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Abstract. In this work, we consider the problem of boundary stabilization for a quasilinear
2 x 2 system of first-order hyperbolic PDEs. We design a new full-state feedback control law, with
actuation on only one end of the domain, which achieves H? exponential stability of the closed-
loop system. Our proof uses a backstepping transformation to find new variables for which a strict
Lyapunov function can be constructed. The kernels of the transformation are found to verify a
Goursat-type 4 X 4 system of first-order hyperbolic PDEs, whose well-posedness is shown using
the method of characteristics and successive approximations. Once the kernels are computed, the
stabilizing feedback law can be explicitly constructed from them.
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1. Introduction. In this paper we are concerned with the problem of boundary
stabilization for a 2 x 2 system of first-order hyperbolic quasi-linear PDEs, with
actuation at only one of the boundaries. The quasi-linear case is of interest since
many relevant physical systems are described by 2 x 2 systems of first-order hyperbolic
quasi-linear PDEs, such as open channels [9, 14, 15, 16], transmission lines [4], gas
flow pipelines [12], or road traffic models [10].

This problem has been considered in the past for 2 x 2 systems [11] and even
n X n systems [22], using the explicit evolution of the Riemann invariants along the
characteristics. More recently, an approach using control Lyapunov functions has been
developed for 2 x 2 systems [2] and n x n systems [3]. These results use only static
output feedback (the output being the value of the state on the boundaries). However,
they do not deal with the same class of systems considered in this work (which includes
an extra term in the equations); with this term, it has been shown in [1] that there
are examples (even for linear 2 x 2 system) for which there are no control Lyapunov

functions of the “diagonal” form fol 2(x,t)TQ(x)z(x,t)dx (see the next section for
notation) which would allow the computation of a static output feedback law to
stabilize the system, even if feedback is allowed on both sides of the boundary.

*Received by the editors May 2, 2012; accepted for publication (in revised form) March 7, 2013;
published electronically May 7, 2013. This work is an extension of the paper of the same title
presented at the 2011 CDC-ECC conference.

http://www.siam.org/journals/sicon/51-3/87573.html

TLaboratoire Jacques-Louis Lions, University Pierre et Marie Curie and Institut Universitaire de
France, 75252 Paris Cedex 05, France (coron@ann.jussieu.fr). This author was partially supported
by the ERC advanced grant 266907 (CPDENL) of the 7th Research Framework Programme (FP7).

fDepartment of Aerospace Engineering, Universidad de Sevilla, 41092 Sevilla, Spain (rvazquezl@
us.es).

$Department of Mechanical and Aerospace Engineering, University of California San Diego,
La Jolla, CA 92093-0411 (krstic@ucsd.edu).

9IDepartment of Mathematical Engineering, University Catholique de Louvain, 1348 Louvain-la-
Neuve, Belgium (Georges.Bastin@uclouvain.be). This author’s research was supported by the Belgian
Programme on Interuniversity Attraction Poles (IAP V/22).

2005

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 12/28/15 to 150.214.230.47. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journals/ojsa.php

2006 J-M. CORON, R. VAZQUEZ, M. KRSTIC, AND G. BASTIN

Several other authors have also studied this problem. For instance, the linear case
has been analyzed in [35] (using a Lyapunov approach) and in [23] (using a spectral
approach). The nonlinear case has been considered by [6] and [13] using a Lyapunov
approach, and in [24, 25, 9] using a Riemann invariants approach.

The basis of our design is the backstepping method [18]; initially developed for
parabolic equations [27], it has been used for first-order hyperbolic equations [21],
delay systems [19], second-order hyperbolic equations [28], fluid flows [31], nonlinear
PDEs [32], and even PDE adaptive designs [29]. The method allows us to design
a full-state feedback law (with actuation on only one end of the domain) making
the closed-loop system locally exponentially stable in the H? sense. The gains of
the feedback law are the solution of a 4 x 4 system of first-order hyperbolic linear
PDEs, whose well-posedness is shown. The proof of stability is based on [3]; we
construct a strict Lyapunov function, locally equivalent to the H? norm, and written
in coordinates defined by the (invertible) backstepping transformation.

The paper is organized as follows. In section 2 we formulate the problem. In
section 3 we consider the linear case and formulate a backstepping design that globally
stabilizes the system in the L? sense. In section 4 we present our main result, which
shows that the linear design locally stabilizes the nonlinear system in the H? sense.
The proof of this result is given in section 5. We finish in section 6 with some
concluding remarks. We also include an appendix with the proof of well-posedness of
the kernel equations, and some technical lemmas.

2. Problem statement. Consider the system
(2.1) 2+ Mz 2)2 + f(z,2) =0, z€l0,1],t€[0,+00),

where z : [0,1] x [0,00) — R?* A : R? x [0,1] = Mas(R), f : R? x [0,1] — R?
with M 2(R) denoting the set of 2 x 2 real matrices. We assume that A(z, x) is twice
continuously differentiable with respect to z and x, and we assume that (possibly
after an appropiate state transformation) A(0,z) is a diagonal matrix with nonzero
eigenvalues A;(x) and Aa(z) which are, respectively, positive and negative, i.e.,

(2.2) A0, z) = diag(A: (z), As(z)),  Ay(z) > 0, As(z) < 0,

where diag(A1, A2) denotes the diagonal matrix with A; in the first position of the
diagonal and As in the second.

We also assume that f(0,2) = 0, implying that there is an equilibrium at the
origin, and that f is twice continuously differentiable with respect to z. Denote

of _ [ ) fia(2)
(2.3) 5(0,$) - |:f21($) f22(x):| ’

and assume that f;; € C' ([0, 1]).
Denoting z = [21 22]7, we study classical solutions of the system under the fol-
lowing boundary conditions

(2.4) 21(0,8) = Go (22(0,4)),  2(1,8) = U(t), t€ [0, +00)

which are consistent (see [26]) with the signs of (2.2), at least for small values of z.
We assume that Go(z) is twice differentiable and vanishes at the origin. In (2.4), U(t)
is the actuation variable, and our task is to find a feedback law for U(t) to make the
origin of system (2.1), (2.4) locally exponentially stable.
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Remark 1. The case with f = 0 in (2.1) was addressed in [2] and [3] by using
control Lyapunov functions to design a static output feedback law; this approach has
been shown to fail in [1] for some cases with f # 0, at least for a “diagonal” Lyapunov

function of the form fol 2T (2, 1)Q(x)z(x, t)dz.

3. Stabilization of 2 X 2 hyperbolic linear systems. Next, we present a
new design, based on the backstepping method, to stabilize a 2 x 2 hyperbolic linear
system; this procedure will be used later to locally stabilize system (2.1), (2.4).

Consider the system

(3.1) wy = B(x)wy + C(z)w, x€][0,1],t € [0, +00),

where w : [0,1] x [0,00) = R2, £,C :[0,1] = M2 2(R), where the matrices > and C
are, respectively, diagonal and antidiagonal, as follows:

52 @)= ) =t )

where c;(z), ca(x) are C([0,1]) functions and €1 (z), e2(x) are C1([0, 1]) functions, ver-
ifying that €;(z), e2(x) > 0, and with boundary conditions

(3.3) u(0,t) = qu(0,t), v(1,t) =U(¢),

where ¢ € R and the components of w are w = [u v]T. Our objective is to de-
sign a full-state feedback control law for U(t) to ensure that the closed-loop system
is globally asymptotically stable in the L? norm, which is defined as ||w(:,t)|/z2 =
\/fol (u?(&,t) + v2(€,t)) d€. There are two cases, depending on whether ¢ in (3.3) is
nonzero or ¢ = 0. We first analyze the first case, thus assuming g # 0.

3.1. Target system and backstepping transformation. Our approach to
designing U(t), following the backstepping method, is to seek a mapping that trans-
forms w into a target variable v with asymptotically stable dynamics as follows:

(3.4) Ve = B(2)7a,

with boundary conditions

(3.5) a(0,t) = ¢B(0,t), B(1,t) =0,
where the components of v are denoted as

(3.6) V(@ t) = [az,t) A1)

System (3.4), (3.5) verifies the properties expressed in the following proposition.
PROPOSITION 3.1. Consider system (3.4), (3.5) with initial condition o €
L?([0,1]). Then, for every X\ > 0, there exists ¢ > 0 such that

(3.7) 7o)l ze < ce ™ ||voll 2.

In fact, the equilibrium v = 0 is reached in finite time t = tp, where tp is given by

(38) = /01 <eliﬁ> * e;@) &
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Proof. Define

(3.9) D(z) =

A o ]
O S

ea(x)

where A, B, u > 0 will be computed later. Select

1
(3.10) Vi = /O o (2, ) D () (x, £ d.

Notice that /V4 defines a norm equivalent to ||7y(-,t)||r2. Computing the derivative
of V; and integrating by parts, we obtain

1
(311 W = —/0 3T (@, 1) (D(@)S()), v (@, ) + [y (2, 6) D(@) S (@) ()] o

where we have used that X(z) and D(x) commute. Since

(3.12) W), =1 2" g | >0

and, on the other hand,
(313)  [/'(z,t)D(@)S(@)y (1)), = —Aa®(1,0)e " — (B — ¢*A)5%(0, 1),

by choosing B = ¢? A+ Xy, A = Aye”, and u = A€, where € = maxX,e(o,1] {ﬁ, @%—m)}’
we get that (D(z)X(x)), > A D(x), therefore

(3.14) Vi < =MVi = A (a%(1,8) + B2(0,1))

where A1, Ao > 0 can be chosen as large as desired. This shows exponential stability
of the origin for the v system.

To show finite-time convergence to the origin, one can find the explicit solution
of (3.4) as follows. Define first

(3.15) ¢1(x):/01$d§, ¢2(x)=/0w%d&

noting that they are monotonically increasing functions of z, and thus invertible. Note
that the components of « verify the differential equations

(3.16) ap = —€1(T) g,

(3.17) B = e2(x)Ba,

which can be rewritten as follows:
0 0

(3.18) 5067 (@),1) + 5-alo7 (),6) = 0,
0 0

(3.19) 25B(67" (@),8) = 2-B(d7" (@), ) = 0.

The solution of these equations is a(x,t) = Fo(¢1(x) —t) and S(z,t) = Fg(pa2(z)+1),
where F,, and Fj are arbitrary functions. Now, if ag(z), So(z) are the initial condition
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for the states, one obtains F,, () = ag(é7 ' (x)) (valid for 0 < z < ¢1(1)) and Fp(z) =
Bo(py () (valid for 0 < 2 < ¢2(1)). Using the boundary conditions (3.5) one finds
the remaining values of F,, and Fj, and thus the solution of the system, as follows:

o o0 (67 (6r(@) ~ 1) ¢ < ona).
(3.20) (1) = { B0t —1(@) > 6(a).
_ [ Bo (851 (da(x) + 1)) t < a(1) — o),
(321) ﬁ(ﬂ?,t) - { O( 2 02 ) t 2 (bz(]-) _ (bz(x)’
Thus, after t = tg, where
(3.22) L‘F=¢1(1)+¢2(1)=/1( ! + ! >d§
o \ea() el@)

one has that « = 5 = 0. d

3.2. Backstepping transformation and kernel equations. To map the orig-
inal system (3.1) into the target system (3.4), we use the following transformation:

(3.23) = [ K (e s
where

K"(2,§) K" (x,)
(324) K(ZIJ, 6) = <KUU({E, é-) va(ﬁ, 5) )

is a matrix of kernels. Defining

(3.25) Qo=<8 §>, q1=<?>,

the original and target boundary conditions (respectively, (3.3) and (3.5)) can be
written compactly (omitting dependences in x and t) as

(3.26)  w(0,t) = Qow(0,1), qfw(l, t)=U, ~(0,t) = Qov(0,1), qu(lﬂ t)=0.

Introducing (3.23) into (3.4), applying (3.1), integrating by parts and using the bound-
ary conditions, we obtain that the original system (3.1) is mapped into the target
system (3.4) if and only if one has the following three matrix equations:

(3.27) 0=C(z) +X(2)K(z,2) — K(z,z)%(x),
(3-28)  0=X(2)Ka(2,8) + Ke(2,§)B(E) + K (2, X' (§) — K(2,6)C(8),
(329) 0= K(z,0)5(0)Qo.

Expanding (3.27), we get the following kernel equations:

(3.30) (@) K" + e (K" = =€) (K" — (Y K™,
(3.31) ()K" — e2( ) K¢ = e5( K™ — cr (§H K™,
(3.32) e2(2) K" — e (K™ = e (K™ + (K™,
(3.33) e2(2) K" + () K¢ = —€e5 (K™ + c1 (§ K™,
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with boundary conditions obtained from (3.28)—(3.29),

(3.34) K"(z,0) = ;621((00)) K™ (x,0),
(3.35) K (2, 2) = ﬁ

(3.36) K (2, 2) = —ﬁ,
(3.37) K" (z,0) = q;lfoof K (,0).

The equations evolve in the triangular domain 7 = {(z,£) : 0 < ¢ < z < 1}.
Notice that they can be written as two separate 2 x 2 hyperbolic systems, one for
K" and K" and another for K" and K"”.

By Theorem A.1 (see Appendix A), one finds that, for ¢ # 0, under the assump-
tion that c1(z), ca(z) are C([0,1]), e1(x), e2(x) are C1([0,1]), and that €1 (z), e2(x) > 0,
there is a unique solution to (3.30)—(3.37), which is in C(T).

3.3. The inverse transformation. To study the invertibility of transformation
(3.23), we look for a transformation of the the target system (3.4) into the original
system (3.1) as follows:

(3.39) wle.) =2(e.0) + [ Lm0
where
(3.39) L(z,€) = (Laa(gcv ) Laﬂ(%f)) .

§
LP(@,§) LPP(x,¢)

Introducing (3.38) into (3.1), applying (3.4), integrating by parts, and using the
boundary conditions, we obtain as before a set of kernel equations:

(3.40) e1(2) Ly + €1 (§) L™ = —€ ()L™ + ey (x) L7,
(3.41) e1(2) L8P — (&) L¢" = e, (§)L + 1 () LPP,
(3.42) ea(x) L — e (§LE = € ()L™ — ea(x) L7,
(3.43) ea(w)L5P + ea(§) LY = —€(§)LPP — ea(a) L,
with boundary conditions

ao T — 62(0) af x
(3.44) L*(z,0) —qq(O)L (z,0),

af r.r) = C]({E)
(34) L w, z) €1(x) + e2(x)

Ba r.7) = — CQ(:E)
(3.46) L (@, x) = a@ tal)

88y 0) = 4900) 1 ga,
(3.47) LPP(2,0) = 0 LP*(z,0).

Again by Theorem A.1 (see Appendix A), one finds that there is a unique solution
to these equations, which is C(T).
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3.4. Control law and main result. From the transformation (3.23) evaluated
at £ = 1, one gets

1

(3.48) U:/O Kvu(1,g)u(g,t)dg+/0 KU (1, €)0(E, 1)de.

With control law (3.48) the following result holds.

THEOREM 3.2. Consider system (3.1) with boundary conditions (3.3), control
law (3.48), and initial condition wy € L*([0,1]). Then, for every X > 0, there exists
¢ > 0 such that

(3.49) lw(-, )l 22 < ce™*||wol| 2

In fact, the equilibrium w = 0 is reached in finite time t = tp, where tp is given by
(3.8).

Proof. Since the transformation (3.23) is invertible, when applying control law
(3.48) the dynamical behavior of (3.1) is the same as the behavior of (3.4), which is
well-posed from standard results and whose explicit solution and stability properties
we know from Proposition 3.1. Thus, we obtain the explicit solutions of w from the
direct and inverse transformation, as follows:

(3.50) w(e,t) =7 (@) + / " L@, 0" (€ 1),

where v*(z, 1) is the explicit solution of the «, 5 system, given by (3.20)—(3.21), with
initial conditions:

(3.51) 0(e) = wn(o) - [ " K (e, €)wo(€)de.

In particular, we know that v goes to zero in finite time ¢ = tp, therefore w also
shares that property. Finally, since the origin of the ~ system is L? exponentially
stable with an arbitrary large exponential decay rate, we conclude, using the inverse
transformation, that the origin of the w system is also L? exponentially stable with an
arbitrary large exponential decay rate. Equation (3.49) follows by using the inverse
and direct transformations to relate the L? norms of w and ~y (using the fact that the
kernels of the transformations are continuous, and thus bounded, functions). O

3.5. The case q = 0. If the coefficient ¢ is zero in (3.3), the method presented
in the paper is not valid since (3.34) would require the value of one of the control
kernels to be infinity at the boundary of the domain 7. Similarly, if the coefficient
is close to zero, one still gets very large values for the kernels close to the boundary,
resulting in potentially large control laws.

The method can be modified to accommodate zero or small values of ¢ by setting
a slightly different target system (3.16)—(3.17), as follows:

(3.52) ar = —e1(z)az + g(2)B(0,1),
(3.53) Br = e2(z) P,

where g(z) is to be obtained from the method; regardless of the value of g(x), this is
a cascade system which is still L? exponentially stable and converges in finite time by
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the same arguments of Proposition 3.1, since now, using the same Lyapunov function
V1 defined in (3.10), we obtain

1
Vi = —/O 7T (@, 1) (D(@)S(@)), Yz, )z + [y (2, ) D(2)S (@) (w, )]

e HT

(3.54) +25(0,1) /1 alz,t)A
0 €

The new term (which is the last one) can be controlled by slightly modifying the
coefficients of D(z) in the proof of Proposition 3.1, obtaining the same result as
before.

The kernel equations resulting from the transformation are still the same (3.30)—
(3.33), with the same boundary conditions (3.35)—(3.37) for K“¥, K% and K"’
(which reduces to K¥’(x,0) = 0 when ¢ = 0), but one obtains an undetermined
boundary conditions for K"*:

(3.55) K" (z,0) = h(z),

where h(z) can be chosen as desired; by choosing at least a continuous function, one
can apply Theorem A.1 and thus the kernel equations are well-posed. After h(x) has
been chosen and the kernels have been computed, one obtains the value of g(z) as

(3.56) g(z) = qe1(0)h(x) — e2(0) K" (x, 0).

Invertibility of the transformation follows as before, thus one obtains the same
result of Theorem 3.2. The nonuniqueness in (3.55) gives the designer some freedom
in shaping the input function g(z) from 5 to . Also note that this has no impact
on the feedback law as the kernels K¥* and K"? (which are the ones appearing in
(3.48)) are uniquely defined and independent of the nonunique K** and K"".

4. Application of the linear backstepping controller to the nonlinear
system. We wish to show that the linear controller (3.48) designed using backstep-
ping works locally for the nonlinear system, in terms that will be made precise.

For that, we write our quasi-linear system (2.1) in a form equivalent (up to linear
terms) to (3.1). Define

41)  ¢i(z) = exp ( Ox illl((j)) ds) . pa(w) = exp (— Or {\"’22((;) ds> .

We obtain a new state variable w from z using the following transformation:

(42)  w(zb) = {Zfﬁiﬂ = Vlg’”) ; } {Zl("”’?} — 0(2)z(x,1),

pa() | | 22(w, 1)
so that
1
(4.3) (e t) = %0155”) L | wet) = o @, 1),

pa()

It follows that w verifies the following equation:

(4.4) wy + Aw, 2)w, + f(w,z) =0,
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where

(4.5) Aw, z) = ®(2)A(@ " (2)w, 2)@ ! (),

~ ful(z) 0
(4.6) flw,z) = @(x)f(fbfl(x)w, r) + Aw, ) A(2) fon()
R s

It is evident that A(0,z) = ®(2)A(0,2)®~(x) = A(0,x) and that f(0,2) = 0. Also,

(4.7) C(x) = — 9f(w, z) By _ {_f;)l(x) —floz(ﬂi)

ow
Thus, it is possible to write (4.4) as a linear system with the same structure as (3.1)
plus nonlinear terms:

(4.8) wy — N(z)w, — C(x)w + Ay (w, 2)w, + fnrn(w,z) =0,
where

(4.9) Y(x) = —A(0,x),

and

(4.10) Anp(w,z) = AMw,z) + E(x), fyvr(w,z) = f(w,z)+ C(x)w.

Computing the boundary conditions of (4.8) by combining (2.4) with the trans-
formation (4.2), and defining

q= 3Gao(v) and Gpnp(v) = Go(v) — qu,
v v=0
one obtains
(4.11) u(0,t) = qu(0,) + Gnr(v(0,1), v(1,8) =T(),

where U(t) = p2(1)U(t). In what follows we will consider the case ¢ # 0; the case
¢ = 0 is analogous (see Remark 2).

Notice that the linear parts of (4.8) and (4.11) are identical to (3.1) and (3.3),
and that the coefficients C(x) and X(z) verify the assumptions of section 3. Also, it
is clear that the nonlinear terms verify Ay (0,2) = 0, fnr(0,2) = agff (0,z) = 0,
and Gy (0) = Z42L(0) =0

Therefore, we consider using the feedback law:

(4.12) 0= /0 KU1, €)ule, t)de + /0 K™ (1, €)u(e, 1),

which implies, in terms of the original z variable:

1

1 ! VU vU
(4.13) U:@Z—(l)</0 K (1a€)zl(€vt)¢l(§)d€+A K (175)22(&75)@2(5)515),

where the kernels are computed from (3.30)—(3.37) using the coefficients C'(z) and
¥(z) from (4.7) and (4.9).
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Next, we show that the control law (4.13), which is computed for the linear part of
the system, asymptotically stabilizes the nonlinear system, although locally. However,
the right space to prove stability of the closed-loop system is H?2, instead of the space
L? that was used in section 3 for the linear system.

Denoting

1 0 991(1)K(”11;(1>I)

_ _ _ _ P2

(414) go = |:O:| ) G(Z) - GO(Z2)7 q1 = |:1:| ) k(x) - Lpg(r)K(m’)(l,m) 5
p2(1

the boundary conditions of the closed loop system would be written as

(4.15) 2(0,t) = G(=(0,8)), qF=(1,1) = / KT (€)= (€, t)de.

A necessary condition for system (2.1) with boundary conditions (4.15) to be well-
posed in the space H? is that the initial conditions verify the corresponding second-
order compatibility condition. These are

(4.16) 0 = G(20(0)) — gq 20(0),
1
(4.17) 0= /0 T (€)z0(€)dE — ¢7z0(1),
0 = G (20(0)) (A(20(0),0)2)(0) + £(20(0),0))
(4.18) —aF (A(20(0),0)2)(0) + F(20(0),0)).,

0= /0 KT(€) (A(20(E), €)2(6) + F(20(6), €)) de

(4.19) —ai (A(z0(1),1)z5(1) + f(20(1),1)).

While (4.16) and (4.18) are natural compatibility conditions, the conditions (4.17) and
(4.19) are artificial (since they show up due to the feedback law that has been designed)
and rather stringent, as they require very specific values of the initial conditions. Thus,
we modify our control law in a way that, without losing its stabilizing character, does
not require any specific values in the initial values beyond the natural conditions
(4.16) and (4.18). The modification in the boundary conditions consists in adding a
dynamic extension to the controller as follows:

1
(1200 @200 = GEON), a10) = [ K©E e +alt) + b
0
where a(t) is one of the states of the following system:
(4.21) a=—da, b= —dyb,

where the constants d; and ds can be chosen as desired with the only conditions that
dy,ds > 0and dy # do. It is evident that with positive values of these constants, (4.21)
is always stable. The initial conditions of a(t) and b(t) are an additional degree of
freedom that can be used to eliminate the compatibility conditions (4.17) and (4.19).
With the modification of the control law, these compatibility conditions are now

1
(422) 0= /0 KT (€)20(€)d€ + a(0) + b(0) — T 20(1),

0= / KT (€) (A20(6),€)z0, (€) + F(20(€).€)) dE — dya(0) — dzb(0)
(4.23) ~aF (Az(1), Dzo. (1) + F(z0(1), 1))
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Call
1
(4.24) Pi(z0) = ¢7z0(1) — / K (€)20(€) e,
Pa(z0) = aT (A(z0(1), 1)z0, (1) + f(20(1), 1))
(4.25) - /0 K7€) (A(20(£), €)20, (€) + F(20(6), €)) d.
Selecting
(4.26) a(0) =  Py(20) + d2Pi(20) b(0) = d1 Py (20) + Pa(20)

dy —do ’ dy —do ’

the compatibility conditions are automatically verified.

We are now ready to state our main result. Define the norms |z(-,t)||gn =
25Ol L2 + N[22, 1)l 2 and |20 D)[[g2 = 12 D)l + (222 (5 )] L2-

THEOREM 4.1. Consider system (2.1) and (4.21) with boundary conditions (4.20)
and initial conditions zo = [20, 20,]7 € H?([0,1]), and a(0) and b(0) verifying (4.26),
with the kernels K" and K"V obtained from (3.30)-(3.37) where the coefficients
C(z) and X(x) are computed from (4.7) and (4.9). Then, under the assumptions of
smoothness for the coefficients stated in section 2, for every X\ > 0, there exist 6 > 0
and ¢ > 0 such that, if ||z0||lgz < & and if the compatibility conditions (4.16) and
(4.18) are verified, then

(4.27) [2(-, )52 + a®(t) + b2(t) < ce ™ (||20]|F2 + a®(0) + b*(0)) .

5. Proof of Theorem 4.1.

5.1. Preliminary definitions. We first establish some definitions and notation.
For v(x) € R? with components a(z) and 8(z) denote |y(z)| = |a(z)| + |B(x)|, and

1
(5.1) e = sup @), Il = / Iy (€)1 de.
z€[0,1] 0

In what follows, for a time-varying vector v(z,t), we denote |y| = |y(x,t)| and ||y] =
[[7v(-, )| to simplify our notation. For a 2 x 2 matrix M, denote

(5:2) | M| = max{|M~|;y € R? |y| = 1}.
For the kernel matrices K (z,&) and L(z, &) denote

(5.3) [Klloo = sup |K(z,§)].

(z,£)eT

For v € H?([0,1]), recall the following well-known inequalities, that will be used later:

(5.4) vl < Cillvllze < Cofl7loos
(5.5) [7llee < C3 IVl + 72 llz2] < Callvllae,s
(5.6) H’YﬂcHoo <G [H’YﬂcHH + H’YMHLQ] < Cs||V|l 2
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Define the following linear functionals, the first two of which are, respectively, the
inverse and direct transformations (3.23) and (3.38):

(5.7) Kbl(@) = (w0~ | " K (e €16 1) e,
0

(5.8) L)) = 1z 1) + / Lz, €)y(€. t)de,
(5.9) Kibl(e) = ~K(z.on(e.t)+ [ " Ke(w €16, 1)de,
(5.10) Ko () = — K (2, 2)1(x, 1) — / " Ko, 01(€ 1)de,
(5.11) £10)(@) = Lz, o)y, 1) + / " Lo, O1(€ )de,

L1 ['7] (CC) = (Lac (xa :E) + Lg(x, :E))’y(fv, t) + Lw(xv CC)"/(:E, t)
(5.12) 4 /0 Lo, €)7(€, 1)de.

For simplicity, in what follows we drop writing the x dependence in functionals and
the t dependence in the variables.
Using (5.7) and (5.8), we define Fi[y] and Fs[y] as

(5.13) Py =Anr (L], @), Fo= fni (L[] 2).

To prove Theorem 4.1, we notice that if we apply the (invertible) backstepping
transformation (3.23) to the nonlinear system (4.8) we obtain the following trans-
formed system:

0= —X(x)y: + Anp(w, x)w, + fnr(w, x)
(5.14) + / K (,€) (A (w, €)wa (€) — s (1, €)) de,

and using the inverse transformation (3.38) the equation can be expressed fully in
terms of v as

(5.15) Y = @) + Foly 1] + Filr] =0,
where the functionals F3 and Fj are defined as

(5.16) 3 = K[Fi[v]72]
(5.17) Fy=K[F[y]L: [v] + Fa[v]]

The boundary conditions are
(5.18) a(0,t) = ¢B(0,t) + Gnr(B(0,1)),  B(1.1) = a(t) + b(?).

By the assumptions on the coefficients and applying Theorem A.2, the direct and
inverse transformations (3.23) and (3.38) have kernels that are C?(7) functions. Dif-
ferentiating twice with respect to x in these transformations, it can be shown that the
H? norm of v is equivalent to the H? norm of z (see, for instance, [30]). Thus, if we
show H? local stability of the origin for (5.15)—(5.18), the same holds for 2.

We proceed by analyzing (using a Lyapunov function) the growth of ||| 2, [|v¢] 2
and ||y /z2. Relating these norms with ||y|/z2, we then prove H? local stability
for ~.
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5.2. Analyzing the growth of ||v||z. Define

1
(5.19) Vi = /0 T (2, ) D)y, )

for D(x) as in (3.9). Proceeding analogously to (3.11)—(3.14), we get some extra
nonlinear terms:

1
Vi = —/O 7T (@,1) (D(@)S(@), (@, )z + [y (2, ) D(2)S (@) (1) o

(5200 -2 / 2T (1) D () (F3y,7a] + Faln]) do.

Let us analyze first the last term:
(5.21)

2

/0 7 (@, t)D(x) (E3[y,72] + Fi[y]) dz SKl/O Y (Fs [y, vall + [Faly]]) da.

Applying Lemma B.2 (see Appendix B), we obtain that there exists a d1, such
that for ||v||ec < 61,

1
(5.22) / sy, vellde < Kallvalloo e
1
(5.23) / I Eslde < Kslllsoll1]22,

and using inequality (5.5) and noting that |||z < K4V11/2, we obtain

1
(5.24) / I Es [, yallde < KsllyellooVi,
1
(5.25) / W Falllde < KollrallsoVa + KrVi2.
0
Now,

[’yT(x, t)D(2)2(x)y(x, t)}; = B (a(t) + b(t))2 et — Aa®(1,t)e " — BB%(0,1)
(5.26) +A(gB(0,t) + Gnr(B(0,1)))?,
and for ||v]leo < 1, |GnL(B(0,1))| < Kg|B(0,t)], and A > 0, we obtain
[’VT(ﬁcat)D(x)E(ﬁc)“/(xatﬂé < —Ac*(1,t)e ™" + (A(lgl + Ks)* — B)B%(0, 1)
(5.27) +B (a(t) + b(t)” et

Thus, choosing B = (|g| + Kg)?A+ A2 and A and p as in the proof of Proposition 3.1,
we obtain the following proposition.
PROPOSITION 5.1. There exists 01 such that if ||7v]|co < 01 then

Vi < —MVi— Ao (@2(1,8) + B2(0,1)) + C1 VY2 + Collva | Va
(5.28) + C3(a2 (t) + bz(t)),

where \1, Az, C1, Co, and C3 are positive constants.
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5.3. Analyzing the growth of ||v;||rz. Define n = ~;. Notice that the norms
of n and ~, are related (see Lemma B.6 in Appendix B). Taking a partial derivative
in ¢ in (5.14) we obtain an equation for 1 as follows:

(5.29) ne + (Fi[v] = (@) ne + F5[v, 72, m] + Fsly,n) =0,

where F5 and Fg are defined as

Fs = Ky [Fi[y]n] + /O”” K(z,8) Fia[v,v2|n(§)dé + K(x,0)Anr (7(0),0) 1(0)

(5.30) +K [Fua [y, nlva] ,
(5.31) Fs = K[Fuly,nLz V] + K [Fi[v]Le 0] + K[Fai[y, 0]l

where

(5.32) Py = ag:L (L[], ) L),

633 Fi= 2 (0] (o + L) + B2 (L),
(5.34) Py = 82;: L (L, =) Lin).

The boundary conditions for 7 = [ 72]T are

(5.35)  m(0,t) = qna2(0,t) + G'xp (B(0,1))m2(0,1),  m2(1,t) = —dra(t) — dab(t).

To find a Lyapunov function for 77, we use the next lemma.
LEMMA 5.2. There exists § > 0 such that, for ||v|lec < 0, there exists a symmetric
matriz R[] > 0 verifying the identity

(5.36) Riy) (E(2) = Fi[]) = (S(x) = i) R =0,

and the following bounds:

(5.37) RBR(z) < e+ el vlloos
(5.38) | (BY] = D(2)) X(2)),, | < ealVlloo (14 [112]lo0) »
(5.39) | (RIVD, [ < es (Inl + lInllz)

where c1,ca, c3 are positive constants.
Proof. We explicitly construct R[y] as R[y] = D(z) + O[y], with

(5.40) obl= uby ‘0]

where ¥[7] is defined as

Dui () (Fi[v])1p = D2a(2) (F1[1])5y
ea(x) + e1(x) + (Fi[v])1; — (Fi[7])as
where (F1[7]);; denotes the coefficient in row ¢ and column j in the matrix Fi[y].

Identity (5.36) follows by using the construction of R[y](z) = D(z)+©[y] using (5.40)—
(5.41), and the fact that D(z) and 3(x) are diagonal and commute. To ensure that the

(5.41) Y] =
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denominator of (5.41) is different from zero, denote K; = ming¢(o 1) (€1(2) + €2(z)) >
0. Applying (B.13) from Lemma B.2, there exists d; for which, if ||y]|eo < 1, One gets

(5'42) 52(55) + 61(510) + (Fl[’Y])Qz - (Fl ['7])11 > Ky — K2H’YH<>07
thus if ||v|lcc < min{dy, d2} with o = QKTg, we obtain

K,
(5.43) e2(2) +e1(@) + (Fil1])oe — (B0 2 =

thus ¢[y] is well-defined. Applying again (B.13) in the numerator of (5.41) to bound
(5.40), we obtain

(5.44) OM]Il < K37/,

and noting Ky = || D]/, we obtain directly the bound (5.37), and by choosing ||v||c <

min{d, dz, 03}, with d5 = 21(743, we show R[y] > 0.

Inequality (5.38) is equivalent to showing

(5.45) [ (O]ZE(@)), | < callPlloe (1 + [112lloc) -

We first use (5.44) to bound |O[y](z)X,(x)|, and for |O,[v](x)X(z)| we take a deriva-
tive in z in (5.41), use the bound (5.43) and use the fact that %Fl [v] = Fiz2lv, V4]
and using Lemma B.3, there exists d4 such that if ||v|ec < d4,

(5.46) [Fi2[v;Yell < K1 ([[7lloo + [1alloc) -
To show (5.39) we use %Fl [v] = |Fi1lv,n] and apply Lemma B.3. Setting § =

min{dy, dz, 3,4} the lemma follows. |
Define

(5.47) v, = / 0 (2, ORI (@),

Computing Va, applying Lemma 5.2, and integrating by parts, we find

Vo=~ [ o a.t) (RD) (S(@) - Fil)), n(e, Ods
0

r=1

+ [0 (2, ) Rb](2) (S(2) = Fily)(2)) n(z, )],

+ [ 0" (1) (RIY), 0, t)dz

S—

1 1
(5.48) -2 / 0T (2, OV RIS s s 1y 1 e — 2 / 0 (2, ) Ry Faly, ld.

The first three terms of (5.48) are analyzed using Lemma 5.2. Thus, there exists dq
such that, for ||v]|e < d, we find, for the first term,

—/0 0" (x,t) (Rl] (B(x) — F), (e, t)dz

(5.49) < =MVa + KillnlZe (1llso + [z lloc)
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The second term of (5.48) is bounded using the boundary conditions, (3.11)—(3.14),
and Lemma 5.2, as

r=1

[n" (2, ) R](2) (S(2) — Fi[Y)(2)) n(z, )],
< =2 (17(1,8) +03(0,1)) + Kalvlloo (#3(0, 1) + 07 (1,1))
(5.50) +K3(1+ [[7]ls) (a(t) + b(£)*).

Finally, we bound the third term of (5.48) applying Lemma 5.2 as follows:
1
PRI TS
0
1
(5.51) <Ko [P al+ ) do < Kl ol

Applying Lemmas 5.2 and B.3 to the last terms of (5.48), we get, for ||v|leo <,

1 1
2 / 0" (x,t) RV 5[, Va1, N )da §K5/ || F5 [y, n)|dz
0 0

(5.52) < Kellnllz (1o + [17alloo) + Krllnll21n(0, )[|4(0, )]

and

1 1
(5.53) 2 / 0T (2. )R Folyanlde| < K / ol Eolrv il < Kollnll2 1]l

Thus, it is clear that by choosing ||¥||sc small enough, using Lemma B.6 to bound
17z]loo bY [|7]l0, and noting ||n]|z2 < K19V/2, we obtain the following proposition.
PROPOSITION 5.3. There exists 02 such that if ||7]|co < d2,

(5.54) Vo < =A3Va — A (03 (1,8) + 03(0,1)) + K1Va|[nloe + K2b(t)?

for Ao, A3, K1, Ko positive constants.

5.4. Analyzing the growth of ||y:||r2. Define 6 = 7. Notice that the norms
of 6 and 7, are related (see Lemma B.8 in Appendix B). Taking a partial derivative
in ¢ in (5.29) we obtain an equation for 6:

(5.55) 0 + (F1[y] — X(x)) 02 + F7[v, Y, 0,02, 0) + Fa[v,1,6] = 0,

where F; and Fy are defined as

Fr = K1 [Fua by, ] + / " K (2, €) Fraly 1)0(€)de + Kx [0

+ [ KO Rl ©de + K(.0) 25 (20,0 (00100
(5.56) +K(z,0)Anr (7(0),0) 0(0) + K [Fia [y, nlne] + K [Fisly, n, 0]72] ,
Fy = 2K [Fu[y,n)La )] + K [F1[v] Lo [0]] + K [F1s[y, n, 0] Ls [7]]
(5.57) +K[Faay,n,0]],
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where
2
(5:58) Fia = 55 (Ch.o) Llalel] + 5 (2D, o) £16),
2
Fuu= Z28E (2ol ) 20 G+ 21001 + Z52E (21 ) O+ £l
2
659+ (Ch) o) Ll
2
(5:00) Fax = T3 (£l Linln) + “5VE (23] ) £16]
The boundary conditions for § = [#; 03] are
(B:61)  01(0,1) = a02(0,0) + Gl (10,1000, + G (0. )30.)

(5.62)  0y(1,t) = d3a(t) + dab(t).
Since (5.55) has the same structure as (5.29), we define
1
(5.63) Va = / 07 (x, t) R[y)(x)0(x, t)dz,
0

where R[v](x) was defined in Lemma 5.2.
Computing V3, and proceeding exactly as in (5.48), we find

- [ 7@ (RD) (3(0) = FilD), Ola )
T [07 (@, ORI (@) (5(2) — Fal) (@) 0w, )] 70 + / 07 (2,) (R, 0(z, t)da

(5.64) / 07 (x, ) RIY| Fr [, Yar 0, 1, O] dx — 2/0 07 (x, t)R[y| Fs[v, n, 0)d.
The first three terms of (5.64) are analyzed as in (5.49)—(5.51):

Vs < =MiVs + K102 (17lloo + [17alloo) + (Kallylloc — A2) (63(1,2) +63(0,1))
/ 07 (x,t)R[y]Fs[v, n, 0]dx / 07 (2, t) R[Y| Fr [y, Yas 0, M, 0] dex

(5.65)  +K3]0lI72 [nlloc + Ka(n2(0,1) + (1 + [7]lo0) (a® () + (1))

Finally, applying Lemmas 5.2 and B.4 in the last two terms of (5.65), there exists a
d, such that for ||v|lec <9,

+2

/ 0" (z, t) RIVIF2 [V, Yoo 1, M, O] da| < K5/ 01| F7 [y, Y, M, N, 0] |

< Koll0l172 (17lloo + 1alloo) + K7 ll0l z2lnl1 22 + Ksl|O1 212 22 19l
(5.66)  +Koll6llL2 + KiollOllzz (Inllz2lInll3 + [n(0,£)]* + (0, 1)[16(0, 1))

and

1
‘/ 07 (2, t) Ry Fs[1y, m, O da gKu/ 01 Fs[ry, . 0]z
0

< Ku]l0ll72117lloo + Krzllnll 2 10] 22 17]l o
(5.67) +K12|nllz2 101172 + KislnlZ-[16]] 2.
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Thus, by choosing ||v||sc and ||7||s small enough to apply Lemma B.8, we finally
obtain the following proposition.
PROPOSITION 5.4. There exists 03 such that if ||Y||co + [|7llcc < d3, then

Va < —AsVs — Ag (02(1,) + 62(0, 1)) + KaVaVy/? + KaVa Vg
(5.68) FKVE? 4 Ka|nlloon2(0,) + Ks(a2 + ),

where A5, Xg, K1, Ko, K3, K4, K5 are positive constants.

5.5. Proof of H? stability of ~. Defining W = V; + V5 + V3 and combining
Propositions 5.1, 5.3, and 5.4, there exists ¢ such that if ||v||ec + ||7]]ec < 6,

(5.69) W < =MW + CiW?2 4 Cy(a® + b?),

for \,Cy,C5 > 0. To compensate the last term, we augment this Lyapunov function
2 2
and define S =W + §(4- + £). Then,

(5.70) S <MW+ CiW32 4 (Cy — ¢)(a? + b?),
and choosing ¢ > Cs, one obtains
(5.71) S < —X\S+ (1632

for some positive A2. Following [2] and noting ||v]|eo + [|7]lcc < C25, then for suffi-
ciently small S(0), it follows that S(¢) — 0 exponentially.

Given that W (by Proposition B.5) is equivalent to the H? norm of v when
[I7]loo + lIMlloo is sufficiently small, and since by construction 7o verifies the required
second-order compatibility conditions, there exists § > 0 and ¢ > 0 such that if
[7ollzz < 6, then.

(5.72) 71132 + a(®)? +b(t)? < ce ™ (|70]|32 + a(0) + b(0)?) .

Since, as we argued, for small enough ||z|| 7> the H? norms of z and ~ are equivalent,
this proves Theorem 4.1.

Remark 2. The proof has been carried out for the case ¢ # 0. If ¢ = 0, we have
to modify the target system following section 3.5, which implies the appearance of a
linear boundary term (a coefficient times 5(0,t)) in the v system; similarly, in the 7
and 6 systems, 72(0,t) and 62(0,t) terms will appear. These terms can be controlled
using the same Lyapunov function by following the strategy outlined in section 3.5.

6. Concluding remarks. We have solved the problem of full-state boundary
stabilization for a 2 x 2 system of first-order hyperbolic quasilinear PDEs with actu-
ation on only one boundary. We have shown, using a strict Lyapunov function, H?
local exponential stability of the state. It is possible to extend this result to design an
observer, as shown in [33], and combining both results one obtains an output-feedback
controller with similar properties (see [34]).

It would be of interest to extend the method to n X n systems. For instance, a
3 x 3 first-order hyperbolic system of interest is the Saint—Venant—FExner system, which
models open channels with a moving sediment bed [5]; the extension is shown (for the
linear case) in [7]. While extending the Lyapunov analysis to n x n systems has been
done [3], considerable extra effort is required to extend backstepping to a general n xn
system, even in the linear case. In general, the method needs n? kernels resulting in
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an n? x n? system of coupled first-order hyperbolic equations, whose well-posedness
depends critically on the exact choice of the transformation and target system. The
extension has been shown possible, for the linear case, if the system has n positive
and one negative transport speeds, with actuation only on the state corresponding to
the negative velocity [8].

Appendix A. Well-posedness of the kernel equations. We show well-
posedness of the following hyperbolic 4 x 4 system, which is generic enough to contain
all of the kernel equation systems that appear in the paper:

(A1) a1(x)F) + e (OF = gi(z,€) + Z Chi(z, &) F'(x,€),
111 |

(A-2) e1(x)F2 — (O F = ga(w, &) + Y Coil, ) F* (,€),
=1

(A3) e(0)F] = a(©F = g5(2,€) + > Coi(w, O F' (),

4

(A4) e2(2)Fy + (O F = ga(w,&) + Y Cail, ) F* (,€),

=1

evolving in the domain 7 = {(z,£) : 0 < & < x < 1}, with boundary conditions

(A.5) FY(2,0) = hi(z) + q1(2) F?(2,0) + q2(2) F3(x,0),
(A.6) F%(z,2) = ho(x), F3(z,z) = hs(z),
(A.7) F*(2,0) = hy(z) + g3(z)F?(x,0) 4+ qu(x)F3(z,0).

This type of system has been called a “generalized Goursat problem” by some au-
thors [17]. However the boundaries of the domain 7 are characteristic for (A.1) and
(A.4), thus the general results derived in [17] cannot be applied. The following theo-
rems discusses existence, uniqueness, and smoothness of solutions to the equations.

THEOREM A.l. Consider the hyperbolic system (A.1)—(A.7). Under the assump-
tions qi,h; € C([0,1]), ¢;,Cji € C(T), 4,5 = 1,2,3,4, and €1,e2 € C([0,1]) with
€1(z), e2(x) > 0, there exists a unique C(T) solution F*, i=1,2,3, 4.

THEOREM A.2. Consider the hyperbolic system (A.1)—(A.7). Under the assump-
tions of Theorem A.1, and the additional assumptions €;,q;, hi € CV([0,1]), gi,Cji €
CN(T), there exists a unique CN(T) solution F, i=1,2,3,4.

Next we prove the theorems; the proof is based on transforming the equations into
integral equations and then solving them using a successive approximation method.

A.1. Transformation to integral equations. The equations can be trans-
formed into integral equations by the method of characteristics. For that, it is neces-
sary to define

o1 |
(A3) o) = [ s el = [ s,

and ¢3(x) = ¢1(x)+¢o(z). Note that all of the ¢ functions are monotonically increas-
ing and thus invertible, due to positivity of the e coefficients. Under the assumptions
of Theorem A.1, it also holds that ¢;, ¢; * € C*([0,1]).

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 12/28/15 to 150.214.230.47. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journals/ojsa.php

2024 J-M. CORON, R. VAZQUEZ, M. KRSTIC, AND G. BASTIN

Define, for (x,€&) € T, the characteristic lines along which (A.1)-(A.4) evolve:

(A.9) w1 (2,8,8) = ¢ (1(x) — d1(§) +5)

(A.10) &z, &, 8) = o1 ' (s),

(A.11) wo (2,8, 8) = ¢ (1 (05" (d1(x) + 62(8))) +5),
(A.12) a(w,8,8) = ¢ (02 (05" (d1(x) + 62(8))) — 5)
(A.13) w3(2,€,5) = ¢y ' (02 (85" (d2(x) + 61(€))) + 5)
(A.14) &(x,€6,5) = o1 (01 (5" (d2(2) +¢1())) — 5) ,
(A.15) za(x,8,8) = ¢y " (da(x) — da(§) +5),

(A.16) Ea(x, &, 8) = 3 ' (s),

where the argument s that parameterizes x; and &; belongs to the interval [0, sf],
with s defined as

(A.17) st (z,€) = ¢1(8),
(A.18) 55 (2,€) = pr(x) — ¢1 (65" (61(2) + $2(9))) ,
(A.19) s5 (2,€) = pa(x) — d2 (¢35 " (d2(z) + $1(9))) ,
(A.20) s1 (2, €) = ¢2(€).

The following lemma holds.

LEMMA A.3. If (x,€) € T and s € [0, 5], it holds that (x;(x,&,5),&(x,€,8) € T
fori =1,...,4. Also, under the assumptions of Theorem A.1, z;, &, and st are
continuous in their domains of definition since they are defined as compositions of
continuous functions. Moreover, the following inequalities are verified:

(A.21) zi(z,&,8) <z, 1=1,...,4,
(A22) 51754(3:3575) Sf? 52553(3:3575) 26

Using these definitions, (A.1)—(A.4) are integrated to

(A23) Fj(x,f) =F’ ($j($,f,0),fj($,f,0)) + GJ(ZIJ,f) + Ij[F](xvf)v

where we have denoted

1
o F (@)
(A24) F= F3 ’ Gj(xaf) :/ g; (xj(m,f,s),fj(ZI:,f,S)) dS,
0
F4
4 rsP(a6) |
(A.25) L;[F|(z,§) = Z/ Cji (w5(, €, 5), & (0, &, 8)) F* (25(,€,5),&5(, €, 5)) ds
=1

for j = 1,2,3,4. Substituting the boundary conditions (A.5)-(A.7) and expressing
the terms in (A.5) and (A.7) containing F%(z,0) and F3(z,0) in terms of the solution
(A.25), we get four integral equations which have the following structure:

(A.26) F(x,6) = Hj(x,€) + Gj(x,6) + ¢;(2,€) + Q;[Fl(2,) + L[ Fl(=,€),
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where Hj(z,&) = hj(z;(2,£,0)), ¢;(z,§) is has the values g9 = p3 =0 and
1= qi(z1(2,&,0))Ha(z1(2,€,0),0) + g2(z1 (2, £, 0)) Hz (21 (2, £, 0),0)
(A27)  +qi(z1(2,€,0))G2(x1(,&,0),0) + g2(z1 (2, £,0))Gs(x1 (2, &,0),0),
P4 = (J3($4($7 & 0))H2(CC4(:E, & 0), 0) + (J4($4($7 & 0))H3(CC4((E, 3 0)7 0)
(A.28)  +q3(za(2,,0))Ga(24(2,€,0),0) + ga(za(2, £, 0))Gs(24(2, €, 0),0).
and the values of the Q;[F](x,&) are Q2 = @3 = 0 and

Ql[F] = L]l(ﬂil(%,f,0))IQ[F]($1($,€,O),O)

(A.29) + g2(z1(2,&,0)) I3[ Fl(x1(x,&,0),0),
Q4[F] = Q3(x4(x7§70))I2[F](x4(x7€70)70)
(A.30) + qa(z4(2,€,0)) I3[ Fl(x4(x,&,0),0).

In this form, the equations are amenable to be solved using the successive ap-
proximation method. This is explained next.

A.2. Solution of the integral equation via a successive approximation
series. The successive approximation method can be used to solve the integral equa-
tions. Define first the following functional acting on F*:

(A?’l) @J[F](x,f) = QJ[F](ZIJ,f) + Ij[F](xvf)v

and the vectors

Hi+Gi+¢r D, [F)
o HQ"’GQ"’()OQ o ©Q[F]
(A-32) YT Hs+Gs+s3 | O[F] = O3[F]
Hy+ G4+ ¢4 Dy[F)
Define then
(A.33) F(z,6) = ¢(2,8), F"(x,6) = O[F"](,¢).

Finally, define for n > 1 the increment AF™ = F" — F*~1 with AF? = ¢ by defini-
tion. It is easy to see that, since ® is a linear functional, the equation AF"(z,§) =
O[AF" 1 (x,€) holds.

If limg, oo F™(x, &) exists, then F' = lim,,_, o F™(z,§) is a solution of the integral
equations (and thus solves the original hyperbolic system). Using the definition of
AF™, it follows that if Y AF™(z,£) converges, then

(A.34) F(z,8) =Y AF™(x,¢).
n=0

A.3. Proof of convergence of the successive approximation series. First,
define

b= max i(x, , Ciy = max |Cy(x,§)l,
0= s, ), Cuo= i 1€ )

1 1
K. = max { , } ,
(z,9)eT | e1(x)’ ea()

4 4 4
(A.35) G = max lgi(z)|, C= <1 + qi) > Ci
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Next, we prove the following two lemmas.
LEMMA A.4. Fori=1,2,3,4,n>1, (z,£) €T, and sf'(z,¢), xi(x,&,s) defined
as in (A.9)—(A.20), it follows that

Sf(w7§) xn‘l’l
A.36 "z, &, 8)ds < K. .
(A.36) | s < K

Proof. We show the result for ¢ = 1,2. It follows for ¢ = 3,4 by switching ¢; and
¢1, respectively, for €5 and ¢5. For ¢ = 1 we can write

¢1(8) ¢1(8)
(A.37) /O (2, €, 5)ds = /O 67 (61(x) — d1(6) + 5))] " ds.

To prove the inequality, change the variable of integration to z = ¢! (¢1(x) — ¢1(€) + ).
Then, taking into account
dz d

(4.39) = 2 o @) 0O +9)] = 5 = ).

the integral can be bounded as follows:

$1(§) .
/O [p1 ! (d1(z) — ¢1(€) + 9))] " ds

$n+l

(A.39) = /¢> 2" e1(z)dz < Ke/o 2"dz = Ken——|—1'

THe1(x)—91(8))

For ¢ = 2 the integral can be written as

/¢1<z)—¢1(¢31<¢1<z>+¢2<5>>)

(A.40) [67" (1 (65" (1) + 62(€))) +5)]" ds.

As before, change the variable of integration to z = ¢7 " (¢1 (#5 ' (¢1(2) + ¢2(€))) + 3).
Then one has that % = m = €1(z), thus the integral can be bounded as follows:

o1(@) =1 (05 (61(2) +02(9))) .
/ [stl (¢1 ((b?:l (1(x) + (bz(f))) + S)} ds

x x n+1
(A.41) = / 2" [e1(2)dz < KE/ 2"dz = Kc——,

65 (61(2)+62(8)) 0 n+tl
which concludes the proof. d

LEMMA A.5. Fori=1,2,3,4,n>1 and (z,§) € T, assume that
. _Cn K"
(A42) AR ()] < SR
7én+1K;’l+1ZEn+1

then it follows that |®;(AF™)(z,&)| < ¢ sy
Proof. We show the proof for i = 1, 2; the structure of the equations is the same
for ¢ = 3,4. For ¢ = 2,

4 55 (,€)
Bo[AF)(1,€)| = |LIAF](2,6)] < S o / AFT (22, €, ), £a(a. £, 5)) ds|
=1
Kn+l€m+lxn+l

— 4 F
_KnC"™ _ s3 (3,8) -
A4 < < i 5 IS S < )
(A.43) <oy J R T ]
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where Lemma A.4 has been applied. Similarly, for i = 1,
O [AF"|(2,€) < [Q[AF"|(z, )] + [L[AF"](z,8)]

~ 4 F
_ -C"K] _ sy (21(2,£,0),0) .
<qo , E C2i/ x5 (z1(x,€,0),0,8)ds
: 0

n
=1

— 4 F

7OnK;’L B S3 (11(1;5;0)70)

+(j2¢ n E 3i/ J:g({l:l (a:,f,O),O,S)dS
Toi=1 0

_ F
_C"K™ B 51 (x,8) .
+¢ n! Zch/o Ly (x,f,s)ds

7nKn+1 4 _ n -~ nKnJrl 4 _ n
C € ZO 'xl(xafvo) (bc € ZO '331(513,6,0)

<@ i 7 i
= no— 2 w1 T® Mgy ]
B CmKn+l 4 B " B én+1Kn+1$n+1
A4 = Chi < < ,
( ) +9 n! ; 1714—1*(25 (n+1)!
since z;(x, &, 0) < x. Thus the lemma is proved. O

Next we show that (A.34) converges.
PROPOSITION A.6. For AF*(x,€), i =1,2,3,4, one has that

(A.45) < geCKer,

n=0

Proof. The result follows if we show that |AF*(z,&)| < éénK?ln. We prove the

n!

bound by induction. For n = 0, the result follows from (A.33). Assume that the
bound is correct for all i in AF™(z,€). Then, we get for AF"™(z,¢) that

+1 7CVn+1Kn+1xn+1
A4 AF = [®;[AF"](2,8)| < p——F——,
(4.46) AR ,0)] = [RAF|(r, )] < b
where we have used Lemma A.5. Thus the proposition follows. O

From Proposition A.6 we conclude that the successive approximation series is
bounded and converges uniformly. Thus, a bounded solution to (A.1)—(A.7) exists.
This proves the existence part of Theorem A.1.

To prove uniqueness, let us denote by F(z, ) and F'(x, &) two different solutions
to (A.1)-(A.7). Defining F(x,€) = F(x,&) — F'(2,€). By linearity of (A.1)-(A.7),
F(z,€) also verifies (A.1)~(A.7), with h; = 0 and g; = 0 for all i. Then ¢ = 0 for
F(z,¢), and Proposition A.6 we conclude F(x,¢) = 0, which implies that F(z,€) =
F'(x,¢).

To prove that the solution is continuous, note that since (A.34) converges uni-
formly, one need only prove continuity of each term. First, AFy = ¢; € C(T) since the
; are defined as a sum of compositions of continuous functions. Similarly, since AF,,
is defined as the integral (with continuous limits) of continuous functions times the
previous AF,,_1 composed with continuous functions, by induction it can be shown
that AF,, € C(T). Thus F € C(T) and Theorem A.1 is proved.

A.4. Smoothness of solutions. Next we sketch the proof of Theorem A.2.
We consider only N = 1; for N > 1 the result can be proven by induction. Denote
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G; = %i(2,¢) and H;
(A.1)—(A.4), we find two uncoupled 4 x 4 hyperbolic systems (for G; and for H;),

(A.47)

(A.48)

(A.49)

(A.50)

(A.51)

(A.52)

(A.53)

(A.54)

e1(2)Gy +e1(§)Gg =

€1 ()G2 — e2(€)G? =

e2()G3 — e1(6)G2

e2(2)Gy + e2(6)Ge =

er(x)H) + € (f)Hgl =

61(9C)H3 - 62(§)H§2

62(9C)H§ — €l (§)H§3 =

e2(x)Hy + 62(§)H§ =

Fe (,6).

_61( )Fl

4
+> Chil@, )G (x
=1

@R+ 52

4
+> 0 Coi(,6)G (@
=1

)+ By

4
+> Cai(@,6)G (x
=1

_62( )F4

4
+> Cui(2,8)G (@
=1

“4OF + B
+ZCM 2, )H (x
“4OF + P2
+Z(ng 2, )H (x
—OF +
+ZC& z,&)H

~4OF + P

+ZC41 $§

+ Z aClz

76)7

+ Z 6021

76)7

76)7

+ Z 6041

76)7

+ Z aClz

6),

il 021

6),

i C3z
=1
z,8),

+ Z 6041

z,§).

By differentiating with respect to = and £ in

€)F (,€)

€)F (,€)

E)F (,€)

E)F (x,€)

lef)

E)F (x,€)

E)F (x,€)
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Now, differentiating the boundary conditions in (A.6) it is found that
(A.55) G*(w,x) + H*(x,x) = hy(x), G*(x,x)+ H*(x,x) = hj(x),
and setting = ¢ in (A.2)-(A.3),

4

(A56) € (2)G?(z,2) — ex(x) H?(2,2) = go(x,2) + Z Coi(w, ) F'(x, ),
i=1

(A57)  e(2)G3(x,2) — et () H? (2, 7) = g3(x, ) + Z Csi(z, x)F'(x, x),

we can find a set of boundary conditions for G/ and H7, j = 2,3, at the boundary

Tz =¢:
eo(2)hy(x) + gola, x) + 31, Coilw, ) F(x, x)

(A58)  Gz,z)= @) + a(@) ’
30y ) = L@N5(2) + g5(2,2) + 3 Cilw, 2) ()
(A.59) G (z,z) = e2(x) + €1(x) ’
2 a(@)hh(@) = ga(w,x) = S, Coilw, 0)Fi(w, )
(A.60) H(z,z) = €2(x) + €1(x) ’

4 i
(A.61) HB(Q:’ z) = 62(x)hé($) —g3(z, @) — Zi:l Csi(z,x)F' (z, x) ’
e2(z) + ()
Similarly, differentiating boundary conditions (A.5) and (A.7) we find boundary
conditions for G' and G* at £ = 0:

G'(x,0) = hi(z) + q1(x) F*(z,0) + g3() F*(x,0) + g1 () G*(x,0)
(A.62) +q2(2)G°(2,0),
G (2,0) = hj(z) + g5(x) F*(2,0) + ¢4 () F*(x,0) + g3(2)G*(x,0)
(A.63) +4(2)G(2,0),
and setting £ = 0 in (A.1)—(A.4), we can also find two sets of boundary conditions for

HJ, j =1,4, at the boundary ¢ = 0,

91(2,0) + S, Cui(@, 0)Fi(2,0) ()
61(0) €1 (0)

H(x,0) = <h’1 () + ¢ (2) F*(x,0)

4
+ gh(2) F (2, 0) + L o <€2(0)H2($a 0) + g2(2,0) + Y Caila, 0)F'(x, 0)>

c1(z) i=1

4

(A61) + ZEZZ; <61(0)H3(x, 0) + gs(x,0) + > Cail, 0)F(x, 0))) ,
4@, 0) + 30, Cui(w,0)Fi(2,0)  ex() [, P

H4((E, 0) - 62(0) - 62(0) <h4($) + q3($)F (CE, 0)

4
+44(2) F?(2,0) + e <€2(0)H2($a 0) + g2(2,0) + Y Cail, 0)F'(x, 0)>

c1(z) i=1

4
(Ag5) 4+ B <61(0)H3(x, 0) + gs(x,0) + > Cail, 0)F(x, 0)>> .

c2() i=1
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Thus, both the G’s and H"s verify equations formally equivalent to (A.1)-(A.7),
with derivatives of the old equations’ coefficients as new coefficients, and the F%’s as
additional terms. If these equations have solutions, then the solutions must be the
partial derivatives of the F functions.

Now, under the assumptions of Theorem A.2, by Theorem A.l there is a (at
least) continuous solution F(z,&). Plugging that solution into the equations we just
derived for the G%’s and H?’s, one obtains equations whose coefficients and boundary
conditions are (at least) continuous. Hence Theorem A.1 can be applied implying
that the G%’s and H"’s are continuous. Thus F(x,£) € C! (T), proving the result.

Appendix B. Technical results. Next we give some technical lemmas used
throughout the paper. The first lemma follows from the fact that the control direct
and inverse kernels are C%(7) functions.

LEMMA B.1.
(B.1) KV < Cr (] + 17z s
(B.2) IL[V]] < Co (] + [1vllze)
(B.3) K1V < Cs (v + 1Vl z1)
(B.4) o[V < Ca(Iy] + 1Vl z2)
(B.5) IL1[Y]] < Cs (] + [l »
(B.6) [Laaly]l < Cs (|| + [7llr) -

The next lemma is based on the fact that, since Anp(u, z) is twice differentiable with
respect to u and z, and since we have Ay, (0,2) = 0, it follows that there exists a dx
and K1, Ka, K3 such that if |u| < 64, then, for any v, w € R?, it holds that

®.7) Axa )] + | L < gy,
OANT aANL(Uax)
. — | <
(B.8) ‘ ou (u,x)v‘ + udr || = Kall
0%\
(B.9) Tty < Kalulul.

Similarly, since fnr(u, z) is twice differentiable with respect to u and once with respect
to x, and fnr(0,2) = %(o,x) = 0, there exists a 65 and Ku, K5, K¢ such that if
lu| < &y, then for any v € R?,

0

(B.10) ) + | 228 )| < Kl
0

(B.11) I 1,2)| < sl
32

(B.12) ‘ 8{LJ\£L(u,a:)v < Kylv).

Then, the following lemma holds.
LEMMA B.2. For ||V|locc < min{da,dy},

(B.13) [F1 < Cs (|| + [1vl21)

(B.14) |Fo| < Co (W1 + V1172) 5

(B.15) |5 < Cr ([[Yllz2ll + V) el z2 + 7= (2)
(B.16) |Fa| < Cs (P + IV1172) -
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The next lemma follows from the previous ones.
LEMMA B.3. For ||7|loc < min{da,d;},

(B.17) [Fi| < Co (Inf + [InllL1),
(B.18) |Fia| < Cro (|7al + [y + [17]l21)
(B.19) [Fo1| < Cua (v + 1vllz) (nl + lmll o)
|5 < Cra (Il + [Inllz2) (] + 1711 z2) + Cra (In] + (7] z2)
(B.20) X (|72] + [[72ll£2) + C1s7(0)[In(0)],
(B.21) |Fs| < Cie (Inl + 1nllz2) (7] + [1v]z2) -

The next lemma follows immediately from the previous lemmas and the corre-
sponding definitions.
LEMMA B.4. For ||Vl < min{da,dy},

(B.22)  |Fis| < Cur (In* + Inll7:) + Cus (6] + 0] 1) ,
[F1a] < Cro (I + [InllL2) (U + [yal + [+ lI7ll20)
(B.23) +C% (72| + Il + [Iml[ 1) ,
(B-24)  [Faz| < Cox (Il + 17ll2) (101 + 110]l 2) + Coz (Inf* + [lnll71) -
|Fr| < Cos (I + [1nll72) (1 + [vllo + l0)
+Co (Inl + lInll£2) (=] + lInl] £2)
+Cas (7] + [Vllz> + [17zlleo) (161 + 116]] 2)
(B.25) +C26 (11(0)[* + [4(0)[16(0)]) ,
(B.26)  |Fs| < Car (In]* + InllZ2) (1 + 17lloc) + Cas (1] + IIyllz2) (16] + [16]] 2) -
Finally, the following result is crucial in establishing Theorem 4.1.

PROPOSITION B.5. There exists § such that, if ||[V|loo + |Mllec < &, then the
following inequalities hold:

(B.27) [0]lc < c1 ([[7zzlloo + V2 lloo + 1Vllo0) +
(B.28) 002 < 2 (el + Vallez + [1VIlL2)
(B.29) [Yazlleo < €3 ([1B]loc + I7lloc + 17llo0) »
(B.30) [V2zllr2 < ca (16122 + [Inllrz + 1vllL2) ,

where c1,ca, C3,Cq are positive constants.

The proposition is proven using a series of three lemmas.

The first lemma gives a relation between the L? and infinity norms of 7 and ~,,
under the assumption that ||v|| is small enough.

LEMMA B.6. There exists d3 such that, if ||7]|co < 02, then the following inequal-
ities hold:

(B.31) Mlloe < e1 (IVzlloo + [[7llo0) 5
(B.32) Inllrz < c2 (1vallze + 17llz2)
(B.33) [7zlloe < €5 ([Inlloo + [17]loc)
(B.34) [v2llz2 < ca(llnllcz + 1vllL2)

where c1,ca, C3,Cq are positive constants.
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Proof. First, from (5.15) we see that

(B.35) 1= E(@)%e + F5[v,%](x) + Fa[y](z) = 0.

Therefore, calling 01 the value of § in Lemma B.2 and assuming ||v||cc < d1, we can
compute a bound on [|n]|« as follows:

1llee < Killvzlloo + [1E5[7, vl + [ Fa[7]lloo
(B.36) < Kz (Iallos + 1z llsclvllee + 1711%) < K3 (Ialloo + [17llso) -

Proceeding similarly with the L? norm,

MMz < Killvelle + 1F3ly, velllce + [ Faly]l 2
(B.37) < Ko (Ivallze + vzllz2 [1vllee + VMooVl 22) < K3 ([1Vallz2 + [17]lz2) -

For the last two inequalities, we solve for v,:

(B.38) Yo =71 (@) (+ B3y, 7] (2) + Faly](2)) -

Remembering the definition of ¥(z), € = max e 1 {le), Ezé—r)} > 0, and assuming
that ||v|leo < 01, we obtain

(B.39) 1zlloso < & (Illoo + Killvzlloc[lloc + K2ll7]5) -

Therefore, if we choose [|7]loo < min {1, 7=}, we reach the third inequality. Pro-
ceeding similarly with the L? norm,

(B.40) 1VallL2 < €(lInllL2 + Ksllvzllz2 [17]leo + Kallvlz2l17]lo0)

so choosing [|7]c < min {&1, 57z}, we reach the fourth inequality. Therefore,

1

m}, all inequalities are verified and the lemma is

choosing § = min {81, 77—,
proven. a

The next lemma gives the relation between 7, and 7., both in the infinity norm
and the L? norm, for small ||7||oc-

LEMMA B.7. There exists § such that, if ||¥]lco < 0, then the following inequalities

hold:

(B.41) [Vzzlloo < 1 (I2lloo + [1nlloo + [Vlloo)
(B.42) VeallL2 < c2 (Inellze + [1nllze + [Vll2)
(B.43) 172 l00 < €3 ([Vz2lloo + 17llco + 17llo0)
(B.44) 12l 22 < ca (Ilvaellzz + lInllz + Ivllz2)

where c1,ca, C3,Cq4 are positive constants.
Proof. Taking an z-derivative in (5.15),

(B45) Nz — El(x)PYw - E(f)"/ww + Fl [’7]711 + F32[A/7 790] + F42 ['77 790] = 0,

where F3o and Fyo are defined as

(B.46) Fzo = K [F1[v]7a] + Fiz[v, va]ve
Fyp = K2 [F1[Y]L1 [Y] + Fo[V]] + Fiz[v, v2) L1 [7]
(B.47) +E1 Y] L1 Y]+ Fr [y L, 2) v + Fasly, el e
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where

dfNL
ox

fnL
O

(B.48) o3[y, 7:] = (L], @) + (L0, 2) (72 + L1[7]) -
These functionals verify the following bound, similar to the bounds developed in

Lemma B.2, if ||7|loc < min{da,dy}

(B.49) |Fso| < Cr(Iyllzz + D) (Il + 1al) + Calal?,
(B.50) [Faz| < Ca(Ivlle2 + D) (vl + [rel) -

Therefore, using Lemma B.6, and inequality (B.13), and making |||l small enough,
we can compute the bounds as in the proof of Lemma B.6. d

Finally, the next lemma relates 7, and 6, both in the infinity norm and the L?
norm, for small ||v||oc and ||7]]co-

LEMMA B.8. There exists § such that, if ||7]lco + |7llcc < 8, then the following
inequalities hold:

(B.51) [0]lcc < c1 ([[M2lloo + [[Mlloo + [7llo0)
(B.52) [0]l2 < ca (Imzllzz + Inllzz + [1v][z2) .
(B.53) [M2llo0 < €3 (10]loc + [[Mlloc + [7llo0)
(B.54) [mellzz < ca (10022 + Inllzz + [1v]lz2)

where c1,ca, C3,Cq are positive constants.
Proof. We can write (5.29) analogously to (5.15),

(B.55) N — E(@)ne + F31[7, Ve, m 12 (2) + Fo[y, n](z) = 0,

where F31 is defined as

(B.56) Fy = K[Fi[y]ne + Fua[n]ya] -

The functional Fj3; verifies the following bound, similar to the bounds developed in
Lemma B.2, if ||7|loc < min{da,dy}, then

(B.57) [Fai| < Oy (IVllze + D) (el 22 + 1n2]) + C2 (122 + e D) (Inllz2 + [nl) -

Therefore, using Lemmas B.3 and B.6, and inequality (B.13), and making ||v||c +
|7]]co small enough, we can compute the bounds as in the proof of Lemma B.6. 0
Combining the three lemmas, the proposition immediately follows.
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