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We study one class of nonlinear fluid dynamic models with impulse source terms. The model consists of a system of two hyperbolic
conservation laws: a nonlinear conservation law for the goods density and a linear evolution equation for the processing rate. We
consider the case when influx-rates in the second equation take the form of impulse functions. Using the vanishing viscosity
method and the so-called principle of fictitious controls, we show that entropy solutions to the original Cauchy problem can be
approximated by optimal solutions of special optimization problems.

1. Introduction

The main goal of this paper is to approximate entropy
solutions to a Cauchy problem for the system of nonlinear
balance laws with an impulse source term. Conservation
laws, taking the form of hyperbolic partial differential
equations, appear in a variety of applications that offer
control or identification of parameters, including the control
of traffic and water flows, the modeling of supply chains,
gas pipelines, blood flows, and so forth. The analysis of
conservation laws is a very active research area. The main
difficulty in dealing with them is the fact that the solution
of such systems may develop discontinuities (after a finite
time), that propagate in time even for smooth initial and
boundary conditions (see [1-3]). Usually such solutions
can be formed by the so-called rarefaction or shock waves.
Therefore, it makes a sense to consider a more flexible notion
of solutions, which are physically meaningful and whose
admissibility issue is related to the notions of entropy and
energy.

We analyze the following initial value problem for the
system of nonlinear conservation laws

prt+ (f(wp), =0, (t,x) € Qr=(0,T) xR,

Ur — Ux = u(t,x), (t)x) € Qr, (1)

p(0,x) = po(x), w(0,x) = po(x), xe€R

Throughout this paper we suppose that the structure of the
source term u(t, x) is prescribed, namely,

N
u=u(t,x) = > u(£)8(x),
i=1 (2)

with —w<a<1 < - <1y <b<+o,

where the functions {u; € L?(0, T)}?i1 can play the role of
control factors, and J;, denote the Dirac measures located at
the points 7;.

In the recent applications of the model (1) to the supply
chain problem [4], p = p(t,x) represents the density of



objects or the concentration of a physical quantity processed
by the supply chain (modeled by a real line R), and p =
u(t, x) is the processing rate. However, to the best knowledge
of authors, the existence and uniqueness of entropy solutions
to the problems of conservation laws with impulse controls
is an open problem even for the simplest situation. Thus our
prime interest is to discuss the approximation approach to
the construction of entropy solutions for the above problem.
To this end, we apply the vanishing viscosity method and
the so-called principle of fictitious controls. We prove that
entropy solutions to the Cauchy problem (1)—(2) can be
approximated by optimal solutions of special optimization
problems. Namely, we introduce the following penalized
optimization problem

L(v',p°) = IV 11 0mm(0))

+ S_IH(fZ(‘”s))X -V L(0TH(0) inf
(3)
subject to the constraints
pi(t,x) — eps(t,x) + (filp*(1,x))), = v(t,x), (t,x) € Qr,
ui(t,x) — eps, (t,x) — ps(t,x) = ult,x), (t,x) € Qr,
pe(0,x) = po(x),  p(0,x) = po(x), x€R,
u(t,x) = uy (£)8r, (x) + ua ()87, (x) + - - - + un(t)dz, (x),
u; € 120, T), Vi=1{l,...,N},
v e L*(0, T; M(R)),
pi(t,x) =0, p(t,x) =0, on (0,T)Xd0,
(4)
where v = v(t,x) is a fictitious control. We carry out

the analysis of this problem and show that under some
additional assumptions every cluster pair (v*,p*) (in an
appropriate topology) of the sequence {(v§,p5) € E¢},., of
optimal solutions to the penalized problem (3)-(4) is an
entropy solution (u*, p*, u*) to the Cauchy problem (1).

2. Notation and Preliminaries

Let a and b be two fixed constants such that —co < a < b <
+co. Fora given T > 0 we set Qr = (0,7) X Rand Q =
(0, T) X (a,b). Let Lf;C(QT), with 1 < p < oo, be the locally
convex space of all measurable functions g : Qr — R such
that [, 7).x € LP((0, T) x K) for all compact sets K C R.
Let M(R) be the set of all Radon measures on R, that is,
u € M(R) if p is a countably additive set function defined on
the Borel subsets of R such that y is finite on every compact
subset of R. We say that a sequence of Radon measures
{ur} ey converges weakly-* to a measure g € M(R) (in

symbols px = ) if

lim J oduy = J edu, V¢ e Cy(R). (5)
k—o JR R
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A subset 91 of M(R) is called to be bounded if for every
compact set K C R we have

K 00,
:;lgllyl( )<+ ©6)

where |u| denotes the total variation of y. The following
compactness result for measures is well known.

Proposition 1. Let {yx},. be a bounded sequence of Radon

measures on R. Then there exist a subsequence {,ukj }jEN and a

Radon measure u € M(R) such that py, _—

According to the Riesz theory, every Radon measure y
on R can be identified with an element of the dual space
(Co(R))’, that is,  is a linear form on Cy(R) and for every
compact set K C R there exists a constant C > 0 depending
only on K and p such that

[ f) ] = CHfHC(K)’ V f € Go(R) with supp f < K.

(7)
As an example of a Radon measure on R, we consider the
following one. Let {ax}ren and {by}ren be two sequences in
R such that >}, |ax| < C < +o0. Let §, be the Dirac measure

located at the point ¢ € R, that is, this measure is defined as
follows

(8., 9) = JR S.(X)p(x)dx = 9(c), Vo e Co(R).  (8)

Since

< (Elakl)ﬂq’ﬂcm) < Cliollew )

> axp(by)
k=1 k=1

for every continuous function with compact support ¢ €
Co(R), it follows that the linear form

*

‘[,l =

Me

ax6p, (10)

k=1

is continuous on Cy(R). Hence p* is an element of the space
of Radon measures M(R).

Let @ be a bounded open subset of R. Let f : @ — R be
an element of L' (). Define

|, 1of]

= sup{J;9 fo'dx:p € CHO), |px)| <1 forxe (9}.
(11)

According to the Radon-Nikodym theorem, if [, [Df| <
+o0o0 then the distribution Df is a measure and there exist
a function f' € L'(O) and a measure D;f, singular with
respect to the one-dimensional Lebesgue measure £|O
restricted to (9, such that

Df = f'£1O +Df. (12)
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Definition 2. A function f € L'(0) is said to have a bounded
variation in (@ if the derivative Df exists in the sense of
distributions and belongs to the class of Radon measures
with bounded total variation, that is, [, |IDf| < 4. By
BV(©) we denote the space of all functions in L'(©9) with
bounded variation.

Under the norm

fllovior = Il + [, 1DA1 (13

BV(0) is a Banach space. The following compactness result
for BV-functions is well known.

Proposition 3. The uniformly bounded sets in BV-norm are
relatively compact in L'(0O), that is, if { fi},_, € BV(O) and
supgen ll fkllBrio) < +oo, then there exists a subsequence of
{ f}p, strongly converging in L'(©9) to some f € BV(O).

Definition 4. A sequence { fx}r-; C BV(©) weakly converges
to some f € BV(0O), and we write fi — f if and only if the
two following conditions hold: fy — f strongly in L'(©),
and D fi — Df weakly* in M(0O).

In the following proposition we give a compactness
result related to this convergence, together with the lower
semicontinuity property (see [5]).

Proposition 5. Let {fi};., be a sequence in BV(O)
strongly converging to some f in L'(Q) and satisfying
SUPjen Jo ID Skl + oo. Then

(i) f € BV(O) and [o IDf] < lim infi - « [ |D fil;
(i) fi — f in BV(O).

3. Statement of Problem and Main Motivation

Let {Tk}fj:l C R be a given finite family of points such that
a<T < -+ <1y < b We focus on the following fluid
dynamic model, expressed by the nonlinear inhomogeneous
hyperbolic conservation laws:

pet (f(wp)), =0,

Yt — by = u(t, x),

(t,x) € Qr, (14)
(t,x) € Qr, (15)

p(0,x) = po(x), wu(0,x) =po(x), x€R, (16)

where the source term is subjected to the following con-
straints:

u(t,x) = ur ()8, (x) + ur ()07, (x) + - - - + un(t) 87, (x),
(17)

u; € L*(0,T), Vi={1,...,N}L (18)
Here u; € L*(0,T) are some external distributed sources
located at the corresponding points 7; € (a,b), po,to €
BV(R) n L*(R) are data functions, and f = f(u,p) =
filp) + fo(u) is a flux function.

We note that a particular case of the initial value
problem (14)—(16) is a perturbed model for the supply chain
(represented by a real line), where p = p(t,x) represents the
density of objects or the concentration of a physical quantity
processed by the supply chain (modeled by a real line R),
y = u(t,x) is the processing rate, and u = u(t,x) is a source
term associated with an influx-rate.

In order to give a precise description of the set of
admissible source terms to the Cauchy problem (14)—(18),
we note that for any function u(t, x) of type (17), we have

T
jo et )20yt

2

T
:J sup <”(t")’¢(')>M(R),C0(DR) dt
0\ llellcm=1
q)EC()(R)
2
T N
=J sup Zuk(t)J 8 (p(dx | dr (19
R

llollcw)=1k=1
p€Co(R)

T [ N 2
< (zuk(t)) dt
0 \k=1

N
2
< NZ ||1/lk ”LZ(O,T)'
k=1

Hence, it is natural to define the following class:
Uad = {u € L2(0, T; M(R)) | u = u(t,x)
satisfy (25)-(26) for some a < 1) <... < 7y < b}.
(20)

Definition 6. Let u € U,q be a fixed source term. We say that
a vector value function Y = [Z] e [L*(0, T; leoc([R{))]2 is a
weak solution to (14)—(16) if the identities

T a<p aq)
v -7
J;) JR<Y® 5t +F(Y)o 3 )dxdt

T N
+] YU eg@d-o
0 k=1
t
lim 1 J Y(t,x) © y(x)dx — J Yo 0 w(x)dx‘ dt=0
t—0+1t Jo R R R2

(21)

hold true for all C§’-functions ¢ : [0,T] x R — R? and
¥ : R — R? with compact supports in (0,T) x R and R,
respectively. Here

we|”l wo=| ° | rm=|""7|
Ho ui(t) —u

(22)

and the symbol ® denotes the tensor product [ o ] o) [ IZ; ] =

[oe]
azbz :



The characteristic feature of the initial value problem
(14)—(16) is that even for arbitrary smooth functions po,
Ho, and smooth external sources ux, k = 1,...,N, a weak
solution Y (t,x) = (p(t,x), u(t, x)) to (14)—(16), is, in general,
not unique (see [2, 3]). Hence, in order to select the
“physically” relevant solution, some additional conditions
must be imposed. Following [2, 3, 6], we can introduce
the entropy-admissibility condition, coming from physical
considerations.

Definition 7. A C'-function 77 : R* — R is an entropy for the
system (14)-(15), if it is convex and there exists a C' -function
q:R? — R such that

Dy(v) - DF(v) = Dgq(v), Vv e R~ (23)

The function g : R? — R is said an entropy flux for 7.
The pair (1,q) is said an entropy flux pair for the system
(14)-(15).

Remark 8. Note that the C'-functions #,q in Definition 7
form a special family of convex entropy pairs. However, any
convex function # defined on an open set is locally Lipschitz,
and therefore Dy is defined almost everywhere. This allows
us to call a CO-function 7 an entropy, if there exists a
sequence of C'-entropies {1” : R — R} _, converging to
locally uniformly as v — oco. Moreover a C°-function q is a
corresponding entropy flux, if there exists a sequence {g”},_,
of C!-entropy fluxes of 1” converging to q locally uniformly.

As a result, an entropy solution of (14)—(16) for a given
u € U,q can be defined as follows.

Definition 9. Let u € U,q be a given source term with
prescribed location a < 7; < - - - < 7y < b. A weak solution

Y = [ﬁ] : [0,T] x R — R? to the Cauchy problem (14)—
(16) is said entropy admissible if for any constants k,I € R
the entropy inequalities

JOT J[R(yl(p)% +g1(p) v )dx dt

T
B L fk sign(p — 1) (fo(w)) ,wdxdt = 0,
' (24)
Io IR(Vk(P‘)ﬁ"t*qk(y)sox)dxdt

T T
+ ZJ sign(u(t, 1) — k)u;(£)p(t, 7:)dt = 0
=170
hold true for all positive functions ¢, v € Cg’(Qr), provided
that
w(u) = lu—kl, gy := (u—k)sign(u - k),

gi(p) == (filp) = fi(D) sign(p —1).
(25)

Remark 10. Note that the existence and differential proper-
ties of entropy solutions to the Cauchy problem (14)—(16)
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with impulse influx-rate (17) in the sense of Definition 9
are unknown in general. To the best knowledge of authors,
the problems (14)—(17) with measure data in the right hand
side are not covered by the classical theory of nonlinear
hyperbolic conservation laws. Moreover, we cannot assert
that entropy admissible solutions (p(u),u(u)) to the above
problem are elements of the class

[C([0, T];L (a, b)) N L™(Q) N L*(0, T; BV(a, b))]2 (26)

which is a natural functional space for the scalar hyperbolic
conservation laws (see [2, 7, 8]). Usually these properties
essentially depend not only on the flux function f (4, p), but
also on the properties of the admissible source terms u(t, x),
which typically, in contrast to our case, are supposed to be
bounded in L*(Qr) and closed in L} (Qr) (see [8]).

Taking this motivation into account, it is reasonable to
introduce the following concept.

Definition 11. Let u € U,q be a given source term. We say
that a vector value function Y = [ﬁ] € [L*(0, T; L}, (R))]
is an approximately entropy solution to the Cauchy problem
(14)~(16) in a domain (0,T) x @, if Y = [£] : [0, TI xR —
R? is a weak solution in the sense of Definition 6 and there
exists a sequence {Y*¢ = [Zf]}po C [L2(0, T;12(0))]” such
that

(B1) p* — pand pf — puin L*(0, T;L*(0)) ase — 0;

(B2) for any constants k, ! € R and for all positive concave
functions ¢ € C5’((0, T)x Q) the entropy inequalities

T
L J@ (v(p®) @r + g1(p%) px) dx dt

+ JT< sign(p®(t,-) — 1)

0

X () 9t -)>M(0),C0(0)dt >0,

(27)
T
L Lg (v (p°) 91 — qic (u°) px) dx dt
N T
3 L sign (4 (1, 71) — k) wi(Dg(t, 7)dt = 0
o (28)

it hold true for every ¢ > 0 with v(p) := [p —1I,

g(p) = (filp) = (D)) sign(p = D), vi(u) := lu — k|
and gk (u) := (p — k) sign(p — k).

4. A Perturbation Framework

As was mentioned above the existence and uniqueness of
entropy solutions for nonlinear hyperbolic conservation laws
(14)—(16) with source terms (17), where u; € L*(0, T) for all
i =1,...,N, and with initial distributions py, o € BV(R) N
L*(R), is not covered by the classical theory. In view of this,
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we apply in this section the scheme of “vanishing viscosity”
method and the principle of fictitious controls.

To begin with, we impose the following assumptions on
the flux function:

flwp) = filp) + (), (29)

(A1) the function f; : R — R is locally Lipschitz, that is,

VPI)PZ S [_MP’MP]’
(30)

| filpr) = filp2) | < Lplp1 = p2l,

f1(0) = 0,and f; : R — R is a piecewise linear mapping.

Remark 12. As was shown in recent works [4, 9-11], a flux
function of the fluid dynamic model for supply chains is the
following:

, if p< 0, if p<
f(u,p>=f1<p>+ﬁ(m={g o “}+{ .”’ ”}.
, if p=u w, if p=up
(31)

Hence, the fulfilment of Hypothesis (A1) is obvious in this
case.

Let € be a small positive parameter associated with a
viscosity coefficient. Then instead of the fluid dynamic sys-
tem (14)—(16), we focus on the following singular perturbed
system of nonlinear PDEs:

p‘[g(th) - ep;x(t)x) + (fl(PE(tax)))x = V(t’x)w (t’x) € QT)
(32)

ui(t,x) — eps, (t,x) — ps(t,x) = u(t,x), (t,x) € Qr,
(33)
p(0,x) = po(x), p*(0,x) = po(x), x€R (34)

subjected to the constraints

u(t,x) = ui ()8, (x) + ua(£)0r, (x) + -+ - + un(t) 87, (%),

(35)
u; € L*(0,T), Vi={l,...,N}, (36)
v e L0, T; M(R)), (37)

where v = v(t,x) is a fictitious control. By V,q we denote the
set of all fictitious controls satisfying conditions (37).

Since po, o € L'(RN) N L*(RYN), it is natural to assume
that there is a compact interval I C R such that py = 0 and
to = 0 almost everywhere in R \ I. Then taking a sufficiently
big open bounded interval @ C R including the interval I,
we can suppose that the rate processing ¢ and the density
p® vanish at the ends of @. As a result, we can introduce the
following boundary conditions into the model (32)—(37):

Ps(ty x) =0,

ui(t,x) =0, on (0,T) x 90. (38)

Since by the initial assumptions the influx-rate u =
25(\]:1 uk(t)8k and the fictitious control v belong to the space
of measure data L*(0,T; M(©)), we make the notion of
solution for the problem (32)—(38) precise. To this end, we
give the following theorem which plays an important role in
the study of partial differential equations (see [12]).

Theorem 13. Let one defines the Banach spaces:

W = {y 1y € L*(0, T;Hé(@)),% e L*(0, T;H_l((D))},
(39)

Wy = {y :y € (0, T; L*(0)), % € L*(0, T;HI(O))},
(40)
equipped with the norm of the graph. Then, the following
properties hold true:
(1) the embeddings W — L*(0, T; L*(O)), W, — L*(0, T;
H=Y(0)) are compact;
(2) one has the embedding

W = C([0, T;;L*(9)), Wi < ([0, TEH™(0)),

(41)

where, for X = L*(9) or X = H '(0), C([0, T];X)
denotes the space of measurable functions on [0, T] X @
such that y(t,-) € X for any t € [0, T] and such that
the map t € [0, T] — y(t,-) € X is continuous;

(3) forany u,v € 'W

%J@ u(t, x)v(t, x)dx

= (W' (t, ), v(t, ) g1(0) 1) (0) 4

+ (V' (&), ult, ) 510,11 (03

(4) let y € L*(0, T; HY(9)) N C([0, T];L*(O)). Then the
following density result holds: for any § > 0 there exists
® e C*([0,T]; C5’(O)), such that

Ily - (D”C([O,T];LZ(O)) <9, |Vy - Vq)HLZ((O,T)X@) <é.

(43)

Further we note that by the Friedrichs inequality, we have
U ygo'dx‘ SCJ yzdxj || 2dx
0 0 0

<q J@ |y |2dxj© l¢'|*dx, Yy,¢ € HLO).
(44)

Hence the bilinear form [, y¢'dx is bounded on Hj(O).
Moreover, this form is skew-symmetric by the identity

J vy dX=J (W)'dxfj Y pdx
o) o o
(45)
= - J@ y'odx, Vy,9eCy0),



which remains valid for all y,¢ € H(®) by continuity.
Then, we come to the following classical result (see [12, 13]).

Theorem 14. Assume that yy € BV(OQ) n L*(O) and
Hypothesis (A1) holds true. Then for every ¢ > 0 the initial-
boundary value problem (32)—(38) admits a unique solution
(p%, ut) € ‘W X W satisfying the integral identities:

JIESEE

“ox ox
r (46)
= J;) <V(t: ')) W(t) ')>H—1((9)’H&((g)dty
vy € L*(0, T; Hy (),
T out oyt o 09
o U o9
Jo J@[at¢+£8x +ya ]dxdt
T 47
= |t .06 D0 iordt 4
Vo e L*(0, T; Hi(0O)),
with a priori estimates
T
Jo J'(9[|ps(t,x)|2 +e|pi(thx) P + |pf(t,x)|2]dxdt
T
<c| [ [awol®+ g Jaxa 49
0 Jo
+ ClIvIZ20, 110>
T
Jo J0[|/f(t,x)|2 +e|p(tx) |+ |/,tf(t,x)|2]dxdt
T
< CJ J [|gt(t,x)|2+ |gx(t,x)|2]dxdt (49)
0 Jo
+ C||u||i2(o,T;H—l((9)),
’ 2
S0t )50 At
[ et o o
= C||§||?N-‘¢((O,T)><(9) + C||V”i2(0,T;H*1((9))’
’ 2
(t, - i dt
[ e 1o o

2
= C”gHW*‘J((O,T)x@) + C”””%Z(OI;H*I(@))’

where C > 0 is a constant independent of ¢ and g, €
W2((0,T) x O) are such that gl ;9 = 0, gl,9 = 0, 80, -) =
po, and g(0,:) = uoy in O (the so-called compatibility
condition).

Note that in this case
pt € C([0, T; L*(0)), ue e C([0, T L*(0))  (52)

by the embedding (41), and the terms in the right-hand sides
of (46)-(47) are well defined, because Hi(©) C Co(O) by
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the classical Sobolev Embedding Theorem. Moreover, in the
one-dimensional case every Radon measure v € M () can
be identified with an element of H~'(@), that is, M(©) C
H=(0O). As a result, the integral identity (47) with a source
term

u(t,x) = Zuk )0k (x) (53)
k=1

can be rewritten as follows:

8/4 8(/) 09
J J[ xox Hox }d"dt

N T
S L w (Dot m)dr, Vo € 120, T; HH(O)).
k=1
(54)

In conclusion of this section we state the following
entropy property of the weak solutions to the initial-
boundary value problem (32)—(38).

Lemma 15. Let u* = 3| ui (£)8r, € Uad be a given source
term with prescribed location a < 7, < --- < 17y < b.
Let {(p®, 4*)} ., be a sequence of corresponding weak solutions
to the initial boundary value problem (32)—(38) where the
small parameter € > 0 varies in a strictly decreasing sequence
of positive numbers converging to 0. Let {v¢ & L*(0,T;
M(R))}es0 be a bounded sequence of fictitious controls. Assume
that supposition (A1) holds true. Then for every e > 0, k,l € R,
and for all positive concave functions ¢ € Cy’ ((0,T) X O), each
of the pairs ((p¢, u*)) satisfies the following integral inequalities:

L I@(W(Pe)q)t+gl(P£)‘Px)dxdt

T
+ [ Sigmlo )~ DY), 900, ) oot 2,
(55)
[ [ oxteor~ antuergrasar
(56)

N T
+ S I sign (4 (1, 71) — K)u (D(t, 7)dt = 0
i=170

with v(p) :=
ve(u) =

= (filp) = Ai(D)sign(p — 1),
(y k) sign(u — k).

Proof. Let E = E(p) € C*(R) be any convex function. We
multiply (32) by E’(p). Then the equalities

JE(p(t,
E'(p)p: = (P(-;tt x))’

lp =1, g(p)
lp — kI, and qi(p) =

(£:x)
FEE = 2 ([ rop©),

E'(p)pxx = (E(p)) . —E"(p)p3
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imply the following relation

(e, + (J] sror o)

= e(E(p%))
(58)

By the initial assumptions, for every € > 0 the functions p* €
‘W can be zero-extended to the domain Qr = (0, T) X R. Now
let us multiply equality (58) by a test function ¢ € Cy’ (Qr)
and integrate it over Q7. Using the integration by parts and
the fact that e > 0 and E” (p®) = 0 a.e. in Qr, we transfer all
derivatives to the test function ¢:

- JOT J[R [E(ps)q)t + J:E A QE(§)dE (px} dx dt

—eJ J )) Qrxdx dt
T
fsj J E" (p%) ( (pdxdt+J J
0o Jr
<£J J E(p goxxdxdtﬂ-J' JE

Since p¢ € L*(0, T; H(O)) for all e > 0 and Hj (Q) — C(O)
by the classical Sobolev Embedding Theorem, it follows that
the following term is well defined:

SR

Further we use the well-known trick. Let {E,,},,cn be a
sequence of C2-functions approximating the function &
|€—k| uniformly on R. Substitute E = E,,(p) in the inequality
(59) and pass to the limitas m — oo. Note that we can choose
E,, in such way that E}, is bounded and E;,(¢) — sign(§ —k)
forall £ € R, & #k. Since p,x < 01in Qr and

)vedx dt

)V pdx dt.
(59)

T
)Vepdx dt = Jo (E' (Pe)Ve’ﬁo)M(Da),Co(ﬂR)dt'
(60)

Pt P*
|| fr@m @ — [ 1©sign(& - kdg

= sign(pt — k) [ f1(6)dE = sign(p* — K) (i (o) — k),
(6)

it immediately leads us to the entropy inequality (55) from
(59). The verification of inequality (56) can be done by
similar arguments. O

5. The Penalized Optimization Problem

In this section, for every ¢ > 0 and a given influx-rate
u® € Uad, we analyze the following penalized optimization

— eE" (p%) (p°)> + E' (p) V5, in D'((0,T) x O).

problem associated with the singular perturbed initial-
boundary value problem (32)—(38):

L(v%,p%) = V¥ 11220 1m0

| (), -

ROT:H(O) inf
(62)

subject to the constraints (33)—(39). (63)

Definition 16. We say that a pair (v4, p*) is admissible to the
optimization problem (62)-(63) if v¢ € L*(0, T; M(R)) and
pt = pt(v¥) € W is the corresponding weak solution to the
initial boundary value problem (32), (34);, and (38);.

Let B, be the set of all admissible solutions to the
perturbed problem (62)-(63). As follows from Theorem 13,
for every € > 0, E, is a nonempty subset of the space:

Y =120, T; M(OQ)) X L*((0, T) X O). (64)

Remark 17. We note that the cost functional (63) is well
defined on E, for every ¢ > 0. Indeed, let (v*,p®) be any
representative of E. By supposition (A1), we have that f, :
R — R is a piecewise linear mapping and y¢ € ‘W. Hence
(fy (uE))ps is in L2((0, T) X ), and v¢ € L*(0, T; M(O))
by the definition of the class V,q4. Since L?((0,T) X @) C
L2(0, T; M(0O)), we come to the required conclusion.

We define the 7-topology on ¥ as follows: 7 is the product
of the weak-* topology of L?(0, T; M(©)) and the topology
of norm in L?>((0,T) X @). Then we have the following
topological properties of the set E. of admissible solutions
to the perturbed optimization problem (62)-(63).

Lemma 18. Assume that supposition (A1) holds true. Then the
set B¢ is nonempty and sequentially T-closed for every € > 0.

Proof. Forafixede > 0let (u%,v*) € U,qXVaq be an arbitrary
pair of source terms. Then Theorem 14 implies the existence
of a unique pair (p*, y*) such that p* = p*(v®) and p* = p*(u®)
are the corresponding weak solutions to the initial boundary
value problem (32)—(34), (38). Since

u,ptew

- {y:y € L*(0, T;H&(@)),g—)t/ € L*(0, T;HI(Q))}
(65)

and W — L2((0,T) X 9), we conclude that (v¢, p¢) € E, and
hence B, # &.

To establish the 7-closedness of E,, we fix an arbitrary 7-
converging sequence of admissible solutions to the perturbed
problem (32)-(38) and (62) {(v}, p) € B}, and show that
(v%, p%) € Ee, where (v4, p) is its 7-limit.

We have that v X v in L*(0, T; M(O)) and p; — p&
in L>((0,T) x O). Hence v& € V,q and it remains to show
that p§ is the corresponding weak solution of the initial-
boundary value problem (32), (34);, and (38);. Indeed,



in view of the a priori estimate (48), it is easy to see that the
L*((0, T) x O-limit function p¢, belongs to the space W and
satisfies conditions:

(o) — Ailes), in2(0,T512(0)) as k — oo,
(Pi)x - (p2),» inL*(0,T;L*(O)) as k — oo,
(Pi), - (p%)p InL*(0,T;H'(0O)) as k — oo,

pipS € C([0, TL*(0O)),  pi(0,x) = po(x) in O,

Vk e N.
(66)

This enables us to pass to the limit in the integral identity
(46) as k — oo with p® = p; and v = v{, and eo ipso to show
that the limit function p% is a weak solution to the parabolic
problem (32), (34)1, (38);.

Thus, the pair (v4,p%) is an admissible solution to the
perturbed optimization problem (32)—(38), (62). The proof
is complete. O

In conclusion of this section, we prove that the penalized
problem (32)-(38), (62) has a nonempty set of optimal
solutions.

Theorem 19. Assume that supposition (A1) holds true. Then
for every ¢ > 0 and u® € Uaq there exists at least one pair
(v, p6) € Ee such that

inf (v p°),

(vipe) €Ee

Ie(VS’PS) = (67)

that is, the problem (32)—(38), (62) is solvable.

Proof. Since E, # & and the cost functional I, is bounded
below on E,, it follows that there exists a sequence
1V i) b e  C Be such that

inf L(v%p%) =0, (68)

£ € min _—
Ie(Vk’Pk> Pt "= ez,
that is, {(v, pp)}tie y C Ee is a minimizing sequence for the
problem (32)—(38), (62).

To begin with, we show that for any A > 0 the set

A

By = {(v5pF) € Be: L(vS,p°) <A} (69)

is bounded in L2(0, T; M(@)) x W. Indeed, as follows from
inequality (68), the sequence of fictitious controls {vi},
is bounded in L?(0, T; M(©)). Hence, we may assume that

there exists an element vj € V,q such that v} X ¥ in
L*(0, T; M(O)) as k — oo, that is,
T
Jim [ (556 2,9) 0,0,V
(70)

T
= JO <V8(t, ), gD)M(O),CU(O)V/(t)df,

Vo e C(O), YyeC0,T).
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Then having used the a priori estimate (48), we see that
{pi = p* (V) } e form a uniformly bounded sequence in ‘W.
Hence, we may again assume that, up to a subsequence, there
exists an element p5 € W such that p; — p§ weakly in ‘W
and strongly in L2((0,T) X O). As a result, (v§,pf) € Ee by
Lemma 18.

Let us show that the 7-limit pair (v§, pj) is an optimal
solution to the penalized problem (32)—(38), (62). Indeed,
taking into account supposition (A1) and Theorem 14, we
have

[, =] = (AW),— v in L0, T;M(O)).
(71)

Using the property of lower semi-continuity for I, with
respect to the 7-topology, we get

0<L(v5p5) < ]}Engol(vs,pe) = [™min, (72)

Thus the pair (uf, p§) is optimal for the problem (32)—(38),
(62). O

6. Approximation Properties of the Perturbed
Optimization Problem

The aim of this section is to study the asymptotic behavior of
the optimal solutions to the penalized optimization problem
(32)—(38), (62) as the small parameter ¢ tends to zero. To
begin with, we note that for every ¢ > 0 the set of admissible
solutions E, is embedded in the topological space (Yi,0),
where

Y1 = L0, s M(9)) x L*(0, T;HTH(9)),  (73)

and ¢ is the product of the weak-* topology of
L2(0, T; M(©)) and the strong topology of L2(0, T; H~1(©)).
So, we can take ¢ as the main topology for the asymptotic
analysis.

Lemma 20. Let u* = szvzl ui (£)8r, € Uga a given source
term with prescribed location a < 1) < ... < 7§y < b. Let
{u} .o be a sequence of corresponding weak solutions to the
initial boundary value problem (33), (34),, (38), when the
small parameter € > 0 varies in a strictly decreasing sequence
of positive numbers converging to 0. Let {(v§,pj) € Bel oy
be a sequence of optimal solutions to the penalized problem
(32)—(38), (62). Assume that the fictitious controls {vg} ., are
bounded in L*(0, T; M(O)) and supposition (A1) holds true.
Then subsequences of {°} ., and of {(VG, p§)} ¢ Still denoted
by the suffix €, can be extracted such that

(a) v§ = v* in L2(0, T; M(O));

(b) p§ — p* and y¢ — u* weakly in L>((0, T) X O) and
strongly in L2(0, T; H™1(09));

(c) (p*,u*) is a weak solution in [L*((0, T) X (9)]2 of the

Cauchy problem:
pi+ (filp™), =v*  p*(0,+) = po, (74)
ut—ul =ut, @t (0,0) = po. (75)
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Proof. As follows from the a priori estimates (50)-(51), the
sequences {pg},., and {u°},., are bounded in

W, = {y 1y € L*(0, T;LZ((Q)),% € L*(0, T;H‘I(O))}.
(76)

Hence the compactness properties (a)-(b) of the sequences
Wotesos 1P0}esg> and {u},,, are a direct consequence of
the initial suppositions, the Banach-Alaoglu Theorem, and
the compactness embedding W, — L*(0,T; H}(0)).
Moreover, as follows from estimates (48)-(49), the sequence
{(php)} sy is bounded in L?(0,T;L*(0)). So, we can
suppose that

po—p" W —u, ase—0 (77)

strongly in L?(0, T; H~'(©9)) and weakly in L?(0, T; L*(O)).
In view of estimates (48)-(49), there are elements 7,7 €
L?((0, T) x O) such that, up to subsequences, we have

Ve(p), — 7 in L*((0,T) x 9),

(78)
as e — 0.

In order to verify the item (c), we note that the integral
identity (46) leads us to the following relation:

Jy f oo o) 32 - o) 22 fawar

T
- JO <V(€)(t; ) ¢(t> ')>=M((9),Co((9)dt’
(79)

which holds true for every ¢ > 0 and any test function ¢ €
C((0,T) X ©).Since v§ = v* in L2(0, T; M(O))ase — 0,
we can pass to the limit in (79) using the property (77);-
(78)1. As a result, we come to the relation

J J [ ° at (*)?ﬁ]dxdt

T
- Jo V(6,0 ) y(o),co(0)8

(80)

which gives us the weak formulation of the hyperbolic
conservation law (75);. As for the initial condition (75);, we
note that by continuity property (41) the following identity

1 t
limfj
t—0+t Jo

is valid for every ¢ > 0. So, we can pass to the limit in (81) as
¢ — 0 using the weak convergence of pj — p* in L?((0, T) x
0). As a result, the initial condition for the limit function p*
is satisfied in the following sense:

1 t
limf‘[
t—0+1 Jo

J@ (P55, -) — po)ydx|ds = 0, Vy e CT(O)

(81)

vy e Cy(0).
(82)

j@ (p*(s,+) = po) ydx |ds = 0,

Thus, p* € L*((0,T) x ) is a weak solution to the Cauchy
problem (74). By analogy, similar properties for the limit
function p* can be proved. This concludes the proof. O

The next result is crucial in this paper. We show that
approximately entropy weak solutions to the system of
nonlinear conservation laws with impulse controls can be
constructed by optimal solutions to the penalized problem
(32)—(38) and (62).

Theorem 21. Let u = ijzl ur(t)6y, € Uqq be a given source
term with prescribed location a < 1) < - - - < Ty < b. Assume
that there exists a sequence of pairs {(V¢, p°) € B} ., satisfying
the following relation:

lim sup I, (v, p°) < +oo. (83)
e—0

Let {(v§,p5) € Bel,oy be a sequence of optimal solutions
to the penalized problem (32)—(38) and (62). Then, under
supposition (Al), for every o-cluster point (v*,p*) € Y, of the
sequence {(vg, p5) € Ee},oo we has that the triplet (u™, p*, u*)
is an approximately entropy solution to the Cauchy problem
(14)—(16) in the domain (0,T) X O and the equality v* =
(f2(u*)), is valid almost everywhere in (0, T) x . Here the
distribution yu* is defined by (75).

Remark 22. It is worth to notice that the existence of a
sequence {(V¥,p%) € E,},., satisfying relation (83) is rather
important for our further analysis and this assumption
is coming from the regularity property of the original
Cauchy problem (14)—(18). Here by the regularity of Cauchy
problem (14)—(18) we mean that this problem admits at least
one entropy solution. Since the existence of such solutions
is unknown in general, we must assume it. Only in this
case it has a sense to construct an approximation of entropy
solutions. So, for the regular Cauchy problem (14)—(18), the
sequence {(V,p%) € E,},., can be constructed as follows:

= (f2(u*)), forall e > 0, and (p,, y¢) is the corresponding
solution of the perturbed problem (32)—(37). As for the
general case, we demand the fulfilment of the condition (83).

Proof. As Lemma 20 indicates, the sequence {(y°) € Wi},
is relatively compact with respect to the strong conver-
gence in L*(0,T;H '(©)) and the weak convergence in
L2(0, T;L*(0)). So, passing to a subsequence, when the
occasion requires, we get

e — u*, in L*(0, T; H'(09)),

&

(84)

e —u*, in L*(0, T;L*(0)),

where p* € L2((0,T) X ) is a weak solution to the Cauchy
problem (75). For our further analysis we have to show that

(£)), = (AW),, inL*(0,T;H(O)).  (85)
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Indeed, let ¢ € Cy((0, T) X ) be a fixed test function. Then
the following estimate holds:

T
Codxdt
ISR

T
J J (Ui + prgx — ugp)dxdt
0 JO

(86)

IA

T
J (‘ (Ut ) -1 0) 1 (0) ‘ + \/EJ’(9 | Veusopx | dx

0

+(w9) om0 )dt

by (59),(61)
< (C + ||””L2(0,T;H71<c9))) ol 0,78

Hence the sequence {5} ., is uniformly bounded in L*(0, T;
H™'(O). Therefore, in view of (84), we can suppose that
i € L*(0, T; H1(O)) and

W = up, inI2(0,TsHN(0)), (87)
As a result, applying the arguments of Remark 17, we come
to the required conclusion (85).

Let {(V%,p°) € E¢},., be a sequence with property (83).
Then there exist a value &g > 0 and a constant ¢ > 0
independent of ¢ such that the following inequality holds
true:

2 _
510 rsaecom *+ &7 | WD, = %8 s o s o (88)

<L(,p°) <c, Vee(0,¢&).

Hence the sequence of optimal fictitious controls {v§},.,
is bounded in L*(0,T; M(©)). Therefore, by Lemma 20
the sequence of optimal pairs {(v§, p§) € Ee},., is relatively
compact with respect to the o-topology of L*(0, T; M(O)) X
L2(0, T; H~'(©)). Moreover, every o-cluster point (v*, p*) €
Y, possesses the properties (a)—(c) of Lemma 20.

Further we note that the inequality (88) leads to the
estimate

0< H(fz(;f))x—vg Ve e (0,&).

(89)

< e&c,

L2(0,T;:H-1(0))

Since (£ (uf)), — v5 — ((u*)), — v* in L*(0, T; H 1(0))
(see (85)), v§ = wv* in L?(0,T; M(0O)), and M(O) C
H'(O), we can pass to the limit in (89) as ¢ — 0. Then,
in view of the lower semicontinuity property, we obtain

0 < ||(Aw*), —v*

L2(0,T;H-1(0)) (90)

< i infl| 500 = 8| -0 = O

Since this is equivalent to the equality v* = (f2(¢*)), almost
every where in (0, T) X €, by Lemma 15 it follows that the
pair (p*,u™) is an approximately entropy solution to the
initial-boundary value problem (32)—(38). This concludes
the proof. O

Journal of Control Science and Engineering

7. Conclusion

In this article, we have proposed the approximation of
entropy solutions for the system of two hyperbolic conser-
vation laws (14)—(16) with impulse source terms. We have
considered the case when influx-rates in the second equation
(15) take the form of impulse functions (17)-(18). Since
the existence of entropy solutions for Cauchy problem (14)—
(18) is not covered by the classical theory, we combine the
vanishing viscosity method and the so-called principle of fic-
titious controls in order to show that entropy solutions to the
original Cauchy problem can be approximated by optimal
solutions of special optimization problems. The main result
is given by Theorem 21, where we conclude that every o-
cluster pair (v*,p*) € Y, of the sequence {(v§,pj) € e},
of optimal solutions to the penalized problem (32)—(38),
(62) is an approximately entropy solution (u*, p*, u*) to the
Cauchy problem (14)—(16).
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