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FINITE-TIME STABILIZATION OF SYSTEMS OF CONSERVATION LAWS
ON NETWORKS

VINCENT PERROLLAZ AND LIONEL ROSIER

ABSTRACT. We investigate the finite-time boundary stabilization of a 1-D first order quasilinear
hyperbolic system of diagonal form on [0,1]. The dynamics of both boundary controls are
governed by a finite-time stable ODE. The solutions of the closed-loop system issuing from
small initial data in Lip([0,1]) are shown to exist for all times and to reach the null equilibrium
state in finite time. When only one boundary feedback law is available, a finite-time stabilization
is shown to occur roughly in a twice longer time. The above feedback strategy is then applied
to the Saint-Venant system for the regulation of water flows in a network of canals.

1. INTRODUCTION

Solutions of certain asymptotically stable ODE may reach the equilibrium state in finite time.
This phenomenon, which is common when using feedback laws that are not Lipschitz continuous,
was termed finite-time stability in [5] and investigated in that paper.

A finite-time stabilizer is a feedback control for which the closed-loop system is finite-time
stable around some equilibrium. In some sense, it satisfies a controllability objective with
a control in feedback form. On the other hand, a finite-time stabilizer may be seen as an
exponential stabilizer yielding an arbitrarily large decay rate for the solutions to the closed-
loop system. This explains why some efforts were made in the last decade to construct finite-
time stabilizers for controllable systems, including the linear ones. See [29, 30] for some recent
developments and up-to-date references, and [2] for some connections with Lyapunov theory.

For PDEs, the relationship between exact controllability and rapid stabilization was inves-
tigated in [34, 22, 23]. (See also [24] for the rapid semiglobal stabilization of the Korteweg-de
Vries equation using a time-varying feedback law.)

To the best knowledge of the authors, the analysis of the finite-time stabilization of PDE
is not developed yet. However, the phenomenon of finite-time extinction exists naturally for
certain nonlinear evolution equations (see [36, 11, 6]). On the other hand, it is well-known
since [28] that solutions of the wave equation on a bounded domain may disappear when using
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2 VINCENT PERROLLAZ AND LIONEL ROSIER

“transparent” boundary conditions. For instance, the solution of the 1-D wave equation

Oly— 9%y =0, in(0,7) x (0,1), (1.1)

Oxy(t, 1) = —0wy(t, 1), (0,7), (1.2)
0.y(t,0) = dy(t, 1), in (0,7), (1.3)
((0,.),0:y(0,.)) = (o, 20), (0, 1) (1.4)

is finite-time stable in {(y,z) € H(0,1) x L?(0,1); y(0 )+ fo x)dr =0}, with T =1 as
extinction time (see e.g. [23, Theorem 0.5] for the detalls ) The condltlon (1.2) is transparent
in the sense that a wave y(t,z) = f(z — t) traveling to the right satisfies (1.2) and leaves the
domain at x = 1 without generating any reflected wave. Note that we can replace (1.3) by
the boundary condition y(¢,0) = 0 (or 9,y(t,0) = 0). Then a finite-time extinction still occurs
(despite the fact that waves bounce at = 0) with an extinction time 7' = 2. We refer to [8] for
the analysis of the finite-time extinction property for a nonhomogeneous string with a viscous
damping at one extremity, and to [1] for the investigation of the finite-time stabilization of a
network of strings.

The finite-time stability of (1.1)-(1.4) is easily established when writing (1.1) as a first order

hyperbolic system
3t<r>—5$<8>:0
s r

with (r,s) = (0,y,0ry), and next introducing the Riemann invariants u = r — s, v = r + s that
solve the system of two transport equations

Ou + Jyu = 0,

(9,51} — am’U =0.
The boundary conditions (1.2) and (1.3) yield u(¢,0) = v(¢,1) = 0 (and hence u(t,.) = v(t,.) =
for ¢t > 1), while the boundary conditions (1.2) and y(¢,0) = 0 yield v(¢,1) = 0 and u(¢,0)
v(t,0) (and hence v(t,.) =0 for t > 1 and u(t,.) =0 for t > 2).

The goal of this paper is to show that the finite-time extinction property can be realized for
1-D first order quasilinear hyperbolic systems

QY + 8,F(Y) = 0, (1.5)

0

that can be put in diagonal form, i.e. for which there is a smooth change of (dependent) variables
that transforms (1.5) into a system of two nonlinear transport equations of the form

Oyu + A(u,v)0,u = 0, (1.6)
O + p(u,v)0yv = 0, (1.7)

where p(u,v) < —c < ¢ < A(u,v) are smooth functions and ¢ > 0 is some constant. In practice,
the functions v and v are Riemann invariants of (1.5) (see e.g. [13]).

The generalization of the finite-time extinction property of the wave equation to systems of the
form (1.6)-(1.7) is the main aim of this paper. Of course, one could just consider homogeneous
Dirichlet conditions

u(t,0) =v(t,1) =0,
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but this would impose to restrict ourselves to initial data (ug,vo) fulfilling the compatibility
conditions

up(0) = vp(1) = 0.
Rather, we shall consider boundary conditions whose dynamics obey a finite-time stable ODE,
namely

%u(t 0) = —Ksgn(u(t,0))]u(t,0)|7, (1.8)
%v(t, 1) = —Ksgn(v(t,1))|v(t, 1)]7, (1.9)

((K,~) € (0,400) x (0,1) being some constants) and supplement the system (1.6)-(1.7), (1.8)-
(1. 9) with the initial condition

u(0,x) = up(z), v(0,z) = vo(x). (1.10)
The first main result in this paper (Theorem 1) asserts that for any pair (ug, vo) of (small enough)
Lipschitz continuous initial data, system (1.6)-(1.7) and (1.8)-(1.10) admits a unique solution
in some class of Lipschitz continuous functions, and that this solution is defined for all times
t > 0 and vanishes for roughly ¢ > 1/c. Theorem 1 is proved by using a fixed-point argument
(Schauder Theorem) and energy estimates.
Sometimes, the boundary condition at one extremity of the domain (say 0) is imposed by the
context, so that we cannot chose the condition u(¢,0) = 0 (or its generalization (1.8)) for the
Riemann invariant w. Then, we have to replace (1.8) by a boundary condition of the form

u(t,0) = h(v(t,0),t), (1.11)
for some (smooth) function h = h(v,t). The second main result in this paper (Theorem 2)
asserts that the system (1.6)-(1.7) and (1.9)-(1.11) is still locally well-posed with roughly an
extinction time 7' = 2/c. The result is obtained for small initial data and for ||0;h||sc small
enough.
The results obtained in this paper can be applied to:

(1) the p—system
Oir — Oys = 0, (1.12)
Os — Ox[p(r)] =0, (1.13)
where p € C*(R) is any given function;
(2) the shallow water equations (also called Saint-Venant equations [33])

OH + 0,(HV) =0, (1.14)
OV + 0, (V— +gH) =0, (1.15)

where H is the water depth and V(¢,z) the averaged horizontal velocity of water in a
canal, and g the gravitation constant;
(3) Euler’s equations for barotropic compressible gas

Oup+ 0u(pV) = 0, (1.16)
3i(pV) + 0x(pV* +p) = 0, (1.17)
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where p is the mass density, V' the velocity, and p = p(p) the pressure of the gas.

(4) The same strategy could in theory be applied to any system possessing Riemann invari-
ants. Riemann invariants exist for most 2 x 2 systems, and also for some larger systems
(e.g. the 3 x 3 system of Euler’s equations for compressible gas, see [35, chapters 18,20]).

For the sake of shortness, we will limit ourselves to the stabilization of Saint-Venant equations,
and will give an extension of the above finite-time stabilization results to a tree-shaped network
of canals. The obtained extinction time will be roughly d/c, where d denotes the depth of the
tree (Theorem 5).

There is a huge literature about the controllability and stabilization of first order hyperbolic
equations (see e.g. [15, 14, 26, 31, 27, 16, 19]). In particular, the control of Saint-Venant
equations has attracted the attention of the control community because of its relevance to the
regulation of water flows in networks of canals or rivers. We refer the reader to e.g. [7, 37, 25,
20, 17, 4, 12, 18, 3], where Riemann invariants played often a great role in the design of the
controls. Our main contribution here is to notice that a finite-time stabilization can be achieved
as well, i.e. that bounces of waves at the two ends of the domain can be avoided.

A numerical scheme and some numerical experiments for the finite-time stabilization of water
flows in a canal may be found in [32], in which certain results of this paper were announced.

The paper is outlined as follows. Classical but important properties of linear transport equa-
tions are recalled in Section 2. In Section 3, we introduce two boundary controls whose dynamics
are governed by a finite-time stable ODE, and prove the existence and uniqueness of a solution
to the closed-loop system, and the fact that this solution reaches the null state in finite time. In
Section 4, we investigate the same problem with only one boundary control, the other boundary
condition being imposed by the physical context. In the last section, we apply the results in
Sections 3 and 4 to the regulation of water flows in a canal with one or two boundary controls,
and extend the finite-time stabilization results to any tree-shaped network of canals.

2. SOME BACKGROUND ABOUT LINEAR TRANSPORT EQUATIONS

2.1. Notations. C°([0,7] x [0,1]) denotes the space of continuous functions v : [0, 7] x [0,1] —
R. It is endowed with the norm

llulleoo.rixjo1y = sup |u(t, @)l
(t.2)€[0,T]x[0,1]

The norm of the space LP(0,1) is denoted || - ||, for 1 < p < oo. Lip([0,1]) denotes the space
of Lipschitz continuous functions « : [0,1] — R. It may be identified with the Sobolev space
Wh>(0,1). Lip([0,1]) is endowed with the W1°°(0, 1)-norm; that is

llullLip(o,17) = lellwoo o,1) = tlloo + [[1[]oo-
We use similar norms for Lip(R), Lip(]0, 7] x [0, 1]), etc.

2.2. Linear transport equation. In this section we consider the initial boundary-value prob-
lem for the following linear transport equation

Oy + a(t, z)0zy = 0. (2.1)
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We assume thereafter that
a € C([0,T] x [0,1]) N L°°(0, T; Lip([0, 1])), (2.2)
a(t,z) > ¢ >0, Y(t,x) € [0,T] x [0,1], (2.3)
where ¢ denotes some constant. Note that the case when a(t,z) < —c < 0 can be reduced to

(2.3) by the transformation x — 1 — .

2.3. Properties of the flow. By (2.2), a is uniformly Lipschitz continuous in the variable z,
with say a Lipschitz constant L = [[a||pe(0,7;Lip([0,1]))- Since we intend to use the method of
characteristics to solve (2.1), we need to study the flow associated with a.

Definition 1. For (t,z) € [0,T] x [0,1], let ¢(.,t,x) denote the C' mazimal solution to the
Cauchy problem

o(t,t,z) = x, (24)

which is defined on a certain subinterval [e(t,x), f(t,x)] of [0,T] (which is closed since [0,1] is
compact), and with possibly e(t,z) and/or f(t,x) =t. Let

Dom¢ = {(s,t,x); (t,x) €[0,T] x [0,1], s € [e(t,x), f(t,x)]}
denote the domain of ¢.
Note that

{as¢<s,t,w> = a(s, ¢(s,t,x)),

e(t,z) > 0= ¢(e(t,z),t,x) = 0. (2.5)
We take into account the influence of the boundaries by introducing the sets
P = {(s,9(5,0,0)); s€l0,f(0,0)]},
I {(t,x) € [0,T] x [0,1] \ P; e(t,z) =0},
J = {(t,x) € [0,T] x [0,1] \ P; o(e(t,z),t,x) = 0}.
(See Figure 1.) Note that both I and J are open in [0,77] x [0, 1].

FIGURE 1. Partition of [0,7] x [0, 1] into T U P U J.
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Proposition 2.1. Let a satisfying (2.2), let L = ||a||ze(0,1;Lip(0,1])), and let

K :=max(1, ||alleo(o,17x0,17))e""
Then ¢ is K-Lipschitz on its domain; that is, for all (s1,t1,21), (S2,t2,x2) € Dom¢
[@(s1,t1, 1) — @(s2, b2, m2)| < K ([s1 — s2f + [t — to| + |21 — x2]) - (2.6)

The proof of Proposition 2.1 is given in appendix, for the sake of completeness.
We can now study the regularity of e.

Proposition 2.2. Let a be as in Proposition 2.1, let (t,x) € [0,T] x [0,1], let {a,} C C°([0,T] x
[0,1]) N L°(0, T; Lip([0, 1])) be a sequence such that ||an|| L0, 1;Lip([0,1])) 75 bounded and
llan — alleoo.1yx0,1)) > 0 as n — +o0,
and let {(tn,zn)} C [0,T] x [0,1] be a sequence such that (t,,x,) — (t,x). Then
en(tn, y) — e(t, x). (2.7)
Proof. We use again the extension operator II introduced in the proof of Proposition 2.1 (see

the appendix) and set @, = II(a,) and @ = II(a). Let ¢, and ¢ denote their respective flows.
Recall that ¢ and ¢ coincide on Dom ¢ (resp. ¢, and ¢,, coincide on Dom ¢,,). From

|0s[dn(s,t, ) — @(s,t, )| |an (s, dn(s,t,2)) — als, g(s, t, x))|
< an(s, dn(s,t, ) — a(s, on(s,t,x))]
+a(s, dn(s, t,2)) — a(s, (s, t, )|
n — @l| oo g2y + 1@l oo RiLip(R)) [Pn (s, 1, ) — B(s,t, @),

(5.39), (5.40) and Gronwall’s lemma, we infer that for all n > 0 and all (s,t,2) € [0,T]? x [0, 1],
we have

IN

(60 = @)(s.t,2)| < Tlan — alleooryxfo,pye’ 0T tinto1), (2.8)
It may be seen that
en(tn, n) = min{s € [0,t,]; Vr € [5,tn], On(r,tn,xy) € [0,1]}.
o If (t,z) € I, then since we have excluded the characteristic coming from (0,0), we have

that

inf dist((s, ¢(s,t,2)),[0,4] x {0}) >0,
s€[0,t]

where dist((t,z), F') = infy zyep([t — | + |z — 2'[). So we infer from (2.8) that for n
large enough ¢y (.,t, x) is defined on [0, ], i.e. e,(¢,z) = 0. Then (2.7) is obvious.
e From now on, we assume that (¢,z) € J U P. We claim that

limsup ey, (tn, zn) < e(t,x). (2.9)

n—o0
Indeed, if e(t,z) = t, then

limsup ey, (tn, x,) < limsupt, =t = e(t, z).
n—o0 n—o0
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Otherwise, we have e(x,t) < t, and using (2.3) we obtain for any € € (0, (t — e(t, z))/2),
ce < ¢(s,t,x) <1—ce Vsele(t,x)+et—el. (2.10)

However, we have for n large enough

. ce
[lPn = Blleoo.rp2x[0,17) < R (2.11)
’&n(satnamn) _(gn(s7tax)’ S %7 (212)

the second estimate coming from the uniform bound on [|ay|| e (0,7;Lip([0,1))) and Propo-
sition 2.1. Combining (2.10), (2.11) and (2.12), we see that for n large and for all
s € le(t,x) + €,t — €], pn(s,tn,xy) is well defined and

ce

¢n(37 tn, xn) > 5

This yields imsup,,_,, en(tn, zn) < e(t,z) + €, and since € was arbitrarily small, (2.9)
follows.

If (t,z) € P the proof of (2.7) is complete, for liminf,, . e (tn, zn) > 0 = e(t, ).
Assume finally that (¢,z) € J, so that e(t, x) > 0. Pick any s € (0,e(t,z)). We obviously
have ¢(s,t,x) < 0, thanks to the lower bound on a (see (5.41)). But we know from (2.8)
and Proposition 2.1 that

an(sa tn, Tn) n—>—-i>-oo QE(S, t,x),
and hence for n large enough, gzgn(s,tn,:cn) < 0 and s < e(ty,zy,). Thus, we conclude
that liminf,, o €,(tn, T,) > s. As s was arbitrarily close to e(t, x), we end up with

liminf e, (t,, x,) > e(t, ).
n—o0

The proof of (2.7) is complete. O

Remark 1. (1) For a, = a, this shows that e is continuous on [0,T] x [0, 1].
(2) Since [0,T]x[0,1] is compact, Proposition 2.2 implies that e,, converges uniformly toward
e on [0,T] x [0,1].

Proposition 2.3. If, in addition to (2.2)-(2.3), we have that Oya € C°([0,T] x [0,1]), then ¢ is
€l on Dom ¢ and e is C* on [0,T] x [0,1] \ P, with for (t,z) € J

a(ta 'I) exp(— fet(t,x)a:va(r’ Qb(’l", t, x))dr) exp(— f;(t7m)ama(r’ Qb(’l", t, x))dr)

a(e(t,z),0) ) Goelt@) = = a(e(t, z),0) .
(2.13)

Oe(t,x) =

Proof. The regularity of ¢ is a classical result (see e.g. [21]). If (¢t,z) € I, e(t,x) = 0 and the
result is obvious. For (t,z) € JN(0,T) x (0,1) we have ¢(e(t,x),t,z) = 0 and dsp(e(t, x),t,x) >
0, therefore the Implicit Function Theorem allows us conclude. Finally, for (¢,2) € J\ (0,T) x
(0,1), it is sufficient to pass to the limit in (2.13). O
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Proposition 2.4. Let a fulfill (2.2) and (2.3), and let L = ||al|r~(01;Lip(0,1)))- Then the
function e is K-Lipschitz on [0,T] x [0,1] where K is given by

K = ¢ 'max (1, HGHGO([O,T]x[o,u))eLT

Proof. Consider (t1,21) and (t2,z2) in [0, 7] %[0, 1]. Let us also suppose that e(t1,z1) > e(t2, z2),
the other case being symmetrical. We infer from Proposition 2.1 that

[p(e(ts, @1),t1, 1) — (e(tr, x1), 2, x2)| < max <17 !\a!\eO([o,T}x[o,u))eLT(!tl — ta| + |21 — @2]).

Since e(t1,x1) > 0, we have that ¢(e(t1,z1),t1,21) =0, and .
o(e(ti, z1),ta, w2) > cle(ti, z1) — e(te,x2)) > 0. (2.15)

Therefore we end up with
le(t1, 21) — e(ta, x2)| < K([t1 — ta| + |21 — 22]). (2.16)
O

2.4. Strong solutions. Let a € C°([0,T]; €' ([0,1])), v; € €([0,7]), and yo € C([0,1]) be
given, and assume that the following compatibility conditions hold:

yi(0) = 40(0),  (0) + a(0,0)y(0) = 0. (2.17)

We consider the following boundary initial value problem:

Oy + a(t,z)0zy =0, (t,x) € (0,T) x (0,1), (2.18)
y(o’x) = yO(x)a T € (0’ 1) (220)
A strong solution of (2.18)-(2.20) is any function y € C'([0,T] x [0,1]) such that (2.18)-(2.20)

hold pointwise.
We define a function y : [0, 7] x [0,1] — R in the following way:

_ Juile(t, z)) if (t,2) € J,
y(t,e) = {yo(¢(o,t,m)) it (t,z) e TUP. (2.21)

Proposition 2.5. Let y be as in (2.21). Then y is a strong solution of (2.18)-(2.20). Besides,
we have the estimates

ylleojo,r1x 10,17y < max (|[yolleoo,17), |[2lleoo.r7)) (2.22)

) exp (T|8zalleo((o,71x[0,1])) -
(2.23)

llalleo(fo,11x0,17)
&

[IVylleo o, x[0,17) < max <Hy6Hc~10([o,1}), ly1lleo o,11)
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Proof. One can see that y is of class €' on I and .J, with the derivatives given by:

a(t,:ﬂ) eXp <— taxa(s,gb(s,t,x))d(s) ’ V(t,:ﬂ) € J’

Ayy(t,z) = y{(e(t,l’))m (t.2)

a(e(t’ € e(t,x)

Oyt z) = —yy(9(0,t, 2))a(t, z) exp <—/O 8xa(s,¢(s,t,x))ds> , V(t,x) €I,

Oy(t,x) = —yf(e(t,x))ﬁ exp (— ama(s,qﬁ(s,t,x))ds) , V(t,x) € J,

Oxy(t, ) = yy(4(0,¢,2)) exp <—/0 Bxa(s,(b(s,t,x))ds) , V(t,z) € 1.

It follows from the first equation in (2.17) and the continuity of e that y is continuous at each
point of P. Note that y is differentiable in directions ¢ and z in the following way: for all

t € (0,£(0,0))

hli%y(wh,:f(t,o,o)) — (0) alt, ¢(((;t(§) 0)) ( / Buals, d(s 070))d8>7

t+h,o(t,0,0
ti YEEROE0.0) )0t 6,0, 0)) exp (— / axa<s,¢<s,o,o>>ds> ,
h—0~ h 0
t,¢(t,0,0) + h ¢
tim YEAE0OFR) o) e (— / axa<s,¢<s,o,o>>ds) ,
h—0t h
- y(t,9(t,0,0) +h) /
1 =— .
Jm . y;(0) 2(0.0) exp Ora(s, (s,0,0))ds
Using the second equation in (2.17), we see that y € C1([0,7] x [0,1]). The fact that y satisfies
(2.1) follows from a straightforward calculation. O

2.5. Weak solutions. Now we consider the case when a € €C°([0,7] x [0,1]) and d,a €
L>((0,T) x (0,1)). We still assume that

a(t,z) > ¢ >0, VY(t,z)e[0,T] x[0,1]. (2.24)
We begin by introducing the space:
T ={¢ € CY[0,T] x [0,1]); ¥(t,1) =(T,z) =0 Y(t,z) € [0,T] x[0,1]}. (2.25)

We say that a function y € L*((0,T) x (0,1)) is a weak solution of (2.18)-(2.20) if for any ¢ € T
we have

//OT ) (Ye(t, z) + a(t,x). (¢, x) + ay(t, z)(t, x))dtdx

T 1
+/0T,Z)(t,O)yl(t)a(t,O)dt—l—/0¢(0,x)y0(:c)d:c:0. (2.26)

Using the results of Section 2.4, it is clear that a strong solution is also a weak solution. Con-
versely, any weak solution which is in C'([0,T] x [0,1]) is a strong solution. Note that the
definition of weak solution makes sense for y; € L*(0,T) and yo € L'(0,1).
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Proposition 2.6. Let us suppose that a, y; and yo are uniformly Lipschitz continuous with
Lipschitz constants L, L; and Ly, respectively, and that y;(0) = yo(0). Then the function y
defined by

yo(6(0,t,2)) if (t,z) € TUP,

is a weak solution of (2.18)-(2.20). Furthermore, y is M-Lipschitz continuous on [0,T] x [0, 1]
with M defined by

JE2) = {yz(e(t,w)) if () € 7 (2.27

L
M = max(?l, LQ) max (1, ‘IG’HGO([O,T}X[O,I]))QLT- (228)

Finally, y is the unique solution in the class Lip([0,T] x [0,1]) of system (2.18)-(2.20), with
(2.18) understood in the distributional sense, and (2.19)-(2.20) pointwise.

Proof. Using standard regularization arguments, it is possible to find a™ € @'([0,7] x [0,1]),
yh € CL([0,1]) and y?* € €1(]0,1]) such that:

Ve € (0,min(7,1)) [la™ — alleo(o,r)x[0,17) + %6 — Yolleoe,1)y + 1ui" — willeoeryy = 0,

n—-+o0o
(2.29)
llanlleoo,mx0,17) < 2llalleoo,rixfo,1))s  Oz@nllLoe ((0,1)x(0,1)) < 2l10zallL(0,1)x(0,1)) (2-30)
1y lleo o) < 2llwolleoqoapy> 196 1z (0,1) < 2l%oll o0 0,1 (2.31)
i leo o, < 2lwlleoqorys Nl e,y < 20lyill oo 0,1y (2.32)
¥5(0) ='(0), v5'(0)=9"(0)=0  VneN. (2.33)

Using Proposition 2.5 we infer the existence of a strong solution y" € C1([0,T] x [0,1]) of

dy" +a"0xy" =0,
V(t,x) € (0,T) x (0,1). (2.34)
{y"(t, 0)=y'®),  y"(0,2)=y5),

y" is given by (2.21), with y;, 90, e and ¢ replaced by ", y7, €™ and ¢", respectively. Note that
(t,x) € I™ (resp. (t,z) € J") for n large enough if (¢,z) € I (resp. (t,z) € J). Using Proposition
2.2, (2.8) and (2.21), we see that

y'(t,x) — y(t,x), V(t,x) e TUJ. (2.35)

n—-400

Note that P = [0,7] x [0, 1]\ (IUJ) has zero Lebesgue measure. An application of the dominated
convergence theorem yields

ly" = vl omyx01)  — 0.

n—-4o00o

Using the other convergence assumptions about a”, y;*, and gy, we can pass to the limit in
(2.26). This shows that y is a weak solution of (2.1).

To prove the regularity of y we distinguish two cases.
Assume first that both (¢1,z1) and (t2,z2) are in J U P. Using (2.21) and Proposition 2.4, we
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have that

ly(t1, 21) — y(ta, x2)| = [yi(e(ts, x1)) — yi(e(t2, v2))|
< Lile(t,z1) — e(ta, 22))|

L
< =L max (1, falleogo o ) €7 (1 = o] + o1 = z2).

Next, if we assume that (¢;,21) and (t2,z2) are in /U P, then we can use (2.21) and Proposition
2.1 to obtain that

ly(t1, z1) — y(t2, 2)| = |yo(@(0,t1,21)) — yo(9(0,t2, 72))|
< L0|¢(O,t1,$1) - ¢(O,t2,$2)|

< Lo max <17 HGHCO([O,T}X[O,I])>eLT(’tl — ta| + |z1 — 32]).

Finally, if (t1,21) € J and (t2,22) € I, we consider an intermediate point on P belonging to
the boundary of the rectangle [min(¢y,t3), max(t1,t2)] X [min(z1,x2), max(z1,x2)] and use the
estimates above.

Let us now check that y is the only solution to (2.18)-(2.20) in the class Lip([0,77] x [0,1]).
First, picking any ¢ € €3°((0,7) x (0,1)) in (2.26), we see that (2.18) holds in D’((0,7) x (0, 1)).
Note that each term in (2.18) belongs to L>((0,7") x (0,1)), so that (2.18) holds also pointwise
a.e. Scaling in (2.18) by ¥ € T and comparing to (2.26), we obtain that (2.19) and (2.20)
hold a.e., and also everywhere by continuity of y;, 3o, and y. Thus y solves (2.18)-(2.20). If
g € Lip([0,T] x [0,1]) is another solution of (2.18)-(2.20), then ¢ :=y — g € Lip([0, 7] x [0,1])
solves

O +alt,x)0,9 = 0 inD'((0,T) x (0,1)), (2.36)
§(t,0) = 0 in (0,7), (2.37)
§(0,2) = 0 in (0,1). (2.38)

Scaling in (2.36) by 2y, integrating by parts and using (2.3), (2.37), and (2.38), we obtain
tr1 t t
1935 = [ [ @ralafdeas — [Tat. 0l 0P < L [ 0G5
This yields § = 0 by Gronwall’s lemma. The proof of Proposition 2.6 is complete. g
3. FINITE-TIME BOUNDARY STABILIZATION OF A SYSTEM OF TWO CONSERVATION LAWS

In this section, we consider the system

8tu—|-)\(u,v)amu =0,
t 0 0,1). 3.1
{0tv+u(u,v)8xv:0, (t;2) € (0,+00) x (0,1) (3.1)

where A and p are given functions with
A\ i € C°(R%,R), (3.2)
wlu,v) < —e <0< e < Au,v), Y(u,v) € R? (3.3)
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for some constant ¢ > 0. We aim to prescribe a control in a feedback form on the boundary
conditions u(t, 0) and v(¢, 1) so that for some time 7" we have for any small (in Lip([0, 1])) initial
data ug and vg

uw(T,z) =v(T,z) =0, Vz € (0,1). (3.4)
Remark 2. (1) If we intend to stabilize the system around a non null (but constant) equi-
librium state (u,v) € R2, it is sufficient to consider the new unknowns @ = u — 1,

0 :=wv — U that satisfy a system similar to (3.1), and to stabilize (4,v) around (0,0).
(2) Note that, since we are only interested in proving a local stabilization result, the condition
(3.3) is not too much restrictive. It should be seen as A(u,v) > 0 and p(u,v) < 0.

After introducing the boundary feedback law, we will show the existence and uniqueness of
the solution to the closed loop system and check that the property (3.4) indeed holds for this
choice of feedback law.

We now come back to the quasilinear system (3.1) that we complete as follows:

Ou + Nu,v)d,u =0, (t,x) € (0,+00) x (0,1), (3.5)
O + p(u,v)o0v =0, (t,x) € (0,+00) x (0,1), '
%u(t, 0) = —Ksgn(u(t,0))]u(t,0)|7, t>0,

(3.6)

%v(t, 1) = —Ksgn(v(t,1))|v(t, 1)]7, t>0,
u(0,z) = up(z), v(0,z)=vo(x), xz € (0,1) (3.7)

with (K,7) € (0,400) x (0,1) arbitrarily chosen. We aim to use Schauder fixed-point theorem
to prove the local in time existence of solutions (u,v) of (3.5)-(3.7) in some class of Lipschitz
continuous functions. By solution, we mean that (3.5) is satisfied in the distributional sense,
and that (3.6)-(3.7) are satisfied pointwise. Actually, we shall use the results of the previous
section and define u as the weak solution of the transport equation (2.18)-(2.20) with a(t,z) =
Au(t,z),0(t,z)) for some given pair (@,0) in the same class, y;(t) = w(t) (see below (3.10)),
and yo(z) = ug(z), and similarly for v.

3.1. Notations. Let C; > 0 and C3 > 0 be given, and pick any ug,vg € Lip([0, 1]) with
max(|[uo oo, [|vole) < Ch, (3.8)

max (][] loc, [[vp]loc) < Co.

Let .
1 c,7
T =-+—__.
¢ UK
We define u; and v, as the solutions of the following ODEs
d
() = —Ksgn(w(®) @), w(0) = uo(0),
q (3.10)

Su,(t) = —Ksgn(op ()l 0 (0) = wo(1).
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An obvious calculation gives

sgn(uo(0)) (Juo(0)|' =7 — (1 — V)Kt)ﬁ f0<t< w,

ul(t) = . w0 (0 ngﬂ)K
0 if ¢ > @7 ((;QY\) =,
and
1) (Juo()[77 = (1 =K ™ if0 <t < @l
i) = ) (= = =9) o<t < e
0 if t > (0177)1( ,
Clearly
1
Vi>T ——, v(t)=w(t) =0, (3.11)
c
max (|[u]|oo, [|v7|[00) < C1, (3.12)
max(||u]] oo, ||[V7|]o0) < KCY. (3.13)
Let us also introduce
M := max (IIAIIeO([fchcma ||M||e°([—chcn2>>’ (3.14)

My := max <HauNH€0([—Cl,Cl]2)= [[0v il eo (=, cn12)s HOuAl o (=1 112y Hav)\HeO([—cl,CIP))-
(3.15)

Let us pick a positive number C3. Let D denote the domain

D= {(u,v) € Lip([0, 7] x [0,1])?; max(||©||so, |[v]|ss) < C1, and u and v are C’3—Lipschitz}.

(3.16)

Let us equip the domain D with the topology of the uniform convergence. Then, by Ascoli-Arzela
theorem, D is a compact set in €°([0, 7] x [0,1])2.
The main result in this section is the following

Theorem 1. Assume that C; > 0 and Cy > 0 are such that
KCY
T My max (1, Ml) max ( L

1
) <5 3.17
s L2 % ( )
and let C3 = (2T M3)~t. Pick any pair (ug,vo) € Lip([0,1])? satisfying (3.8)-(3.9). Then there
exists a unique solution (u,v) of (3.5)-(3.7) in the class D. Furthermore, the solution is global
in time with u(t,.) = v(t,.) = 0 for t > T. Finally, the equilibrium state (0,0) is stable in
Lip([0,1])? for (3.5)-(3.7); that is

H(u,v)HLoo(R+;Lip([071D2) —0 as H(UO,’UO)HLip([Ql}P — 0. (3.18)

The first task consists in constructing a solution of the closed loop system as a fixed point of
a certain operator.
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3.2. Definition of the operator. If (a,0) € D are given, we define (u,v) = F(u,v) as follows:
the function w is the weak solution of the system

) A, 0)0yu = 0,
b+ A, )0 Y(t,z) € [0,T] x [0,1], (3.19)
u(t,0) = wy(t), u(0,x) = up(x),
and the function v is the weak solution of the system
9) u,0)0zv =0,
v+ (@, )00 Y(t,x) € [0,T] x [0, 1]. (3.20)
v(t, 1) = v.(t), v(0,2) = vo(x),

3.3. Stability of the domain. In this part, we show that for a certain choice of C7, Cs, Cs,
we have

F(D) cD.
We first apply the results of Section 2 to get the following
Lemma 1. Let Cq,Co,C3 be any positive numbers, and let ug, vy € Lip([0,1]) satisfying (3.8)-

(3.9). For given (u,0) € D, let (u,v) = F(u,v). Then the functions v and v are Lipschitz
continuous on [0,T] x [0,1] and they satisfy the following estimates

max (|[ueo(0,171x[0,17)» |[V]leojo,mx[0,17)) < C1, (3.21)
max(]|0zul| Lo ((0,7)x (0,1))5 102V Lo (0,7 x (0,1)) 106wl Loo (0,7 x (0,1)) 1P¢ V|| oo ((0,7) % (0,1))
K Y
< max ( Cl 702) max (1, Ml) exXp (2TM203>

(3.22)

Proof. Estimate (3.21) follows directly from (3.19), (3.20), (2.27), (3.8) and (3.12).
Estimate (3.22) can be deduced applying (2.28) for (3.19) and (3.20), and using (3.9), (3.13),

(3.14), (3.15) and (3.16). O
Thanks to Lemma 1, we see that the domain D is stable by F as soon as
KC]
max ( 1 ,Cg) max <1,M1> exp (2TM2C3) < Cs. (3.23)

This can be written as

ol Csexp < — 2TM203)

max ( L ) 2) <
¢ max <1,M1>

For given C; and Cs, T, M1 and M are fixed. Note that T, My and M, are independent of
Cs, and that they are nondecreasing in C;. Therefore, as a function of C5 the supremum of the
right-hand side of (3.24) is attained for C3 = (2T'M2)~!, and for this value of C3 the condition
on Cq and Cy for the domain to be stable reads

(3.24)

KCY 1

< —. .
T M5 max (1, M1> max < . ,02) < o0 (3.25)
But the term in the left-hand side of (3.25) tends to 0 when C; and C3 tend to 0, so that for
(4, Cy small enough the condition (3.25) is satisfied and D is stable by F.
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3.4. Continuity of the operator. In this part we consider a sequence {(ty,,7,)} C D and a
couple (u,v) € D such that

max <||@n — a|eoo,m1x[0,1])> |1Tn — 17||60([0,T}x[o,1])) W10 (3.26)

Let us now define
(Un,vn) = Fty,v,) forn>0, and (u,v)=F(a,0). (3.27)

Our goal in this subsection is to show that
max <||un — ulleo(o,mx[0,1])> |1n — U”GO([O,T]X[O,I])) Wt O (3.28)

We need the following

Lemma 2. For almost all (t,z) € [0,T] x [0,1], we have
x

(
(up(t,x),vn(t,z)) — (u(t,x),v(t,x)). (3.29)
n—-+0oo
Proof. Let us show that wu,(t,z) — u(t,x), the convergence vy, (t,z) — v(t,x) being similar.
The fact that (@, 0,) converges uniformly toward (@, v) on [0, 7] x [0, 1] implies that \(t,, 0y,)
converges uniformly toward A(a,v) on [0,7] x [0,1]. Furthermore, since (uy,,?,) € D for all n,
we see that the functions A(ay, 0,,) are uniformly Lipschitz continuous for n > 0. This will allow
us to use Proposition 2.2. To this end, we consider the flow ¢, (resp. ¢) of A(tp,y) (resp.
A(1,7)). In the same way, we define e, and e, I,, and I, J, and J, P, and P. Using (2.27) we

have that
N ul(en(t7x)) if (t,x) € Jn,
un(t, ) = {uo((bn(O,t,x)) if (t,x) € I, U Py, (3.30)

and also

~Ju(e(t, x)) if (t,x) € J,
ult @) = {uo(tb(O,t,x)) if (t,2) € TUP. (8:31)

We infer from Proposition 2.2 that
en(t,z) — e(t,x), V(t,x)e€0,T]x][0,1]. (3.32)

n—+oo
This shows in particular that if (¢,z) € J, then e(t,z) > 0 and hence e, (t,z) > 0 for n large
enough, i.e. (t,x) € J, for n large enough. Therefore

up (t, x) o u(t, z), V(t,z) € J.

Now if (¢,x) € I, then e(t,x) = 0 and ¢(0,¢,2) > 0. Since A > ¢ > 0, this implies the existence
of € > 0 such that

€< ¢(s,t,x), Vs € [0,¢]. (3.33)
Combined with (2.8), this shows that for n large enough e, (t,z) = 0 and ¢,,(0,t,x) — ¢(0,t,x),
so we conclude that

un(t,z) = ug(dn(0,t,x)) —  up(ep(0,t,x)) = u(t,x). (3.34)

n—-+o0o

Finally, P is clearly negligible and /U PU L = [0,7] x [0, 1]. O
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To strengthen this convergence, we just need to recall that for every n > 0, we have (uy,,v,) €
D which is compact in C°([0,T] x [0,1]). According to Lemma 2, the only possible limit point
is (u,v) and therefore we get the convergence of the whole sequence in D; that is,

max <||un — ulleo(jo,m1x[0,1])> ||vn — U||€0([O,T}><[O,1])) i O 0. (3.35)

This shows that the operator & is continuous on the domain D, which is a convex compact set in

CY([0,T] x [0,1])2. Tt follows then from Schauder fixed-point theorem that F has a fixed-point.
This proves the existence of solutions on the time interval [0, 7.

3.5. Uniqueness of the solution. Let ug,vg € Lip([0,1]) be as in (3.8)-(3.9). Assume given
two pairs (ul,'vl), (u?,v2?) € D of solutions of (3.5)-(3.7); that is, if u; and v, are defined as in
(3.10), then u', ¢ = 1,2, is a (weak) solution of
3tu‘ + A, v8)dput = 0
o t,x) € (0,T) x (0,1),
L) S o — e, 0 €D X0
while v%, i = 1,2, is a (weak) solution of
O + p(ut, v") 00" = 0,
{ Ui(t,l) — Ur(t), Ui(O,w) — Uo(w), (t7x) S (O,T) X (07 1)'

Let @ = u! —u? and 9 = v! — v2. Note that @, 0 € Lip([0,T] x [0,1]) = WL>((0,T) x (0,1))
and that @, ¢ fulfill

Ayt + Mot + Nou® =0,  (t,z) € (0,T) x (0,1), (3.36)
Ot + 00 + 10,0 = 0, (t,x) € (0,T) x (0,1), (3.37)
a(t,0) = 0(t,1) =0,  a(0,z) = 5(0,z) = 0, (3.38)

where ' = A(u?,v?), u* = pu(u’,v?), and A=Al -2 = pt—
Multiplying in (3.36) by 24, in (3.37) by 20, integrating over (0,t¢) x (0,1), and adding the
two equations gives

t rl t rl
[[a(t)]|3 + |[o()]]3 + 2 // (N a0yt + pt60,0) deds + 2 // (Nadpu? + [190,0%) dxds = 0.
0J0

Using (3.38) and an integration by parts, we obtain

// (Aot + pto0,0)

——//K@MWHH@MWW@@+AMWWAW—MW@mm@

// (@AD]2 + () [01?) dids

where we used (3.3). On the other hand, since A and p are Ms-Lipschitz continuous on
[—-C1, C1]?, we infer that A and pt are 2M5C3-Lipschitz continuous on [0, T]x [0, 1]. In particular,

102 A oo < 2MoCs,  ||0ppt!||oo < 2M2C5
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and
Al
||

<
<

This yields

t rl t rl
|2// (NaOpu? + [190,0%) dxds| < 2MoCi // (|a| + |0])*dzds.
0J0 0J0

We conclude that for all t € (0,7)

t
a3 + [[o@)][3 < 6M203/0 (llalf3 +[2]13)ds.
This yields & = © = 0, by Gronwall’s lemma.

3.6. Finite-time extinction of the maximal solutions. In this section, (u,v) denotes the
only solution of (3.5)-(3.7) in the class D.

Lemma 3. At time t =T we have
w(T,xz) =v(T,z) =0, Vzel0,1]. (3.39)

Proof of Lemma 3: We infer from (3.6) that

1
u(t,0) = v(t,1) =0, VE=T--. (3.40)

Thanks to (3.2)-(3.3), we have that
AMu(t,z),v(t,z)) > c>0>—c> p(u(t,z),v(t,x)), V(t,x) € [0,T] x [0,1].

Let ¢* (resp. ¢*) denote the flow of A(u,v) (resp. w(u,v)), and let e (resp. e*) denote the
corresponding entrance times. (Note that e# > 0 implies ¢*(e#(¢t,x),t,2) = 1.) Then the
following holds:

1 1
MT,z)>T—= and NT,z)>T—-, Yzelol]
c c

Combining this with (3.40) and (2.27), we obtain (3.39). O

Finally, it is sufficient to extend w and v by 0 for ¢ > T to get a global in time solution. The
stability property (3.18) follows at once from (3.21)-(3.22), as the r.h.s. in (3.21) and (3.22)
tend to 0 as (C1,C2) — (0,0). The proof of Theorem 1 is complete. O

4. FINITE TIME STABILIZATION WITH A CONTROL FROM ONE SIDE

In this section, we consider a system of the form

0w+ A(u,v)0pu = 0, (t,x) € (0,+00) x (0,1), (4.1)
O + p(u, v)0yv =0, (t,x) € (0,+00) x (0,1), (4.2)
u(t,0) = h(v(t,0),t), u(0,2) = ug(x), (4.3)
v(t,1) = v.(t), v(0,2) =vo(z), (4.4)
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where v, still solves the ODE
d

un(t) = —Ksgn(u () or @), 0:(0) = wo(D) (4.5)

In (4.3), h denotes some function in C*([~C1,C1] x RY) N WL ((—C1, C1) x (0, +00)) for some
number C; > 0 such that, for some time 7}, > 0,

WO, 6) =0 Vi> T (4.6)
We introduce the numbers
Cl S (07a]7
1 1 ol
T = - Ty, = + —L
C1 = max(C1, ||| Lo ((—c1,01) % (0,400)) )
Dy = |0uh]| Lo (=01 ,01) % (0,400))5
Dy = ||0h]|Loe (1 1) % (0,400))5
M; = max (||>‘||€0([76‘{,Cﬂ><[701,01])’ ||:u||€0([76‘{,Cﬂ><[701,01})>,
My = max (Hauﬂ\!eO([—c;,c;]x[—cl,cl}), 10vpelleo(—cr,crx [~ cr e
10uA|leo (07,011 [-Cn,0n))5 ||<9v)\||c~10([fc;,c;]x[fcl,cl])),
1
C3 = max( ST Cy),
, KCY
C3 = max( ,Cay) max(1, My ) exp(2T' M2 Cs).

Note that, if ||v|[eo(0,77x[0,17) < C1, then for all ¢ € (0,T)
lu(t,0)| < C7 and |Gwu(t,0)] < D1|dpv(t,0)] + Ds.

We shall consider the following conditions

1
Cy = maX(E(DlCé + D3), Cy) max(1, M) exp(2T'M2C3) < Cj. (4.8)

Note that (4.7) and (4.8) are satisfied if C, Cs, and Dy are small enough.
We introduce the set

D := {(u,v) € Lip([0,T] x [0,1])*; [[ulleoorx0.1)) < C1» [Ivlleo o< o)) < Chs
u is Cs-Lipschitz, v is Cé—Lipschitz} .

We pick a pair (ug,vo) € Lip([0,1])? fulfilling (3.8)-(3.9) and the following compatibility
condition

up(0) = h(vo(0),0). (4.9)
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Let us do some comments about the boundary condition (4.3). For a system of conserva-
tion laws on the interval (0,1), a very general boundary condition at = = 0 takes the form
f(u(t,0),v(t,0)) = 0. If 9y f(ug,v0) # 0, then around (ug,vp) an application of the Implicit
Function Theorem gives a relation of the form

u(t,0) = h(v(t,0))

with h a smooth function of v in a neighborhood of vy. Assume now that the interval represents
an edge in a network, and that the left endpoint is a multiple node (i.e. it belongs to at least
two edges). The contributions of the other edges at this multiple node can be taken into account
in h through its dependence in ¢ in (4.3).

We are in a position to state the main result of this section.

Theorem 2. Assume that Cy,Cy and Dy are such that the conditions (4.7) and (4.8) are
satisfied. Then for any pair (ug,vo) € Lip([0,1])? fulfilling (3.8), (3.9) and (4.9), there exists a
unique solution (u,v) of (4.1)-(4.5) in the class D. Furthermore, the solution is global in time
with u(t,.) =v(t,.) =0 fort > T. Finally, if h = h(v), then the equilibrium state (0,0) is stable
in Lip([0,1])? for (4.1)-(4.5); that is

H(u,’U)HLOO(R«F;Lip([OJ}P) —0 as H(uoavo)HLip([O,l}P — 0. (4.10)

Proof. Tt is very similar to those of Theorem 1. If (@,0) € D is given, we define (u,v) = F(u,v)
as follows: wu is the weak solution of the system

{Btu + (@, 9)dpu = 0, Y(t,z) € [0,T] x [0,1],

u(t,0) = h(3(,0),1),  u(0,2) = up(x),
and v is the weak solution of the system

{@v + p(t,0)0,v =0,

v(t, 1) = v.(t), (0, ) = vo(x), V(t,x) € [0,T] x [0, 1].

Then, using Proposition 2.6 and (4.7)-(4.8), one readily sees that

[[ulleo(o,1x[0,1)) < C1» [1olleoo,r1x[0,1]) < C1s

u is C4-Lipschitz, hence u is Cs-Lipschitz, (4.11)
v is C4-Lipschitz, (4.12)
so that F maps D into itself. Let us prove that F is continuous, D being equipped with the

topology of the uniform convergence. Consider a sequence {(ty,,,)} C D and a pair (@,0) € D
such that

max <||@n — 1|eo(jo,m1x[0,1])> |1Tn — 17||60([0,T}x[o,1])) W2 O (4.13)

Let
(Un,vn) = F(Up,v,) forn>0, and (u,v)=F(u,0). (4.14)
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We aim to prove that u, — w and v, — v uniformly on [0,7] x [0,1] as n — oo. We focus
on u,, the argument for v, being the same as those given in Lemma 2. We consider the same
On, D, en, e, 1n, 1, Jy, J, P, and P, as in the proof of Lemma 2. Then

u (t x) - {h(/ﬁn(en(t’x),()),en(t,x)) if (t’x) € Jn’
n(l, uo(n (0, ¢, x)) if (t,z) € I, U P,

and
u(t, z) :{ ((e(t, 2),0),e(t,x)) if (t,2) € J,
, uo(9(0,t, 7)) if (t,z) e TUP.

Assume first that (¢,z) € J. Then e(t,z) > 0 and e, (¢, z) > 0 for n large enough, by Proposition
2.2. Since 0, — ¥ uniformly on [0, 7] x [0,1] and e, (t,z) — e(t,z), we infer that

un(t,x) = h(t,(en(t, x),0), e, (t,z)) = h(v(e(t,z),0),e(t,z)) = u(t, x).

If now (t,x) € I, one can repeat the argument in Lemma 2 to conclude that

up(t, ) = ug(Pn(0,t,2)) — up(#(0,t,x)) = u(t,x).

Thus, u,(t,x) — u(t,z) for (t,x) € I U J, hence for a.e. (t,x) € [0,T] x [0,1]. We have also
that v, (t,z) — (t x) for a.e. (t,z) € [0,T] x [0,1]. We infer from the compactness of D
in €Y([0,T] x [0,1])2 that (un,v,) — (u,v) in C°([0,T] x [0,1])2. We conclude with Schauder
fixed-point theorem that JF has a fixed-point (u,v)€D, which is a solution of (4.1)-(4.5) on
[0,7] x [0, 1].

Let us now establish the uniqueness of the solution of (4.1)-(4.5) in the class D. Assume given
two pairs (ul,v?), (u?,v?) € D of solutions of (4.1)-(4.5); that is, with v, defined as in (4.5), v*
i =1,2, is a (weak) solution of

{ at? +)M(u;z)))a - (_O,O:U) = vo(), (t,z) € (0,T) x (0,1),

while u’, i = 1,2, is a (weak) solution of

Oput + Aut, v?)dut = 0,
{ ut(t,0) = h(vi(t,0),t), u*(0,2) = ug(x), (t,2) € (0,T) x (0,1).

Let & = u! —u? and © = v! — v2. Note that 4,9 € W1°((0,T) x (0,1)) and that @, 9 satisfy

Ayt + N9yt + Ndpu? = 0, (4.15)
OO + p 0y + 10,0 = 0, (4.16)
a(t,0) = h(v'(t,0),t) — h(v?(t,0),1), (4.17)
b(t,1) =0 (4.18)
(0, z) = 6(0,z) = 0 (4.19)

where At = \(uf,v?), i = p(ul,vl), and A = A1 = X2, i = pb — p2.
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Multiplying in (4.15) by 24 and integrating over (0,¢) x (0, 1) gives

t prl
@l = —2 / / N+ Aadyu?]deds
0J0
trl ) t 1
// [(Bx)\l)]ﬁIQ—2Aa3xu2]dxds—/ Aaf?| ds
0J0 0

t rl
2M26’3// (a2 + [a|(|a] + [3])]dzds
0J0

IN

t
M len(cr.cnx e D? /0 (9(s,0)2ds (4.20)

where we used (3.3).
Multiplying in (4.16) by 20 and integrating over (0,¢) x (0,1) gives

t ol
llo@)|*> = —2/0/0 (1 00,0 + [od,v%]dxds
t pl t
= // [(am,ul)|®|2—2ﬂ®61v2]dxds+/ pto(s,0)[*ds
0J0 0

t pl t
< 2M203// 912 + [0](Ja] + |@|)]d:cds—c/ (s, 0)2ds  (4.21)
0J0 0
where we used (3.3) again. Let us introduce the energy

N D?
E(t) = |la(t)|]* + ||>\||eO([fc;,c;}x[fcl,cl})71||v(75)||2-

Combining (4.20) with (4.21) yields
t
E(t) < C/ E(s)ds,
0

for some C depending only on D, so that £ = 0, by Gronwall’s lemma. This proves the
uniqueness. For the extinction time, we notice that from the proof of Theorem 1

1 o
t =0 f -4+ ——<t<T <z<l.
u(t, ) , Orc+(1—'y)K_ <T 0<x<
Combined with (4.6), this yields
1. o
u(t,0) = h(v(t,0),t) =0, for max | Ty, -+ —+——— | <t<T.
¢c (1-v9K

Using (3.3), we conclude that

uw(T,z)=0  Vzel0,1].
Assume now that h = h(v), i.e. Dy = 0. The stability property (4.10) follows at once from (4.6)
and (4.7)-(4.8), as €] < max(1,D;)C; and (C%,C%) — (0,0) as (C1,C2) — (0,0). The proof of

Theorem 2 is complete. O
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5. APPLICATION TO THE REGULATION OF WATER FLOW IN CHANNELS

In this section, we investigate the regulation of water flow in a network of open horizontal
channels. We assume that the channels have a rectangular cross section and that the friction on
the walls can be neglected. In this context, the flow of the fluid can be described in a satisfactory
way by the shallow water equations (also called Saint-Venant equations) (see [20]). The control
in feedback form is applied at the vertices of the network, which is assumed to be a tree.

We introduce some notations needed in what follows (we follow closely [9]). Let T be a tree,
whose vertices (or nodes) are numbered by the index n € N = {1,..., N}, and whose edges are
numbered by the index ¢ € J = {1,...,1} with I = N — 1. We choose a simple vertex, called
the root of T and denoted by R, and which corresponds to the index n = N. We choose an
orientation of the edges in the tree such that R is the “last” encountered vertex. It is similar to
those of a fluvial network in which each edge stands for a river, and R indicates the place where
the last river enters into the ocean.

We denote by [; the length of the edge with index i. Once the orientation is chosen, each
point of the i-th edge is identified with a real number = € [0,/;]. The points x = 0 and = = ;
are termed the initial point and the final point of the i-edge, respectively.

Renumbering the edges if needed, we may assume that the edge with index i has as initial
point the vertex with the (same) index n =i for all i € J.

We denote by J,, CJ, n=1,..., N, the set of indices of those edges having the vertex of index
n as one of their ends. Let

I 0 if the vertex with index n is the initial point of the edge with index i;
L 1 if the vertex with index n is the final point of the edge with index 1.

Note that g;; = 0 for all 4 € J, and that exy_1, v = 1. A node with index n is said to be simple
(resp. multiple) if #(J,,) = 1 (resp. #(J,) > 2). The sets of indices of simple and multiple nodes
are denoted by Ng and Ny, respectively. The depth of the tree is the greater number of edges
in a path from one simple node to R.

13

11O R

FIGURE 2. A tree with 14 nodes, a depth equal to 5, with simple nodes Ng =
{1,2,4,5,6,7,8,14} and multiple nodes Ny, = {3,9,10, 11,12, 13}.
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Pick any channel represented by (say) the i-th edge of the tree, which is identified with the
segment [0,;]. Then the shallow water equations read

Oy H; + aa:(Hsz) = 0, t>0, 0<a<l;, (5.1)
V2
O V; + 8x(7l +gH;) = 0, t>0,0<x<l, (5.2)

where H;(t, x) (resp. V;(t,x)) is the water depth (resp. the water velocity) along the i-th channel,
and g is the gravitation constant. The equations (5.1)-(5.2) have to be supplemented with some
initial conditions

HZ(O,CC) = Hi,o(x), VZ(O,x) = V'Z"()(CC), O<z<l; (53)

and with two boundary conditions. In general, there are at the two ends of the channel (i.e. at
x =0 and at = [;) some hydraulic devices to assign the values of the flow rate. Recall that
the flow rate is defined along the channel as

Qi(t,x) := H;(t,z)V;(t,x).

At any multiple node n € Ny, the equation of conservation of the flow
DD Qiltzial) = 0 (5.4)
i€

has to be taken into consideration. It yields a boundary condition (coming from the physics)

in which no control applies. Let ig € J,, be the only index such that g;,, = 0, namely ig = n.
Then (5.4) can be written
Qin(1,0) = Y Qi(t, ). (5.5)
1€ ,i7i0
Thus, the flow rate may be controlled at the final points of the edges of indices i # ig, while it
is prescribed by (5.5) at the initial point of the edge of index iy.

We aim to stabilize the system around some equilibrium state, represented by a sequence
{(H},V;*)}1<i<r of pairs of positive numbers. Let QF = H;V;*. For (5.4) to be valid as ¢t — oo,
we impose that

D (=1)TmQr =0,  VYneNy. (5.6)
1€y

Introduce the characteristic velocities

pi = Vi—+/gH, (5.7)
A o= Vit++/gH; (5.8)
and the Riemann invariants (see [13, 20])
ui = Vi+2y/gH; — (V] +2/gH;), (5.9)
b = Vi 2/l — (Vi — 2,/gIT) (5.10)

We shall assume thereafter that the flow is subcritical or fluvial; that is, the characteristic
velocities are of opposite sign

/Li<0<)\i.
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Clearly, this holds if

0< Vi< \/gH? (5.11)
and max(|H; — H}|,|V; — V;*|) is small enough. From now on, we assume that (5.11) holds for
all 4 € J, and we pick a number ¢ > 0 such that

VIH? =V >2c, Viel. (5.12)
Note that (5.9)-(5.10) may be inverted as
1 2
H, = <\/H£k + m(uz — Uz)) , (513)
1
Substituting the values of H;, V; in (5.9)-(5.10) yields
1
pi = Vi = Vgl + (w4 3v), (5.15)
1
AN = Vz* + gfl;k + Z(?)ul + vi). (5.16)

Combined with (5.12), this shows that
max(|uil, [vi]) <e = w<—c<c<A.

The shallow water equations (5.1)-(5.2), when expressed in terms of the Riemann invariants wu;
and v;, read

Opu; + )\Z(ul,vz)axuz =0, t>0, 0<ax<ly, (5.17)

Opv; + ,ul-(ui,vl-)amvl- =0, t>0 0<ax<l;. (5.18)
Let us now turn our attention to the boundary conditions. Consider first a boundary condition
associated with an active control, e.g.

%Ui(t, ll) = —KSgD(UZ‘(t, ll)) |’Ul'(t, l2)|7 (519)

In practice, one would like to assign the value of Q;(t,l;) = H;(t,1;)V;(t,1;) by using the output
H;(t,l;) only. Using (5.10), it is sufficient to set

Qi(t,1;) = Hy(t,1;) <Ui(t7li) +2v/gH;(t,l;) + Vi =2 ng) ; (5.20)

where v; solves (5.19) together with the initial condition

UZ‘(O, ll) = VZ‘(O, ll) — 2\/gHi(O, ll) - Vz* + 2\/gH£k. (5.21)

For a control applied to the initial point of the i-edge, we set

Qi(t,0) = Hy(t,0)(ui(t,0) — 2¢/gH;(t,0) + Vi* + 2¢/gH}), (5.22)

where u;(., 0) solves
d

dt
u;(0,0) = V;(0,0) +21/gH;(0,0) — V;* — 2\/gH?. (5.24)

—Ksgn(u;(t,0))|u;(t,0)]7, (5.23)
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Consider next a boundary condition without any active control. For a simple node n € Ng and
the corresponding edge i € J,, if €;,, = 0 (i.e. the node n is the initial point of the edge i), then
n =4 and a natural boundary condition at the node n is given by the relation

that is
E(ui(t,O),vi(t,O)) =0 (526)
where ) 1
¥ (N (Va2 _HMVF
Fi(u,v) = (VH] + 4ﬁ(u V) (Vi + 5u+v)) — H V.
Since OF ) -

it follows from the Implicit Function Theorem that there exist a number §; > 0 and a function
h; € C1(R) with h;(0) = 0 such that for max(|u|,|v]) < &,

Fi(u,v) =0 <= u=hi(v).
Thus (5.26) may be written, at least locally, in the form
u;(t,0) = hi(vi(t,0)).
Finally, for a multiple node n € Ny, if ig € I, is the only index such that €;, , = 0 (i.e. ig = n),
then (5.5) may be written
Fiy (Ui (£,0), 03 (£,0),U(t),V (t)) =0
where U(t) = (ui(t,1i))ie,, izi» V() = (vi(t, 1;))ieg, izi, and
1

Fl’o(uio’vio’U’ V) = ( Hi*O T 4\/§

1
(wig — vi))* (Viy + 5 (g + v3,))

= 1 2, . 1
1€In,i#i0
Note that, by (5.6), F;,(0,0,0,0) = 0 and
OF;,

81%

1 v
(0,0,0,0):5 H (/Hf +—2) > 0.

V9

We may pick a number §;, > 0 and a function H;, of class e! around 0 such that, if lui| < di,
and |v;]| < §;, for all i € J,,, we have

Fio (uio,mo, U, V) =0 <~ Ui, = Hio (Uio, U, V)

Replacing (u;, v;) by (wi(t,1;),v(t,1;)) for i # ip in U,V , we see that (5.5) may be written, at
least locally, in the form

Uy (t,O) = hio (1)2‘0 (t,O),t) (5.27)
where h;, € C1(R?) and h;,(0,t) = 0 if u;(¢,1;) = vi(¢,1;) = 0 for all i € J,, \ {ip}.
We are in a position to state our results for the regulation of water flow in channels. Consider
first one channel (N = {1,2}, J = {1}) represented by the segment [0, [;].
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Theorem 3. (Two boundary controls) Assume that (5.11) holds for i =1, and pick any ¢ > 0
as in (5.12). Then there exists a number § > 0 such that for all (Hy, V1) € Lip([0,11])? with

max(|[Hio0 = Hillwe00): Vo = Vi'llwiee 001)) <9, (5.28)

there exists for any T > 0 a unique solution (Hy, Vi) € Lip([0,T] x [0,11])% of (5.1)-(5.3) and
(5.19)-(5.24). Furthermore, there ezists a function t*(Hy,Vi*, ¢, d, K,v) with lims_,ot* = 0 such
that

!
Hi(t,z) = HF, Vi(t,z)=V} t> Zl +t*, z € (0,1y). (5.29)

Finally, the equilibrium point (H},V{*) is stable in Lip([0,1])? for the system (5.1)-(5.3) and
(5.19)-(5.24).

Proof. Noticing that the map © : (Hy, Vi) — (ug,v1) defined along (5.9)-(5.10) is locally around
(H7, Vi) a diffeomorphism of class €>°, the condition (5.28) implies (3.8)-(3.9) for C; and Cs as
in Theorem 1 (applied actually on the interval (0,l;) rather than (0, 1)), provided that § < d¢ is
small enough. We modify the functions pj(u,v) and A (u,v) outside [—c,c]? so that

p1(u,v) < —c < e < Ai(u,v), (u,v) € R2.

Let (u1,v1) be the solution given by Theorem 1, and let (Hy,V;) := ©~L(uy,v1). If C; is chosen
sufficiently small, then we infer from (3.21) that

max(|ui(t, z)], |vi(t, z)]) < C1 < ¢, t>0, 0<x<ly,
max(|Hi(t,x) — Hi|,|[Vi(t,z) = V|) < 0, t>0, 0<a<ly.

It follows that for all T' > 0, (Hy, V1) € Lip([0, 7] x [0,11])? is a solution of (5.1)-(5.3) and (5.19)-
(5.24) such that (5.29) holds with t* = 011—7/((1 —7)K). Note that the range of C in Theorem
1 depends on Hj, Vi and ¢ through the constants M; and Ms, and that (C1,C2) — (0,0) as
9 — 0. Thus t* — 0 as § — 0 with K and - kept constant. The uniqueness of (Hy,V}) in the
class Lip([0,T] x [0,1])? for all T' > 0 follows at once from those of (uj,v1) in the same class,
as stated in Theorem 1. The stability property follows from (3.18). O

If the control is active at one endpoint of the channel only, a finite-time stabilization may be
derived as well.

Theorem 4. (One boundary control) Assume that (5.11) holds for i = 1, and pick any ¢ > 0
as in (5.12). Then there exists a number § > 0 such that for all (Hy 0, V1) € Lip([0,11])? with

max(|[Hio = H|lwie o) Vo = V'llwie00) <9, (5.30)

Hiyo(l1)V10(lh) = HY VY, (5.31)

there exists for any T > 0 a unique solution (Hy, Vi) € Lip([0,T] x [0,11])? of (5.1)-(5.3), (5.19)-
c7 57

(5.21) and (5.25). Furthermore, there exists a function t*(Hy, V', K,~) with lims_,ot* =0

such that

21
Hi(t,z) = Hf, Vi(t,z)=Vy t>Z2 44 2 (0,0y). (5.32)
&

Finally, the equilibrium point (Hj, Vi*) is stable in Lip([0,1])? for the system (5.1)-(5.3), (5.19)-
(5.21) and (5.25).
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Proof. 1t is sufficient to proceed as for the proof of Theorem 3, and to use Theorem 2 (on the
domain [0,[;] and with a control active at the final point only). O

A direct application of Theorem 4 gives the following result for a chain of two channels
(N=1{1,2,3}, 3= {1,2}), for which there is no active control at the internal node.

Corollary 1. (Two channels and two controls) Assume that (5.11) holds for i = 1,2 with
Q7 = @5, and pick any ¢ > 0 as in (5.12). Then there exists a number 6 > 0 such that for all
(H1,0, V1,0, Ha,0, Va,0) € Lip([0,11])* x Lip([0, l])* with

max(|[Hio — H; [l (01, 11Vio = Vitllwree(og,) <0, =12, (5.33)
Hyp(l)Vip(lh) = Q] = Q3 = Hz0(0)V2,(0), (5.34)

there exists for any T > 0 a unique solution (H;,V;) € Lip([0,T] x [0,11])? of (5.1)-(5.3) for
i=1,2, (5.19)-(5.21) fori =2, (5.22)-(5.24) for i =1, and

Q1(t, 1) = Q1 = Q3 = Q2(t,0), t>0.
Furthermore, there exists a function t*(HY, V)", H3, V5, ¢,6, K,~) with lims_,ot* = 0 such that

2 11,1
Hit,o) = H;, Vittao)=vy ¢>2maxhnb)

7 -

15, 2 €(0,L), i=1,2. (5.35)
C

We can extend the above results to a network of open channels which is a tree. We assume that
the incoming flows can be controlled at each multiple node (the outgoing flow being uncontrolled
and deduced from the conservation of the flows). In terms of Riemann invariants, for the edge
with index 7, the function v; is controlled at x = I; according to (5.19), while the function w;
is controlled at = 0 according to (5.23) only if the initial point of the edge is a simple node
(otherwise, w;(t,0) is given by (5.27)).

The main result of this section is the following

Theorem 5. (Network of open channels) Consider a tree with N nodes and I = N — 1 edges.
Assume that (5.11) holds for i = 1,...,I, that (5.6) holds, and pick any ¢ > 0 as in (5.12).
Then there ezists a number & > 0 such that for all (H1,0, V1,0, Hr0,Vi0) € Lip([0,11])% x - - - x
Lip([0,1;])? with

maX(||Hi70 - H;HWLW(O,IZ')’ ||VYZ‘,0 - VYi*HWl’w(O,li)) < 5, 1= 1, ...,I, (536)

Hp,0(0,0)V0(0,0) = > Hig(0,1)Vio(0,1;),  Vn € Na, (5.37)
1€9ni#n

there exists for any T > 0 a unique function (Hy,Vi,..., H;,Vy) € Lip([0,7] x [0,11])? x -+ x
Lip([0,T] x [0,17])? such that, for alli=1,...,1, (5.1)-(5.3) and (5.19)-(5.21) hold, and (5.22)-
(5.24) hold if the initial point of the i-th edge is simple, while (5.5) holds if the initial point of
the i-th edge is multiple. Furthermore, there exists a function t*(H{, Vi, .., H}, Vi, 6,¢, K,7)
with limg_,ot* = 0 such that

pmaxi<i<yl;

Hit,z)=Hf, Vit,a)=VF t> +t, 2 e(0h), i=1,.,1, (538

where p denotes the depth of the tree. Finally, the equilibrium state (H},V;*)1<i<r is stable in
Lip([0,11])? x --- x Lip([0,1;])? for the system.
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Proof. The proof is done by induction on the number of edges I > 1. For I = 1, the result was
already proved in Theorem 3. Note that the norm |[(u1, v1)||ge (r+:Lip(j0,,])2) in Theorem 3 is as
small as desired if § is small enough. Let I > 2, and assume the result true for any tree with at
most I — 1 edges, with the norms ||(ui, v;)|[ oo (R +;Lip([0,1])2) 1D the edges of the tree as small as
desired if § is small enough. Pick any tree with I edges. Recall that the root R is the node with
index N, and that it is the final point of the edge of index I = N — 1. Denote by R’ the initial
point of the edge of index I, i.e. the node of index N — 1. Let k = #(Iny_1), and let us denote
by T1, ..., Tx_1 the subtrees of T with R" as root. (R does not belong to any of them.) Note
that the subsystem associated with any subtree T; is decoupled from the other subtrees and
from the last edge of index I. An application of the induction hypothesis on each subtree T;,
1 <i <k —1, yields the existence (and uniqueness) of the functions (H;,V;) fori =1,...,1 — 1.
Next, the existence and uniqueness of (Hy, Vr) follows at once from Theorem 2. Indeed, the
constant Dy in Theorem 2 may be taken as small as we want if § is sufficiently small, for the
quantities ||0yu;(.,i)||oo and ||0pvi(.,1;)||eo for i € In_1 \ {N — 1} may be taken arbitrarily small
by the induction assumption. Furthermore, the norm || (wr, vr)l| oo (+;Lip([0,1,])2) tends to 0 with
0, by (4.11)-(4.12). The condition (5.38) is obtained by an obvious induction on the depth of
the tree. 0

APPENDIX: PROOF OF PROPOSITION 2.1.

First, we introduce some extension operator II which maps a function a : [0,7] x [0,1] — R
to a function @ = I(a) : R? — R defined as follows:

e for0<t<T

~ a(t’ ,I) ifx e [0, 1]’
a(t,z) = { a(t,2—z) ifzell,2],

and a(t, x) is 2-periodic in z (i.e. a(t,x + 2) = a(t,x));
o fort > T, a(t,x) =a(T,x) for all x € R;
o for t <0, a(t,z) = a(0,z) for all z € R;

It is easy to see that II is a (linear) operator from C°([0,7] x [0,1]) to C°(R?) (resp. from
L*>(0,T; Lip([0,1])) to L>*(R; Lip(R)) such that

[(a)l| o2y = llalleoo,mx[0,1])s (5.39)
ITI(a)|| Lo m:Lipm)) = llallzoe 0, 7;Lip([0,1]))> (5.40)
M(a)(t,z) > ¢ Y(t,z) €R* if a(t,z) >c VY(t,z) € [0,T] x [0,1]. (5.41)

Let a fulfill (2.2), and let ¢ (resp. $) denote the flow associated with a (resp. with a = w(a)).
Then ¢ is defined in R3, and

(s, t,z) = P(s,t,x) V(s,t,x) € Dom ¢. (5.42)
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Thus it is sufficient to prove that ¢ is K-Lipschitz on [0,T]? x [0,1]. To this end, pick any
(s1,t1,71), (s2,t2,72) € [0,T])% x [0,1]. Then

|B(s1,t1,21) — (52, ta, 22)]
< |p(s1,t1, w1) — G(s2, b1, x1)| + (52,11, 1) — G52, 2, 1)| + |B(s2, t2, 21) — P82, ta, 22)]
=11+ Iy + Is.
First,

I

S2 ~ 52 -
| / 0ud(r, tr,1)dr| = | / a(r, 3 tr, 21))dr] < llalleoorixoaplss — 2l (5.43)
S1 S1

where we used (5.39). For I5, we notice that for all s

0s[(s,t1, 1) = B(s,t2,21)]| = Jals, d(s, tr, 1)) — als, d(s, tz, 1))
< LIg(s b1, 21) — @(s, ta, 21))]
where we used (5.40). Gronwall’s lemma combined to the estimate for I; yields then
|B(s2,t1, 1) — Psa,ta,21)| < |dlta, t1,x1) — G(ta, ta, 1)1t
|6(t2, t1, 1) — P(tr, tr, x1)]e"T
llalleo o< e™” 1t — tal. (5.44)

IN A

Finally, for I3, we notice that for all s

’88[(%(871527-%'1) - (g(s,tz,l'g)” = ’a’(sv ¢(8,t27.%'1)) - &(87 ¢(87t27x2))‘
< L|(j~5(8,t2,$1) - &(S,t2,$2)|,

which, combined with Gronwall lemma, yields
|B(52, t2, 1) — B(s2, ta, xa)| < L1270l |2y — o] < I T |2y — ). (5.45)

Then (2.6) follows at once from (5.43)-(5.45).
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