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EXACT BOUNDARY SYNCHRONIZATION FOR A KIND OF FIRST
ORDER HYPERBOLIC SYSTEM

TATSIEN Lib* AND XING Lu?**

Abstract. In recent years there have been many in-depth researches on the boundary controllability
and boundary synchronization for coupled systems of wave equations with various types of boundary
conditions. In order to extend the study of synchronization from wave equations to a much larger range
of hyperbolic systems, in this paper we will define and establish the exact boundary synchronization for
the first order linear hyperbolic system based on previous work on its exact boundary controllability.
The determination and estimate of exactly synchronizable states and some related problems are also
discussed. This work can be applied to a great deal of diverse systems, and a new perspective to study
the synchronization problem for the coupled system of wave equations can be also provided.
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1. INTRODUCTION

We know that for a coupled hyperbolic system, the exact boundary controllability can always be realized by
enough boundary controls in a suitable large control time (see [2, 9, 23, 24, 26, 27, 30, 31] and references therein,
etc). When there is a lack of boundary controls, although the exact boundary controllability can not be realized,
the system may still possess some weak properties, among which one is the exact boundary synchronization,
and the other is the approximate boundary controllability or the approximate boundary synchronization (cf.
[19] and references therein, etc).

For first order hyperbolic systems, the exact (null) controllability has been considered in [2, 7, 9, 30, 31]
for solutions in L, L? or C'. Moreover, there are many studies on the optimal time for the exact (null)
controllability for hyperbolic systems in recent years, see for example [1, 3-6] and references therein. For the
results that will be frequently used in this paper, readers can refer to [26, 27].

The synchronization is a widespread natural phenomenon, the research on which is of great value and prospect
[8, 29, 32-34]. Li and Rao first established the concept and theory of synchronization in PDEs case for a coupled
system of wave equations with Dirichlet boundary controls in the framework of weak solutions, and in their study
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on the exact boundary synchronization and the approximate boundary synchronization, they established a close
relationship between controllability and synchronization so that the study of controllability can be regarded as
a foundation of the study of synchronization [13-15]. Up to now, related researches for a coupled system of wave
equations with Dirichlet boundary controls, Neumann boundary controls and coupled Robin boundary controls
are almost complete [10-22], etc.

In order to extend the study of synchronization from coupled systems of wave equations to a larger range of
systems, we take the first order linear hyperbolic system into consideration. First order hyperbolic systems are
widely used to model various systems in real life such as traffic flow, the flow of fluid in gas pipelines and the
blood flow in the mammalian vessels, etc. To study the synchronization from coupled systems of wave equations
to first order hyperbolic systems is of great significance, since the latter has much wider connotation than
the former. For instance, in 1-D case, a wave equation can be always transformed into a first order hyperbolic
system with the same number of positive and negative eigenvalues [9]. While, for any given first order hyperbolic
system, generally speaking, the number of positive eigenvalues is not necessarily equal to that of negative ones,
which often makes trouble in the treatment. Besides, for wave equations with the usual boundary conditions
(Dirichlet, Neumann, Robin, even dissipative boundary conditions), the whole system is always time reversible.
However, first order hyperbolic systems are not time reversible in general. Hence, first order hyperbolic systems
have not only much more abundant connotations and practical applications than wave equations, but also they
have their own difficulties, thus it is necessary to carry out a special research on them.

In this paper, we mainly study the one-sided exact boundary synchronization for the 1-D first order linear
hyperbolic system (2.3). We first give the definition of synchronization in Section 2, including some preliminaries.
Then, based on the results of the exact boundary controllability obtained in our previous works [26, 27], the
one-sided exact boundary synchronization for system (2.3) will be established in Section 3, and its two-sided
exact boundary synchronization will be discussed in a similar way (see Sect. 8). In Sections 4-5 we study the
exactly synchronizable states, including the system satisfied by exactly synchronizable states, their attainable
set, their determination and estimates. The necessity of the conditions of compatibility for the coupling matrices
will be discussed in Section 6. We give also some discussions on the number of boundary controls necessary for
the exact boundary controllability and the exact boundary synchronization in Section 7.

2. DEFINITION AND PRELIMINARIES

2.1. Definition and notations

As a control problem, the synchronization for first order hyperbolic systems can be similarly realized by
two-sided control or one-sided control (cf. [2, 9, 26, 27, 30, 31], etc.). This paper mainly discusses the one-
sided control case, in which fewer number of boundary controls are required, the two-sided control case can be
similarly treated.

Differently from the synchronization for a coupled system of wave equations, the synchronization for the first
order hyperbolic system doesn’t mean the synchronization of all the components of the state variable. In fact, in
practical applications, the components of the state variable for first order hyperbolic systems often have different
physical meanings, it makes no sense to require all the components of the state variable to be synchronized each
other. Instead, synchronization happens among those components who possess similar properties (in particular,
correspond to the same spreading speed), and the synchronization patterns are diverse: sometimes the analogous
components synchronize as a whole, sometimes they split and synchronize in even smaller groups. But each
component will be affected not only by its analogue, but also by all the other components coming from the whole
system. Hence, the synchronization for first order hyperbolic systems should be essentially the synchronization
by groups.

Let N;(>2,i=1,...,n) be any given positive integers, and let

N=3,N; N= =30 N; and Nt =370 N (2.1)
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Assume that A = diag{A~, AT} with
A~ =diag{\iIn,, ..., AmIn,, b, AT =diag{hms1In, 0o AN, b (2.2)
where A, < 0(r =1,...,m) and A\s > 0(s =m+1,...,n), and Iy, denotes the unit matrix of order N;(i =

1,...,n). We discuss the one-sided exact boundary synchronization for the following system with boundary
controls acting only on x = L:

U+ AU, + AU =0, t e (0,400), x€(0,L),
UT(t,0) = GoU (t,0), t € (0,400), (2.3)
U (t,L) =G U"(t,L) + DH(t), t€ (0,+00)
with the initial data
t=0: U,z)=Uy(z), ze€(0,L), (2.4)

where U = U(t,x) : (0,4+00) x (0,L) — RY denotes the state variable. The state variable U is divided into
n groups, including m groups of components corresponding to negative spreading speeds, and m groups of
components corresponding to positive spreading speeds, where

m - m, (2.5)

and the i'" group consists of N; components, corresponding to the same eigenvalue \; for i = 1,...,n. Thus,
N~ (resp. NT) denotes the number of negative (resp. positive) eigenvalues, while m (resp. m) denotes the
number of groups of components corresponding to negative (resp. positive) wave speeds. The coupling matrix
A = (a;j) is of order N, Gy and G are of order N* x N~ and N~ x N*, respectively, the boundary control
matrix D is a full column-rank matrix of order N~ x M with M < N—. All the matrices mentioned above

are with constant elements. The state variable can be written as U = (U~,U)T with U~ = (Uy,...,Un)7,
Ut = Unsts-- - U)T and U; = (@6l NN (i =1, n), while H(t) = (hy(t), ..., har(t))T is the
boundary control. Let
[0 G
G(Go O)' (2.6)

Definition 2.1. System (2.3) is exactly synchronizable at the time T > 0, if for any given initial data Uy €
(L2(0, L)Y, there exists a boundary control H € (L2?(0,7T))™ and a decomposition (2.1), such that the unique
weak solution U = U (¢, z) to the mixed problem (2.3)—(2.4) satisfies
t>T: ugl)(tmc) = u§2)(t,x) =...= ugNi)(t,gc) det. w;(t,x), i=1,...,n. (2.7)

And @ = (@ (¢, ), ..., 0, (t,z))7 is the exactly synchronizable state, which is a priori unknown.

System (2.3) is exactly controllable at the time T' > 0, if for any given initial data Uy € (L?(0, L))" and final
data Uz € (L*(0,L))", there exists a boundary control H € (L?(0,T))™, such that the unique weak solution
U =U(t,z) to the mixed problem (2.3)—(2.4) satisfies exactly

t=T: U(T,z)=Ur(z), 0<z<L. (2.8)

In particular, if Ur = 0, then system (2.3) is exactly null controllable at the time T > 0.
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Remark 2.2. The exact boundary synchronization (2.7) indicates that as t > T, although eliminating the
boundary control H = 0, the synchronization can remain.

Corresponding to the decomposition (2.1), define C; as the following full row-rank (N —n) x N matrix of
synchronization

Cy 1 -1
Co - 1 -1
C, 1 -1
an (N; — 1) x N; full row-rank matrix for ¢ = 1,...,n. It is easy to see that
Ker(C;) = Span{é;} with & =(1,...,D)%, i=1,...,n, (2.10)
——
N;
and
Ker(Cy) = Span{ey,ea, ..., e,}, (2.11)
where e;(i = 1,...,n) € RY satisfy
e;=(0,...,0,er,0,...,0)T, i=1,...,n. (2.12)
~—— ——
Z;;i Nj ;l:i+1 Nj

Remark 2.3. The exact boundary synchronization (2.7) can be equivalently written as
t>T: U= ue or U =ué (i=1,...,n), (2.13)
or, equivalently,
t>T: CU=0 or CU;=0(i=1,...,n). (2.14)

Remark 2.4. When all the eigenvalues of A are negative, the corresponding one-sided exact boundary syn-
chronization has been discussed in [25], which mainly deals with the exact boundary synchronization for a kind
of first order quasilinear hyperbolic system in the framework of classical solutions.

2.2. Properties of the one-sided control system (2.3)

In [4] the well-posedness in L°°-norm was given for a more general control system ([4], Lem. 3.2), the extension
to L2-norm is straightforward (see [5]). More precisely, by Theorem 3.1 in [26], we have

Lemma 2.5. For any given T > 0, for any given initial data Uy € (L*(0,L))N and any given boundary
function H € (L?(0,T))™, the mized problem (2.3) with (2.4) admits a unique weak solution U = U(t,z) €
(L2(0,T; L2(0, L)), satisfying

NU(T, )z 0,y < ellUoll 20,0~ + 1 H |l(z2(0,1))) (2.15)
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and

1T 020, ~ + NU G, D)l z20,m)~ < c(l[Uoll 20,0y~ + 1 I (2200, ), (2.16)

here and hereafter, ¢ denotes a positive constant.
Usually, system (2.3) is not time reversible. However, we have

Lemma 2.6. (/26], Rem. 3.4) Assume that the number of positive eigenvalues is equal to that of negative ones,
namely, N~ = Nt = & Assume furthermore that G;(i = 0,1) are invertible, namely, rank(Go) = rank(G1) =
%. Then system (2.3) is time reversible, namely, the backward problem of system (2.3) is well-posed. Moreover,
if U = U(t,x) is the weak solution to the forward problem of system (2.3), then it is also the weak solution to the

corresponding backward problem of system (2.3) with the final conditiont =T : U(T,z) =U(T,z), z € (0,L),
and vice versa.

The following result on the exact boundary null controllability is a consequence of the standard control
theory of hyperbolic system. When the number of boundary controls on z = L is equal to the number of
negative eigenvalues, namely, rank(D) = N, replacing DH(t) by H(t) € RV as the control, the result can
be directly derived from the theory of controllability of the hyperbolic system, see for example [4, 5] where the
optimal time is also considered.

In this situation, since the system might be not time reversible, it is not necessarily exactly controllable.
However, if we assume that the number of positive eigenvalues is not bigger than that of negative eigenvalues,
namely, N* < N, and assume furthermore that the coupling matrix Gy on = = 0 is of full row-rank, then
with the same amount of boundary controls acting on « = L, the system is in fact exactly controllable (see [26],
Lems. 4.2-4.3). We have
Lemma 2.7. Let T > Ty > 0, where Ty = L( max ﬁ +  max /\i) If M = rank(D) = N—, then system

1<r<m Ir m+1<s<n "¢
(2.3) is exactly null controllable with the boundary control H(t) satisfying

I H| (220, < cl|Uoll(z2(0,))~ - (2.17)

Moreover, assume furthermore that Nt < N~ and rank(Go) = N*t. If M = rank(D) = N~, then system
(2.3) is exactly controllable.

3. CONDITIONS OF (C}-COMPATIBILITY AND RELATED PROPERTIES

In the study of synchronization for system (2.3), we will assume that the coupling matrices A and G,
given by (2.6), satisfy some conditions of C}-compatibility for a given decomposition (2.1). In this way we
can correspondingly select the synchronization pattern (how the synchronizers are grouped), then it becomes
simpler to look for the boundary control and to describe and estimate the exactly synchronizable states. Giving
a different condition of C4-compatibility will lead to a different synchronization pattern, but the discussion is
similar. On the other hand, assuming that system (2.3) is synchronized for a given synchronization pattern,
whether the coupling matrices A and G should satisfy a corresponding conditions of compatibility, a discussion
will be given in Section 6.

Definition 3.1. The matrices A and G satisfy the conditions of Ci-compatibility, if there exists a decomposition
(2.1) such that, for the corresponding matrix of synchronization C; given by (2.9), we have

AKer(Cy) C Ker(C), (3.1)

GKer(C7) C Ker(Cy), respectively. (3.2)



6 T. LI AND X. LU

We point out that in what follows, we always consider the same decomposition (2.1) and the same matrix of
synchronization Cf.
If we express A in the block form

Agl) Aél) o AS)
Agz) A§2) AD
A= . . . : (3.3)
Agn) Aén) .. A%”)
where Agj)are N; x N; matrices (i, =1,...,n), then we have

Lemma 3.2. The condition of Cy-compatibility (3.1) for A is equivalent to

Agj)Ker(é'i) C Ker(Cy), i,j=1,...,n, (3.4)
which is also equivalent to that there exist constants a;j(i,7 =1,...,n) such that
Ae; = E?Zl a;je;, i=1,...,n, (3.5)
where e;(i = 1,...,n) are given by (2.12). Moreover, we have
AVE = ayé;, dj=1,....n, (3.6)

where é;(i =1,...,n) are given by (2.10), and a;;(i,j =1,...,n) are given by (3.5).

c,AME,
Cy AP,
Proof. Noting (2.9), (2.12) and (3.3), a direct calculation yields that Cy Ae; = } fori=1,...,n.
A,
Thus CyAe; = 0(i = 1,...,n) is equivalent to ijAz(.j)'éi =0(i,7 =1,...,n). Then, noting (2.10) and (2.11), we
have (3.4).
Noting (2.12) and (3.5), we have

1€1
Qi€
Aei = Z;-lzl Q€5 = . s 1= 1,...,7’L. (37)
ainén
AWE,
AP,
Moreover, noting (2.12) and (3.3), we have Ae; = " (i=1,...,n), comparing which to (3.7), we get
AMe,
(3.6). O
Remark 3.3. (3.6) indicates that the sum of each row of AZ(-j) is a common constant oy; for i,5 =1,...,n,

thus (3.4) can be also called the row-sum condition in block.
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For G, the condition of C}-compatibility (3.2) should be certain conditions of compatibility for Gy and G;.

In order to show this, let C} = = o+ ) with
1
él B C~’m+1 B
CQ CVm 2
oy = _ and Cf = o . (3.8)
Cm Cn
Let (i=1,...,m) eRY and (i =m+1,...,n) € RV satisfy
€ =(0,...,0,&,0,....,0)"(i=1,....m), &=(0,...,0,¢&,0,....0) (i=m+1,...,n), (3.9
SN jeiv1 Ny SN j=it1 Ny
where €;(i = 1,...,n) are given by (2.10). It is easy to see that
Ker(Cy ) = Span{eq, ..., em}, Ker(C;) = Span{eyi1,---,€n} (3.10)
and
ei = (5,007 (i=1,...,m) and e; = (0,e/)T (i=m+1,...,m). (3.11)

Remark 3.4. The exact boundary synchronization (2.7) can be equivalently written as
t>T: U =37 4, UT=3" e, or equivalently, C;U~ =0, C{UT=0. (3.12)

Lemma 3.5. The condition of Cy-compatibility (3.2) for G is equivalent to the following row-sum condition in
block for Gy and Gy:

GoKer(Cy) C Ker(C), G1Ker(Cy) C Ker(CY). (3.13)
Thus there exist constants B;;(i,7 = 1,...,n) such that
G()El' :Z?:m+1 6ij€j (iil,...,m), Glei :Z;nzl ﬁijej (z:m+1,,n) (314)

Proof. Noting (3.11), for i = 1,...,m, we have

o Cl_ 0 Gy o 0 Cl_G1 €; _ 0
ClGel—( Cf)(Go O)el_(CfGo 0 )(())_(CfGoei).

Similarly, we have C1Ge; = ( G glei ) (i =m+1,...,n). Thus the condition of Cj-compatibility (3.2) is

equivalent to O} Goe; = 0(i = 1,...,m) and C; G1e; = 0(i = m + 1,...,n), which, noting (3.10), is equivalent
to (3.13). 0
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Moreover, let G = ( 0 C(T;l ) with

Go
m—+1 m+1 1 1
gimt o gl ngz,-l 1
Go = : : , G = : : (3.15)
ng) N 152 Gg’fl ooglm
We have
Lemma 3.6. The conditions of compatibility (3.13) are equivalent to
GY Ker(Cy) C Ker(Cy) (3.16)
fori=1,....m;j=m+1,...,nand fori=m+1,...,n;5 =1,...,m, respectively. Moreover, we have
GYV&; = B¢, (3.17)

where B;; are given by (3.14) for i =1,...,m;5 =m+1,...,n and for i=m+1,...,n;5 =1,...,m,
respectively.

Proof. (3.16) can be proved in the same manner of Lemma 3.2. The proof of (3.17) is similar to that of (3.6). In

aVe
GPe;
fact, for i = m+1,...,n, noting (3.9) and (3.14)—(3.15), we have G1¢; = " and Gi¢g; = Z;n:l Bijej =
G\"™e;
Bir€1
Biz€2 . ()~ o , o
. , respectively. Therefore, we have G;”’é; = f;;€;(i =m+1,...,n;j =1,...,m). We can similarly
get Gl(.j)éi =fiéjfori=1,....mand j=m+1,...,n. O

Remark 3.7. Noting (3.17), the conditions of compatibility (3.13) for Gy and Gy are also row-sum conditions
in block for GEJ) fori=1,....m;j=m+1,...,nand fori=m+1,...,n;5=1,...,m, respectively.

Finally, by the following lemma, we will give in Corollary 3.9 below the equivalent statements of the conditions
of Cy-compatibility (3.1) and (3.2) for A and G, respectively.

Lemma 3.8. For any given N1 X No matri:iG and any given full row-rank My x N1 matriz C; and My x No
matriz Co, there exists an My X Mo matrix G such that

C1G = GOy (3.18)
if and only if the image of G on the null space Ker(Cs) of Cy is a subspace of the null space Ker(Ch) of Cy:
GKer(Cy) C Ker(Cy). (3.19)

Moreover, the matriz G is uniquely determined by G = ClGC’g, where C’;[ = CT(CoCT)~Lis the Moore-Penrose
generalized inverse of Co (see Lem. 3.1 in [22]).
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Proof. By (3.18), we have C1GX = GC2X =0, VX € Ker(C3), which proves (3.19).

Inversely, since Cy is of full row-rank, C2C7 is invertible. Let G = Cy GC; as above. Let Y be the Ny x (Ng —
My) basis matrix of Ker(Cy). Since Ker(Cy) @ Im(CY) = RY2| noting that CI is a basis matrix of Im(CY),
(Y,CT) is a basis in R™2. Hence, in order to prove (3.18), it suffices to prove

(C1G — GCy)(Y,CT) = 0. (3.20)

On one hand, by (3.19), we have C1GY = 0. Noting GC>Y = 0, we have (C1G — GC3)Y = 0. On the other
hand, C1GC3 = C1GCT (CoCF)~HC2CF) = G(CyCF), then (C1G — GCy)C3 = 0. Thus we obtain (3.20).
At last, multiplying CJ to (3.18) from the right, we have C;GCI = GCoCY¥, from which we can get G =

C1GCT (C,CT) =1, thus G is uniquely determined. O
By Lemma 3.5 and Lemma 3.8, we have
Corollary 3.9. The condition of Ci-compatibility (3.1) for A holds if and only if there exists a reduced matriz
A of order (N —n), such that
C1A = AC,. (3.21)

The condition of C-compatibility (3.2) for G holds if and only if there exist (Nt —m) x (N~ —m) matriz

Go and (N~ —m) x (NT —m) matriz Gy such that
CGo = GOy, Cy Gy =G0, (3.22)
where N~ and Nt are given by (2.1), while m and m are given by (2.5).

Under conditions of Cy-compatibility (3.1) and (3.2) for the coupling matrices A and G, the one-sided exact
boundary synchronization of system (2.3) can be realized by solving a one-sided controllability problem for a
reduced system.

Theorem 3.10. Assume that A and G satisfy conditions of C1-compatibility (3.1) and (3.2), respectively. If
rank(Cy D) = N~ —m, then system (2.3) is exactly synchronizable.

Proof. Noting that A and G satisfy conditions of Ci-compatibility (3.1) and (3.2), respectively, by Corollary 3.9,
we have (3.21) and (3.22). Moreover, it is easy to check that

C1A = ACy, (3.23)
where A = diag{\1In, 1, \2INy—1,-- -, Anln, —1}. Let W = CU, W~ = C; U~ and W+ = O U*, where C|
and C; are given by (3.8). Multiplying C; on both sides of (2.3), noting (3.21)—(3.23), we get the following

reduced system:

W, + AW, + AW =0, t € (0,+00), z € (0,L),
WT(t,0) = GoW ™ (t,0), t € (0,+00), (3.24)
W~ (t,L)=GiWT(t,L)+ Cy DH(t), t€ (0,+00)

with the initial data

t=0: W(0,z)=CUy(z), x€(0,L). (3.25)



10 T. LI AND X. LU

By Lemma 2.7, when rank(C] D) = N~ —m, there exist T > 0 and boundary control H(¢), such that system
(3.24) is exactly null controllable at the time ¢t = T'. Since the exact boundary synchronization of system (2.3)
is equivalent to the exact boundary null controllability of the reduced system (3.24), system (2.3) is exactly
synchronizable at the time ¢ = T by the above boundary control H (t). O

Remark 3.11. Under the assumptions of Theorem 3.10, we necessarily have
M =rank(D) > rank(C; D) =N~ —m. (3.26)
If M =rank(D) =rank(C; D) = N~ —m, then we have the following continuous dependence:
[H |l(r2(0,mM < | Ciloll(z2(0,0))v-» < cllUoll(z2(0,0))~ - (3.27)

This is a direct corollary of Lemma 2.7. If M = rank(D) > rank(C; D) = N~ —m, noting the way of construct-
ing the boundary controls in the proof of the exact boundary null controllability by the constructive method
(see [26]), we can still get (3.27) by properly choosing the free components of the boundary control, such that
their norm can be controlled by ||[Ugl|(r2(0,1))~ -

Remark 3.12. Differently from a coupled system of wave equations, since AU as a perturbation in the first
formula of system (2.3) is not compact, and the boundary conditions on = 0 and « = L even make it more
complicated, the minimum number of boundary controls necessary for the exact boundary synchronization of
system (2.3), with or without conditions of Cj-compatibility for A and G, is still an open problem. We will
give an example in Section 7 to show that in order to realize the one-sided exact boundary synchronization for
system (2.3), it requires rank(C; D) > N~ —m in general.

Remark 3.13. By the proof of Theorem 3.10, under conditions of Ci-compatibility of A and G, the optimal
time to reach the exact boundary synchronization of system (2.3) is determined entirely by the optimal time
for the reduced system (3.24) to reach the null controllability, which is in general smaller than T, in Lemma
2.7. More details can be found in [4, 5] and references therein.

4. EXACTLY SYNCHRONIZABLE STATES AND THEIR DETERMINATION

4.1. System of exactly synchronizable states

Theorem 4.1. Assume that A and G satisfy conditions of Ci-compatibility (3.1) and (3.2), respec-
tively. If system (2.3) is exactly synchronizable at the time T > 0, then the exactly synchronizable state
(U (t, ), ..., 0n(t,2))T satisfies

Wit + AUy + Z?:l aju; =0, i=1,...,n, te (T,+00), z€(0,L) (4.1)
with the boundary conditions

’LNLZ'(t, 0) = Z;n:1 ﬁjiaj(t; O), 1 =m -+ ].7 ey, t e (:Zj7 -I-OO), (42)
ﬂi(t,L) :Zﬂ:erl 6]'1‘1]]'(75,[/), t=1,....m, te& (T, +OO),

where a;; and Bi;(i,j =1,...,n) are given by (3.5) and (3.14), respectively.
Proof. Ast > T, we write (2.3) with H(¢) =0 in the following form:

Uit + MU + X0 APU; =0, i=1,...,n, te(T,+00), € (0,L),
Ui(t,0) = 1, GOU(1,0), i=m+1,...,n, te(T,+00), (4.4)
Ui(t,L) = X0 G0 (¢, L), i=1,...,m, te& (T, +00),
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where Ag-i) and G;i)(i,j =1,...,n) are given by (3.3) and (3.15), respectively.

Since system (2.3) is exactly synchronizable, substituting (2.13) into (4.4), for i = 1,...,n, we have

@i + N\itlin€; + 0y AV8; =0, te (T, +), ze(0,L),
@i(t,0)8; = 0, G006, i=m+1,...,n, te(T,+00),

@it L)E = 0 GVt L)E;, i=1,...,m, te& (T,+00),

t=T: w6 =1u;(T, x)é, z € (0,L).

(4.5)

Since A and G satisfy conditions of Cy-compatibility (3.1) and (3.2), respectively, by Lemma 3.2 and Lemma
3.6, we have A;Z)'éj = o;;€; and G;l)éj = f;i€; for i, =1,...,n, where a;; and f;;(i,j = 1,...,n) are given by
(3.5) and (3.14), respectively. Thus, (4.5) can be written as

Wir€; + Nilin€; + Z;‘lzl Oéjiﬂjéi =0, 2=1,...,n, te€ (T, —i—OO)7 xr € (0, L),
’&,i(t,O)éi = E;nzl ﬁjiﬂj(t,O)éi, i=m+1,....n, te& (T, —i—OO)7

it D) = S Byitig(t L)es, i=1,...,m, t€ (T, +o0), (4.6)
t=T: u;e; = ﬂl(T, Ql‘)é“ S (0, L)
Thus we get (4.1)—(4.3). O

Under the assumptions of Theorem 4.1, the following theorem shows that when system (4.1)—(4.3) of the
exactly synchronizable state is time reversible, the attainable set of the exactly synchronizable state at the time
t =T can run through the whole space (L?(0, L))™.

Let

Bim+1  Bmym+1 Bm+11 -+ Bnna
: and (1 = , (4.7)

o = : :

ﬂl,n e ﬁm,n ﬂm+1,m e ﬂn,m

where §;;(i,j = 1,...,n) are given by (3.14). To guarantee the time reversibility of system (4.1)-(4.3), it requires
that the number of positive eigenvalues of system (4.1)—(4.3) is equal to the negative ones, namely, m = m,
where m is given by (2.5), and the coupling matrices Sy and 1 on the boundary should be invertible (see Rem.
3.4 in [26)).

Theorem 4.2. Assume that system (2.3) is exactly synchronizable at the time t = T under conditions of Cf-
compatibility (3.1) and (3.2) for A and G, respectively. If system (4.1)—(4.3) is time reversible, namely, m = m,
and the matrices By and B1, given by (4.7), are invertible, then the attainable set of the exactly synchronizable
state (1 (t, ), ..., un(t,z))T at the time t = T is the whole space (L*(0,L))™.

Proof. Since matrices By and j3; are invertible, by Lemma 2.6, for any given (vq,...,v,)T € (L?(0,L))", we
can solve the backward problem of system (4.1) on the domain R(T) = {(¢,2)|0 <t < T,0 < z < L} with the
boundary conditions

(1, -y lm) T (£,0) = By Tty - - )T (£,0), € (0,T), (4.8)
(Tmg1s - )T (¢, L) = By (i, . . . i) T (8, L), t€(0,T)

and the final condition t = T : @; = vi(x) (¢ = 1,...,n), « € (0,L). There exists a unique solution
(@ (t, ), ..., a4n(t,z))T € (L3(0,T;L3(0,L)))", which is also the weak solution to the forward problem of
system (4.1)—(4.3) on R(T). It is then easy to check that under conditions of Cj-compatibility for A and
G, U=U(tz) =Y 4ltx)e; € (L*(0,T;L*(0,L)))" is the solution to the forward problem of system
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(2.3) on R(T) with H(t) = 0 and the final data t =T : U(T,z) = Y ._, v;e;. Hence, when the initial
data Uy = U(0,x) = > i, @;(0,z)e; varies through the space (L*(0, L))", the attainable set of the exactly
synchronizable state (@1, ..., ) (T,z) = (v1,...,v,)T at the time ¢ = T is the whole space (L?(0,L))". O

The following lemma gives the property of G so that matrices 5y and (1 are invertible.

Lemma 4.3. Assume that m = m, namely, the number of positive eigenvalues of system (4.1)—(4.3) is equal to
the negative ones. Then the matrices By and B1 given by (4.7) are invertible if and only if Ker(G) N Ker(Cy) =
{0}, namely,

Ker(Go) N Ker(C7) = {0} and Ker(G1) N Ker(C{") = {0}. (4.10)
Proof. By (3.14) we have

Go(€l, -5 €m) = (Emats---»€n)B0- (4.11)

Assume that (4.10) holds, by the first formula in (4.10) and Ker(C; ) = Span{ei,...,€n}, we have
Ker(Gp) N Im(eq,. .., €y) = {0}, which, by Proposition 2.11 in [19], is equivalent to rank(Go(e1,...,€emn)) =
rank(ey,...,€y,) = m. Hence, by (4.11), we have m = rank(Go(e1,...,€mn)) = rank((€m+t1,---,€n)B0) <
rank(fBp). Thus, since m = m, [y is invertible. We can similarly prove that S; is invertible.

Inversely, assume that Sy is invertible, then, by (4.11), we have

rank(Go(e1, ..., €m)) = rank((€mi1, ..., €,)00) = rank(€myi1, ..., 6,) =M =m,

thus rank(Go (€1, . .., €n)) = m = rank(ey, . . ., €,), which, by Proposition 2.11 in [19], is equivalent to Ker(Gg) N
Im(ey, . .., en) = Ker(Go) NKer(C; ) = {0}. Similarly, we have Ker(G1) N Ker(C;) = {0}. O

4.2. Determination of exactly synchronizable states

In general, the exactly synchronizable states are a priori unknown, which depend not only on the initial data,
but also on applied boundary controls. In this section, we will discuss the determination of exactly synchronizable
states.

Throughout this section, let &; € RN (i =1,...,m), &; € RN+(i =m+1,...,n), and let

E; = < %1' ) eERYN (i=1,...,m), Ei:( 0_ > eRY (i=m+1,...,n) (4.12)

be linearly independent such that Span{F, ..., F,} and Ker(Cy) = Span{e, ..., e, } are bi-orthonormal.

By (3.11), it is easy to check that (E;, e;) = (&,¢;) for 4,5 = 1,...,m (resp. 4,j = m + 1,...,n), thus,
since Span{FE1,...,E,} and Ker(C;) are bi-orthonormal, we have V = Span{ey,...,e,} and Ker(C;) =
Span{e,...,em} are bi-orthonormal, and W = Span{e,,i1,...,&,} and Ker(C]") = Span{emni1,...,€,} are
bi-orthonormal, respectively.

We first show that in some special cases the exactly synchronizable state will be determined only by the
initial data, but not depend on applied boundary controls. The idea is to project the system to the subspace
Span{FE1,..., E,} bi-orthonormal to Ker(Cy), so that by properly choosing the boundary control matrix D, the
projection system can be independent of any given boundary controls, but the solution to this system coincides
with the exactly synchronizable state of the original system as ¢t > T. However, in order to obtain a self-closed
projection system that is independent of boundary controls, matrices A, AT and G7 should possess a common
invariant subspace, which, in this situation, must be Span{F,..., F,}. To assume that E;(i = 1,...,n) are
eigenvectors of A in the following theorem is to keep the first-order part of diagonal form in the projection
system.
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Theorem 4.4. Assume that A and G satisfy conditions of C1-compatibility (3.1) and (3.2), respectively. Assume
furthermore that E;(i = 1,...,n) given by (4.12) are eigenvectors of A, and Span{E,...,E,} is a common
invariant subspace of AT and GT. Then there exists a boundary control matriz D with

rank(C] D) = rank(D) = N~ —m, (4.13)

such that system (2.3) is exactly synchronizable, and the exactly synchronizable states are independent of applied
boundary controls.

Proof. Let D be defined by
Ker(DT) =V = Span{ey,...,em} (4.14)
Noting that V' and Ker(C; ) are bi-orthonormal, by Proposition 2.5 and Proposition 2.11 in [19], we immediately
get (4.13). Then by Theorem 3.10, system (2.3) is exactly synchronizable.
Noting that F;(i = 1,...,n) are eigenvectors of A, without loss of generality, we may assume that
Noting that Span{E1,..., E,} is invariant for AT, there exist constants a;; (i,j = 1,...,n) such that

ATEi = Z?:l aijEj, 1= 1, N (416)

Noting that Span{Es,...,E,} is invariant for GT, there exist constants b;; (i,j = 1,...,n) such that for
i=1,...,m we have

re_( 0 GJ gN_( 0 \_wn oo Zieibie
G EZ - < G,{ 0 0 - G,{El - Zj:l b'LJE] - Z;L:m+l bwej s (417)

thus we have b;; =0(¢,j =1,...,m) and

G{&i = Z;L:erl bije’:‘j, 1= 1, ey (418)
Similarly, we have
GOTE,L :Z;nzl bijgju z:m+17,n (419)

Let ¢; = (U, E;)(i=1,...,n). Noting U = (U~,U*)T and (4.12), it is easy to see that
¢i=U",&) (i=1,....,m), ¢i=UT,&) (i=m+1,...,n). (4.20)

Noting (4.15)—(4.16), by multiplying E; (i = 1,...,n) on the equations in system (2.3), we have ¢; (i =
1,...,n) satisfy

Git + Nidiz + Z?Zl a;;0; =0, te(0,400), € (0,L). (4.21)
Noting (4.14), (4.18) and (4.20), by the boundary conditions on = L in system (2.3), we have

¢i(ta L) = (U+ (ta L)v G,{si) + (Hv DT&’L) = (U+(ta L)a Z?:m—i—l bijej) = Z?:m-&-l bij¢j (t7 L) (422)
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for i =1,...,m. Thus, we have

¢i(t, L) = Z;?:mH bijo;(t, L), i=1,....,m, t>0. (4.23)
Similarly, we have

Gi(t,0) = 300 bij¢;(t,0), i=m+1,...,n, t>0. (4.24)

On the other hand, noting that Span{E1,..., E,} and Ker(C;) = Span{ey,...,e,} are bi-orthonormal, as
t > T we have

t}T ¢1 = (U,EZ) = (Z?:l ij@j,Ei) :ﬂi, 1= 1,...,71, (425)

thus, the exactly synchronizable state (@1 (t,2),...,u,(t,2))T is entirely determined by the solution to system
(4.21) and (4.23)—(4.24) with the initial data

t=0: ¢;=(UyE;), i=1,...,n, (4.26)
then is independent of applied boundary control H. Thus, in order to obtain the exactly synchronizable state
(@1 (t, ), ..., an(t,z))T, we only need to solve the mixed problem of the homogeneous system (4.21) and (4.23)—

(4.24), the solution of which is determined only by the initial data (4.26). O

Lemma 4.5. Under the condition of Ci-compatibility (3.2) for G, if Span{E:,...,E,} with E;(i=1,...,n)
given by (4.12) is an invariant subspace of GT, then

Gg€i = Z;nzl ﬂjiej (Z =m + 1, . ,TL), G,{é‘z = Z;L:m+1 Bjigj (Z = 1, . ,m), (427)

where B;;(i,7 =1,...,n) are given by (3.14).
Proof. We only prove the second formula in (4.27). By the proof of Theorem 4.4, Span{FE},...,E,} is an
invariant subspace of G if and only if (4.18)—(4.19) hold. Noting that V = Span{ey,...,&,,} and Ker(C] ) =
Span{ey, ..., €y, are bi-orthonormal, we have

(G{Ehek) = (Z;‘L:erl bijf:‘j,ék) =big, i=1,....mk=m+1,... n. (4.28)

On the other hand, under the condition of C-compatibility (3.14) for G, we have

(GTe;,ex) = (e, Grer) = (g4, Z;”:l Brj€i) = Bri, i=1,....mk=m+1,...,n. (4.29)

Comparing (4.28) and (4.29) we have by, = Bri(i = 1,...,m;k =m+1,...,n). The proof is complete. O

Remark 4.6. Similarly, under the condition of C;-compatibility (3.1) for A, if Span{F, ..., FE,} with E;(i =
1,...,n) given by (4.12) is an invariant subspace for AT, then

ATE, =" layE;, i=1,...n, (4.30)

where a;;(i,j =1,...,n) are given by (3.5).

To obtain the reverse result of Theorem 4.4, we first give the following
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Lemma 4.7. Assume that A and G satisfy conditions of Cy-compatibility (3.1) and (3.2), respectively. Let
H € (L?(0,T))™ be the boundary control with which system (2.3) realizes the exvact boundary synchronization at
the time t =T, where T > 0 is large enough. Then, for a small tg > 0, the value of H on (0,tg) can be chosen
arbitrarily.

Proof. At first, there exists Ty > 0 independent of the initial data, such that, as T' > Tp, the reduced problem
(3.24) is exactly null controllable at the time ¢ = T'. Taking to > 0, such that T'—tg > T, and arbitrarily giving
H € (L2(0,t0))™, we solve the forward problem (3.24)—(3.25) with H = H in R(ty) = {(t,2)[0 < t < 4,0 <
x < L}, and get the solution We (L2(0,t0; L?(0, L)))N=". Since T — to > Tp, the mixed problem (3.24) is still
exactly null controllable in (to, T'), we can find a boundary control H € (L%(to, T))™, such that the corresponding
solution W = W(t,x) € (L?(to, T; L*(0,L)))N~" satisfies exactly the initial condition ¢ = t; : W= W(to,w)
and the final condition ¢t = T': W = 0. Let

—~ 4.31
H, te (to,T), W, te (to,T). ( )

H, te(0t W, te(0t
H{ 9 6(70)a W { 3 e(uO)?
It is easy to check that W given by (4.31) is the solution to the mixed problem (3.24), and it is exactly null
controllable at the time ¢ = T under the boundary control H. Thus system (2.3) is exactly synchronizable at
the time ¢ = T under the boundary control H, the value of which is arbitrarily chosen on (0, tg). O

We still project system (2.3) to the subspace Span{Ey,..., E,} which is bi-orthonormal to Ker(Cy). If the
projection system is independent of applied boundary controls, and if the reduced system of (2.3) is exactly
controllable, then we can obtain the properties mentioned in Theorem 4.4 for the corresponding matrices A, A,
Go, G1 and D for system (2.3). To guarantee the exact boundary controllability of the reduced system, one has
to assume that the number of positive eigenvalues of the reduced system is not bigger than that of negative
ones, and the corresponding coupling matrix Gy on = 0 is of full row-rank, then Lemma 2.7 can be applied.

Theorem 4.8. Assume that A and G satisfy conditions of Cy-compatibility (3.1) and (3.2), respectively. Assume
furthermore that the number of positive eigenvalues of A, given by (3.23), is not bigger than that of negative
ones, and Gy, given by (3.22), is of full row-rank, namely,

Nt —m <N —m and rank(Go) = NT —m, (4.32)
where N™ and NV are given by (2.1), and m is given by (2.5). Assume finally that system (2.3) is exactly
synchronizable under condition (3.26). Let U be the solution which realizes the exact boundary synchronization
at the time t = T. If the projection functions ¢; = (E;,U)(i =1,...,n) with E;(i = 1,...,n) given by (4.12)
are independent of applied boundary controls H, then E;(i =1,...,n) are eigenvectors of A, Span{E1,..., E,}

is a common invariant subspace of AT and G, and ¢; € Ker(DT)(i = 1,...,m). In particular, if D satisfies
(4.13), then we have Ker(DT) = Span{e1,...,em}.

Proof. Let Uy = 0 in (2.4). By the well-posedness of problem (2.3) and (2.4), the linear mapping F': H - U =
(U=, UM)T is continuous from (L2 (0,400)) to (L2 (0, +o0; L?(0, L)))", where H has compact support in
(0,T). Let F' denote the Fréchet derivative of the mapping F. For any given H € (L? (0, +o0))™, we define

loc
U= (U-,UNHT = F'(0)H. By linearity, U satisfies a system similar to that of U:

U, + AU, + AU =0, t € (0,4+00), z€(0,L),

U*(t,0) = GoU~ (t,0), t e (0,400), (4.33)
U (t,L)=G,U*"(t,L)+ DH, te€ (0,+00), '
t=0: U=0, z € (0,L).
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Since the projection functions ¢; (i = 1,...,n) are independent of applied boundary control H, we have

~

(E;,U)=0(i=1,...,n), VH € (L}.(0,+00))™. (4.34)

Noting that Span{FEj,..., E,} and Ker(C;) = Span{ey,...,e,} are bi-orthonormal, we have E; ¢ Im(C{)
(i = 1,...,n). Otherwise, there exists P; € R¥N~™" such that E; = CT P;, then 1 = (E;,e;) = (CT Py, e;) =
(P;,Cre;) = 0. Then (E1,...,E,,CT) constitutes a set of basis in RV. Thus, there exist constants p;;(i,j =
1,...,n), aij(i,j = 1,...,n) and vectors P;,@; € RN="(i =1,...,n), such that

AE,L = Z?:l MijEj + C’{P,“ ATEZ = Z?:l aijE]- + C’{Q“ 1= ].7 ey n. (435)

Taking the inner product with E;(¢ = 1,...,n) on the equations in system (4.33), it follows from (4.34)—(4.35)
that

0= (AU,,E;) + (AU, E;) = (U,,CTP) + (U,CTQ,) = (C1U,, P) + (C1U,Q;), i=1,...,n. (4.36)

Under conditions of Cy-compatibility (3.1) and (3.2) for A and G, respectively, by multiplying corresponding
Cy on (4.33) and setting W = C1U, we get the reduced system (3.24). Noting (3.26) and (4.32), by Lemma
2.7, the reduced system (3.24) is exactly controllable, then the value C’lﬁ of its solution at the time t =T
can be chosen arbitrarily. Specially taking C1U, = 0 with C,U being arbitrarily chosen in (4.36), we get
Q; =0(i=1,...,n). Then, by arbitrarily choosing Clﬁr, we have P; =0(¢ = 1,...,n). Thus, we have

AE1 = Z?:l ,ul-jEj, ATEZ = Z?:l aijEj 1= ]., ey (437)
Then Span{FE},..., E,} is an invariant subspace of AT. Taking the inner product with e;(i = 1,...,n) on the

first formula in (4.37), and noting that Span{F, ..., E,} and Ker(C;) = Span{ey,...,e,} are bi-orthonormal,
we have

(AEZ‘, ek) = (Z?:l Mz‘jEj7 ek) = Z?:l ,uij(Ej, ek) = Mik, i, k= 1, ceey Ny (438)
while
)\iv k= i» .
(AE;,er) = (E;, Aex) = (B, Ager) = . 1=1,...,n. (4.39)
0, k#i,

Therefore, comparing (4.38) and (4.39), we get u; = A; and p, =0 (k #4) for i = 1,...,n. Thus, E;(i =
1,...,n) are eigenvectors of A.
On the other hand, noting that W = Span{e,,i1,...,&,} and Ker(C;") = Span{e,11,...,€,} are bi-

orthonormal, similarly, we can prove that (€m,41,-..,n, (C;)T) constitutes a set of basis in RNT. Thus, there
exist constants b;;(i,7 = 1,...,n) and vectors ©; € RN+_m(i =1,...,m), such that
G?&i = Z?:erl b,‘j&j + (Or)T@i, 1=1,....,m. (440)

Taking the inner product with €;(¢ = 1,...,m) on the boundary condition on = = L in (4.33), noting (4.34),
(4.40), and that H has a compact support in (0,7T), for i =1,...,m, as t > T we have
0= (ﬁ(ta L)v El) = (07(t’L)a Ei) - (GlﬁJr(t,L)aEi) -

(U (t, L), 041 bijes) + (U (¢, L), (CF)T6)
=" i b (Ut L), Ey) + (CFU*(t,L),0;) = (CYU(t, L

(t, L), ;). (4.41)
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Similarly, by the exact boundary controllability of the reduced system (3.24), the value of C; U+ at the time
t =T can be arbitrarily chosen, then we have ©; = 0(i = 1,...,m), thus, we get

Glei=Y 1bijej, i=1,...,m. (4.42)

We can similarly prove (4.19). Thus Span{Ej, ..., E,} is an invariant subspace of GT.
On the other hand, by taking the inner product with ¢;(¢ = 1,...,m) on the boundary condition on z = L
in (4.33), noting (4.12), (4.34) and (4.42), as 0 <t < T, for i = 1,...,m we have

0=(U(t,L),Ei) = (U (t,L),&;) = (G1UT(t, L), ;) + (DH, ;) = (U (t, L), 30,1 bije;) + (H, DTe;)
= Y1 bis(UF (8, L) ) + (H,DTey) = 320, bi(U (4, L), Ey) + (H,DTe;) = (H, D7) (4.43)

Since, by Lemma 4.7, the value of H on (0,ty) can be chosen arbitrarily for ¢y > 0 small enough, we have
DTe; =0(i =1,...,m), thus ¢; € Ker(DT)(i = 1,...,m). The proof is complete. O

We then discuss the properties of Gy which imply that the matrix Gy is of full row-rank.

Lemma 4.9. Let C be an M x N matriz and D be an N x L matriz. Then rank(CD) = rank(C') holds if and
only if we have Ker(DT) N Im(CT) = {0}.

Proof. Noting that rank(D?CT) = rank(CD) = rank(C) = rank(C7T), Lemma 4.9 comes from Proposition 2.11
in [19]. 0

Corollary 4.10. Assume that the number of positive eigenvalues of A, given by (3.23), is not bigger than that
of negative ones, namely, N* —m < N~ —m, where N~ and N* are given by (2.1), while m is given by (2.5).
Then

Ker(GT) N Im((CH)T) = {0} (4.44)

if and only if Gy, given by (3.22), is of full row-rank, namely, rank(Go) = NT —m. In particular, if Go is of
Sfull row-rank, then Gy is of full row-rank.

Proof. By Lemma 4.9, (4.44) is equivalent to rank(C;Go) = rank(C;") = N+ — m. Noting (3.22), we have
Nt —m = rank(C] Gy) = rank(GoC;) < rank(Gy), then, noting N* —m < N~ —m and that G is an (N1 —
m) x (N~ —m) matrix, Gy is of full row-rank.

Inversely, assume that rank(Go) = N — m. Since C; is of full row-rank, we have Ker((C;)T) = {0}. Thus

Ker((C7)T) ﬁIm(?OT) = {0}, by Lemma 4.9, rank(GC; ) = rank(Gy). Hence, noting (3.22), we have N* —m =

rank(Go) = rank(GoCy ) = rank(C; G) = rank(C;"), then, by Lemma 4.9 we get (4.44).
In particular, if Gy is of full row-rank, then Ker(Gl) = {0}, and (4.44) holds. O

5. ESTIMATE OF EXACTLY SYNCHRONIZABLE STATES

In general, the exactly synchronizable state depends on applied boundary controls. We can not obtain precisely
the exactly synchronizable state simply by solving a mixed problem of a homogeneous system as in Theorem
4.4. However, we can estimate the exactly synchronizable state by the solution to such problem of homogeneous
system as follows.

Theorem 5.1. Assume that A and G satisfy conditions of Ci-compatibility (3.1) and (3.2), respec-
tively. Let E;(i = 1,...,n) given by (4.12) be eigenvectors of A, namely, (4.15) holds. If system (2.3) is
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exactly synchronizable under condition (3.26) with H satisfying (3.27), then the exactly synchronizable state
(@1 (t, ), ..., 0, (t,2))T satisfies the following estimate:

||ﬂ,(T) _¢i(T)HL2(O,L) < C||ClU0||(L2(O,L))N7n’ 1= 1,...,n, (51)
where (¢1(t, ), ..., ¢n(t,2))T is the solution to the following problem.:

it + Xitia + D1y jid; =0, i=1,...,n, te€(0,+00), z € (0,L),
gbi(t,()):z;n:lﬁji¢j(t,0)7 t=m+1,...,n, t&€ (0,+OO),

¢i(t,L) = Z;L:erl Bji¢j(t7L)> t=1,....m, te (O, +OO),

t=0: ¢i:(Ei;UO>7 i:l,...,n, .I'E((LL),

(5.2)

where a;; and Bi;(i,j =1,...,n) are given by (3.5) and (3.14), respectively.

Proof. Let U be the solution to problem (2.3) and (2.4), which realizes the exact boundary synchronization at
the time t =T, and let

(5717U7)a i:17"'7m5
(e, UT), i=m+1,...,n.

For ¢ =1,...,n we have

(Bi, AU) = (ATE,U) = (3°7_, 0By, U) + (ATE; = 377 By, U) = 30 iz + (ATE; = 30, OéjiEj(» U))'
5.3
Since Span{FE1,..., E,} and Ker(C;) = Span{ey,...,e,} are bi-orthonormal, noting (3.5), we have

(ATEi — Z;-lzl OéjiEj7 ek) = (EZ', Aek) — O = (EZ-, Z?:l ozkjej) — Ok = Qi — Qg = 0 (5.4)

for i,k = 1,...,n, hence, noting (2.11), we have ATE; — E;‘L:1 a;j;iEj € {Ker(C)}t =Im(CT) (i=1,...,n),
then there exist P, € RV~" (i = 1,...,n) such that ATE; — 2?21 a;;E; =CTP; (i=1,...,n). Thus, by (5.3),
we have

(Ei,AU) = Z;L:I Q25 + (ClTPZ, U) = Z?:l Qj; 25 + (Pi, ClU), 1=1,...,n. (55)
On the other hand, for i = 1,...,m we have

(€3, GlU+(t7 L)) =( {Ei’ Ut (t,L)) = (E;'l:m+1 Bji€is U+(t7 L))+ (G{El - Z?:m+1 Bjigi U+(t’ L))
= a1 Bzt L) 4+ (Glei = X201 Biigj, UT (¢, L)). (5.6)

Since V = Span{ey,...,&n,} and Ker(C; ) = Span{ei,...,€,} are bi-orthonormal, noting (3.14), for ¢ =
1,....mand k=m+1,...,n we have

(GTe; — Z;L:erl Bjicj, ) = (i, Grer) — Bri = (€4, Z;”;l Brj€j) — Bri = Bri — Bri = 0.

Hence, noting (3.10), we have G{e; — 327 Bjig; € {Ker(CT)}* = Im((CY)”) (i = 1,...,m), then there
exist Q; € RN*t-m (i=1,...,m), such that GT¢e; — Z;L:mH Bjie; = (CHTQ; (i =1,...,m). Thus, by (5.6),
we have

(e, GAUT(t, L)) = >0, 41 Bizi (6, L) + (Qi, CYUT(t, L)), i=1,...,m. (5.7)
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Similarly, there exist R; € RV ~™(i =m +1,...,n), such that
(Ei,GoUi(t,O)) :Z;nzl ﬁijj(ﬂO)+(R1,C;U7(t,0)), i=m+1,...,n. (58)

Taking the inner product on both sides of problem (2.3) and (2.4) with E;, and noting (4.15), (5.5) and
(5.7)—(5.8), we have

Zit + NiZig + Z?:l Qjizj = —(Pi701U), t=1,...,n, te€ (074—00), xr € (O,L),

2(,0) = X0 B0z (6.0) 4 (R CrU(L0), i=mt1m, 1€ (0, 400), 59
Zi(t,L) ZZ;L:m+1 ﬁjiZj(t,L)—l—(Qi,crU-i_(t,L))—‘r(DH,&i), 1=1,....m, t € (O, +OO), ’
t=0: z;,=(E;,Uy), i=1,...,n, xe(0,L).
Let y; = 2z — ¢ (i =1,...,n), where (¢1(t,2),...,¢n(t,z))T is the solution to problem (5.2). We have
yit+)\iyiz+2?:1 QjilYj :_(Pi?clU)a i:L'-'anv te (0,—}-00), UAES (07L)a
yi(t, L) = Z?:mﬂ Biiyi(t, L) + (Q;, CF U (t, L)) + (DH,&;), i=1,...,m, t € (0,+00),
t=0:y;,=0, i=1,...,n, z€(0,L).
Then, by the well-posedness Theorem 3.3 in [26], we have
1(zi = @) (1)l L20,) = Nlya(T)I22(0,2) < c(|(Fi, CrU) || L2(0,7522(0,1)
+ (R, CL U (£,0)) |22 0,m) + 1(Qi, CT U™ (8, L)) L2(0,m) + (DH, €9) || 2(0,7))- (5.11)
Since C1U = gﬁg; ) is the solution to the reduced system (3.24), noting (2.15)—(2.16) and (3.27), the
1

right-hand side of (5.11)
< c(1C1Uoll(z20,)v=n + [ H | (£2(0,1y)2) < €llCrUoll(z2(0,2))v - (5.12)
On the other hand, noting (2.13), we have
t>T: 2z =(E,U)=(E,Y" 4je) =@, i=1L,...,n. (5.13)

Substituting (5.13) into (5.11)—(5.12), we get (5.1). O

Remark 5.2. Particularly defining D by (4.14), by the proof of Theorem 4.4, we have (4.13), then system (2.3)
is exactly synchronizable, where, by Remark 3.11, we can properly choose the boundary control H to satisfy
(3.27), thus we have estimate (5.1). In general, since boundary control might act arbitrarily at the beginning,
the cost of the control might be arbitrarily large (see Lem. 4.7).

6. NECESSITY OF THE CONDITIONS OF C}-COMPATIBILITY

The conditions of C-compatibility are important issues in the study of synchronization for first order hyper-
bolic systems. Under the conditions of Cj-compatibility for the coupling matrices, we can easily obtain the
exact boundary synchronization for the system, and the behavior of exactly synchronizable states can be better
described. However, the necessity of the conditions of C-compatibility are not always certain, because the exact
boundary synchronization may happen without these conditions as long as there are enough boundary controls.
Readers can refer to [10, 12, 17, 28] to see more about the discussion on the conditions of compatibility for a
coupled system of wave equations.
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6.1. Condition of C;i-compatibility for the coupling matrix A

In this section we will discuss the necessity of the condition of Cy-compatibility (3.1) for the coupling matrices
A for the exact boundary synchronization of system (2.3).

Assume that system (2.3) is exactly synchronizable at the time T' > 0, namely, there exists a decomposition
(2.1) such that, for the corresponding matrix of synchronization Cy given by (2.9), we have (2.14). Then, by
multiplying C on the equations in system (2.3) and noting (2.14), we have

t>T: CAU, +CLAU =0, (6.1)

in which, noting (2.2), (2.9) and (2.14), by a direct calculation we have C1AU, = 0, hence

t> T: ClAU = ClA Z?:l ﬂiei = Z?:l C’lAeiﬂi =0. (62)
If C1Ae; = 0(i = 1,...,n), then, noting (2.11), we have the condition of C-compatibility (3.1). Otherwise,
without loss of generality, we may assume that there exist constants §;(i = 1,...,n — 1) such that
i = Y1) Ol (6.3)
Let
INl | 0
In, 0
Ui
U = | e ‘{ NPE},,,,L,,,Q,,,, U= B
0 T 8y 5T On_1 5T Un—1
N, 1 Ny ~2 Np_1 n—1. — . ~
. . ! (E?:f ]f,—"ieiTUi)en —Un
: . ! _IN,L
51 S5y Sp-1 5 !
e e et |

where €;(i = 1,...,n) are given by (2.10). Noting (2.13) and (6.3), as t > T, we have
YIS el U= X el et = Y Ol =

thus U = (@161, ..., %n_16n_1,08,)T, namely, one group of the components is in fact exactly null controllable,
while the other groups are exactly synchronizable. Thus we have

Theorem 6.1. If system (2.3) is exactly synchronizable, and under any linear invertible transformation, any
given group is not exactly null controllable, then A must satisfy the corresponding condition of C1-compatibility.
6.2. Condition of Ci-compatibility for the boundary coupling matrix G

We now discuss the condition of Cp-compatibility for the boundary coupling matrix G on the boundary.
As t > T, noting (3.12), multiplying C;" and C; on the boundary conditions of system (2.3) on z = 0 and
x = L with H = 0, respectively, we have

0=CU*(t,0) = CTGoU™(t,0) = S, Cf Goesii (6.4)
and

0=CyU (t,L)=Cy G U (t,L) = Y1 ., O Gi€it;. (6.5)
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If C{Goe; =0 (i=1,...,m) and C; G1e; =0 (i = m +1,...,n), then, noting (3.10) and Lemma 3.5, we have
the condition of C-compatibility (3.2). Otherwise, components of the exactly synchronizable state corresponding
to negative spreading speeds are linearly dependent on & = 0, or those corresponding to positive spreading speeds
are linearly dependent on x = L. However, since the properties on the boundary cannot be extended to the
internal domain, we can not obtain similar results for the boundary coupling matrix G as in Theorem 6.1.
We will show in what follows that for system with two groups of synchronized components, the condition of
C1-compatibility for G is necessary.
For given N7 and Ny, let

A =diag{\In,, A2In,} with A <0 and Xg > 0. (6.6)
For system (2.3) with n = 2, the exact boundary synchronization (2.7) means
ugl)(t,x) =...= ugNl)(t,x) ef u(t, x), ugl)(t,x) == ugNQ)(t,x) def v(t, x) (6.7)
ast > T, where (u,v)7 is the exactly synchronizable state. (6.7) is equivalent to
t>T: U=ue +ves or U™ =U; =ué, Ut = Uy = vésy, (6.8)

where e;(i = 1,2) are given by (2.12), and &;(i = 1, 2) are given by (2.10).

Theorem 6.2. Under assumption (6.6), if system (2.3) is exactly synchronizable as in (6.7), but any one of the
two groups is not exactly null controllable, then G must satisfy the corresponding condition of C1-compatibility.

Proof. Since system (2.3) is exactly synchronizable, as ¢t > T, the solution U = U(t,z) satisfies (6.8) and we
have H(t) =0 for t > T, then the boundary conditions on z = L in system (2.3) gives

x=L: w(t,L)é; =Gv(t,L)és, t=>T. (6.9)
Multiplying C1, given by (2.9), on (6.9), noting (2.10) we have
r=1L: v, L)C1G1éy =0, t>T. (6.10)

We claim that v(t,L) # 0 for t > T at least for an initial data Uy(x), therefore, C1G1é; = 0, then, noting
C; = C, Cf = Cy and (2.10), we have G Ker(C") C Ker(Cy ). Otherwise, assume v(t, L) = 0 for t > T, by
(6.9) we have x = L : u(t,L)é; =0 (t > T), thus, by (6.8), we have x = L: U(¢t,L) =0 (t > T). Then, by
the well-posedness of the leftward problem of system (2.3) (see (2.56) of Thm. 3.1 in [26]), there exists T > T,
such that U = 0 (¢ > T), thus system (2.3) is in fact exactly boundary null controllable, which contradicts the
assumption.

Similarly, we have GoKer(C; ) C Ker(C;"). Then the condition of C;-compatibility (3.2) follows from Lemma
3.5. O

7. NON-EXACT BOUNDARY CONTROLLABILITY AND SYNCHRONIZATION

Similarly to the case of wave equations, the exact boundary controllability and synchronization can not be
realized when the number of boundary controls is not enough, but so far there is no conclusion about the
minimum number of boundary controls for all the systems. In this section, we will present some systems (2.3)
for which the one-sided exact boundary controllability can not be realized if rank(D) < N—, and the one-sided
exact boundary synchronization can not be realized if rank(C] D) < N~ —m.
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Here and hereafter, let &, € RN and n;, € RNT (k=1,...,q) be linearly independent, and let

Ek:(%), Ek:<£k)eRN, k=1,...,q (7.1)

be linearly independent. Denote
¢ =Span{Ey,...,E,, Ey,... JE,}, V =Span{¢y,...,&} and W = Span{ni,...,n,}. (7.2)

7.1. Non-exact boundary controllability

Theorem 7.1. Assume that Ey, and E(k = 1,...,q) are eigenvectors of A, € is a common invariant subspace
of AT and GT, and

V = Span{&y, ..., &} C Ker(DT). (7.3)
Assume furthermore that Ker(GT) N & = {0}, namely,
Ker(GHYNW = {0} and Ker(GT)nV = {0}. (7.4)

Then we have rank(D) < N~ and system (2.3) is not exactly null controllable.

Proof. Noting (7.3), we have rank(D) < N~.
Since Ey, and E (k=1,...,q) are eigenvectors of A, assuming that

AEk :;\kEk and AEk = j\kE]w k= 1,...,q, (75)
it follows by a direct calculation that A\; < 0 and j\k >0fork=1,...,q.

By assumptions, € = Span{FE1,...,E4, E,,..., E,} is a common invariant subspace of AT and GT, then we
may assume that

ATEy =Y anE + > buE,, ATE, =Y cnEi+ X duE, (7.6)
and
Gome =Xl 9h&  GT& =20 g (7.7)
for k=1,...,q, where ax, bxi, cki, drr, 9oy and g, (k,l =1,...,q) are constants.

Assume by contradiction that system (2.3) is exactly null controllable at the time ¢ = T for any given initial
data Uy € (L?(0, L))N. Let U be the solution to problem (2.3) and (2.4), which realizes the exact boundary null
controllability, and let

¢k = (Eka U) = (gkv U_)a 'l;/]k = (Ek? U) = (nka U+)7 k= 17 - (- (78)

Noting (7.3) and (7.5)—(7.7), for k =1,...,q we have

Pt + E\kéﬁm + 3 audr+ > b =0, te(0,7T), (0,L),

¢kt + )\k:'(/}km + Z?;] Ckl¢l + E?:l dT‘s,(/)l = Oa te (07 T)a 07 L ) (7 9)
wk(ta 0) = Zlqzl g]?;ld)l(t? 0)7 te (07 T)a

¢k(ta L) = Z?:l glildjl(t?L)’ te (O>T)
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with
t=0: ¢p=(ErU), = (EUp) (7.10)

and
t=T: ¢p=(Er,U)=0, = (E,U)=0. (7.11)

We claim that matrices Gy = (99,) and G = (gi,) of order ¢ are invertible, then by Lemma 2.6, we can
solve the backward problem of system (7.9) with (7.11) on R(T), the solution ¢y = ¢ = 0(k = 1,...,q) of
which is also the solution to the forward problem of system (7.9), by the uniqueness of the solution, we have
(Er,Up) = (E,,Ug) =0(k = 1,...,q), which contradicts the fact that the initial data Uy varies through the
whole space (L%(0,L))"N.

At last, we prove that the matrices G = (g,) and Gy = (g},) are invertible. In fact, the first formula in (7.7)
implies

GE (ms - mg) = (61, 6) G (7.12)

Let n = (m1,...,7nq) be an N x ¢ full column-rank matrix and £ = (&1,...,&;) an N~ X ¢ full column-rank
matrix. By (7.4), we have Ker(GZ) N Im(n) = {0}, then by Proposition 2.11 in [19], we have rank(GEn) =
rank(n) = ¢. Thus (7.12) indicates that ¢ = rank(GZn) = rank(¢GY) < rank(GY), then, Gy is invertible. We
can similarly prove that Gy is invertible. O

Example 7.2. Consider the following system:

Urt + Aru1z + ur + 50 =0, t e (0,+00), =€ (0,L),

Uog + AoUoy + 3uy + 4dugs — v =0, t € (0,+00), x€(0,L),

Ve + AgUp + 2ug +v =0, te (0,+0), =€ (0,L), (7.13)
r=0: v=2u, t € (0,+00),

x=L: wu =v, wuz=2v+3h(t), te(0,+00),

in which A1, As <0 and A3 > 0. Let A = diag{)\l, Ao, /\3},

10 5 . 0 1 0 .
A=1{3 4 —1],Go=(2 O),Glz(2>,D:(3>,E1: 0], Bx=10 ,g:(()) and 7 = 1.
2 0 1 0 1

It is easy to check that E; and Es are eigenvectors of A, & = Span{FE1, F2} is a common invariant subspace
of AT and GT, V = Span{¢} C Ker(DT), and Ker(GT) N & = {0}. By Theorem 7.1, system (7.13) is not exactly
null controllable by any given boundary control h. In fact, system (7.13) can be divided into two subsystems:
the one corresponding to us is controllable by boundary control h; while the one corresponding to u; and v is
a closed system independent of us and h, thus is not null controllable by any given boundary control h.

7.2. Non-exact boundary synchronization

In order to study the minimum number of boundary controls for the synchronization, instead of projecting
the system to a subspace that is bi-orthonormal to Ker(C}) as in Section 4, we now make the projection to a
subspace of Im(CT).
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Let Ey, E, . (k=1,...,q), € and V be defined by (7.1)—(7.2). We further require that both E; and E, €
Im(C{) (k=1,...,q), which, by a direct computation, is equivalent to

V =Span{¢y,..., &} CIm((Cy)T) and W = Span{n,...,n,} € Im((C;)T). (7.14)

Theorem 7.3. Assume that Ey and E,(k = 1,...,q) belong to Im(C{) and are eigenvectors of A, € is a
common invariant subspace of AT and GT, and (7.3) holds. Assume furthermore that Ker(GT) N & = {0},
namely, (7.4) holds. Then we have rank(Cy D) < N~ —m, and system (2.3) is not exactly synchronizable.

Proof. Noting (7.3) and (7.14), we have V C Ker(DT) N Im((C; )T). By Proposition 2.11 in [19], we get
rank(Cy D) = rank((C; D)T) = rank(DT (C7)T) < rank((C{)T) = N~ —m, (7.15)

then we have rank(C; D) < N~ — m.

By assumptions, similarly, we have (7.5)—(7.7).

Assume by contradiction that system (2.3) is exactly synchronizable at the time ¢ = T'. Let U be the solution
to problem (2.3) and (2.4), which realizes the exact boundary synchronization and let ¢ and 1y, be defined by
(7.8) for k =1,...,q. Similarly, ¢ and ¢¥r(k =1,...,q) satisfy (7.9) with (7.10).

On the other hand, noting that both Ej, and E,, € Im(CT) (k = 1,...,q), there exist Py and Q € R¥N~"(k =
1,...,q),such that By, = CT P, and E;, = C{ Q). for k = 1,...,q. Thus, noting (2.14), ast =T, for k= 1,...,q,
we have

or = (B, U(T,z)) = (CTP,,U(T,2)) = (Py, CLU(T,z)) =0, =z € (0,L), (7.16)
Y = (Ek:’ U(T,Z‘)) = (ClTQka U(T,J))) = (kaCIU(T’ 'T)) =0, z¢ (O’L) (717)

By the proof of Theorem 7.1, we have Gy = (9?,) and G = (g},) are invertible, then by Lemma 2.6, we
can solve the backward problem of system (7.9) with (7.16)—(7.17) on R(T"), and the solution ¢5 = 9, = 0(k =
1,...,q). Similarly, we have (Ey,Upy) = (E\,Up) =0(k = 1,...,¢q) in (7.10), which contradicts the fact that the
initial data Uj varies through the whole space (L2(0, L))V. O

Example 7.4. Consider the following system:

U + AMu1y + ug — ug +ug =0, te (O,+OO), x € (O,L),
Ugy + AUy — Uy + ug + ug = 0, te (0,400), z€(0,L),
Us¢ + )\2ng +up +us —ug = 0, te (0, -I-OO), T € (0, L), (7 18)
Ugy + AgUgy + Uz — U3z + ug = 0, te (O,+OO), xr € (O,L)7 '
=0: uz=—u; +u, Us= U — U, t € (0,+00),
x=L: uy =usz~+2us+h(t), us=2uz+us+h(t), te0,+00),
in which A1 < 0 and Ay > 0. Let A = diag{A1, A1, A2, A2},
1 -1 1 0
-1 1 0 1 -1 1 1 2 1
A=11 o0 1 GO_(I —1>7 Gl_(z 1)’ D_(1>’
0 1 -1 1
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0
1 -1 0 O -1 0 1
01— (0 0 1 _1), El— 0 s EQ— 1 and 5—77— <_1>

It is easy to check that A and G, given by (2.6), satisfy the conditions of Cj-compatibility (3.1) and (3.2),
respectively. Ey, By € Im(CY), E; and E, are eigenvectors of A, & = Span{E;, F>} is a common invariant

subspace of AT and GT, V = Span{¢} C Ker(D7T), and Ker(GT)N €& = {0}. By Theorem 7.3, system (7.18) is not
exactly synchronizable by any given boundary control k. In fact, noting that C; = (1,—1), then C; D = 0, the
reduced system of system (7.18) is not exactly null controllable, thus system (7.18) is not exactly synchronizable.

8. TWO-SIDED CONTROL CASE

We can similarly study the exact boundary synchronization for the following system with boundary controls
acting on both sides of the boundary:

U, + AU, + AU =0, te (0,+0), =€ (0,L),
Ut (t,0) = GoU ™ (t,0) + DoH™(t), t € (0,400), (8.1)
U (t,L) =G U"(t,L) + D1H (t), t € (0,+00),
where U, A, A, Gy and G are as mentioned before, the boundary control matrices Dy and D; are full column-
rank matrices of order N* x My and N~ x M; with My < Nt and M; < N, respectively. The boundary

control is given by H = (H—, H")T with H= = (hy,...,har,)T, HY = (har,41,-- -, har)T and M = My + M.
Let N~ and N7 be given by (2.1), and m and m be given by (2.5) as before.

Theorem 8.1. Assume that A and G satisfy conditions of Ci-compatibility (3.1) and (3.2), respectively. If
rank(C;F Do) = NT —m  and rank(C] D) = N~ —m, (8.2)

then system (8.1) is exactly synchronizable with (3.27).
Remark 8.2. Theorem 4.1 and Theorem 4.2 are also true for system (8.1).

Theorem 8.3. Assume that A and G satisfy conditions of C1-compatibility (3.1) and (3.2), respectively. Assume
furthermore that E;(i = 1,...,n) given by (4.12) are eigenvectors of A, and Span{E,...,E,} is a common
invariant subspace of AT and GT. Then there exist boundary control matrices Dy and D1 satisfying

rank(Cy Do) = rank(Do) = Nt —m and rank(C; Dy) = rank(D1) = N~ —m, (8.3)

such that system (8.1) is exactly synchronizable, and the exactly synchronizable states are independent of applied
boundary controls.

Remark 8.4. The boundary control matrices Dy and D; satisfying (8.3) can be defined by
Ker(D!') = Span{eni1,...,6,} and Ker(D{) = Span{ei,...,em}, (8.4)

where €;(i = 1,...,n) are given by (4.12).

For the reverse side, the two sided control case is different from the one-sided control case that, under
condition (8.3), the reduced system of system (8.1) is in fact exactly controllable (¢f. Thm. 2.1 in [27]), thus
condition (4.32) in Theorem 4.8 is no longer required.
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Theorem 8.5. Assume that A and G satisfy conditions of C-compatibility (3.1) and (3.2), respectively. Assume
furthermore that system (8.1) is exactly synchronizable under condition (8.3). Let U be the solution which realizes
the exact boundary synchronization at the time t = T. If the projection functions ¢; = (E;,U) with E; given by
(4.12) fori=1,...,n are independent of applied boundary controls H, then E;(i =1,...,n) are eigenvectors of
A, Span{E1,...,E,} is a common invariant subspace of AT and GT, and (8.4) holds.

In general, we can still estimate the exactly synchronizable state by the solution to problem (5.2).

Theorem 8.6. Assume that A and G satisfy conditions of Cy-compatibility (3.1) and (3.2), respectively. Assume
furthermore that E;(i = 1,...,n) given by (4.12) are eigenvectors of A, namely, (4.15) holds. If system (8.1)
is exactly synchronizable under condition (8.2) with H satisfying (3.27), then the exactly synchronizable state
(@1 (t, ), ..., tn(t,x))T satisfies estimate (5.1).

Remark 8.7. Theorems 6.1-6.2 on the necessity of the conditions of C4-compatibility also hold true in the
two-sided control case.
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