a(-, -) is symmetric and coercive with
a bounded linear operator L from the space of controls to H and f € H.

As an example, consider the evolution equation the governs the state denoted by
y:=y(u;z,t) = y(x,t) in variational form for ¢ — y(u;x,t):

2
(?;;j(t» sa) T a(y(t).9) = (L)1), @) + (F(t). ¢) (4)

for all ¢ € H and a.e. for t € (0,T), along with the initial conditions y(0,z) = y°(x)
and y;(0,x) = y*(x). Here H is the Hilbert space that contains the functions with
H'-regularity on the edges that are compatible with the node conditions that are
prescribed on the vertices. Moreover, F(t) = f for all t € (0, T).

In both cases, the controls are introduced as the distributed controls on edges and
the boundary controls on vertices.
Remark 1 In order to solve the state equation (4) we will use the spectral method
under some assumptions. There are two different types of networks under considera-
tion. The first graph is a tree and the shape optimization with respect to the length of
edges is analyzed. In such a case the first eigenvalue of the elliptic-steady state oper-
ator is supposed to be strictly positive uniformly on the set of admissible shapes. The
set of admissible shapes for the tree is compact in the finite dimensional space RV .
The second graph includes cycles.
Remark 2 For the purposes of topology optimization a small cycle replaces a central
node Py in the tree, the central node is selected by using the topological derivative of
the cost, see Figures 11 and 12.

Let us consider for the static problem the Laplacian —0,, on the edges of the graph.
Under appropriate geometric assumptions the eigenvalues supported by a small cycle of

nll
size € — zero are given e.g., by p, = () forn =1,2,... with the eigenfunctions
€

nontrivial only on the edges of the cycle 1, (x) = sin H) The singular behaviour
€

of the branch {n}n of the spectrum means that for fived n, p, — oo with e — 0+.
The fundamental question is if the spectral proof of turnpike property holds in such a
case. We need some regularity of solutions to the wave equation uniform with respect
to the size of the cycle.

The required regularity assumption on the initial conditions of the wave equation
assures the appropriate regularity of solutions with respect to time variable t. Such an
assumption implies that the constant displacement on the cycle is not allowed, however,
the constant velocity is allowed, see (71) for details.

Indeed, let us consider the constant displacement and denote by E(g) the energy
associated with the initial conditions in function of the size of the cycle. Such an energy



associated with the constant initial state y(0) = 1 at the cycle can be evaluated using
(71), where the coefficients of the expansion over the eigenfunctions read

€ ¢ kIT k11
aj, = /0 Yr(z)de = /0 sin <€x)dx = —% cos (;)

Therefore, the energy in (71) is unbounded, thus the constant initial state is not allowed
for the cycle. Similarly, the positive result is shown for the constant velocity.
Remark 3 The singular perturbations of the geometry for networks are of different
nature for the static state equations and for the wave equations. Therefore, we have
constructive results in the case of elliptic problems which are combined with the turn-
pike property in order to design the topology of the network. This is a new result to
our best knowledge.

We need as well the cost functional, the simplest possibility is the quadratic cost with
the appropriate choice of norms in Hilbert function spaces. For the static problem, it is

&€

0

1 1
10) = lle = sy + 310 — 0y )
For the evolution problem, it is
1 T 1 T
T =5 [ 1= e + 110 = e+ 5 [ u—wlnde ©

where v € (0, 0o). For the sake of simplicity, we consider the control problems without
constraints.

The optimality conditions are necessary and sufficient and can be obtained by using
the Lagrangian formalism. To this end, we need the adjoint states, which simplify the
formulas for the gradients of the cost with respect to controls. We ask two questions
now: the first is the shape and topology optimization for the graph with respect to
the control problem, this results in the bi-level optimization problem for the graph.
The second question is the turnpike property for the two-level optimization problem
for the graph. To our best knowledge, such a problem has not been considered in the
literature.

3 Optimality system for the static problem

We denote by (9, 2, p) the unique optimal solution of static control problem. Let us note
that the uniqueness of the optimal control 4 follows by convexity of variational problem
under consideration with quadratic cost functional and the linear state equation. The
optimal solution is given by the optimality system which depends on the shape, or
design €2 of the network as an infinite dimensional factor or parameter to be selected
at the upper level of optimization over the class of admissible shapes. The class of
admissible shapes is denoted by S,4, and the continuous variation of the shape is
denoted by Q, € S,4 with the real parameter 7 € (—4,9) for some § > 0 for shape



variations. We use as well the singular perturbations of the shape denoted by Q¢ € Suq
for the topology variations with € — 0.
Remark 4 In the case of a network, there are at least two possibilities of shape vari-
ations. The first is the change of the lengths of edges, it corresponds to the boundary
variations in the classical shape optimization. The second, which corresponds to the
topology wariations in the shape optimization means the presence of a small cycle
within the network with the small size of the cycle € — 0.

The optimality system for the static control problem is equivalent to the vanishing
of the gradient for the cost, hence

mvin{J(v)} = J(0)

iff the following optimality system is verified

e H :a(z,9) = (L0),p) + (f,p) Vo H, (7)
peH :ap,¢)=(za—2¢)VoeH, (8)
(va = 0,v)y = (L'(0) -v,p) Vv € U (9)

In the linear case we have L'(9)-v = L(v). The optimality system is derived using the
Lagrangian formalism,

1 1
L(v,2,6) = Sz = 2l|T2(0) + 5l = vlIZ2r) + a(2,0) = (L(v), 6) = (£,9)

S|
Then the adjoint state p € H is introduced
9:L(v,z,p)(¢) = (2 — za,P)a +alp,¢) =0Vo € H

and the gradient of the cost is obtained
dI(v;n) = 8uL(v, z,p)(n) = (v = v, Mr — (p,M)r
which leads to the optimality condition
d _
v—v’=pa.e. onl.

In the case of distributed control, we have I' = Q.

Proposition There exists the unique solution (0,2, p) to the optimality system (7)-
(9). The optimal value of the cost J(0) := J((f2)) is defined as a shape functional
over the set S,4. Therefore, we consider the optimum design of the network

onf J(0(2)). (10)

The analysis of such a variational problem requires:

1. The existence of solutions;



2. The necessary optimality conditions;
3. Finally, numerical methods for solution.

In particular, we perform the shape calculus and determine the shape gradient of the
optimal control cost

as well as the topological derivative obtained at € := 0% for the mapping
e— J(0(Q)).

Remark 5 It is useful for applications to introduce a random right-hand side [ :=
f(w; ) to the state equation (3).

4 Optimality system for the evolution problem

Let @ = (0,7) x Q. We introduce the Lagrangian for the state y € L2(0,T; H'(Q)),
v € L?(Q) and the adjoint state p € L%(0,T; H'()) , p; € L?(Q). Hence y,p €
C(0,T; L?(£2)) and integration by parts yields

/ ' (So.00) o

=—1f<2@%%@0HmﬁH«gﬁﬂmﬂﬁme—CZ@@@OBM
[ (GoFw), s (Foam) - 6n0),,

Now, we assume p(T") = 0 which leads to the integration by parts formula

T /o2y T roy,  op
/O (%(t)’p(t)) L2 () "= /0 (at(t)’ m(t)) L2(Q) = (yl’p(o))LQ(Q) '

Remark 6 If we add the state constraint y.(T) = 0 then the integration by parts
formula is the same but the terminal condition for p(T) becomes undetermined, i.e.,
we loose the homogeneous condition for the terminal adjoint state.

We derive the optimality system for the optimal control problem with the evo-
lution state equation. To this end, we introduce the Lagrangian L(u,y,¢) with
y € L*(0,T; HY(Q)), ye € L*(Q), y(0) = 3°, and ¢ € L*(0,T; H'(Q)), 91 € L*(Q),
o(T) = 0;

T T
L) =2 [y = v et + = [ = w2t
u,Y, ¢ 2 /s Y=Yl 2 J U — U ||L2(T)

T
y
3 [ 10—yl



T T

-[ (B %fw)m = (. 900)) oy + [ alult) o)
T T

- / (L(w)(t), ) ey dt — / (F(t), ) 12y dt.
0 0

The adjoint state p = p(u;z,t) is obtained by differentiation of Lagrangian with
respect to the state, thus with Q(T") = (0,T) x Q

T
(Pees ) () +/0 alp,p)dt = (y* —y,0)or) +7 0:y* —v), ¢i)omr) Ve € HQ(T))
p(T) = 0,p(T) = vy (T).

The following lemma contains the necessary optimality conditions for the dynamic
problem where Jr(u) as defined in (6) is minimized.
Lemma 1 The optimality system for the optimal control of evolution control problem
is verified for a.e. t € (0,T):

T T
(ﬁtt,w)Qer/o a(@(t)yw)dt—/o (L(@) (@), p)r dt + (F(t), p)oery  (11)

Y € H(Q(T))
90) =9 (0)=y' (12

T
(Dees ) () + / a(p, @) dt = (y* — G+ v G, ©)o(r) (13)
0

Vo € H(Q(T))
p(T)=0,p(T) =v9:(T)  (14)
(@ —u®,n)r — (L(n)(t), p(t))r =0 ¥n e L*(X)  (15)

The optimality system (11)-(15) admits a unique solution (&, 9, p).
Remark 7 We use the notation, (s, )q(r) and (pu, v)q(r) for the scalar product
in L?(Q(T)) as well as for the duality pairing between L2(O T; HY(Q)) and its dual.

5 The difference of the static and the dynamic
optimality systems for distributed control

In this section, we study a system that is satisfied by the ordered pair that has the
difference between the optimal dynamic state for the time horizon 7" and the optimal
static state as the first component and the difference between the optimal dynamic
adjoint state for the time horizon T and the optimal static adjoint state as the second
component. The question of long time versus steady state optimal control has already
been studied in [15] where the focus is on the turnpike property of the state and the
control without the adjoint state. The turnpike phenomenon for optimal boundary
control problems with first order hyperbolic systems is considered in [16].



We assume that I' =  and the operators L(v) and L(u) are identity operators
in L2(Q) and F(t) = f, u(t) = va, y? = 24 for t € [0, T] almost everywhere. The

optimality system for the static problem reads

2° e H : a(é",gp) = (@U, SD)L2(Q) + (f, @)Lz(g) Yy € H,
f)a €H: a(ﬁa7¢) - (Zd - 203¢)L2(Q) VQS € Ha
07 —vg = p° a.e. inf).

The optimality system for the evolution problem implies for ¢ € [0, T] almost

everywhere (with F(t) = f)

(G (1), ) L2) + a(G" (1), ) = (@7 (t), ) L2() + (F(t), )2y Voo € H
97 (0) =", 9/ (0) =o'

=9 () + 7 Gets ) r2(2) Vo € H
PT(T) =0, p{ (T) = 7 §:(T)
ol (t) —u? = pT(t) ae. in Q x (0,7).

(B (1), P r2(0) + a(d" (1), ) = (y r

Define the differences
wh=g" =27yt =p" —p7, 0" =a" -0
Then for all ¢ € H we have the initial condition
wh(0) = 9" = 2%, Wl (0) =",
the terminal conditions
p(T) = —p7, i (T) =y wi(T),
the dynamics
(Wit (1)s )2y +a(w (1), 0) = T (1), ) r2() = (1" (1), ) 12(0)

and with the assumption that yd = z4 and u? = vy

(1 (1), @) r2(0) + a(u’ (£),90) = —(WT (£), ©)r2(0) + 7 (WE(E), ©) 12 (-

(27)

Note that for the difference system, the existence of a solution is implied by the

construction as the difference between two systems, for which solutions exist.
Note that for the energy

(uf (1), uf (1)) r2(0) + alp” (), u" (1))

(Wi (1), wi () r2(0) + a(w’ (1), W (1)) N

B(t) = 2 2



due to (26) and (27) for v = 0 we have

E"(t) > (" (1), 0" ()20 + (W (1), p" () 12(0) = 0.

Thus in this case E is convex on [0, T.
Now we perform a spectral analysis to show the exponential turnpike property.
Assume that there exists a complete orthonormal sequence (¢)72; of eigenfunc-
tions with a(yr, v) = A(Yr, ©)r2() for all k € {0,1,2,3, ..} where

Ae =27 >0 (28)

is a real number.

Remark 8 In the case of optimal design, the bilinear form depends on Q. In the
case of a graph, this means the dependence of the lengths of the edges. In this case,
the eigenvalues and eigenfunctions depend on these parameters that we denote by £.
Therefore a meaningful analysis has to take into account the sensitivity with respect
to L.

Our assumption on the feasible designs is that the smallest eigenvalues is greater
than or equal to the given strictly positive lower-bound v > 0 uniformly on the set of
admissible designs. In this way, we ensure that the turnpike property is valid for the
bilevel optimization problem that we consider in this paper.

It is well known that the smallest eigenvalue that can be characterized as the
Rayleigh quotient depends smoothly on the parameters, see [17]. In our analysis, the
particular structure of the spectrum is not relevant.

Then we can use the representations

W= 3wt (@), 1T =3 bult) dle) (29)
k=0 k=0

to show that w” and p” have the turnpike property.

It is clear that the functions a; and b depend on T as a parameter, so a more
precise notation would be ay r(t) and by r(t). However, in order to make the text more
concise we continue with the shorter notation a; and by.

From (26) and (27) we obtain aj = —A; ax + by and b)) = =X\ by — ax + v ay.

Thus we have the sequence of differential equations (for k € {0,1,2,...})

al” + 2x =) al? + (A2 +1)ax =0,

b+ @2 =B+ (AF 1) be =0, (30)

Define the characteristic polynomial
pr(z) =2+ 2A =) 2% + (O] + 1),

10



Since py, is a polynomial in 22, for the roots zlil) of pr we obtain

)
()2 = % —Ap £ 5\/4+4)\k’7*72

for I € {1,2,3,4} which implies ‘(z,il))2‘ = /1+ A{. Thus there are two pairs of

complex conjugate roots and we have the representation
1 1 1 )
pe(z) = (2 = ) = o)z + )+ ().

We have [z{[* = A2 + 1, Re((20)2) = 3 — A and [Im((z1)2)] = Y2277

2
Moreover, we have

20 1

(Re(=")| ? (31)

The initial condition (24) yields the values for ax(0) and a},(0). The terminal condition
(25) yields the value for by (T) and b}, (T) = v a)(T). Note that (25) implies that the
value of b (T) is independent of T'.

and

. . . 1
For the sake of conciseness, in the sequel we use the notation z; = z,(C ).

5.1 Representation of the solution

Since

1
!/ /1 /

a = + — Ap)b , 32
E,T 1 ’Y)\k [ k,T (’Y k) k,T] ( )

the solution of the optimality system means that for the coefficients by 7 of uT as
defined in (29) we solve a boundary value problem with the ODE of order four (30) i.e.

b+ (2N — ) by + (A2 + 1) by = 0
b, (T) = Br
b (T) = 157 | W () + (7 = M) b ()]
b 7(0) + (v = M) br, 7(0) = (147 &) ar,7(0)
b (0) + (v — M) b 1 (0) = (1+ v A&) a (0).

where the value of 3 is determined by the terminal condition u”(T) = —p° in (25).
We represent the solution in the form

b, (t) = Frr(t) Br + (1 + 7 M) [Grr(t) ar,7(0) + He o (t) ag, 7(0)]. (34)
The following Lemma contains explicit representations of Fj 7, G and Hy 7. In

the representation, the numbers d(k, T') appear as multipliers, therefore it is important
that for T sufficiently large we have d(k,T) # 0. Since in the study of the turnpike

11



phenomenon we are interested in large time horizons, the assumption that the time
horizon T is large is not restrictive for us. We introduce the notation

)
Eei=y = M- = 5 F 5 VAT ANy -2 (35)
Lemma 2 Define
7 =290 — 1
g = ——"—"—.
Y

For k €{0,1,2,...} and T sufficiently large define the numbers

d(k, T)
36
= —2Re< ) +2|_;€\2Re( k|cosh2(z;€T)| z: o 7q | sinh? (sz)\) (36)
Then we have
d(k7 T) Fk,l(f)
= 2Re {—HEQ’“_% + Z}‘: e cosh(z, T') cosh(sz)} cosh(z(t — T)))

+ 2Re |k el cosh(ZgT) sinh(z,T) sinh (2 (t — T)))
— 2Re |ZE’“|2 Zk ginh (25 T) [sinh(zy, T') cosh(zy,(t — T)) + cosh(z,T) sinh(zy, (t — T))D .

qdk %k

Furthermore, it holds

A(k,T) G ()
= 2Re ( ==%=— cosh(Z;T) [cosh(zx(t — T)) — cosh(Zz(t — T))]) (37)

2k —d4k

+ 2Re L [Z’“ Eg sinh(z;T) — Ep sinh(sz)} sinh(zg (t — T)))

2p2—qr | 2k

and
d(k,T) Hy, T( )
= —2Re
+2Re

sinh(z4T) [cosh(zg(t — T)) — coski Rt — T))])
cosh(zgT) sinh(zx(t — T)) — cosh(ZgT) sinh(z (t — T))) .

Zk(zk —qx)

Zk(zk —qk) Zk(Zk —qk)

Proof: Due to the properties of the hyperbolic functions that can be found for
example in [18, 19] we have

d(k,T)z—QRe( =i ) (38)

2 — 4k

+|Zx]? (Re (e — an)(enl” = ziD) cosh(2 Re(zx) T)

|2l 2% — i

12



e (Re (e — aw) (2> + 27))

2 To0” — ar] ) cosh(2Im(zx)T).

This implies limy_,o |d(k,T)| = oo, hence for all sufficiently large T we have
d(k,T) # 0. In the remaining part of the proof, we assume that d(k,T") # 0. Moreover,
we see that d(k,T) grows exponentially fast with 7" with the growth rate

2Re(z) > /7 (39)

due to (31). To be more precise, note that |Zx|?> = 1 + v A, grows with the order \y.
At this point, elementary computations show that Fy, 1 (t), Gi,r(t) and Hy r(t) sat-
isfy the differential equation and the boundary conditions where (8, ax,7(0), aj 1(0))
have the values (1,0,0), (0,1,0), (0,0,1) respectively. Now we present details of the
verification of these basic functions.
Since b} (T') = qi, by, 1(T'), we can make the ansatz

b1 (t) = Ag cosh(z,(t —T)) + B,{ cosh(zx(t — T)) (40)

+Cf sinh(z;,(t — T)) — sinh(zZx(t — T))

Ze (z° — ar)

Now we return again to the sloppy notation ay, bx. Then

2 (24 — qk)

AL + BF = b (7).

We have b )b
—0p + Y — Ak ) Ok

= . 41

h 149X ( )

Hence we obtain
(147 Ag) ap(t) =
AL ((v = M) — 27) cosh(zi(t — T)) + B ((v = X&) — z%) cosh(zz(t — T))

Y= A — 252

ze (z° — ar)

¥ = A — 23

+CF
Mol 2k (212 — i)

sinh(zg(t — T)) sinh(zZg(t — 7))

Therefore, we have
(1 + ’y)\k) ak(()) =
AL (v = M) — 27) cosh(z, T) + BE (v — ) — Z&°) cosh(z T)

2
E sinh(z, T') +

Y= — 2
2 (262 — Qi)

Y= A — %2
Ze (Z1° — ar)

+Cf sinh(z; T)

Due to (32) we have
(1 + 7 Ak) g, () = =0 (8) + (v = A)bi (2)

= A{ (=2} + (v — ) zk) sinh(z (t — T)) By (—=Z3 + (v — Ak)Zk) sin(Zx (£ — T))

13



(=28 + (v = \)Zn)
Ze (Z® — ax)

(=23 + (v = M) zk)
2, (2 = ar)

+Cf cosh(zp(t — T)) — cosh(z(t — T))

Hence we have
(147 Ax) ag,(0) = =0, (0) + (v — Ax)by,(0)

= Az(zi’ — (v — Ag)zk) sinh(2,T) + Bg(fi — (v — \)Zk) sin(zgT)

(—Zp 4+ (v — \e)Z)
Ze (7 — ar)

(=28 + (v = M)z)
21, (27— ax)

+CF cosh(z, T) — cosh(z;T) | .

In order to obtain a unique solution for the vector of coefficients (A}, BF', C') we
investigate the determinant of the corresponding 3 x 3 matrix M (7). For this purpose
we introduce the notation

ma1(T) = (v — Ax — 27) cosh(z,T),
maa(T) = (v — A\ — Z°) cosh(zT),
— )\ .2 _ )\ =2
*“ﬂ sinh(z, T) + Lkizk
2 (21° — ar) zr (Z62 — ai)
ms1(T) = —zk ('y — A — z,%) sinh(2,T) = —mb, (T),

ma2(T) = =7z (v — Ae — EQ) sinh(zxT) = —miy(T),

mos(T) = sinh(zg T)

mas3(T) = (=) —#) cosh(z; T) — w cosh(zxT) = —mbs(T).

(2% — ax) (z° — ar)
Note that we have the equations
(1) . (1) : (1)
m =—"m —_——m .
23 Z% (Zk2 — qk) 31 a2 (ﬁz — qk) 32
(1) = — (T) — — ()
m = —m —_——m ,
33 2 —an) 21 (ﬁz — (Ik) 22
We have the matrix
1 1 0 1 1 0
M(T) = mgl(T) mQQ(T) mgg(T) = m21(T) mQQ(T) mgg(T)
ms1(T) msz(T) mas(T) —miy (T') —miy(T) —mis(T)
and the right-hand side
br(T)

r(T) = | (1 +vAx)ax(0)
(14 Ag)ar(0)

that is in fact independent of T, as stated earlier.

14



5.2 Computation of the characteristic determinant and an
inverse matrix

For the determinant of M(T') we obtain
det M(T) = M22 (T)mgg(T) — m32 (T)mgg (T) — mgl(T)mgg (T) + mgl(T)m23 (T)

1 1
B i C )
1 1

—————————M39 (T)m31 (T) + m

moo (T) Mmoo (T)

zi (21 — ax) maa(T)ms2(T)
! 1
R UL Rl o=

1 1
————m31(T)ms1(T) — —————
T g O " ey

We have ma; (T)% — Z%mgl(T)2 =(y— M — 2,3)2 and
k
Mmoo (T)? — Z%msz(T)2 = (’y — A\ — 52)2. This yields

ma1 (T)m22 (T)

ms1 (T)m32 (T) .

v=M—22)° (y= e —m2)
detM(T):_( zquk) _ Zkg_qk)

1 1
T T
+(zk2% +Zk2—CIk> maz(T)ma(T)

1 1
a <2k2 (21% — qx) - Z (52 - Qk)> maa(T)man (T).

We introduce the notation

Ep =7\ — 2.
Since
cosh(z,T) cosh(z;T) = % [cosh((zx + Z£)T) + cosh((zx — Zx)T)] (42)
and
sinh(z,T) sinh(zxT) = % [cosh((zx + Z5)T) — cosh((z — Zx)T)] (43)

we obtain the equation

—2 =2

= = 1 1

det M(T) = — k k + ( + ) = |? cosh(zxT) cosh(zT
@ Z}%_Qk e — Gk 22— Qe ZRS — Qk =l ( ) ( )

1 1 5
- + 212k |2k|” sinh(2,T") sinh(ZT).
(Zkz(zkz_qk) %2(%2_%)) K2 | = (2 T) (zT)

15



This yields the representation det M (T')

=2 1 Zk 1
= —2Re ( Sk >+2|Ek|2Re ( 3 ) | cosh? (2, T)|—2|Zx|? Re (Zk> | sinh? (2, T)).
2 — gk Zi — gk

f 2 (212 — qi)
(44)
Due to (42) and (43) this can also be written in the form
=2 =
det M(T) = —
@) =k T —
S [ () e (1 )=
+ 1-— + 1-— cosh((zy +z5)T
2 |zl —q ENE R — |21 |? (2 +20)T)
S [ () s (1 ) o=
+ 1+ + 1+ cosh((z, —z5)T
2 |z —q |2 |? 57— gk |2x |2 ((z =2%)T)
We have ) )
1 ZK 1
2 (1_Zk2>+2 (I_Zk2>
kY — 4k |2k ZkT — 4k |2k
_ 2Re ((z1% — ar)(2el* — 27))
EAIESEA
It follows that
Re (52 = au) (12l? — 22)) = Re (124l + @) 22 — ax J2f? — 24)
= Re ((|zk|2 +qr+ 2 — 7) Z;% + )\i +1—q |zk.|2)
1
= Re <(|zk2 - ) z,f + /\i +1—q |zk|2)
v
2 1 v 2 1 2
= (VR +1=2) (F =)+ a1+ @0 - =)y A+ 1
v) \2 Y
1 4\ 1 1
Y 2.N - o N DV R o L YA ) | s
and ) )
1+ + 1+
22 — Qi ( Zk|2> e — qk ( | 25|
_ 2Re ((z® — qr) (|2 + 22))
22| |22 — qi| 7
Hence we have —
det M(T) = —2 Re | ——& ) 45
(1) = —2he (57 (4
=.02 2 Re ((z12 — 2% — 22
x| (( b 9k ) (|| k)) cosh(2 Re(zx) T)

2 2] 242 — a]
5P <2Re ((212 — i) (2> + 23))

cosh(21Im(zy)T).
2 T8 — ] ) BmE)T)

16



This implies limy_,, | det M (T)| = oo, hence for all sufficiently large T" we have

det M (T') # 0. Moreover, we see that det M (T") grows exponentially fast with 7" with
the growth rate

2Re(z) > /7 (46)
due to (31). Hence for all sufficiently large T the coefficients (A7, Bl, CI') are uniquely
determined.

For the computation of the inverse of M (T") we use the representation

B11(T) pr2(T) Bia(T)
B21(T) B22(T) Bas(T)
B31(T') B32(T) B33(T)

det(M(T) [M(D)] ™" =

Mmoo (T)m33 T

(T) — maz(T)ma(T) —mga3(T) ma3(T)
= | mag(T)ma1(T) — ma1(T)mas(T) ma3(T) —mas(T)
ma1 (T) mso (T) — M99 (T)

ma1(T) m31(T) —mz2(T) maa(T) — mai(T)
The element £11(T) in the top-left corner of det(M(T)) M(T)~! is given by the
minor

B11(T) = maz(T) m33(T') — mas(T)

mso (T)
= . Ek Ek S
= Zj cosh(zZxT) ¢ —5——— cosh(zx T) — ———— cosh(zzT)
(22 — ax) (Zk2 - Qk)
+ o TE Ginh(z T + B BN Zk Z sinh(Z5T
{ Zk(2k2_q1c) (k ) E(ﬁQ_Qk) (k )}{k k (k )}
=, |2 =2 = |52
Luk| cosh(z;T) cosh(ET)—72L[cosh2 (ET)—sinhz(ﬁT)]—Z—k ‘;k| sinh(z4T) sinh(z5T)
2, — qk Zk" — qk “k 2, — dk
=2 Mk =
—7;k + ;k {cosh(sz) cosh(zxT) — Zk sinh(z,T") sinh(sz)] .4
R 2k
Due to (42) and (43) this yields

=2
= 1 |2,2 Z5
Bua(T) = ——t = Kl K

— Zk —
= o ial-a - Zk) cosh((zx +z5)T) + (1 + Zk) cosh((zx, — zk)T)} .

The second element 312(T) in the top row of det(M(T)) M(T)~! is given by

—_
—

Br2(T) = —m33(T) = —

[1]|

cosh(zx T) + =k cosh(zxT).
(2% — ar) ( (%2 - Qk) )

The third element B13(T) in the top row of det(M (T)) M(T)~* is given by
B13(T) = mo3(T) = S sinh(z; T) + Sk

————sinh(Zx 7).
2k (212 — qr) z (Z6° — ax) &)

17



Now we consider the entries in the second row. For the first element in the second
row of the matrix det(M (T)) M(T)~! we obtain

=2

Bo1(T) = —[ma1(T)ma3(T) — mas(T)ma1(T)]
—k
( 2

Z—av) cosh®(2, T) + (ZIJZEk—QQk) cosh(zg T') cosh(zgT)
= sinh?(z, T) — 7Zk7|5k‘2 sinh(Zg T') sinh (2, T')
(21 — qr) 2k (Zkzz - Qk)
=k =S =
REETN + - cosh(zy T) cosh(zzT) — =
Due to (42) and (43) this yields

Zk (Z1° — ar)

sinh(zx T) sinh(z;T).
ﬁ21(CZ ) =
1 Ei|?
| k|

(48)
=q

(Z;% - qr)
2k

2 (z* — @) Kl %

) cosh((zx +z)T') + (1 + Zk) cosh((zx, —zx)T)
Zk 2k
The second element in the second row of the matrix det(M (T)) M(T)~! is
Baa(T) = m33(T) =

—

Z—a) cosh(zx T) —

(1|

ﬁ cosh(zgT).

For the third element in the second row of the matrix det(M (T')) M (T)~! we obtain

s (T) = —ma(T) = — (Z;k— o sinh(z 1) -

Finally let us look at the elements in the third row.
obtain

—

k
7 (7

sinh(zg T).
kT — Qk)
For the first element in the third row £31(T) of the matrix det(M (T)) M(T)~! we

B31(T) = ma1(T) maz(T) — mae(T) ms1(T)

For the hyperbolic functions we have the general identity
and

= |2k |? [~Z& cosh(zx T) sinh(Z5T) + 2y cosh(Z5T) sinh(z; T)] .

cosh(z;T) sinh(z;T) = 3 [sinh((zx + Z%)T) — sinh((zx — Z5)T)]

sinh(z;T) cosh(ZxT) = B [sinh((zx + Z5)T) + sinh((z — z)T)] -
18



Using (49) and (50) we obtain

B31(T) = |Ex|? [~Zk cosh(zx T) sinh(ZgT) + 2y, cosh(Z5T) sinh(z; T)]

= |2 |? {—zk; [sinh((z + Z%)T) — sinh((zr — Zx)T)] + zk% [sinh((zx + Zx)T) + sinh((zr — Z&)7T)]

2k + 2k

— 2|2 — 2k
=Bl | —5—

sinh((zx +Z5)T) + sinh((zx, —Zx)T) | -

The second element in the third row B32(7T) of the matrix det(M (T)) M(T)~ ! is
B32(T) = —m3a(T) + ma1(T) = Zx g, sinh(2xT) — 2k = sinh(z;,T).
Finally the element B33(7T") of the matrix det(M (T)) M(T)~ ! is

B33(T) = maa(T) — ma1(T) = Ey, cosh(zgT) — Ex cosh(z,T).

We summarize the entries of det(M(T)) M(T)~! in a table:

Sl [(1 - Z’“) cosh((zx +7zx)T) + (1 + Zk) cosh((zk — 2)T)

2k

B1a(T) = ——(2247qk)cosh(zk73 +—z%i§%?ggjcoshca;ry

ﬁw(T):-—n«Z;é_szmh@kTy+Zk@j?_%asmh@kT)

(D) =~
+;@;fm{O—Z)mewMMD+O+Z)wmwwﬁwﬂ}

Bm@%::@;zwmw@ﬂﬁ—&;%%VMM%ﬂ.

Bas(T)) = Zk(a;;(M)shﬂmzkiﬁ——Zk(zji_(m)shﬂmszj

Zp — 2k 2 + 2k

B31(T) = |Ex|? [ sinh((zr +25)T) + sinh((z — zk)T)}

B32(T) = Z 2k sinh(zxT') — 2z Z sinh(zT)
B33(T) = Z}, cosh(zzT) — Zy cosh(z,T)

For

sinh(zp,(t —T))  sinh(z(t —T))
21, (27— ar) z (z° — ar)

br.r(t) = A} cosh(zy (t—T))+B{ cosh(z (t—T))+CF
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we have

A} 1 B11(T) pr2(T) Bis(T) b (T)
V(T)= (Bl | = dot M(T) B21(T) B22(T) Bas(T) (1+9X)ax(0) | . (51)
oy ¢ B1(T) Baa(T) Ba3(T)) \(1+7Ae)a},(0)

—~

Due to (40) we have
bk, 1 (t) = Frr(t) bi(T) + Grr(t) (L+ 9 M) ar(0) + Her(t) (L+ 9 M) ai,(0) - (52)
where the terms that are multiplied with b (7T) and come from the first column of

M(T)~! are collected in F, r(t), and analogously for G r(t) and Hy, 7 (t).
Thus we have

Frr(t) = dftlﬁ\(;(g“) cosh(zi(t —T)) + dft%\(;(g“) cosh(zx(t — T))
N B51(T) |sinh(ek(t —T)) sinh(z(t —T))
det M(T) | 2z (22 — qx) z (z6° — )
Cror(t) = dftlj\g)ﬂ cosh(zx(t — T)) + dffj\(;(}) cosh(FF(t—T))  (53)
N B32(T) |sinh(zx(t —T)) sinh(Z(t—7T))
det M(T) | zr (27 —aw) Ze (Z% — qk)
Hy r(t) = dftﬁf(%) cosh(z,(t —T)) + dftzj\(;(g“ cosh(zZg(t — T)) (54)
n Bs3(T) |sinh(zk(t —T)) sinh(z(t —T))
det M(T) | 2k (23 — qi) % (Z% — qk)

Thus we have (with det M (T') as in (44) )

det M (T) Fy, (t)

_ l_:k - [(1—2’“) cosh((zx + F)T) + (1+’“) cosh«zk—zk)T)} cosh(x(t—T))

Z
2k

h(z(t—T
= = cosh(zx (1))

_ 2Ei + Jz:klg ) [(1 - zk) cosh((zx +2x)T) + (1 + Zk) cosh((zx — Zk)T)}

_’_Zk-i-@

sinh((z — Zk)T):| *
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sinh(z,(t — 7))  sinh(Z(t — 1))
2z (23 — Q) 2k (Zk - Qk)

1|2 ZK Zk
= L*' [(1 - k) cosh((zx +zx)T) + <1 +2*

%k 2k

— 2k —Zk . _ zk + 2k . _ sinh(z(t —T))  sinh(z(t —T))
—i—:kQ[ sinh((zy +Zz5)T) + sinh zk—sz}
=7 5 (( )T) 5 (( )T) (=) =)
Hence we have
det M(T)Fy, r(t)

=2

= = |2 =
7;]6 + |;k_‘ [cosh(zk T) cosh(zxT') — h sinh(z; T) sinh(sz)]
2k — Gk ZkT — Gk 2k

:2Re< —

+|Zx|? [z sinh (2, T) cosh(ZxT) — Zx cosh(z,T) sinh(ZzT)]

:2Re< —

5 22Re (sinh(ZkT) cosh(zT) Sin}zigkftq;)T) ) _ z:z cosh(z;,T) sinh(%T) {Sin}(lzg’“ftq_k)ﬂ ) ] ) .

cosh(zg(t — T)))

sinh(zx(t — 7))  sinh(Z(t — 1))
2k (28 — ) 7 (76 — ar)

=2 = |2 e
LA Ex [cosh(zk T) cosh(zxT) — X sinh(z, T) sinh(sz)]
(

Z—qk 2% =k 2k

cosh(zg(t — T)))

Verification of the basis function Fy r(t)

We start with the function Fy, (¢) from (34) that is multiplied with 8y, i.e. we consider
the product d(k, T') Fy, r(t). We will show that F, 1 (t) satisfies the boundary conditions

For(T) =1,

299, —1
F'p(T) = %FAT(T»
—F/7(0) + (v = M) Fr0(0) =

0
—F{"0(0) + (v — Ax) Fy, p(0) = 0.

We have )
d(k,T) Fi,r(t) = 2Re ( — - cosh(z(t — T)))
Rk~ — 4k
= |2
+2Re < =4 cosh(z;T') cosh(zy T') cosh(zx (t — T)))
Zk" — 4k
+2Re ( cosh(z;T) sinh (2, T') sinh(zx (¢t — T))>
— 4k
—2Re ( L‘k|q = sinh(z;T) [sinh(zg T') cosh(zi (t — T')) + cosh(z;T) sinh(zy (¢t — T))]) .
2k — 4Kk 2k

21

> cosh((zy, — zk)T)] - 2:’“] cosh(z(t — T)))



Hence for t = T we have

—2

=k
2 — Qi

SN

sinh(zpT) sinh(z, T) | = d(k, T

S () sinh (0 ) ) = (1)

Since d(k,T) # 0, this implies Fy, 7(T') = 1. For the derivative we obtain
d(k,T) Fy, p(t) = 2Re (

—zp—st— sinh(z(t — T))
2k — 4k
=5 [?
+2Re 2y
2k

cosh(z;T) cosh(zy T') sinh(z4, (¢ — T)))

22 —

d(k,T) F,7(T) = 2Re (
+2R6 (|Ek|2

cosh(zZgT) cosh(z, T) —

=2

= 12
+2Re (zk ;k|
2 — 4k
=k |?
—2Re | —
2k — 4k
Thus we have

cosh(zxT') sinh(z;T') cosh(zy (¢ — T)))

Zx sinh(Z5T) [sinh(zy T') sinh(zg (t — T)) + cosh(z,T') cosh(zg (t — T))])
’ _ ‘Ek|2
d(k,T) Fy p(T) = 2Re | zp———
’ 2k — 4k
=]
—2Re

2

2k — 9k
For t = 0 we have

cosh(z;T) sinh(sz)>
Zx sinh(zT) cosh(sz)) .

=2

d(k,T) Fk7T(O) = 2R€ (2

cosh(z;T)
Rk — 4k
= 12
+2Re (';’“

2T — 4k

Rk — 9k

cosh(z;T') cosh(z T) cosh(sz))
—2Re ( SN
2
1Zk|?
—2Re

Rk — 4k Rk

cosh(z;T') sinh (2, T') sinh(sz)>

2k sinh(z;T) [sinh(zx T) cosh(zxT) — cosh(z,T) sinh(sz)]>
=2
_one <_;k

= 12
cosh(z;T) + =4
2k — 4k
For the second derivative, we have

2

cosh(sz)> :
k" — 4k
(k. T) Flr(t) = 2Re (—z;f;;

ZET —
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+2Re <zk|
2k

ENE
+2Re (22
i
—9Re ( =]

k
k

cosh(z;T) cosh(zy, T) cosh(zy (t — T)))

cosh(ZgT) sinh(z;T) sinh(zg (¢t — T)))
For ¢ = 0 this yields

—

2

|z | sinh(ZT) [sinh(zy, T') cosh(zx(t — T')) + cosh(zT) sinh(z (t — T))])

d(k,T) Fy/7(0) = 2Re (—zk

— COSh(ZkT)>
2k — 4k
+2Re (zi = | S (2 :
262 —
_9Re ( ENk cosh(ZkT)Slnh(ZkT)Sinh(ZkT))>

cosh(z;T') cosh(z T) cosh(zk.T)>
—2Re < SN \zk|2 sinh(z;T) [sinh(zg T') cosh(z;T) — cosh(zxT) smh(sz)]>
=2
= 2Re (z,% [ 77;]6

2
2k — 9k

= |2
cosh(z;T) =4
ZK° — Qk
Hence due to (35) we have

2

P — cosh(sz)> .
d(k,T) [~ F{7(0)

Thus we have —F} -(0)

(v = Ak) Fi(0)] =0
: +(7_)\k) Fk’T(O) =0.
To proceed, let us observe that

—

=

=2
d(k,T) F},7(0) = 2Re (z i

— sinh(sz)>
Rk — 4k
= |2

9Re (Zk|

cosh(ZgT') cosh(z, T) sinh(sz)>
26? — q
Ex|?
+2Re (zk 5
= |2
ZRe( =4
22

2k — 9k

— 4k

—

cosh(zxT') sinh(z,T) cosh(sz)>
Zx sinh(ZgT) [— sinh(zg T) sinh (2, T) 4 cosh(z,T) cosh(sz)])
——2
= 2Re <zk;k i
zZ

= 12
sinh(z;T) | —2Re (zk |
k™ — 4k
For the third derivative, we have

—k
2’2

sinh(sz)> .
&~ 4k

—

sinh(zx (t — T)))
k: — 4k

=2
d(k,T) F}"r(t) = 2Re (—zk
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= 12
+2Re (zg EL' cosh(z5T) cosh(z; T) sinh (2 (t — T)))
2k dk

= |2
+2Re <z,§’ ‘;k| cosh(Z;T') sinh(z,T') cosh(zy (t — T)))
2k — 4k

—2Re <Z|q|zk| zp, sinh(zxT) [sinh(zg T') sinh(z (t — T')) 4 cosh(z,T') cosh(zy(t — T))]) .
k k
This yields
——2

d(k,T) F}"1(0) = 2Re (zg;k sinh(sz))

k- — 4k

—_

= 12
+2Re (—Z,‘:’|;k|q cosh(z;T) cosh(zx, T) sinh(sz)>
2k k

2
+2Re <zk ‘2 Z cosh(Z;T') sinh (2, T") cosh(sz))
2k — 4k

= 12
—2Re (;k' | 2% |2 25 sinh(Z5T) [— sinh(z, T) sinh (2, T) + cosh(z,T) cosh(sz)])
2k — 4k

=7 =, |2
=2Re (Z,?c’;k sinh(sz)> —2Re ( =4 z,%zksinh(sz)) .
2k q — 4k

2
— Qi 2

Hence we have
d(k,T) [=F0(0) + (v = M) Fy 1 (0)]

=2 =, |2
=2Re <—zk;k sinh(sz)> +2Re ( =4l zizksinh(sz))

2k — 4k

k gk

=2 = |2
2Re (zkk smh(sz)> — 2Re (zk |2 £l smh(sz))
Zk- — 4k

2 — 4k
= =2
= 2Re <zk Hk% sinh(sz)> —2Re (

+ (v = M)

=k [

—k Ekzksinh(sz)) =0.
gk

ZK° — qk Zk

We have

d(k,T) F{7(T) = 2Re (z;g > Zil” cosh(z;T) sinh(sz)>
— gk

= 12
—2Re <|2| | 2% |2 25 sinh(ZT) cosh(sz)>
28— Qi

Hence we have

= 12
AT [FL(T) = ax Fir (7)) = 2R (62 - )i
k

cosh(z;T) sinh(sz)>
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= |2
2Re(< g

k
Zk2
k

sinh(zZxT) cosh(sz)) 0
Thus we have shown that F) 7 satisfies the required boundary conditions
Verification of the basis function Gy r(t)

)

d(k,T)Grr(t) = 2Re (

l\’)

We continue with Gy () from (34) that is multiplied with (1 + v Ag) ar,7(0) , i.e
) o

)

l\)

cosh(ZxT) cosh(z (t — T)))
— gk
—2Re (
2k

cosh(zZgT) cosh(Zg (t — T)))
— 4k

2Re | ——————s

+ 2rie (zk(z 3

- ) sinh(ZgT) sinh(z (t — T)))

2K — Gk
Moreover, for t =T we have

sinh(z;T') sinh(Zx (t — T)))
Due to the definition of zj, the function Gy r(t) satisfies the ODE (
d

o

(k,T) Gg,r(T) = 2Re (

30).
5 cosh(sz)) —2Re (

2k~ — 4k
In addition, for the derivative, we obtain

Ek
Ak T) Gl 1 (1) = 2Re (’“

— cosh(sz)> =0.
kT — 4k
cosh(ZgT) sinh(zg (¢t — T
Rk~ — 4k
— 2Re (z; =

cosh(zZgT) sinh(Zg (t —
Rk — Ak
+2Re ( =

—

sinh(ZgT) cosh(zZg (t —
Rk — A4k
Hence for t = T, we have the derivative
d(k,T)

sinh(ZgT) cosh(zg (t — )
2k” — gk
— 2Re ( “k = )

7k Sk
kr(T) =2Re (,2

Zk° — gk
For the second derivative, we obtain

smh(sz)> —2Re ( k=

— sinh(sz)> .
2k — 4k
" Zk2 ?k
d(k,T) Gy 7(t) = 2Re (| —5—=2
’ ZkT — gk

cosh(zgT') cosh(z (t — T)))
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—2 =
—2Re (M cosh(z;T') cosh(zZ (t — T)))

=2

ZkT — gk
+2Re (Z’f’“:’“ sinh(z5T) sinh (25 (t — T))>
2k — 4k

—2 =
—2Re (Z’;“’“ sinh(z5T) sinh(Zx(t — T))> .
ZkT — gk

For ¢ = 0 this implies

2= —2 =
d(k,T) G} 1(0) = 2Re <Zk2~k cosh(z;T) cosh(sz)) —2Re (Z];Hk cosh2(sz))>
’ 2k — Qk 2k — 4k
2Fk Sk Zl Ek o
—2Re | ——— sinh(ZT) sinh(2;,T) | 4+ 2Re | ———— sinh”(ZT) | .

22 — e — Qk

For ¢ = 0, equation (37) implies

d(k,T) G r(0) = 2Re (2 cosh(zgT) cosh(sz)) —2Re (Zk coshz(sz))

=2

ZkT — Qg 2k~ — gk
—2Re (Z’“QE’“ sinh(zT) sinh(sz)) +2Re (QE’“ sinh? (sz)> .
2k (2% — qk) 2kT — qk

Hence in view of (35) we obtain
d(k,T) [-G{7(0) + (v = k) G, (0)]

-2 -2

2 = 2=
= —2Re (M cosh(z;T) cosh(sz)> +2Re (M cosh? (sz))>

2K~ Qk ZK° — Qk
D7 Sk ZEk o
+2Re (| —5—— sinh(2;7) sinh(24T) | — 2Re | ——— sinh”™ (2 T)
2k — 4k Zk — 4k
—9 —
= —_ Zk» . 2
= —2Re k > + 2|2 2Re< cosh?(z,T)| — = sinh® (2, T )
(575 ) + 2P Re (ol oosta)] = & st (a7

=d(k,T)
due to the definition (36). Since d(k,T’) # 0, this yields
—G{r(0) + (v = M) Grr(0) = 1.

For t = 0, the derivative satisfies the equation

d(k,T) G}, 7(0) = —2Re (Z;:k cosh(z;T') sinh(sz)> +2Re <Z§:k cosh(z;T) Sinh(sz))
’ ZkT — Qqk 2k~ — gk
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+2Re (zg_:k sinh(zxT) cosh(sz)> —2Re <Z§:k sinh(z;T") cosh(sz))
2" = Qk Zk° — Gk
= —2Re (z;:k cosh(z;T) sinh(sz)> + 2Re <Z§:k sinh(z;T') cosh(sz)) .
ZK" — Gk 2" = qk

For the third derivative, we obtain

3 = —3 =
d(k,T) G}'1(t) = 2Re (Z’;“’ﬁ cosh(z;T) sinh (24 (t — T))) — 2Re (Z’;“’f cosh(z;T) sinh(z5 (t — T)))

2" — qk Zk° — Qk
2%k Sk Z’ Ep

+2Re (2 sinh(zxT") cosh(zx (t — T))) — 2Re (2 sinh(z;T') cosh(zZg (t — T))) .
k" — 4k Rk — 4k

Hence for t = 0 we have

3= —3 =
d(k,T)G}'r(0) = —2Re (Z];Hk cosh(zzT) sinh(sz)> +2Re (ZZHk cosh(zgT) sinh(sz))

2" — qk ZK° — Qk
2275 B Z° Ek
+ 2Re (2 sinh(zxT) cosh(sz)> —2Re (2 sinh(zxT) cosh(sz))
k" — 4k Rk — 4k
2% Ex . 262%8 Sk .
= —2Re | —5—— cosh(ZT) sinh(2,T) | + 2Re | —5——— sinh(2T") cosh(2xT) | .
2" — qk 2K° = Qk

In order to verify the fourth boundary condition in (33), in view of (35) we obtain
the equation

d(k,T) [=G'p(0) + (v — M) Gy 1 (0)]

3= 25— .
= 2Re <Z’;“’“ cosh(z5T) smh(sz)> — 2Re (Z’“j’““’“ sinh(z57) cosh(sz)>

Rk — 4k 2k — qk
+ (Bk + 23) (—2Re (z;:k cosh(zgT) sinh(sz)>)
Rk — 4k
= 2 ZE Sk
+ (B + 2;)2Re (2 sinh(zgT) cosh(sz)>
Zk™ — 4k
=0.
We have
" ZkzﬁEik . . 53 ETC . -
d(k,T)Gy'r(T) = 2Re | —5———sinh(zT) | — 2Re | ——— sinh(ZT).
' k" — 4k Zk" — qk
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Hence we have

d(k,T) [GY! x(T) = Gl (1))

= 2Re <z£zk smh (zZeT )

k

— 2Re (qkzk Zk smh sz>
k

= 2Re (Z;Z sinh (sz)) — 2Re (Zr = sinh (sz))

Thus we have shown that

Gr,r(T) = 0,
2
¥ =29 —1
1 (T) = .  Gp(T),
=Gy r(0) 4+ (v = A) Grr(0) = 1,
o (0) + (v = M) G r(0) = 0.

Verification of the basis function Hy p(t).
Now we consider Hy 7(t) from (34) that is multiplied with (1 +v Ax) aj 1(0) , i.e.

=

d(k,T) Hy 7(t) = —2Re (zk(z;;k—m sinh(z,T) cosh(zx(t — T)) )

—
—

+ 2Re ( sinh(z,T) cosh(zx (t —

Zk(Zk2 - Qk)

=

— 2Re (ik cosh(zgT) sinh(zg (t —
ZK(ZK° — qk

+ 2Re (:kcoshz T)sinh(zx(t =T )
2k (262 — qi) (&) kl

Due to the definition of zj, the function Hy, 7(t) satisfies the ODE (30). Moreover,
for t =T we have

d(k,T) Hy 1 (T) = —2Re (Zk(;’“) sinh(sz)) +2Re (

—

Sinh(sz)) =0.
k" — 4k

2k (262 — qr)

For the derivative we have

d(k, T) Hj, (t) = —2Re (;k sinh(z,T) sinh (25 (t — T)))

k" — 4k
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+9Re (m
Zk(

26% — qi)

+2Re (”“
2k gk

[l

sinh(zT') sinh(z5 (¢t — T)))

cosh(z;T') cosh(zy (t — T))>
— 2R€ <2
Hence for t = T we obtain

oy

Zk- — 4k

—

cosh(z;T) cosh(zg (t — T)))

—

212 — qk

d(k,T) H}, (T) = 2Re (

For ¢t = 0, we have

Ek
—

cosh(sz)> .
Zk" — 4k
Ek

cosh(sz)> — 2Re ( =

d(k,T) Hy,r(0) = —2Re (

Zk( 2

—_
—

=k
Zk( 2

sinh(zT') cosh(ziT —|—2Re<
262 — qx) (2T cosh(z )> 22 — qk)
= =
—9Re | —=F
e(zk( 2

cosh(z;T) sinh(sz)> + 2Re <
2k — qk)
For the second derivative, we have

sinh(zT) cosh(sz)>
Sk
——2
d(k,T) Hy 1(t) = —2Re (

Zk(Zk - Qk)

cosh(z;T') sinh(sz)) .
ZkE .
P sinh(zT') cosh(zx(t — T))
k k
- 2Re (ﬂk
2k (2e® — qk)
+ 2Re ( i

sinh(zT') cosh(Zx (t — T)))
2kEk
2

For ¢ = 0 this implies

cosh(zgT) sinh(zg (t — T)))

cosh(zgT') sinh(zg (t — T)))
d(k,T) Hl/c/,T(O) = —2Re (

= 2=
szH sinh(z;T) cosh(z;ﬂ“)) + 2Re < ZkQHk sinh(zT) cosh(sz)>
2Ek° — Qk Zk(zk - Qk)
—2Re (Z;:k cosh(z;T) sinh(sz)> + 2Re <Z’2’c:]c
2k — 4k kT — 4k
Hence in view of (35) we obtain

cosh(zzT) sinh(sz)) .

—d(k,T) HY.£(0) + (7 — Ax) det(M(T)) Hy.(0) = 0.
Now we verify that the fourth boundary condition in (33) is satisfied.
For the third derivative, we have
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2=
d(k,T) H{";(t) = —2Re (Z’;“’“ sinh(z,T) sinh(z; (t — T)))
’ Zk° — 4k

—3—
2k Sk . .
+ 2Re | ——————sinh(z;T) sinh(Zg(t — T
(22 s )siare - 7))

2

2=
+ 2Re (M cosh(zZ;T') cosh(zy (t — T)))
2k” — 4k

—2=

—2Re (Zg:k cosh(z;T') cosh(zZ (t — T))) .
Rk~ — 4k

For ¢ = 0 this yields

2= 3=
d(k, T) H}!"+(0) = 2Re (’Z’““’“ sinh(z,T) sinh(sz)> — 2Re (Z’““k sinh(z,T) sinh(sz)>

2% = Gk zk(2k* = Qk)
2= 2=
+2Re (Z;Hk cosh(z;T") cosh(sz)> —2Re (Z];Hk cosh(z;T') cosh(sz)) .
2% = qk 2"~ qk

Using again the definition (35) of Zj, it follows that
—d(k,T) H{'p(0) + (v — A) d(k, T) Hy £ (0) = d(k, T)

by the definition (36) of d(k,T). We have

2= 2=
d(k, T) H'7(T) = 2Re (Z’;“’“ cosh(sz)> — 2Re (2’;“’“ cosh(sz)> .
' ZET — 4k kT — 4k

Hence, we have

d(k,T) [H"r(T) — quHj, 1 (T))

2= o=
= 2Re (ZSHIC cosh(sz)) —2Re (Z];Hk cosh(z%T))
Zk° — 4k 2k — gk
+2Re (quHk cosh (%T)) —2Re (qk;k cosh (sz))
2 kT — 4k

Thus we have shown that

Hyr(T) =0,
2 _ 99N\, —1
B (T) = =212 " gy (1),
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—H} 7(0) + (v — M) Hy,p(0) = 0,
—H;"r(0) 4+ (v — &) HI;,T(O) =1

The proof of Lemma 2 is complete.

In the next section, it is shown that each of the functions Fy r, G 7, Hir in
the representation (34) of the solution by that are provided in Lemma 2 satisfies
an exponential turnpike inequality on the interval [0,7] in the sense that for I €
{F, G, H} for all ¢t € [0, T] the following inequality holds:

[l 7(t)| < Ca {exp <—\§t> + exp (—\?(T - t)ﬂ )

Here Cq is a constant that is independent of T" and k.

The turnpike inequality that we have obtained is used for the applications in shape
optimization as described in the subsequent sections. An important point is that the
inequality is independent of the properties of the sequence of eigenvalues Ay as long
as (28) holds. Therefore the inequality is valid over a compact set of perturbations of
the state equation (see Theorem 1 and also Remark 9).

6 The turnpike property by the spectral method for
trees.

In this section, we continue our analysis of the structure of the optimal solutions, in
particular for the adjoint states. We have in mind the shape optimization problems
for the trees. Therefore, we restrict our analysis to the networks in the form of trees.
The case of small cycles for the purposes of topology optimization is considered sep-
arately. In the latter case, the spectrum is of a specific structure with the branch
supported exclusively on the cycle. We show that the difference between the static
optimal adjoint state and the dynamic optimal adjoint state satisfies an exponential
turnpike inequality as explained above. Our method is to show that all three basis
functions in the representation of the difference between the static optimal adjoint
state and the dynamic optimal adjoint state that we have obtained from the respective
optimality systems satisfy such an exponential turnpike inequality. More precisely, we
show that the basis function with a non-zero value at the time ¢ = 0 (namely Gy r
and Hy, 1) decay exponentially fast with ¢. The basis function with a non-zero value
at the time ¢ = T (namely Fj, 1) decay exponentially fast as a function of T' — ¢, that
is backward in time.

6.1 The turnpike inequalities for the basis functions

Ezxponential turnpike inequality for the basis function F r(t).

In order to verify the turnpike property we use the following representation where the
hyperbolic tangent appears:
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d(kv T) Fk,T(t)

= 2Re (— 5+ cosh(z4 (T — t)))

+ 2Re le’Efljk cosh(z;T') cosh(z,T) [1 — tanh(z,T') tanh(z, (T — t))] cosh(z (T — t)))
k 2 ——

+ 2Re (2212 cosh(zT) tanh(FT) cosh(zy, T) [tanh (24 (T — t)) — tanh(z), T)] cosh(z (T — t))) .
k

For our analysis, we define the auxiliary functions

2Re (_7:27_2% cosh(zg (T — t)))

2k

Sli,T(t) = d(k/’ T) )
2Re |25f|2 cosh(zgT) cosh(zxT) [1 — tanh (2, T) tanh (2 (T — t))] cosh(zx (T — ¢
2 24k
and
Ser(t)
2Re %g cosh(ZgT) tanh(Z5T') cosh(zg, T) [tanh (2, (T — t)) — tanh(zy T')] cosh(zx (T — t))
_ 2 —4k Zk
B d(k,T) '
Then we have
Fior(t) = Si () + Sp () + Si 1 (8). (55)
The numbers d(k,T') can be represented as
d(k,T) = —2 Re
1) (Zi - %)
Re ((22 — qi)(|25]? — 22
+ |2 (e 2 ’“2“_’“' o) cosh(2 Re(z) T) (56)
27| 127 — ]

= o [ Be (= — ar) (2] + 27)
+|Zk|? ( ( k|22| 7 —ar] ) cosh(2Im(z)T).
k1 1%

Hence we obtain the upper bound

|Sk,r(t)]

ZK2

’2Re ( 1_qk cosh(zx (T — t)))‘

<
T | Re((ZR—an) (= =23) Re((23—ar)(lzkl*+27) =2
(D) | cosh(2 Re(4) T) - ‘( (et )> cosh(2Tm(zx) T) — 2Re ( :<—q>)‘
This implies the inequality
S ()] < My exp(—|Re(z)|(T — 1)) (57)
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with a constant M; > 1 that is independent of k£ and T. We have

2[exp(2 2, T) + exp(2 z1, (T — t))]

1 - tanh(z, T) tanh(z, (T~ 1)) = (exp(22;,T)+ 1) (exp(2z (T —t)) + 1)

2 2

+ .
(1+exp(—22,T)) (exp(2 25 (T — 1)) +1) (1 +exp(—22, (T —1))) (exp(22;T) + 1)
Hence for T'— oo this term converges to zero exponentially fast. More precisely, due
to (31) for all k € {0,1,2,..} for T sufficiently large we have the inequality

|1 — tanh(z, T) tanh(z (T —t))| < 16 exp(—2|Re(zx)| (T —t)). (58)

Thus we have
1St 7(8)]
32| Re (+| cosh(zT)[? cosh(zy (T — t))|> exp(—2|Re(z)| (T — 1))

2
2,4k

Re((22—ar)(|2x]2—22))
lz2 | 127 —axl

Re((22—ar)(|2k]2+22))
|22 | 127 —axl

cosh(2 Re(z)T) — ‘ (
This implies the inequality

=2
)coshi@ 1m(a) ) - 28 (1)

|k (1)) < Mo exp(—|Re(z,)|(T — 1)) (59)

with a constant Ms > 1 that is independent of k and T
In addition, we have

2[exp(2 2, T) — exp(2 zi, (T — t))]

tanh(zy (T' = 1)) — tanh(zT) = (exp(22, T)+ 1) (exp(22, (T — 1)) + 1)

so as above for T sufficiently large we obtain the inequality

|tanh(zg (T —t)) — tanh(zxT)| < 16 exp(—2|Re(zg)| (T —t)). (60)
This yields the bound
Sk r()] <
32|Re (zziq Zk cosh (2, T') cosh(Z;T) cosh(zy, (T — t)) tanh(%T)) |exp(—2 |Re(z)| (T —t))
A4k 2k

Re((22—ar)(|2n]2—2}))
[22] 127 —qxl

Re((22—qx)(|2]2+22))
[221 122 —axl

‘cosh(2 Re(z) T) —‘ )cosh(2 Im(z)T) — 2Re(

=2

—k
|Ek|2(22*qk)) ‘
Thus we obtain the inequality

|k (1) < M exp(—|Re(21)|(T — 1))

with a constant M3 > 1 that is independent of k and T'. Together with (57) and (59)
due to (55) and (31) this implies that for Fy r(t) we have

Bl < (0 + 0z 4 0x) exp (510 = 1)) (61)
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Ezxponential turnpike inequality for the basis function Gy r(t).

Now we derive the turnpike inequality for Gy, (). Again we use a representation with
the hyperbolic tangent. We have

d(kv T) Gk,T(t)

= —2Re Zkzafq cosh(zT) [1 + tanh(sz) tanh(z,(t — T))] cosh(zx (t — T)))
+2Re (=5 cosh(zT) [1 — B0 tany (5 T) tanh(z, (¢ — T))} cosh(zp(t — T)))
(62)
We have

—_92 —
Zh- — 4k %k

lim {1 - u—k tanh(z; T') tanh(zx (t — T))] =1+ — .
k" — 4k 2k

T—o00 k — qk 2k
Similarly, we have

lim [1 4 tanh(z;T) tanh(zk(t —T))] =0

T—o0

and for the absolute value we have the bound (58).
For our analysis, we define the auxiliary functions

. —2Re ( o cosh(zxT) [1 + tanh(2, 1) tanh(zx (t — T'))] cosh(zy(t — T)))

. 2Re (fiq cosh(zT) [1 - Z= iZ tanh(zT) tanh (24 ( — T))} cosh(z (t — T)))
Then we have _ _

Grr(t) = Spr(t) + Si(t). (63)
Due to (58) we obtain the inequality
|5111T(t)‘
32 ‘Re (\”2\(375) cosh(z;T) cosh(zx(t — T))) ’ exp(—2|Re(zx)| (T — t))
2—qx

Re((z2—ar)(|2n]2—2}))

23] 122 —ax]

Re((22—an)(|2x]2+2}))
[22] 123 —qxl

‘ cosh(2 Re(z) T) — cosh(2Im(z;) T) — 2Re (

This implies the inequality

|Shr(8)] < == My exp(=|Re(z)[(T 1)) (64)

|E |
with a constant M; > 0 that is independent of k£ and T'. Moreover, we have

|S%.r(2)]
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32 ‘Re (IEQI(Eié) cosh(z; T') cosh(z (t — T))) ’
< =k 1\ Zk
T | Re((Z—ar)(Izk]2—27))

22 o 2422 =2 ’
e cosh(2 Re(zy) T) — | 7l ’fzg‘f’[ﬁé', | - D) cosh(2 Im(z,) T) — 2Re (EkQ(;zqk))’
This implies the inequality
- 1 -
|Skr(t)] < E M [exp(—|Re(zk)| t) + exp(—|Re(z)|(T — 1))] (65)

with a constant My > 0 that is independent of & and T. With (64) and (65) due to
(63) and (31) this implies that for Gy r(t) we have

|Gr.r(t)| < m (M1 + Mg) exp(—? t) + exp(—?(T —t))] . (66)

Ezxponential turnpike inequality for the basis function Hy, r(t)

Finally we show the exponential turnpike inequality for the third basis function Hy 7
We have

d(k,T) Hg,r(t)

= 2Re Zk(%) sinh(z;T') cosh(zx(t — T)) + ﬁ cosh(ZxT') sinh(zy(t — T)))
— 2Re W Slnh(

. 7%(;2’1%) cosh(z;T) sinh(zx (t — T))) )

For our analysis, we define the auxiliary functions

2Re (Hk cosh(z;T) [

. ﬁ tanh(zZxT) + m tanh(zg (¢ — T))] cosh(zg(t — T)))
Sk,T(t) d(k T) )
)  2Re (ﬁ cosh(zT) [tanh(z,T) + tanh(zy,(t — T))] cosh(zy (t — T)))

Then we have

Hir(t) = Sir(t) = S r(1). (67)

For T sufficiently large (uniformly with respect to k& due to (31)) we have the
bound ‘m tanh(z;T) + m tanh(zy (t — T))‘
Sk, 7 (®)]

1
< =

o mkosh(ﬁT) cosh(zg (t—T))|
Re((22 —ap) (2,12 —=22) Re( (22 —a) (12512 +23) =2 ’
e( “k zqk 2jk Tk ) cosh(2 Re(zx) T)— e( 7k zqk 2jk %k ) cosh(2Im(z;) T)—2Re( ——5——
221127 —ag| 221127 —ag| EN
This implies the inequality

4 o
< z—go] This yields

2(2k*‘1k)

8L ()] < |_1|2 Ny [exp(~|Re(z)|£) + exp(—|[Re(z) (T — 1)) (68)
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with a constant M, > 0 that is independent of k and T
For T sufficiently large (uniformly with respect to & due to (31)) we have
the bound [tanh(z;T) + tanh(zx(t — T))| < 4. This yields the bound [S} ,(t)] <

1t 1 _
8|Ek| FNCTEETTS) cosh(z,T') cosh(zy (t T))|

POt oo ey - | L E ) o oy 1) -2 )
Hence we obtain the inequality
A 1 ~
1Sk ()] < M, [exp(—|Re(zx)| t) + exp(—|Re(z) (T — t))] (69)

T =k

with a constant M > 0 that is independent of k and T.
With (68) and (69) due to (67) and (31) this implies that for Hy r(¢) we have

L0+ ) lexp(- X8y +exp(= T — )| . (70)

H t)] <
|Hy,(t)] < EAE 5 5

6.2 Turnpike Theorem between the dynamic and static
Optimality Systems

We have unique solutions for the optimality systems governed by static and dynamic
state equations. Now, we compare the elements of optimality systems and obtain the
turnpike inequalities for the Optimality Systems.

Indeed, the turnpike inequalities that we have derived lead to the useful for
applications Turnpike Theorem which means that :

The difference vT of the optimal dynamic control and the optimal static control
and the corresponding differences w™ for the state and p* the adjoint state admits an
exponential turnpike property.

To this end, we need some additional regularity assumptions.

Theorem 1 Assume that (28) holds and that the initial state satisfies the regularity
condition

D Ak lar(0)f + Jag(0)* < oo, (71)
k=0

that is the initial state belongs to the energy space of the elliptic problem defined by
the bilinear form a(-, -). If Q =T then there exists a constant D = D(yo, y1, p°) that
is independent of T and t such that for all t € [0, T

o (N Z2 () + 1T )1 Z20) + 14T (D)1 Z2i0) < D eV E +emVIT0 1 (72)

Moreover, the constant D depends on Q only as a function of the energy norm for the
initial state that is determined by Q as in (71).

Remark 9 In the case of boundary control problems on networks, the Turnpike Prop-
erty for optimality systems can be shown. The difference between the boundary control
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and the distributed control is the appearance of a linear operator in the optimality con-
ditions. In the optimality conditions of the boundary control problem, a linear operator
maps the adjoint state into the optimal control.

For the optimal cost the exponential turnpike inequality (72) implies the so-called
integral turnpike property (see e.g. [16])

T
;li%/ o™ D120y + 17 1720y + 10T (@) 72(q) dt < oo
0

This implies in turn

1
Jim T (iT) = 1(0), (73)
see for example [20].

In shape sensitivity analysis [21] we avoid, if possible, the dependence of the shape
gradient of the cost with respect to given data including e.g., the given initial condi-
tions. Thus, we define the initial conditions, say yo(z) and y;(x), z € Q,, for variable
domains 7 — €2, used for the derivation of shape gradient of the cost. If {1 is e.g., the
cross with variable length of the edges, we select the elements g, y1 as the restrictions
to 2, of functions Yy(z), Y1 (x) defined on the cross with the edges of maximal lengths.
The shape derivatives of the restrictions are zero. Therefore, there is no contribution
from the initial conditions to the shape gradient of the cost.

Remark 10 We use the material derivative method [21] for the purposes of shape
sensitiwity analysis for networks. The general rule for the data of initial-boundary
value problems is to select the given functions by the restriction to actual domain of
some functions defined everywhere. The shape gradients of such initial data are simply
zero and the material derivatives are given by the gradients, thus some regularity is
required. In this way the shape gradient of the cost is independent of the initial data.
In our case, this selection can be used for the initial conditions of the displacement
and the velocity. The material derivatives of such initial conditions Y =Y (z) take the
form Y’ (z)V(0,x), where V(7,x) is the velocity field of the material derivative method.
In another words, the initial conditions are selected in such a way that there is no
contribution of the initial conditions to the shape gradient of the cost function.

The following corollary states a shape-turnpike result. It is a relation between
the optimal values of a dynamic optimal shape problem for large time horizons and
the optimal values for the static optimal shape problem. For the proof we suggest to
proceed by contradiction.

Assumption 1 Let us consider a tree G = {E,V'} with the set of edges E; = [0, L;],
i=1,...,N, and denote by £ = col (Ly,...,Ly). The set of admissible trees Q(¢) €
A is defined by the conditions MZ"”" < L; < M™*, where 0 < My < M[m" <
M™% < My < oo. The set of admissible trees is convex and compact, therefore, for the
minimizing sequence {, of optimization problem there is a subsequence, still denoted
by the same symbol such that we have £,, — oo in RY | and in addition Q) € A.

Corollary 1 Let Assumption 1 hold. Let a sequence of shape parameters (£,), and
a bounded sequence of controls (i), with G, (t) € L2(Q(L,)) for all n € {1,2,3,...}
be given. Let 7, denote the generated state and p, the corresponding adjoint state.
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Assume that for all n € {1,2,3,...} we have

lloom 172000y F1Vm OlI7 220,y + 118 @200y < D [ef‘ﬁt +e VIO (74)
where wl = g — 29 ul' = pl' —po v nT =4l — 97 and (O, 2n, Pn) is optimal for Q(£,)
Assume that 1im,,—, oo Lopt (T) = ? and that Uy, converges weakly to Ueopt.
Assume that the optimal shape problem with (OCE) has a solution ({opt, Uopt)-
Then uep is a solution of (OCE).
Let op; denote the solution of (OCS) for Lop:.
Then we have

Hwopt( )\\%2(Q(eom))+||l/oq;t(t)H%Z(Q(eopt))ﬂmzpt(t)||2L2(Q(eopt)) <D eVt 4o VITTD)

(75)
Assume that for a subsequence we have imy, _ o Lopt(Th) = .
Then we have
nhﬁ}n;lo ?JT ( Zpt;gopt(Tn)) ( ) (76)

and ¥ is the optimal control for the network defined in Q(L), the limit shape param-
eter { is optimal for the static problem ¢ — (OCS)(£), the optimal shape reads Q(é)
In general, an optimal shape is not unique but it does exist for the compact set of
admissible shapes.
Remark 11 Under Assumption 1 the set of admissible shapes is conver and compact
in RN . Denote by ? an optimal shape for the static problem, note that the optimal
shape is not unique, and let the admissible sequence of shapes £, be convergent to an
optimal shape for n — oo,

by, — L
then

n—oo n—oo

. 1 :
1(0, £) = lim —Jr, (g0, €,) > lim T—JT (thgps Lopt (Tn)) = 1(0, £)  (77)

therefore ~
I(b, 0) = I(, 0).
Proof of the corollary.
The constant control with the value v can be considered as an element of
L2(Q(lopt(T))). We have the inequality

‘Huopt(éopt(Tn)) - Ud||%2(9(zopt(Tn))) —[lo— “d”%%n(zopt(n)))

< a5 Copt ()=l 2@tapecrn) (155 Copt (T)) = a2 02 (1) + 110 = Wl 22t ) -
Integration from 0 to T, and division by T,, yields

fO n

4T
Qg (Lopt(T7)) — u(iHiz(Q(eopg(Tn))) dt — o —u ||2
T A L2(QUopi (Th)))
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Ty (AT, N T .
0 " N1ope (Copt (Tn)) =0l L2 (e (7)) (H”o;t(fopt(Tn))*ud\|L2(Q(eopt(T,,,)))+|\U*Ud||L2(Q(zom(Tn))>> dt

< T

T, .
< f |4 opt(eopt(Tn)) - UH%P(Q(ZOm(Tn))) dt
< T,

. To (AT .
209~ wall 2 @topurn Jo gt (Copt (T)) — 0l L2(@(E0pe(Ta))) A1
T, '
For the state we obtain a similar inequality, namely

Tn
fo ||yopt opt(Thn)) — yd”%z(g(gom(:rn))) dt 9
T, — 12— yd”L?(Q(Zopt(Tn)))

_ o 1955 ot (T)) = 213ty 4
< T
L 212 = yallz2@(eope ) Jo " 135 (Lopt(Tn) = 2l L2000 (1)) At
T, ’
For the optimal cost the exponential turnpike inequality (72) implies the integral
turnpike property (see e.g. [16])

T
g}i%SLt}p/o ™ (D172 () + 17 1L ) + 11" ()72 dt < oo

Moreover, we have

T
sup SI;P/ lw” (Ol 22 + 17 )l 2@ + 117 (#)] L2 (0 dt < oo
> 0

Thus adding up the inequalities for the control and the state and taking the limit for
T,, — oo yields (76).

Remark 12 For tree-shaped graphs often the system is exactly controllable in some
finite time tyi,. Recently it was shown that if there is also control action at the interior
nodes of the graph, exact controllability is also possible for a graph with cycles, see [22].

In this case we can choose for all n € {1,2,3,...} a control function ugnzt(t) €

L? (07 timin; L2 (Qlopt (Tn)))) that steers the system to the constant state y(tmin, -) = 9,
Yt (tmin, *) = 0 and satisfies

max 41220, tuins2(@(ope () < - (78)

Such a control can be determined using the classical method of moments as described
for example in [25].

™ .
We define the control o™ (t) = { init(t); £ € (0, tmin),

@ t> tmin-
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Then 5™ is feasible for (OCE)(Ty, Qlopt(Ty))) and thus we have

Ir, (i Lopt(Tn)) < Tz, (0, Lo (T)).- (79)

Moreover, (76) implies that for all € > 0 if T,, > 0 is sufficiently large we have

i T, (5, e (T2) < 7T, (e e (To) + (80)

This can be seen as follows. Since lim,_, o T, = 00 due to (78) the contribution of the
integral on the time interval (0, tmin) vanishes in the limit, that is we have

R ) =y ey 10 0) — 1) e + 10 =
n—00 T, B

and since limy, o0 Lopt (Th) =  we have

T, — min ~ ~ ]
— fim 2 tmin g () = 106, ).

n—00 T, n— o0 n

Assuming the exact controllability of the system in the finite time ¢y
allows to choose for all n € {1,2,3,..}, a control function “Enzt(t) €

L2 (0, tmin; L*(Q(lop:(Ty)))) that steers the system to the constant state y(tmin, ) =
U, Yt(tmin, -) = 0 and satisfies

max {7 | 120, tuins 2 (@(Cope (1)) < 0 (81)

Such a control can be determined using the classical method of moments as described
for example in [23].
(n) i
We define the control 5™ (t) = { Yinit (At)’ t € (0, tuin],
v, t 2 tmin-
For all n € {1,2,3,...} this implies the inequality

1 ~(n
T7JT (@ optvéopt(Tﬂ)) < ?JTn,(U( )agopt(Tn))-

This yields (79).

Assume that the optimal shape problem with (OCE) has a solution ({op, Uopt)-
Then w,p; is a solution of (OCE). Let 0,y denote the solution of (OC'S) for £,,;. Then
Theorem 1 implies that (75) holds.

_ Proof of Theorem 1. Define Mp = My + My + Mz, Mg = My + My, My =
Ny + M.
Due to (34), (61), (66) and (70) for all k£ € {0,1,2,3,...} we have

A
b, (£)] < Mpe™ = =0 by (T)| (82)

40



+V1+ v A Mg |ar(0)| + My |aj,(0)]] exp(—gt)—l—exp(—g(T—t)) :

For the square, this yields the bound
[br (D)7 < 3MEe™VTT 0 by o (T)? (83)

H6(1+ 7 Ak) M lar(0)]* + 6M |af (0)*] [exp(—v/7t) + exp(—yA(T — 1))].
Due to Parseval’s equation this implies for all ¢ € [0, T']

1" (Ol Z20) = Zlbk |2<Z3M2_ T 1oy, (T) 2

H[6(1 + 7 Ak) ME |ar(0)]* + 6M; |aj (0)[] [exp(—+/7 ) + exp(—y/3(T —t))].
Since the initial state (y°, y!) satisfies

ZAH% )? 4 Ja (0)* < oo,

this yields an exponential turnpike property for the adjoint state. To be precise, we
have for all ¢ € [0, T

1" (O)720) < Cyo, y1, p7) lexp(—v/At) + exp(=yA(T — 1))] (84)

with a real number C’(yo, y1, p°) that is independent of T" and k.

For the optimal controls, for I' = Q we have vT = u”, hence we have a similar
inequality as (84) for ||vT (¢t )||L2 )

Note that in proof of (61), (66) and (70) in the estimates we did not take advantage
of the real part that appears in the representations. In fact, we have always used
upper bound for the modulus of the complex number whose real part appears in the
expressions. In the representation of the second order derivatives, the only change is
that the factor zz appears in the complex variable representations compared to the
original expression. Therefore our proof also yields the inequality

V% (8)]? < 32> MEe VT |y (T (85)

Hzg2[6(1 + 9 M) M |ar(0)]* + 6 |ai, (0)] [exp(—y/7 1) + exp(—y3(T = 1))]-

We have
=y + (v — Ag) by,

ak = . 86
4 14+ (86)
Define
|21 |? V1I+ A Ak —
M, :=sup ——— pY——F <00, Mg :=sup ——" < o0
R TR Ve ROV S W
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and
M, = Mg |bk)T(T)‘ + 1+ ’y)\k Mg |ak(0)| + Mg |CL;€(O)|

Due to (86) we also have the following exponential inequality for the coefficients in
the expansion of the optimal state:

kil Nl
lar(t)] < (Mo + Mg) M, [e” 2 L e 2 TD]

This yields the turnpike inequality for the state w”:
o™ ()1 720y < Clyo, y1. p7) lexp(=y/7 1) + exp(—=yA(T = 1))] (87)

with a real number C’(yo, y1, p°) that is independent of T'.

Note that in proof of (61), (66) and (70) in the estimates we did not take advantage

of the structure of the spectrum. In fact, the constants in the turnpike inequalities
(61) and Mg = M; + M, in (66) and My = M; + My in (70) are independent of k.
Remark 13 From mathematical point of view, it is of interest to analyze the nucle-
ation of a cycle at the internal node of network. This means that the internal node
is replaced by a small cycle, see Figures 11, 12. The question which internal node is
selected can be solved in the steady state case, the topological derivative of the cost
18 introduced to this end. The domain decomposition method is applied in order to
derive the form of the topological derivative. The associated Steklov-Poincaré operator
is represented by a matriz € — A(e) which is semidefinite positive and differentiable
at ¢ = 0+, the derivative is denoted A'(0) for the sake of simplicity. In the case of
wave equation such a result is not known, however the numerical experiments show
that dependence is reqular. Therefore, we assume that for a given initial conditions
the solution of wave equation enjoys the properties of the steady state boundary value
problem for the nucleation of the small cycle. Let us note that for ¢ > 0 the wave
equation is well defined and the regularity of initial conditions required for the turn-
pike property are already given. Here we assume that the limit of the cost for e — 0+
is well defined and the value of the cost is continuous € = 0. This assumption does not
imply the differentiability of the cost at € — 04.
Assumption 2 Let us consider the wave equation on network and let J(2) be the
cost for given initial conditions yo,y1 and given time horizon T > 0. At the internal
node Py of the network a cycle of size € > 0 is introduced, which leads to the cost
J (). The topological variation of the network is admissible provided we have

lim () = J(Q).

e—0+

7 A simple example

Let real numbers L > 0, T > 0, ¢ > 0 and v > 0 be given. Let yo € H'(0, L) with
y0(0) = 0 and y; € L?(0,L), z € H*(0, L) with ¢ = 2/(L) be given. Consider the
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problem

T L
min / / ly(ts2) — 2(@)? 4 et 2) 2 di + fu(t) — C[ dt

subject to

y(O,IE) = yO(I)’ (Ov L)7
yt(O,I) = yl(x)v ( L),

yie(t, 2) = ype(t, ), (t,2) € (0,T) x (0, L), (88)
y(t,0)=0,t € (0,T),

Yo (t, L) = u(t), t € (0,T).

x €
S

The solution to the initial boundary value problem for a control u € L?(0, T) is
stated in [24], Theorem 2.3, p. 17 in the form

y(t, ) =Y an(t)en(z) (89)
n=0

with the eigenfunctions ¢,(z) = %sin((g +nm) L), n € {0,1,2,..}. For the

eigenvalues we have

Ap = L (g+n7r)2

2

and the minimal eigenvalue is A\g = 7~ # For n € {0,1,2,...}, let
L L
o= [ ml@)en(e)de, o} = [ un(a) pale) da. (90)
0 0
We have
t t t
an(t) = a2 cos <(72T + nﬂ')to) +al z +On7r sin <(72T + nﬂ')to) (91)
\/5 t() ¢ s t—s
+(=1)"e? X2 /us sin| (= +n ds,
(e 2t [t sin (G 4 nm) )
where tg = % Since Parseval’s identity states that almost everywhere on [0,T], we
have

L ee} L )
/ y(t,2)?dr =3 [au(t)f and / yit,2)?de =3 |al, (1))
0 n=0 0 n=0
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We can represent the objective functional in the form
T L
[ ] wttn) = 2@ 3 e o) do + ) - 2 e
o Jo

TS 2 2 2 r L 2 -
- / 3 lan O + 21O + u(t) = e + / / 2(0) + 3 2 (a)2(a)dot

If the control space L2(0,T) is replaced by a finite dimensional space of piecewise con-
stant control functions, this yields a finite dimensional quadratic optimization problem.
Since in this case, the necessary optimality conditions are a finite dimensional sys-
tem of linear equations, this can be used to obtain numerical approximations of the
optimal control.

8 Numerical solutions of three examples

In this section, we discuss the numerical solution. We consider the following problem
data:

c:=1; v:=0.1; T:=1,10,100; L :=1;

We choose yi(z):=0 (z€(0,1)).

0,( =0 (Example 1);
(rz), z=0,¢ = 0 (Example 2);
(

7x), z =x,( = 1 (Example 3);

The coefficients o and «l in (90) are obtained as the Fourier coefficients of the
chosen functions yo(z), y1 ().

In order to solve the optimal boundary control problem numerically, a finite-
dimensional approximation is used on two sides of (88) simultaneously:

First, the series expansion in the objective functional has to be cut after N terms
which leads us to the consideration of the problem (OPT)(y, V). Second, we compute
approximations for the optimal controls u € L?(0, T) in the space of piecewise constant
functions. Let a grid 0 =t < t; <ty < ... <tpr =T be given. For i € {1,..., M} let

1. yo(z) :i=x, 2 =
2. yo(x) := 7 1sin

3. yo(z) :== 7 1sin

) L lifte [tj_l,tj),
v (t) = { 0 elsewhere,

and, define the finite dimensional space X /(T by
Xu(T) :==span{v;(-):j=1,...,M}.

For any u € X/(T') we use the representation

M
u(t) = Zu(tj,l)vj(t), te [O,T),
j=1
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where v;(t) stands for the characteristic function x,_, .,)(t) of the interval [t; 1,t;)
and the approximation of control is defined by the vector U = col(Uy,...,Upy) € RM.
Hence, we are finally led to solve the problem

M
(Dopt) (v, N, M) uel)?glm Dt —ti) (ulty—1)® + 2u(t;—1)¢ + (%)
j=1

M N .4

13 Y RHOTEETACIY 92)
j=1n=0"ti—1
M N
W

j=1n=0"%i

t

;oL
/0 200, ()i (2)2(2) + 2%(2) dedt

with «;(t) as defined in (91). Problem
(Dopt) (v, N, M)
can be equivalently formulated as a quadratic programming problem in R™

min U' QU +q U+ W
UeRM

where the matrix Q(N)axar, depending on the fixed number N, and the vector ¢ €
RM are to be assembled for fixed N from the cost as stated in (92). The assemblage
is described below. We use the notation U; = u(t;—1), (j € {1,...,M}) and take into
account a constant term W that is independent of U. We have

M
UTQU +q U+ W = (t; —tj-1) (ult;—1)* + 2u(t;1)¢ + ¢?)

Jj=1

M N ot
T ZZ/ | ()7 + ], (8)]? dt

j=1n=0"ti-1
M N
%I

j=1n=0"ti-

L
/0 200, (1) () 2(2) + 2%(2) dadt.

For the convergence of the approximation, it is important to increase both N and
M simultaneously. Otherwise, if only M — oo convergence to the optimal control in
general does not occur (due to a possible spillover effect). For ¢ € (t;_1,t;) we have

v2 ot
5 +nm Jg

_\:er ;Uk/ vk (s) sin ((g +nm)(t — 5)) ds

an(t) = a2 cos ((g + mr)t) + (=) u(s) sin ((% +nm)(t— s)) ds

t
=a? cos ((E + mr)t) +(—-1)"—
2 5 0
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V2

s
2—|—n7r

_ 0 z 1\ T
fancos((Qerr)t)Jr( 1) V',

where ij = COI(‘/j,h‘/jﬂv"' 7‘/},_7’0’"' 70)a

te . im . .
i sin (5 +nm)(t—s)) ds if k < j,

Vik = fttk,l sin ((Z +nm)(t—s))ds if k= j,

0 if k> j.
and )
2 _ 022 (T Tv.v.T
an(®)F = (@52 cos® (5 +nmlt) + 5 UT VU o
2\[0[ o T
+ (=" e os((§+n7r)t>‘/']- U.
This implies
M N M N -
2 —
Z Z /tv, |, (t) Z Z / cos ((2 + mr)t) dt
j=1n=0 j=1n=0
tj
.
5 5) st ity LR
j=1n= 0 j—1
M N t;
Q\fa J T T
+]ZM;) 2+m/ lcos<(§+mr)t)vj dtU
_W1+U Q1U+q U. (94)
Moreover, for the derivatives a,(t), we have for t € (t;_1,t;)
¢
L) = —(Z 0gin ((Z T -
a, (t) = (2 + nm)a,, sin ((2 —|—n7r)t) )"V2 ZUk/o vg(s) cos ((2 + nm)(t s)) ds
= _(g + nm)al sin ((g + mr)t) + (—1)"\/§VJTU,
(95)

where ‘7] = col(‘~/j71,f/j72,~-~ ,‘N/jJ,O, -, 0),

o cos (5 +nm)(t—s))ds (k< ),

Vik = j; cos( +nm)(t—s))ds (k=j),
(k> 7).
This yields

n n

o, (1) = (ao)Q(g + nur)? sin? ((g + n7r)t> +2U VU
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+ (*1)n+12\f2a%(g + nm) sin ((g + mr)t) f/jTU

Hence we obtain
M N

M N tj t;
'YZZ/ o, ()] = 722(042)2(% +n7r)2/ sin? ((g +n7r)t) dt

j=1n=0"%ti-1 j=1n=0 tj—1

M N tj
+7222UT/ V;VdtU
j=1n=0 tj—1
M X T L T ~
+VZZ(—1)”+12\/5049L(§ —|—n7r)/t sin ((5 —l—mr)t) Vj—rdtU
j=1n=0 i-1

= (W + U Q2U + g, U).

And we have

M N tj M N tj T L
— 0 o
Z Z / an(t)pn(z)z(x) = Z Z / a,, o8 ((2 + mr)t) dt/ z(x)p(z)dx
j=1n=0"ti-1 j=1n=0"ti-1 0
M N ,
VB oo
+ —1)n— vidtU
j;l 7;)( ) PR !
=Ws+ ¢4 U.

For the objective function, this implies

M
> (5 = tio1) (ulti—1)® + 2u(t;1)¢ + ¢?) = U QsU +2¢] U + Wy,

j=1

M N t;

ZZ/ (O + Ay (O dt = U+ ¢/ U+ Wy +7(UTQxU +¢3 U + W),
j=1n=0"ti-1

M N

Z Z/ / 200, (V) on (z)2(2) + 22(1”) dxdt = 2q3TU + Wis.
j=1n=0"ti-1 70
Thus

UTQU+q U+W = U (Q1+7Q24Q3)U+(q1+7va2+a3+qr) U+ Wiy Wot W+ W,

Here we use the notation

M N

2 tj
Q1= Wi/ Vv, dt,
j;ngo (5 +nm)* Jy; T
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M N t;
Q=332 / VT,
j=1n=0 Yt

j—1

Q3 = dla‘g(tl - tOv e 7tk - tkflv e 7t]\/[ - thl);
M N .
2\/50&2 L T
o= Z Z(_mm / Cos ((5 + m)t) Vjdt,
j=1n=0 2 tj—1
M N - " - ]
G2 = Z Z(—l)n+12\[2a2(§ + nﬂ')/ sin ((5 + mr)t) Vdt,
j=1n=0 tj 1
M N v
Vi oo
q3 = (-1)"— V. dt,

J
¢r = (t1 —to,ta —t1,-- ,twm —tM71)T7

M N ¢
Wy = Z Z(ag)Q/ cos? ((g + nﬂ)t) dt,

j=1n=0 tj-1
M N t;

Wy = Z Z(a%)Q/ sin? ((g + nw)t) dt,
j=1n=0 tj—1

W3 = Z Z /t] a? cos ((g + mr)t) dt /OL z(x)p(z)dz.

j=1n=0"%ti-1

We employ Matlab for the computational analysis of all examples. Figure 1 and
Figure 2 illustrate the optimal control and state, respectively, for varying values of T
in example 1. Notably, as T increases significantly, the control variable u converges to
¢. Moreover, with the increment in T, there is a discernible trend towards stabilization
in the norms of both u and y, as evidenced in Figures 3. Fig. 4-6 present the results
obtained from example 2, whereas Fig. 7 to 9 depicts the outcomes of example 3.
Additionally, Fig. 10 presents the quotient of the optimal value of (Dopt)(y, N, M),
which adheres to the turnpike property, thereby providing valuable insights into the
behavior of the system concerning varying T values.
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Fig. 1: Optimal control u(t) for different values of T in Example 1
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Fig. 4: Optimal control u(t) for different values of T in Example 2
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9 Topological derivatives for network optimal
control problems

The topology of network for the purposes of optimal control problems is selected in
the framework of the topological derivative method for static problems, we refer to
[25] for an elementary example. It turns out, that the topological derivatives for a class
of cost functions can be determined by using the domain decomposition technique for
the state equation [26]. We describe in details the topological derivative method and
present numerical results for examples.

Let us consider the network static problem. We define the topological derivatives
for optimal cost of network control problems with respect to nucleation of a small
cycle. We present also numerical examples. The simplest example of a network is the
three-star graph with one central vertex Py and three boundary vertices P;, P, Ps,
thus V = {Py, P, P5, P3s} (See Fig. 11). There are three edges E = {Ey, Fa, F3}.

xr = l3 Tr = ZQ
Fig. 11: The three-star graph

For the steady state problem, singular domain perturbations of the shape are
considered. The topological derivatives of the shape functional are defined. The shape
and topology optimization is performed. The network is singularly perturbed by a
small cycle of the size ¢ — 0 (See Fig. 12). In such a case the domain decomposition
technique is used and the Steklov-Poincaré operator is introduced. The topological
derivative technique is employed in order to decide if a small cycle is useful for the
topology optimization of the network.

We introduce multiple perturbations of network represented in Figure 13. The
Steklov-Poincaré operator A, replaces the subgraph G. in the state equation of the
network. In this way the topological derivative of the cost for optimal control problem
on perturbed network is obtained for the nucleation of multiple cycle in the three-star
graph.
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Fig. 12: Nucleation of a cycle of size ¢ in three-star graph

.P2

Pl.

. J P3
E€,3

Fig. 13: Multiple perturbations of the three-star graph for domain decomposition
technique.

9.1 Shape and topology optimization on networks

We recall briefly the shape and topological derivatives of a given cost for the network.
We restrict ourselves to static problems however the shape and topology optimization
can also be performed for dynamic optimal control problems on networks. For the
optimal control problems with the Turnpike Property the analysis of static problem is
useful for the solution of dynamic problem. In particular, the topology of the network
is designed using the static problem.

The shape €2 of the network for fixed topology is governed by the finite dimensional
vector £, which contains the lengths of edges, £ = col (Ly,...,Ly) where N = #FE =
{E;|i € Z}. Therefore, Q := Q(¢), and the cost £ — Z(¢) := J(2(¢)) is defined by
the optimal cost of control problem 7 (£2) := J(@(2)) for evolution problem. For the
steady state problem the optimal cost of control problem is denoted by £ — J(3(€2(¢))),
where 9(€(¢)) is steady state optimal control in the domain defined by the shape Q(¥).
We consider the Neumann control in the numerical examples presented for the wave
equation.

We use the standard technique for shape [21] and topology optimization [27].
Namely, the material derivatives are employed in the shape sensitivity analysis in the
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framework of speed method [21]. The parameter 7 — 0 is used for the boundary vari-
ations of T — J(Q;), at 7 = 0, the material derivatives of the cost and the state with
respect to the parameter 7 are denoted with the dot

In addition, the topology optimization is considered in the case of nucleation of the
small cycle of the size ¢ — 0. The topological derivative of the cost is defined as follows

The topological derivative T (€2) for nucleation of small cycles of the size € — 0 is eval-
uated for two examples of static problems, and applied to the topological optimization
for dynamic problem in the first example.

9.2 Examples of topological derivatives for networks

Two examples are presented of singular network perturbation by nucleation of a small
cycle. In the first example, the topological derivative is evaluated for the optimal con-
trol problem with the static state equation, and then for the dynamic state equation,
the optimal size of the cycle is determined. In the second example, the topological
derivative is evaluated for multiple singular perturbations of the three-star network.
Example 4 (for one cycle): In this example the optimal control u is computed for
the geometry depicted in Figure 14. The variables z and ( satisfy

—z!'=0,2€[0,L;],i=1,---,6,
21(0) = ¢, 22(L2) = 23(L3) = 0, (97)
Continuity and Kirchhoff Condition.

Set ( = 1, L4 = Ly = Ly = 2,69 = 0.5, €pax = 1, and 0 < € < epax-
Here, G = {E.,V.} contains a small cycle. E. = {E.1,E.2, -+ ,E.6}, Vo =
{Q17Q27Q37P4up57p6}7 |E€,1| = ‘E£,2| = |E6,3| = E€max — & = 1- g, |E5,4| = |E€,5| =
|E: 6] = €. The cost functional under consideration is defined as:

1 Gn [Limsmen s 1 )
J(U):§Z (yi — 2i) +§|U—C|-
i=170
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Fig. 14: Domain decomposition for tripod directed network with an elementary small
cycle.

By the Lagrange method, the optimality system is given by

3 3
; foLiigmax yl¢1 + a(QO;p’ ¢)) - ¢(Lz - 5maX)TAap(Li - gmax) - Z:l fOLiismax Zi¢i7
a(QO; Y, ¢) - p1(0)¢1 (0) - y(Lz - 5max)TA8¢(Li - Emax) = _C¢1 (0);

where
o€ H={¢;,¢, € L*(0,L;), ¢2(0) = ¢3(0) = 0, continuity at interior vertices. }

and
2 -1 -1
-1 2 -1]. (98)
-1 -1 2
Fig. 15 shows the shape functional with respect to . The derivative of J with respect
to ¢ is consistently negative as € approaches 0. This is the information that allows for
the topology variations by nucleation of a small cycle at an interior vertex of the graph.
Another observation emerges: as € approaches ¢g, the cost functional (J) converges to
0, indicating an optimal length for the introduced cycle. This implies that at ¢ = €,
the network experiences an optimal configuration, emphasizing the critical nature of
this parameter in shaping the network.

Now, considering the dynamic example in Figure 14, where the damping parameter
is set to a = 0, the cost functional is defined as:

- 1
c 2-3

I(w) = ;g [ [ e taea s g [ wre [ o -cra

The state equation is given by:

(yi>tt - (yz)ww + ay; = Oat S [O,T],.’I} S [O7Ll]7 1= 1a27 e 767

yl(o’ I‘) = y’(L)(x)’ (yl)t(OVr) = y?,l(x)a 1= 17 27 e 767 (99)
(y1)'(£,0) = u(t), y2(t,0) =0, ys5(t,0) =0,

Continuity and Kirchhoff conditions.
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Fig. 15: The shape functional for ¢ € [0,1] in Example 4

The adjoint equation is:

Pi)ee — Pi)we +a0i = (Vi — i + zi)x(x),t € [0,T],2 € [0,L;], i = 1,2, 3,
(pi)tt — (pi)m +ap; =0,t € [07T]73’J S [O, Ll], i =4,5,0,

pi(T, .’L’) =0, (pi)t(T7 r)=0,i=12,---,6,

(pl)m(tﬂ 0) = 07 p2(t>0) = 07 p3(t, 0) = 07 te [OaT]a

Continuity and Kirchhoff conditions,

(100)
where x () is the characteristic function of [0, L; —€pax], i-€., X() = 1 on [0, L; —€max]
and x(L; —z) = 0.

The optimal control u(t) is obtained from the optimality system as

u(t) = ¢ —p(t,0).

This formulation provides insights into the dynamical optimization of the system.

In Fig. 16, we illustrate the temporal evolution of the shape functional across
varying € € [0, 1]. Subfigures (a), (b), and (c¢) correspond to 7' = 1, T = 10, and
T = 100, respectively, offering insights into the functional’s behavior over different
time scales. It is evident from the results that the minimization of the cost functional
consistently occurs when ¢ = gy, emphasizing the pivotal role of this parameter in
optimizing the system’s response.

Example 5 (for multiple cycles): In this example, the geometry is depicted in
Figure 13. Here, G. = {E.,V.} contains a small cycle. E. = {E.1,E;2,- -, E:9},
Ve = {Q1,Q2, ,Q5, Py, P5, P}, |Q1P5] = |Q2Ps| = |Q3P4| = emax —€ = 1 — ¢,
|Ez 5] = |Eeg| = |Ee9| = €%, |E- 4| = |Ec7| = e—€2, |Ecs| = €, and |P;Q;| = L —max
(i = 1,2, 3). The parameters, cost functional, and optimality system remain consistent
with the Example for one cycle (static), with the sole distinction being the form of
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(a) T =1 (b) T = 10 (c) T = 100

Fig. 16: The shape functional for € € [0,1], T' = 1,10, 100 in Example 4

Ac. The Steklov-Poincaré operator for the small, double cycle is:

—2 1 1
1 | 58 +20e—18 322 —10: 49
Ae=-5"—3 22— 10e+9 222 —10e +9

362 —10e +9 —5e2 +20e — 18
2e2 —10e + 9 2¢2 —10e +9

For numerical results, refer to Fig. 17. The topological derivative at € = 07 is negative.
And the optimal size of the cycle is € = g = 0.5.

0.005

0

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
£

Fig. 17: The shape functional for the size of cycle € € [0,1] in Example 5.

10 Conclusions

In this paper, we exploit the properties of shape and topology optimization problems
on networks modelled by graphs. The optimal control problems are considered in
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static and dynamic cases. For the tree network, we show the exponential turnpike
property for the wave equation and consider the geometric shape optimization. The
new case is the tree with small cycles. In such a case the topology of the optimal
network is determined by using the topological derivatives obtained in the static case.
Numerically, the case of multiple cycles also does not pose a problem. This is a novel
result which shows that also in situations of this type shape optimization is applicable,
as long as in the shape optimization no topology change occurs, that is no cycle
vanishes.

The turnpike property also holds if a cycle disappears. We have shown this under
the assumption that the initial state is not supported on the cycle. We expect that
this condition is not sharp.

The convergence of gradient flow for shape optimization is also relevant to net-
works. The modeling of shapes of animals is another possibility for the application of
spectral methods. We refer to [28], and [29] for the related results. Further research
will concern the corresponding shape optimization problems in the general three
dimensional case.
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