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CONTROLLER DESIGN FOR BUSH-TYPE 1-D WAVE NETWORKS *

YAXUAN ZHANG! AND GENQI XU!

Abstract. In this paper, we introduce a new method for feedback controller design for the complex
distributed parameter networks governed by wave equations, which ensures the stability of the closed
loop system. This method is based on the uniqueness theory of ordinary differential equations and
cutting-edge approach in the graph theory, but it is not a simple extension. As a realization of this idea,
we investigate a bush-type wave network. The well-posedness of the closed loop system is obtained via
Lax-Milgram’s lemma and semigroup theory. The validity of cutting-edge method is proved by spectral
analysis approach. In particular, we give a detailed procedure of cutting-edge for the bush-type wave
networks. The results show that if we impose feedback controllers, consisting of velocity and position
terms, at all the boundary vertices and at most three velocity feedback controllers on the cycle, the
system is asymptotically stabilized. Finally, some examples are given.
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1. INTRODUCTION

Many real-world situations can conveniently be described by 1-D multi-link flexible structures (distributed
parameter networks), including wave networks and beam networks. The study on these distributed parameter
networks has caught much attention in mathematics and engineering since 80’s last century. Many nice results
are available, covering the controllability, observability and stabilization of the networks (e.g., [1,3,7,9,11,13,14,
17,19]). Most of them are concerned with 1-D wave and beam equation expanded on simple graphs, while a
few focus on the complex networks which have a number of edges and complicated connections. For example,
the stabilization of a circular string was considered recently in [10] and a feedback law (with delay) acting at a
single position of the cycle was presented to guarantee the exponential energy decay.

For the complex networks, imposing controllers at every vertex is not realistic, because it will result in high
cost in engineering and complicated stability analysis in mathematics. The questions are: can we use fewer
controllers to stabilize the system? If the answer is yes, how many controllers are needed at least and where
should they be set up (this problem is itself an optimal one)? If the controllers have been designed, how can
we test the stability of the corresponding controlled network in a simple way? These are challenging problems
in both mathematics and engineering.
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In the present paper we consider the controller design and stability analysis for complex networks. Here we
introduce a new idea called “cutting-edge” method, by which we can get a control strategy, and at the same
time it also ensures the asymptotic stability of the closed loop system. Our method is based on the following
result.

Theorem 1.1. Let X be a Hilbert space, and let A be a compact resolvent operator which generates a Cjy
semigroup T (t) of contraction on X. Then there exist two invariant subspaces X1 and Xo of T(t) such that
X = X1 ® Xs, where

Xi={zreX| tlirgo T(t)z = tlirgo T*(t)x = 0}

and
Xo = {x € X | [|T(t)x]| = [|T*(t)x]| = [|x]|, Vt > 0},

Note that X7 corresponds to the stable subspace of X, and that X5 corresponds to the unstable subspace.
So a direct idea is to divide a complex network into some subnetworks, and then to design controllers for each
subnetwork so that the corresponding system is stable; and finally to combine the results appropriately. This
procedure is complete via the following steps:

Step 1. Impose controllers at all the boundary vertices;
Step 2. “Cut” some edges from the graph according to the decomposition of the dissipative semigroup associated
with the system. Here we hope the rest of the graph after “cutting-edge” is a subgraph;
Step 3. If the subgraph obtained in Step 2 is a null graph, the controller design is over; otherwise, impose
suitable controllers on the subgraph, then go to Step 2, until all the edges of the original graph are “cut”.
When all the edges are “cut”, the system should be at least asymptotically stable, and all the controllers
imposed to the system in this process form the desired control strategy.
In this process, the most important is Step 3, where we need to impose appropriate controllers according to
the connection manner of the network. To illustrate this, we give a counterexample as follows:

wi(x, 1) = wee(z,t), =€ (0,1)
w(0,t) =0, wy(1,t) = —aw(1,t), a>0 (1.1)
w(x,0) = wo(x), wi(z,0)=wi(x)

A

and
U}tt(I,t) = wl‘l‘(xat)a S (172)
w(2,t) =0, wy(1,t) =aw(1,t), a>0 (1.2)
'(U(:L', 0) - ﬁ}\O(:L')a wt(xv 0) - @1(1')

Obviously, the systems (1.1) and (1.2) are exponentially stable. But the composite system

wtt(mat) :wmﬁ(xat)a T € (0,1)U(1,2)
w(0,t) =0, w(2,t)=0, w(lh,t)=w(l",t) 13
we (17,8) —we(17,t) = —awe(1,t), a>0 (1.3)

w(z,0) = To(z), wi(x,0) = ()

is unstable.

The “cutting-edge” approach is merely an idea for controller design. In the present paper we shall use this
approach to design feedback controllers for 1-D wave system defined on bush-type graph, which is an arbitrary
graph that has exactly one cycle and some trees rooted at the vertices of the cycle, shown as in Figure 1 for
instance. The controller design is carried out from the boundary of the trees to the cycle. According to the
existing results, for instance, see [2,4,6,8,15,20], we can prove that a tree-shaped wave network is asymptoti-
cally stabilized if every boundary vertex is equipped with a velocity feedback controller. Therefore, imposing
controllers at all the boundary vertices of a bush-type wave network will “cut” all the trees; the subgraph
obtained after “cutting-edge” is only the cycle, of which the displacements at vertices across the trees are 0.
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FIGURE 1. An example of bush-type graphs.

Now we design at most three controllers at appropriate positions so that the whole cycle can be “cut”, and
hence the bush-type wave network is asymptotically stable.

The rest is organized as follows. In Section 2, we present the description of the bush-type wave network, and
the solvability of the system via Lax-Milgram’s lemma and semigroup theory in an appropriate state space. The
main result is given in Section 3, in which the number and locations of the controllers are provided. In addition,
the validity of “cutting-edge” method, which ensures the stability, is proved for bush-type wave network by the
spectral analysis [16]. In Section 4 we give some examples to show that for a concrete graph, we can use fewer
controllers to stabilize the system. Finally, in Section 5, we conclude the results of the present paper.

2. MODEL DESCRIPTION AND SOLVABILITY OF THE CLOSED LOOP SYSTEM

In this section, we describe the bush-type wave network under consideration and prove its solvability under
more general assumptions.

2.1. Bush-type wave network

Let G = CUT be a bush-type graph with vertex set V' and edge set E, where C is a cycle with vertex set
Ve = {vf,v5,...,0v%, } and edge set E. = {ef,e5,...,e% }, whose index set is denoted by I. = {1,2,..., N},
and 7 is a tree set whose roots are vertices of C. Let It C I. be the index set of the roots of the trees in 7,
and 7;, be the tree rooted at vertex vi, k € I7. Then 7 = Uper, 7.

For a tree 7y, k € I, and two points ui, us € 7y, if uy lies on a path that connects the root v with us, we
write u; < ug. Set [ug,us] = {z € Tp, | uy < z < wug}. If an edge e = [v, 7], then v is called the start point of e
and v the end point. For each vertex v € 7, denote by |v| the number of the edges between vf, and v, which
is called the order of v. For each edge e € 7y, its order is defined as the order of its end point. The number
pr = max{|v| | v € Ty} is called the height of 7j,. Then the vertex set and edge set of 75, can be written as

Vk:{vg,vﬁiu:l,z...,pk, ¢:1,2,...,Nk7]-}, Ek:{ejiu:l,z...,pk, ¢:1,2,...,Nk7]-}

where j is the order and Ny ; is the number of j-order vertices (hence the edges) in 7.
For clarity, we arrange the elements of Vi and E} in the increasing order of j and ¢, e.g.,

_ c k k k k k k k k k
Vk - {Uka U1,17U1,27 s 7’U1,Nk,15’U2,15 U2,27 s 7’U2,Nk,27 s 7’Upk,17/upk,27 s avpk,Nkypk }

Let N denote the number of the edges of 7, then Ny > 0 and N := ZkelT N+ N, is the number of the edges
(hence the vertices) of G.
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To simplify the description, for k& € I., we view k+1as 1 if k= N.and k—1as N.if k =1. For e}, k € I,
we always denote by vy, its start point and vy, its end point. The direction of edge e € G is defined from its
start point to its end point. In this way, G can be viewed as a directed bush-type graph.

For such a directed bush-type graph G, we refer to the set of edges with start (end) point v as E~ (v) (E*(v)).
The number of the elements in £~ (v) (E™*(v)) is called the out-degree (in-degree) of v, denoted by d~ (v)(d™ (v)).
A vertex v € V is called a boundary vertex of G if d~(v) = 0 and an interior vertex otherwise. An edge is
called a boundary edge if its end point is a boundary vertex. In particular, let N be the number of boundary
vertices, Vp be the set of boundary vertices, V; be the set of interior vertices, and Vip = VI \ V..

Take Figure 1 as an example. In this concrete bush-type graph, Iy = {1, 3}, T TiUT3. No=6,N; =N ; =
2,N3 = N3 1+ N3 2 = 3+5 = 8. The number of the edges (vertices) of the graph is N =N, —|—N1 + N3 = 16. The
heights of the trees are p; = 1, p3 = 2. The out-degrees of vertices U% ; and ’Ul 5 are d— (U1 1) =2,d” (U1 5) =3,
and the out-degrees of the other vertices are 0. Moreover, Vip = {Ul,l,vm} The boundary vertex set is
Vg = {Uipvim vis,vg’j, j=1,2,...,5}. The number of the boundary vertices is Np = 8.

Now we assume that G is a geometric graph. For each e € E, it has a finite arc length /.. If e € E and
e = [v,7], then we parameterize it by its arc length via the function 7. defined by

e ¢ [0,4e] —

where 7. (0) = v, 7. (£e) = 7.
Let y(z) be a function defined on E. We defined the parameterization of y(z) on each e € E by

Ye(x) = y(me(2)), € (0,L)
where z is the arc-length parameter.

Definition 2.1. Let G be a directed bush-type graph, and y : G xR — C be a scalar function in (z,t) € GxR,..
Suppose that the parameterization y.(x,t) of y(z,t) on each edge e € G satisfies the following wave equations

meye,tt(xa t) = Teye,:cac (% t)7 HAS (Oa ge)- (2-1)

Then we say that y(z, t) satisfies 1-D wave equation on G, and G together with y(z,t) is called a bush-type wave
network, which is still denoted by G when there is no scope for ambiguity.

For the bush-type wave networks, in addition, we impose the following conditions at its interior vertices and
boundary vertices:
(1) At every interior vertex, G satisfies the geometric continuity condition:

ye(le,t) = y=(0,t) = y(v,t), veV;, e€ EY(v),e€ E~(v)

where for each ¢ € E, lim,_,- Ye(2,t) = ye(Le, t) and lim, g+ ye(x,t) = ye(0,1).
(2) The dynamic condition (the Kirchhoff law) at every interior vertex:

Toyz o (e, t) — Toyz 0 (0,t) = —ayi(v,t) — Boy(v,t), veV, e€ ET(v).
ecE~ (v)

(3) At every boundary vertex, we impose the dynamic condition:
Teye,;c(fat) = *avyt(vvt) - ﬂvy(vvt)a v e VBa ee E+(’U).

In the sequel, we always assume that o, > 0, 3, > 0 for v € V;UVpg and ZUEVB By > 0. That is, the feedback
law (2) is an internal feedback, and (3) is a boundary feedback with position term.
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Although the lengths of the edges may be distinct from one another, they can be normalized to 1 by a variable
transform @ = £.% for each edge e € E. In fact, this variable transform leads (2.1) to

Melest (T 1) = Tofesz(@,t), 7€ (0,1)

where m, = m¢/l,, T. = T./le, Ye(T,t) = ye(x,t). This shows that by normalizing y, the length /. of edge e
appears in the parameters m, and T.. So without loss of generality we can assume that yf(z,t) and yfl(:n, t),
z € (0,1) are the normalizations of y(z,t) on edge e{ and e¥
is described as

7 i» respectively. Thus a bush-type wave network G

Tﬁyi,m(%t) = MY (z,t), x€(0,1)
lefiy;’c,i,xa‘(m’t) = m?,iy?,i,tt(mat)a r € (0,1) (2.2)
kel j=1,2,....pr, i=12,... Np,

ylifl(lvt) - Z/E(Oat) - y]fi(ovt) - y(vliat)v kel i=1,2,... 7Nk,1
y;ﬁi(l,t) = yﬁlyl(o,t) =y(v fz?t) Ufz € Vir, e?Jrl,l e E” (Ufz) (2.3)
yﬁi(l,t) = y(vﬁi,t), ’u;ii € Vp

and

. . Ny 1 ,
Tl? lylcc 1 ;c(Lt) - Tlgylcc,a,(o’t) - Z 5 Tkzyl 11(0 t) —a;yt(vk, ) ﬁky(vlcwt)a ke Ic
T] ’Lyj i, :n( ’t) - Z k+1 leE* k )Tj+1 lijrl l a:(o’t) = _aj,iyt( 7, 'Ht) j,iy( fz’t% ’U;'ii € Vir (24)
T]’Lyj’bib(]"t) ]zyt( 7,40 ) j’Ly( 7,40 )’ v;'c,i € Vs.

The system (2.2)—(2.4) is a general form of a bush-type wave network under consideration.

2.2. Well-posedness of the system

In this subsection, we give the well-posedness of the system (2.2)—(2.4) for the applications later. We first
formulate (2.2)—(2.4) into an abstract evolutionary equation in an appropriate Hilbert space.

Let y(z,t) be the function defined on G x R,. We associate it with a vector-valued function Y (z,t), whose
components are yy(z,t) and yfz(m, t), ordered as below:

YC(I, t) = (yi(:v, t)7y§(xa t)7 R 7y16;fc(xa t))

Yk(xat) = (y]f,l(mat)a cee anykyl(xat)a y§,1(=’ﬂ;t)a cee 7y§7Nk,2 (l‘,t), s 7y];;k,1(xat)a s 7y;§k7Nk,pk (I’,t))

Y(Zat) - (Y:?(:L'at)a Y1 (:L'at)v YQ(xat)a c Y, (mat))T

where the superscript T stands for the transpose of a matrix. We associate y(v,t), v € V with a vector-valued
function Y (V,t), whose components are y(v§,t) and y(v* v} ;,t), ordered in accordance with Y (x,1).

Suppose that y(z,t) satisfies the 1-D wave equation on G. We associate the coefficient functions with the
matrices denoted by T M,T" and S, respectively. They are diagonal matrices whose diagonal elements are
Tk,Tjkz, mk,mfz, ag,af; and Gy, 53 ;» ordered in consistent with Y (x,t), respectively.

Denote by &1 and <I> the incoming and outgoing incidence matrices of the directed bush-type graph G, and
® ;= &t — d~ its incidence matrix (definitions of them are referred to any standard graph theory textbook,

g. [5,12] or the Appendix in our paper).
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With the help of the above notations we can rewrite the system (2.2)—(2.4) into the vector-valued form:
TY o2, t) = MYy (x,t), x € (0,1)
Y(1,t) = (H)TY(V,1)
Y (0,1) = (27)TY/(V; 1)
OTTY,(1,t) — - TY,(0,t) = —TY(V,t) — SY (V,1).

(2.5)

Set
L*(E) ={f| ff € L*(0,1), ff, € L*(0,1), ke L., j=1,2,...,ps, i=1,2,...,N;} and
Hn(E):{flf;EHn(0)1)7 ]k,zeHn(Oal)7 ke[w j:172a"'7pka i:1527"'7Nk,j}'

where H™(0,1) is the usual Sobolev space of order n, and
HZ(G) ={f € H"(E) | 3n € RY such that f(1) = (*)"n, f(0) = (&) n}.

Actually, H(G) denotes the functions in H"(FE) that satisfy the geometric continuity condition (1) at the
interior vertices. For convenience, we denote by f(V) = n if 5 satisfies f(1) = ()75 and f(0) = (®~)"n.
Let H be the state space defined by

H = HX(G) x L*(E) (2.6)
equipped with the inner product

~

(.9), (F ) = /0 (T (@), P (2))en da + /0 (Mg(z), §(2))evdz + (SFV), F(V))e

o~

where (-, -)c~ is the usual inner product in CV, S is a nonnegative matrix, and the term (Sf(V), f(V))en is
added to ensure that ||(f,9)||x := {(f,9), (f,9))n is a norm of H. Clearly, H is a Hilbert space.
Define an operator A in H by

A(f.g9) = (g, M7'Tf"), (f,9) € D(A) (2.7)

with domain
feH*(E), ge H:(G)

Thus the equations (2.5) can be rewritten into an abstract evolutionary equation in H:
SW(t) = AW (), t > 0
W) = ( ( t), Yi(, (2.9)

W(0) = (Yo(x), Y1 (x ))

where (Yp(x),Y1(x)) € H is an appropriate initial condition.
The following theorem gives the well-posedness of (2.9).

Theorem 2.1. Let H and A be defined by (2.6)—(2.8). Then A is a dissipative operator in H, 0 € p(A), and
AL is compact on H. Hence A generates a Cy semigroup S(t) of contraction on H.

Proof. A direct verification shows that A is a closed and densely defined linear operator in H. The detail is
omitted. In what follows, we mainly prove the other assertions.
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Firstly, A is a dissipative operator in H. In fact, for any (f,g) € D(A), we have

2RCA(f, 9), (F,9)m = (A, 9), (F, ) + ([, 9), AL, 9))n
= /O(Tg'(w),f'(iﬂ))cwd:ﬂJr/O (Tf"(z), g(x))evdz + (Sg(V), f(V))ex

1

+/ (f’(w),Tg’(x))CNdeJr/ (9(x), Tf"(x))endz + (F(V), Sg(V))en
0 0

= (Tg(1), f'(1))evy — (Tg(0), f/(0)en + (Tf'(1),9(1))exr — (T£(0),9(0))cn
+(Sg(V), f(V))en + (f(V), Sg(V))en

= (g(V),®*Tf' (1) =@~ Tf'(0) + Sf(V))c~
+(@FTf'(1) =@~ Tf(0) + Sf(V), g(V))en

= —2(Tg(V),9(V))c~.

Since T' is a nonnegative matrix, so ®R(A(f, 9), (f,9))x = —(Tg(V),g(V))c~ <0, i.e., A is dissipative.
Next we prove that A1 exists on H. In fact, A is injective. This is because if there is a pair (f,g) € D(A)
such that A(f,g) = 0, then it holds that ¢ = 0 and f satisfies the equations

M=Tf"(z) =0, z€(0,1)

) = @DTFV),  F(0) = (@)TF(V)
SHTI(1) = 0T F(0) = —SF(V).

The differential equation implies that f’(z) = ¢, x € [0, 1] where c is a constant vector in CV. Integrating it over
[0,1], we get f(1) = f(0) + c. Substituting it into the boundary conditions yields (S + ®T'®T) f(V) = 0. Since
S + ®T®T is a positive definite matrix (see Appendix), we have f(V) = 0, which leads to f(x) =0, = € [0, 1].
So A is injective.
Further, A is surjective. For any (u,w) € H, we consider the solvability of the resolvent equation A(f,g) =
(u,w), i.e., g =u and
Tf"(z) = Mw(z), z€(0,1). (2.10)

For any test function ¢(z), taking inner product of (2.10) and () in C¥, integrating it over [0, 1] and using
integration by parts, we get

| rut), paende = (7@ plaes| — [ @7 @0 @)evas (2.11)
0 0
where
(Tf (@) pex|, = TF0),00)er ~ (T70), 00))ex
= @ T, 0(V))er — (B TF(0),p(V))en
= V), (V))ex — (STV), (Ve (2.12)

by assuming that ¢ satisfies (1) = (®1)Tp(V), ©(0) = (&) T (V).
Now we define a bilinear functional B[i1,2] on H!(G) by

B[¢171/)2] = /0 (TT/)i(lU), l/fé(m))cNdm + (Swl(v)a wQ(V))(CNa Vl/’lﬂ/)z S H;(g)
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Obviously,
Bl ] = / (T (), 4 (@) d + (SP(V), b (V))en = [l

is an equivalent norm on H}(G), and | B[b1, ¥a]| < |[¢1] 11 (g)|[¥2]| 1 (g)- So B is a coercive and bounded bilinear
functional on H!(G). Then by Lax-Milgram’s lemma, there is unique a solution f € H!(G) satisfying (2.11),
and hence f satisfies (2.10), which implies f € H?(E). Since we have used

OITf(1) — @~ Tf(0) = —Tg(V) = Sf(V) = —Tu(V) = Sf(V)

n (2.12), so it holds that (f,g) = (f,u) € D(A). So A is surjective.

The inverse operator theorem asserts that A~! is bounded, i.e., 0 € p(A). Note that D(A) C H*(E) x H(G),
so the Sobolev Embedding Theorem ensures that A~ is a compact operator on . Finally the assertion that
A generates a Cj semigroup S(t) of contraction on H follows from Lumer-Phillips Theorem [18]. O

3. CONTROLLER DESIGN OF BUSH-TYPE NETWORK — THE “CUTTING-EDGE” METHOD

In this section, we study the controller design and stability of the closed loop system. The controller design
means that we choose the coefficients «, and 3, in (2.2)—(2.4), of which some precisely take positive values, and
the others are 0. The choice approach is based on the so-called “cutting-edge” method. The design procedure
is the same as the one described in Section 1. The purpose of the controller design is to stabilize the system.
The main result is stated in Theorem 3.1 in Section 3.1; its precise proof in theory is given in Section 3.2 by
the spectral analysis approach.

3.1. Main result

In this subsection we state the control strategy for the system (2.2)—(2.4). To simplify the statement, we
need the following definition.

Definition 3.1. (i) If there exist two successive edges ef, ef,; in the cycle C such that the wave speed ratio
\/m:% is irrational, then we say that the cycle C satisfies condition (A), or precisely, the edge pair (ef,, ef )
satisfies condition (A);

(ii) By #mposing the boundary control on G, we mean that all the boundary vertices are equipped with
velocity feedback controllers, i.e., oz;?ﬂ- > 0, Vvﬁ i € Vb

(iii) By imposing an interior nodal controller at v, k € I.\ I, we mean that a velocity feedback controller
is equipped at the interior vertex vf on cycle C, which is not a root of some tree, i.e., af >0, k € I\ Ir;

(iv) By imposing an interior point controller at ¢ on ef,, k € I., we mean that a velocity feedback controller
is equipped at the point ¢ on the interior edge ej, of cycle C, i.e., the equations on edge ef, change into

chyli,a:a:( ) mkyk tt(x t) T e (Oa Q) U (Q7 1)
yela— t) = yila™,t)
Tiys (a1 — T;Sym( 1) = —af vi (1)

where af, , > 0 and g € (0,1) such that ¢/(1 — g) is irrational.
The interior nodal controller and the interior point controller are said to be interior controllers.

The theorem below gives the main result of this paper, which includes the strategy of the controller design,
i.e., the number and locations of the feedback controllers for a bush-type wave network.

Theorem 3.1 (main theorem). Let G = C U T be a bush-type graph, and the wave system on G be given
by (2.2)—(2.4). Firstly, we impose the boundary control on G, which has at most Np controllers equipped
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at the boundary vertices and only one 3, > 0. Next, we impose at most three interior controllers at appropriate
positions on cycle C in the following manner:
Case 1. If cycle C satisfies condition (A), i.e., there is an edge pair (ef,ef ) satisfying condition (A), then
we impose at most three interior nodal controllers al their start and end points v, j € {k,k+ 1,k +2}\ I,
which are not the roots of the trees;
Case 2. If cycle C fails to satisfy condition (A), then for one edge ef, = [vi,vi, || on C, we impose an interior
point controller at q on e, and at most two interior nodal controllers at v, j € {k,k+1}\ Ir.

With this control strategy, the system (2.2)—(2.4) is asymptotically stabilized by at most Np + 3 controllers.

Remark 3.1. In the control strategy, we choose only one 8, > 0 at a boundary vertex, which aims to remove
the zero eigenvalue. According to the control strategy given in Theorem 3.1, N + 3 controllers is a sufficient
condition to stabilize asymptotically the bush-type wave networks, but not a necessary one. In fact, for a
concrete bush-type graph, we can use fewer than Np + 3 controllers to stabilize the system. The examples will
be given in Section 4.

3.2. Proof of the main result

In this subsection, we give a complete proof of Theorem 3.1, especially, the asymptotic stability of the closed
loop system. Our proof is based on Theorem 1.1. We shall show that each tree corresponds to an invariant
subspace similar to X7 described in Theorem 1.1, of which the proof includes the idea of “cutting-edge”. By
the decomposition of space H, we can “cut” all the trees in the graph under the boundary control. Finally we
prove that the three interior controllers can stabilize the rest cycle. The whole proof is complete by the spectral
analysis approach. Since the proof is very long, we finish it by three steps. The first step decomposes the graph;
in the second step we “cut” each tree; and in the third step we “cut” the rest cycle.

Step 1. Decomposition of G

Here we shall give a division of the bush-type graph G, which will correspond with the decomposition of
space H under the control strategy.

According to the geometric structure of a bush-type graph, we separate it into the following parts:

G = Uger, 71 UC.
Introduce the following spaces defined on tree 7, k € Ir and cycle C:
L(By) = {f ={ff} | [} € L2(0.1), €f; € B}, L*(Ee) = {f = {fi} | fi € L*(0,1), k € L}

H"(Bx) = {f ={f7:} | [} € H"(0,1), ej; € Ex}, H"(Bo)={f={fi}| fi € H"(0,1), k € L.}
HMNTe) = {f € H"(Ex) | f(1) = ()" f(Vi), f(0) = (@) f(Vi)}
H(C) = {f € H"(Ec) | f(1) = (27)" f(Ve), F(0) = ()" f(Ve)}
where @g and @, are the incoming and outgoing matrices of tree 7j;; " and ®_ are the incoming and outgoing
matrices of cycle C.

Similar as H'(G), the space H(7;) denotes the functions in H"™(E}) that satisfy the geometric continuity
condition at vertices in VixNVir; and H}(C) denotes the functions in H™(E..) that satisfy the geometric continuity
condition at vertices in V.

Let the state spaces Hy and H, corresponding to the tree 75, k € Iy and the cycle C be as follows:

Hio = HA(TL) x L2(ER),  He = HAC) x LA(E.).
Then we have

Hc P He PH..

kelr
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This decomposition is corresponding to the graph division.
Let S(t) be the Cy semigroup generated by A. We shall show that the invariant stable space described in
Theorem 1.1 with property

H,={feH| lim S(t)f = lim S*(t)f =0}

will be given by {f € H | f(vf) =0, k € Ir} under the boundary control. The proof is based on a stability
theorem according to Lyubich and Phéng’s theorem [16].

Lemma 3.1. Let X be a Banach space, and let A generate a uniformly bounded Cy semigroup T(t) on X. If
the spectrum of A satisfies o(A) C {\ | R\ < 0}, then the semigroup T(t) is asymptotically stable.

For our problem, the operator A is resolvent compact, hence o(.A) consists of isolated eigenvalues with finite
multiplicities. By Lemma 3.1, it suffices to verify that there is no eigenvalue of A on the imaginary axis iR.
Since Theorem 2.1 says that 0 € p(A), so we only need to prove that for any A € iR, \ # 0, if there exists
(f,9) € D(A) such that A(f,g) = A(f, g), then it must be (f,g) = 0.

Step 2. “Cutting-edge” of the trees 7y, k € Iy

In what follows, we assume that for A € iR, A # 0, there exists (f,g) € D(A) such that A(f,g) = A([, g)-
For any fixed k € Iy, denote by (fr,gx) the restriction of (f,g) on the tree 7. We shall prove that under the
boundary control, we have fr(x) = gr(x) = 0. The procedure of the proof is a process of “cutting-edge” from
the boundary edges to the cycle.

Due to A(f,g9) = A(f, g), we have g, = Af, and

1
[l @) = (05 2 fFi(x), e (0,1)
flz(o):f(’ulia 2_1725'--3Nk,1
r(1) = fk 12(0) = ( W)y v € Vi, €§+1,z € E-(v),) (3.1)
(1) = ( ;c )a i € Vi -
OEDY TF o fEa(0) =0, oF eV,
Jsi e?+1,LeE7(”?,i) j+1,l J+1,1 ’ Jsi 1T
!
y ]k,z' (1) = _af,ig(vﬁi) - f,if(“ﬁi)a Ufz €Vp

k o — [k Tk
where pi, = \/m7,/TF;.

Note that
0= RX(f,9), (f, 9))n = R(A(/, )(f7 9 =—Lg(V),9(V))en.

According to the control strategy in Theorem 3.1, we have a ; > 0 for all the boundary vertices U ; € Vg. Thus
the above equality implies that g(v Jl) =gk (1) =0, v}, € VB7 and hence fF,(1) = f(v¥,) =0, v}, € V. The

last equation in (3.1) reads that fjkz (1) =0. Therefore on the boundary edges ej’i, ijz- satisfy the differential
equation

k! k V222 £k (o T
{ fia (@) = () "N fu@), @ € (0,1) (3.2)

F()=fr 1) =0, i=1,2,...,Ny;.

5t
The uniqueness theory of the ordinary differential equation asserts that (3.2) has unique a zero solution.

Now we consider the pg-order edges of the tree 7. They are boundary edges of 75 according to the definition
of pi. Thanks to the previous argument, we have ]sz(:c) =0,i=1,2,...,Ngyp,. So we can “cut” these edges
from 7}.

Next we consider the (py — 1)-order edges of 7, whose end points are U;;k—ld’ i=1,2,...,Npp,—1. If
’Ifk_l,i € Vp, then we already have I]fk_l J(z)=0. If Upk 1,; € Vi, then it is the start point of some py-order

edges. Since we have derived that fy ,(x) = 0, the connective conditions in (3.1) indicate that f _, (1) =

(%
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]frl’il( ) = 0. Again using the uniqueness theory of the ordinary differential equation we get pk 1i(r) =0.

Thus we can “cut” all the (py — 1)-order edges from 7.
Generally, suppose that we have obtained

]k+1,i(m) == :k—l,i(m) = ;]fk,i(x) =0, (3.3)

which means that we have * cut all the edges of 7;, whose orders are larger than j. Then for the j-order edges

of 7;,, whose end points are ’uj i if v ; € VB, then we already have fjkz(:n) =0. If vfz € V7, then it is the start

point of some (j 4 1)-order edges. The connective conditions in (3.1) yield that fF(1) = ff’(l) = 0. For the
same reason as before, we have fjkz(ac) = 0. So we can also “cut” all the j-order edges of 7.

By induction, we get fi(x) = 0. By now we have “cut” all the edges of the tree 7). Therefore (fi(z), gr(x)) =
(0,0).

Step 3. “Cutting-edge” of the cycle C

When we “cut” all the edges of the trees in G, we readily have f(v) = 0, k € Ip, where (f,g) is given in
Step 2. Now we show that under the control strategy stated in the two cases in Theorem 3.1, the rest cycle can
also be “cut”.

Denote by (f€, g°) the restriction of (f,g) on the cycle C, then g¢ = \f¢, and
(@) = ()22 fg(x), we(0,1), kel
fia () = fR(0) = fvg), kel (3.4)
T i (D) = TEfE(0) = S TS (0) = —ogg(f), kel

where pf, = \/m§ /Tf.

Since we have “cut” all the trees, then at the vertices v, k € I, we have
Jia (D) = f£(0) = f(vg) = g(vg) =0, kelp, and

fﬁi'(O) =0, i=1,2,...,Ny1, kelr.
Let It = {k € I.\ I7 | of > 0}. Thanks to the equality

0=RXN(f,9), (f,9)1n =R(A(f,9), (f,9)n = —(Tg(V),9(V))en,

we also have
fio1 (1) = f5(0) = f(vg) = g(vg) =0, ke lr.

The above lead to the equations

(@) = (p0)

2N fi(x), xe(0,1), kel

fia (1) = f£(0)
fi(0)
) =

f(’l)z) =0, ke lr Ul
f(Uz kel \{ITUIF}
TefE(0) =0, ke L.

(3.5)

fioa (1) = f7(0
Ti o fia'(
From (3.5) we see that if there is one ko € I. such that fg (z) =0, then f°(z) =0, and hence (¢, g°) = (0,0).

Therefore we need only to prove the existence of such a ky under the control strategy. In the following, we
verify this in the two cases listed in Theorem 3.1.
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Case 1. The cycle C satisfies condition (A)

If the cycle C satisfies condition (A), according to the control strategy stated in Theorem 3.1, for some k € I,
we have {k,k+ 1,k + 2} € It U Ir, where Ir = {k € I\ I | af > 0}. That is, each v§, j € {k k+1,k+ 2} is
either equipped with an interior nodal controller or a root of some tree. In this case, we have

(@) = (05)° N fi(x), xe(0,1), j=kk+1
fi0) = fi1(0) = fi(1) = fip (1) =0 (3.6)
Tlgfg'(l) - Tl§+1fl$+1l(0) =0.

Note that the general solution of the differential equation in (3.6) is of the form

fi(x) = aj cosh Apfz + b sinh Apfz,  j=k,k+1 (3.7)

where af, b5 € C are constant coefficients.

Substituting (3.7) into the boundary conditions in (3.6) yields

ap =ag, ;=0
by sinh A\pi = b sinh Apf | =0
Ty piby cosh A = T3 P 41 D41

Since the cycle C satisfies condition (A), so sinh Apj; and sinh Apj, , ; never vanish simultaneously, which implies
that at least one of bj; and b5, is 0. Hence at least one of f(x) and f,,(x) is a zero function. Therefore we
have f¢(x) = 0. This means that we can “cut” all the edges of the rest cycle. The desired result follows.

Case 2. The cycle C fails to satisfy condition (A)

If the cycle C fails to satisfy condition (A), then for any two edges ef, ej of C, the wave speed ratio pj /0§
is rational. In this case, it is not sufficient to stabilize the system even if all the interior nodal controllers are
equipped. According to the control strategy stated in Theorem 3.1, we choose an edge ef = [vf, vgﬂ] of C, and
an interior point v, € (vg,vi, ;) such that q/(1 — q) is irrational, where ¢ € (0, 1) is the arc length between vj;
and v,. Then we impose at most three interior controllers at v, vi,; and v,, which are the collocated velocity
feedback controllers. Under this control strategy, we assert that f(z) = 0.

Firstly we observe that under this control strategy, the system equation on the edge ef, is given by

MY, w(@,t) = TEyp a:a:(x t), =€(0,q)U(q,1)
yila s t) = yilah.t) = y(vg,t)
Tivio(a™t) = Tgyg o (6, 1) = —agqye(vg, t)
Yi(0,8) =y, (1, 1) = y(vg, 1) (3.8)
Te 1y 1, (1 t) = Teus . (0,8) = 505" TE ik, (0,4) = —agui (v, )
Ye(1,t) = ¥4 (0,8) = y(vfi,t)

. . N k41 k
chyli,z(lvt) - ch+1yl%+1,z(0a t) =i 17 +1 1—:11(0 t) = —aiﬂyt(vﬁﬂ, t).
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By the variable transforms 7 = %, x € (0,q9) and T = %, x € (¢g,1), we can transform the system (3.8) into
the standard form

Mg oY g @) =TE v - 5@ 1), T€(0,1)
m27q+y;’q+’tt(f, t) = T;ﬁwyquﬂ%(fa t), Te (0, 1)
Yig- (Lt) = Ypogt (0,2) = y(vg, 1)

T g-Yioq— 511 = T g+ Ui v 20, 1) = —aqy(vg, 1)

i (0,0) = i1 (1,0) = y(of, ) 39
T s (1) = T 05 - 2(0.0) = S5 Tt 1(0,1) = —agye(vf. 1)
y;(ﬁ(l,t) = yli+1(07t) = y(”erlat)
T¢ V5 ge 2L 8) = TE i, (0,8) = S5 TR L (0,8) = —ag i (v 44, )
where the coefficients are Ty - = T¢/q, my .~ = miq, Tg o+ = /(1 —q), mg o+ = mi(l — ¢), and the

functions are yj . (Z,t) = yi(z,t), = € (0,q) and yi , (Z,t) = yi(z, 1), z € (¢, 1).

Denote by C, the cycle C added a vertex v, at ¢ on edge ef. The graph G, = C, U T is also of bush-type.
The wave system on G, with an interior point controller at ¢ falls into the systems described by (2.2)-(2.4),
which has the same structure as the old one under the control strategy stated in Theorem 3.1. In particular,
C, satisfies condition (A). According to Case 1, we have fg(z) = 0. So we can “cut” all the edges of C,.

To summarize the result of Step 1 to Step 3, we have proved that iR No(A) = 0 by “cutting-edge” method.
So Lemma 3.1 indicates that the system (2.2)—(2.4) is asymptotically stable under the control strategy shown
in Theorem 3.1. The proof is then complete.

Remark 3.2. From the proof above we see that the boundary controllers aim to stabilize the wave equation
on the trees of G, and the three interior controllers aim to stabilize the wave equation on the rest cycle. Such a
control strategy can asymptotically stabilize the wave system on bush-type graphs. The proof is completed by
“cutting-edge” step by step from the boundary edges of the trees 7; to the cycle C. This method can also be
used in the controller design for other complex graphs.

4. EXAMPLES

In this section, we give some examples of bush-type graph. The 1-D wave systems on these graphs fall into
the model in Theorem 3.1. Here we address that for a concrete graph, we use fewer than Np + 3 controllers to
stabilize the wave system asymptotically.

In figures shown in this section, the small rings stand for the controllers at vertices; the cross stands for the
interior point controller at ¢ on some edge.

4.1. Example 1

In this example, the graph G is shown in Figure 2.
Step 1. Impose the boundary controllers.
Step 2. If there is an edge pair of the cycle satisfying condition (A), and one of the start and end points of the
two edges is the root of some tree, then only two interior nodal controllers at vertices of the cycle are needed to
stabilize the system asymptotically. For example, if the edge pair (e§, e]) satisfies condition (A), then we only
need to add two interior nodal controllers at the start points v{ and vg§ of e and eg, since the end point v§ of e
is a root, i.e., v§ € Ir. This is shown in the left picture of Figure 2.
Step 3. In other cases, we choose an edge whose start (or end) point is the root of some tree and impose an
interior nodal controller to its end (or start) point and an interior point controller at ¢q. Under this control
strategy, we stabilize the system, shown in the right picture of Figure 2 for instance.
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FiGureg 2. Example 1.

Therefore, we have used five boundary controllers and two interior controllers to asymptotically stabilize the
wave network expanded on Figure 2. Moreover, no matter the cycle C satisfies condition (A) or not, we can
use two controllers to stabilize asymptotically the system on C, provided that there is at least one tree in the
graph G.

4.2. Example 2

This example includes a more complex graph that has more trees as shown in Figure 3.
Step 1. Impose the boundary controllers.
Step 2. If there exists an edge pair of the cycle satisfying condition (A), and their start and end points are the
roots of some trees (e.g., the edge pairs (e, e5) or (ef, ef)), then there is no need to impose interior controller
to asymptotically stabilize the system, shown in the left picture of Figure 3 for instance.
Step 3. In other cases, we choose an edge whose start point and end point are the roots of some trees. We
need only one interior point controller at ¢ on this edge to stabilize the system, shown in the right picture of
Figure 3 for instance.

4.3. Example 3

In this example we consider an extreme case: G = C shown as in Figure 4, where three controllers in the
cycle C are really needed.

Obviously, the number of the boundary vertices is 0 (i.e., Ng = 0). Therefore, no boundary controller is
needed. We need only to consider the interior controller design according to Theorem 3.1.
Step 1. If there is an edge pair, for example (e§,ef), in G = C satisfying condition (A), then we add three
interior nodal controllers at their start and end points v§, v and v§ to asymptotically stabilize it, shown in the
left figure of Figure 4.
Step 2. If G = C fails to satisfy condition (A), then we arbitrarily choose an edge ef, k € I. (e.g. €f), and
impose an interior point controller at ¢ on e§, and two interior nodal controllers at its start point v§ and end
point v§, shown in the right figure of Figure 4.

Remark 4.1. In Example 1, the graph has 15 vertices and 5 boundary vertices. We can asymptotically stabilize
the system by at most 7 controllers. In Example 2, the graph has 25 vertices and 12 boundary vertices. We
use at most 13 controllers to asymptotically stabilize the system. They need fewer number of controllers than
that stated in Theorem 3.1. In Example 3, the graph has no tree-shaped structure. We impose 3 controllers
on the cycle C to asymptotically stabilize the system. Note that Np = 0 in this example, so the number of the
controllers is the same as described in Theorem 3.1.
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FI1GURE 4. Example 3.

4.4. Reduction of the boundary controllers

In preceding examples we concern with reducing the number of interior controllers. In this subsection, we
emphasize that for a concrete graph, the number of boundary controllers can also be reduced according to its
shape and physical parameters in the wave equation. For instance, if we have

mi=m, =Tf =T =1, kel, j=1,2...pp i=12,... N (4.1)

in Examples 1 and 2, then four controllers can asymptotically stabilize the system in Example 1; and seven
controllers can asymptotically stabilize the system in Example 2. The positions of the controllers are shown in
Figure 5. The proof of their stability is also carried out by “cutting-edge” method.

As an example, we briefly present the stabilization analysis of the wave network shown in the left figure of
Figure 5. It is based on the proof of Theorem 3.1. The procedure of the “cutting-edge” is shown in Figure 6,
where the dots denote the vertices at which the displacements are 0.

Step 1. Since the boundary vertices ”5,27 vg”l € It are equipped with controllers, we “cut” the edges 6%72, 6%71
and 6?72. The rest subgraph is G; shown in the left figure of Figure 6. Now the displacements at vertices v§ and
’U%Q are 0.

Step 2. Since v§ € Ir is a root, v§ is imposed with a controller, and there is an interior point controller at ¢ on
edge ef, so we can “cut” edge ef, thus the edges ef, €%, e§, ef can also be “cut”. The rest subgraph is G, shown
in the right figure of Figure 6. Now the displacement at vertex v5 is also 0.
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FIGURE 6. “Cutting-edge” of Example 1 under the controller design in Figure 5.

Step 3. Now we analyze the eigenvalue problem of the rest subgraph G, on the imaginary axis under the
assumption (4.1). Similar to the proof of Theorem 3.1, we can prove that this eigenvalue problem has only
zero solution. So the rest subgraph Gs can be “cut”. Hence the wave network in Example 1 is asymptotically
stabilized by the control strategy shown in the left figure of Figure 5.

The stabilization analysis of the system shown in the right figure of Figure 5 can be similarly carried out.

5. CONCLUSION

In this paper, we introduce the “cutting-edge” method in the controller design. Using this method, we can
get the control strategy which includes the number and locations of the controllers, and the asymptotic stability
of the closed form. For bush-type wave networks, we prove theoretically the validity of the “cutting-edge”
method. As asserted in Theorem 3.1, at most Np + 3 controllers can stabilize the bush-type wave networks
asymptotically. Moreover, for a concrete graph, we can further reduce the number of controllers according to
its shape and physical parameters in the wave equations, as shown in the examples in Section 4.
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A. APPENDIX

Here we list some definitions and proofs omitted in the previous sections. Some symbols used here may be
different from the ones in the previous sections only for simplicity and clarity.

A.1. Notions in graph theory

Definition A.1 ([5]). Let G be a simple connected and directed graph with vertex set V' = {v1,va,...,0m}
and edge set E = {e1,ea,...,€en}.

The adjacency matrix of G is the matrix A = (@;j)mxm, whose entry a;; = 1 if there is an edge e € E such
that e = [v;,v;]; and a;; = 0 otherwise. Moreover, if a;; = 1, we say that v; and v; are adjacent.

The incoming incidence matrix of G, denoted by ®¥, is an m x n matrix whose entry qbzrj is defined by

+_ 1, v;is the end point of e;
v 0, otherwise,

and the outgoing incidence matrix of G, denoted by @7, is also an m x n matrix whose entry ¢,; is defined by

b = 1, w; is the start point of e;
i 1 0, otherwise.

The incidence matrix ® is defined by ® := &+ — &~

For v € V, d*(v) denotes the number of the incoming edges at the vertex v, which is called the in-degree
of v, and d~ (v) denotes the number of the outgoing edges of v, which is called the out-degree at v; the number
d(v) := d*(v) +d~(v) is said to be the degree of the vertex v.

Define the m x m diagonal matrix D = diag(d(v1), d(ve),...,d(vy)). A direct verification shows that [5]
20" =D — A.

A.2. Proof of S+ ®TdT being positive definite

Proposition A.1. Let G be a simple connected and directed graph with vertex set V- = {v1,va,...,0m} and edge
set E ={e1,ea,...,en}. Set nxn diagonal matriz T = diag(Th, Ts, ..., T,) with entries T, >0, k =1,2,...,n,
and m x m diagonal matriz S = diag(B1, B2, ..., Bm) with entries B > 0, k= 1,2,...,m and >, B > 0.
Then S + ®T®T is a positive definite matriz.

Proof. Note that T is a positive definite matrix, and S is a nonnegative matrix. Then for any y € C™, we have
(Syay)(c’" + (q)T(I)Tyay)(Cm - (Sya y)C"‘ + (T(I)Tya (I)Ty)(c" > 0;

which implies that S + ®T®7 is a nonnegative matrix. To prove that it is a positive definite matrix, we need
only to prove that it is a nonsingular matrix.
Let ® = (¢ij)mxn, & simple calculation gives

TP = <Z ¢z‘ka¢jk> = (Tij)mxm

k=1

where
0, v; and v; are not adjacent

Tij =< —Tk, v; and v; are adjacent and ex = [v;, v;] or e, = [v}, v;] (A1)
Zke[(vi) Ty, i=7
where the index set I(v;) = {k | e = [v;,v;] or e, = [vj,v4], 7 =1,2,...,m}.
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Thus (A.1) reads that the sum of the elements of each line (column) of matrix ®T®7 is zero, i.e.,

m m n
Ti=— > Ty=— % > ¢ouTron;
J=1,j#i j=1,j#i k=1 (AQ)
Ti=— 3 Tu=— 3 > ¢uTrdw
=Ty =T k=1

i.e., ®T®T is diagonally dominant.
Without loss of generality we assume that §; > 0 and §; = 0, j # 1. Now we calculate the determinant of
S+ OTPT:

Tu+6 Tie Tz - Tim
To Tog  Tog -+ Top
det(S + ®Td7) = T Tso T3z -+ s,
Tml Tm2 Tm3 U Tmm
T T e Ty
pr Tiz Tis 1 Toe Toz - Tam
0 Ty Tz -+ Tom Ty Tes - T
— | 0 Ty Tsz -+ Tam |—p| "
: : . . : Tm T, o TW'Lm
0 Tm2 TmS T Tmm 2 3
Since the matrix
Tog  Tog -+ Tom
Tse Tz3 - T3,
Tm2 Tm3 e Tmm
is a weakly diagonally dominant, so its determinant is nonzero. Therefore, det(S + ®T®T) # 0, i.e., S+ T ®T
is a positive definite matrix. The proof is then complete. O

A.3. The proof of Theorem 1.1

The proof will be carried out by three steps.
Step 1. The subspace X7 is closed and invariant under T'(¢) and T*(t).

Clearly, X7 is a closed subspace of X. We now prove that X is invariant under T*(t), i.e., for any x € Xy,
we have T*(s)x € X1, Vs > 0.

Since T'(t) is a semigroup of contraction, so is 7*(¢). Thus for any = € X,

Tt + s)z|l = [[T*(0)T" (s)a|| < [|T™(s)xl], V5= 0.
This implies that ||T*(¢)x|| is a decreasing function in ¢. Hence
2(t) = |7 )| — [IT*(t + s)al|* = 0, t — co.
Note that

2(t) = (T, T"(t)z) — (T*(t + 5)z, T (t + s)z)
= || =T(s)T*(s)2T*(t)z||> = 0, t— oo
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where we have used the fact that I — T'(s)T*(s) is a self-adjoint and non-negative operator. So we have
[I—-T(s)T*(s)|T*(t)x — 0, t— oo.

Hence
T*(S)[I =T(s)T*(s)|T*(t)x =[I = T*(s)T(s)|T*(t+ 8)r — 0, t—o0, z€X.
Therefore, for any x € X and s > 0, it holds that

[I—T*(s)T(s)|T*(t)x — 0, t— oo.
For any z,y € X,
(I =TT ()T )z, y) = (2, TE)L = T(s)T"(s)ly) = 0, ¢ — 00

(I =T(s)T ()T ()2, y) = (2, T = T"(s)T(s)ly) — 0, t— 00

which implies in the sense of weak convergence that
(weak) T'(t)[I —T(s)T*(s)ly — 0, (weak) T'(t)[I —T"(s)T(s)]ly — 0, t— oc. (A.3)
Now let z € X7, then we have
(weak) T'(t+ 8)T*(s)x =T (t)x — T()[I — T(s)T*(s)]x — 0, t— occ.

For any x € X7 N D(A*), there exists a y € X such that x = R*(\, A)y, A € p(A). Since R(\, A) is compact,
so is R*(\, A). By the property of compact operator, we have, in the sense of norm of X, that

T+ s)T*(s)z =T+ s)T*(s)R*(\,A)y — 0, ¢ — oo.
Noting that X; N D(A*) = X1, the Uniformly Boundedness Theorem asserts that
Tt+s)T*(s)r — 0, t— oo, VreX.
Besides, it obviously holds that

lim ||T*()T*(s)z|| = lim ||T"(s +t)z|| =0, =z € X;.
t—o0 t—o0

Therefore, T*(s)x € Xy, i.e., X1 is invariant under 7*(¢). Similarly, we can prove that X; is invariant under
T(t).

Step 2. The subspace X3 is closed and invariant under T'(¢) and T*(t).
Since T'(t)T*(¢) is a self-adjoint operator, so ||T'(¢)z|| = ||T*(¢)z|| = ||=]|| is equivalent to

©=TH)T*(t)z = T*()T(t)a. (A4)

Thus we can rewrite X as
Xo = (YN = T*(t)T(t)) NN (I = T(#)T*(t)).
>0
This indicates that X is a closed subspace of X. Moreover, from (A.4) we can also see that the restriction of
T'(t) on X5 can be embedded in a Cj group [18]. Therefore, X is invariant under T'(t) and T*(t).

Step 3. The subspaces X; and X5 are orthogonal, and X = X; & Xs.
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Since X is a Hilbert space and X, is a closed subspace of X, then we have X = X; @ Xi-. Firstly, we shall

prove that Xi- C X». Indeed, let A\ > 0, since R(\, A) is compact, then we have from (A.3) that

TR, A — T(s)T*(s)]x — 0, TERON, A —T*(s)T(s)]x — 0, t— oo

which implies that R(\, A)[I —T'(s)T*(s)]x € X1 and R(\, A)[I —T*(s)T'(s)]x € X1. Thus

In

=TT (9w = lim AR, AT = T()T* ()] € X,

[I—T*(s)T(s)]x = )\HI-E ARN, A)[I —T*(s)T(s)]x € X1.
particular, for any y € Xi-, [ — T*(s)T(s)]ly € X1 and [I — T(s)T*(s)]y € X1. Hence

0= (I =T*()T(s)ly. ) = Iyl = [IT()yll?, 0= (L = T()T*()ly,y) = llyll* = 1T (s)yl[*.

That is

IT*(s)yll = IT()yll = llyll, yeXi, s>0

i.e., Xi- C Xo.

Now we prove Xo C Xi. From the definition of X5, we get

(I =T"s)T(s)ly,y) =0, ([ =TT (s)ly,y) =0, y e Xo

which implies that [I — T*(s)T(s)ly = [I — T'(s)T*(s)]y = 0 since I — T'(s)T*(s) is self-adjoint.

Thus for any = € X; and y € X5, we have

(I —T*(s)T(s)]w,y) =0, (2,[I = T(s)T*(s)]y) =0

and hence

i.€.

(1]

(2]
(3]

[4]
(5]
[6]
[7]
(8]
(9]
[10]
[11]

[12]

(@, 9)| = (T ()T (s)z,y)| = [(T(s)x, T(s)y)| < [T (s)x|[[[T(s)yl| = [T (s)2|ll[yll = 0, s =00

. (x,9) = 0. So y € Xi-, hence Xy C Xi-. Therefore, X5 = Xji-. The proof is then complete.
i i i
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