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1. Introduction

Most physical or chemical phenomena are governed by partial differential equations that describe
the evolution of the constituents of the problem under study. If all the parameters of the system are
known (the geometry of the domain, the boundary and initial conditions, and the coefficients of the
equations), the model to be solved is a direct problem. On the other hand, if certain parameters in
the equation are unknown, these parameters can be determined from experimental data or from the
values at the final time in an evolution problem. The identification of such a parameter in the partial
differential equation represents an inverse problem.

When experimental measurements are made on the boundary to determine a coefficient in a
partial differential equation, there is always measurement error, which can mean a very large error
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in identification. For this reason, most inverse problems are ill-posed (we refer the reader to [1], for
further details on the results found and the methods developed).

Many papers in this area deal with elliptic problems, see for example [2-5]. On the other hand, the
literature on applications governed by elliptic, parabolic and hyperbolic, linear and nonlinear systems
is rather limited. Theoretical results for the latter case can be found, for example, in [6-8].

We are interested in studying the state-constrained optimal control problem of the steady-state
Navier-Stokes equations. In this area, several applications have been proposed to solve optimal control
problems [9-12]. The elliptic optimization problem was first discussed theoretically by Reyes and R.
Griesse [13]. Research on numerical methods for optimal control of the Navier-Stokes equations has
made significant advancements over the years. The initial approaches for optimal control of the Navier-
Stokes equations employed classical optimization methods such as the conjugate gradient method,
quasi-Newton method, or augmented Lagrangian method. These methods yielded promising results,
but they were often limited by the nonlinearity of the Navier-Stokes equations and the presence of
constraints. Then came the domain decomposition methods, which are used to divide the computational
domain into smaller subdomains in order to solve the Navier-Stokes equations more efficiently. In the
context of optimal control, these methods help reduce the problem size by partitioning the domain
into regions that can be solved independently. This facilitates parallel computations and leads to
faster results [14]. The adjoint-based optimization methods, on the other hand, are commonly used
to solve optimal control problems. These methods leverage the principle of dynamic programming by
calculating an adjoint variable that provides information about the system’s sensitivity with respect to
the control. This information is then used to adjust the control optimally. Adjoint-based optimization
methods have been successfully applied to the Navier-Stokes equations, enabling the solution of
complex optimal control problems [15, 16]. Also worth mentioning are the methods based on genetic
algorithms, which are optimization methods inspired by principles of natural selection. In the context
of the Navier-Stokes equations, these methods have been used to solve optimal control problems by
generating a population of potential solutions and evolving them over generations. Genetic algorithms
have the advantage of being able to explore a larger search space, but they may require a large number
of iterations to converge to an optimal solution. It should be noted that the comparison of different
approaches will depend on the specific context of the optimal control problem for the Navier-Stokes
equations. Each method has its own advantages and limitations, and the choice of method will depend
on computational constraints, control objectives and available resources [17]. The approach presented
in this paper is a powerful technique for solving this and many other such nonlinear problems. We
have applied a new method to construct a new family of numerical schemes that convert the inverse
problem into a direct problem, which helps us to solve numerical problems easily. We construct an
algorithm that can solve this problem. We use spectral methods to find approximate solutions through
the preconditioned GMRES method. The stability and convergence of the method are analyzed [18,19].

The flow of an in-compressible viscous fluid in a domain Q of R? is characterized by two variables
velocity u and pressure p, given functions f = (f;, f;) in (L,(Q))? and a control force g which is the
optimization variable.

The problem posed in this paper is to find a solution pair (u, g) solving the functional J defined by.

1
J(g) = 5 f |u(g)—ud|2a’x+% f |g*dx, (Jg)
Q Q
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where u is the solution to the problem

—vAu + (u.V)u + Vp f+g inQ,
diva = 0 in Q, (Pg)
u =0 onI =0Q,

where u; and f are the data and v is the viscosity. Our work is based on a simple computation of the
gradient J which leads to the coupled problem which is the main subject of this study. This paper is
organized as follows:

e In Section 2, we introduce the optimal control problem under constraints (Pg) [20]. We also prove
the existence of a global optimal solution for the optimal control problem (S) [21].

e In Section 3, after linearization, we study the existence and uniqueness of weak solutions of (P,).
We prove the convergence of u, solutions of (P,) to the u solution of (Pz). We then derive an optimal
system of equations from which the optimal solution can be computed.

e In Section 4, We propose a numerical algorithm for solving coupled systems of equations, where the
numerical solution is generated by spectral methods [22,23].

2. Optimal control problem

Let Q be a bounded domain of R? with Lipschitz-continuous boundary I'. Additionally, V = {v €
X,div v =0}, where X = H)(Q)* = {v € H'(Q)*; vlsa = 0} .
We set M = L3(Q) = {v e L(Q); [[vdx=0},Y=XxMand W =V x M.

Remark 1. The symbol E — G denotes the continuous and dense embedding of E into G.
The symbol E — G denotes the weak convergence of E to G.
The symbol E — G denotes the strong convergence of E to G.

In this section, we are concerned with the following state-constrained optimal control problem. Find
(u*,g") € W x L*(Q)* which solves

1
min J(g) = 3 f lu(g) — uy* dx + % f lg|* dx, such that
Q Q

vAu+ (wVyu+Vp = f+g inQ,
diva = 0 inQ,
u =0 onl,

u ¢ C,

(S)

where the state u is sought in the space W = H>(Q)* N V.

e C is a closed convex subset of Co(Q) = {w € C(Q); wr = 0}, the space of continuous functions
on Q vanishing on I'.

e g is a distributed control function.

e The function u; € L*(Q)? denotes the desired state.

e The parameter y > 0 stands for the control cost coefficient.
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State constraints are relevant in practical applications to suppress backward flow in channels. Next, we
derive necessary optimal conditions for (S ).
We have two types of constraint sets C. The first one is

Ci = {v € C;ya(x) < V(x) < yp(x),Yx € Q C Q,

which covers point-wise constraints on each component of the velocity vector field, i.e., v(x) < y,(x)
gives vi(x) <y, (x) fori =1, ...,d, on a sub-domain Q C Q.
The set of feasible solutions is defined as:

T = (0, 8) € W x L*(Q)?; u satisfies the state equation in (Py) and u € C}. 2.1

The weak formulation of the first and third equations of (Py) is defined as follows Findu € V
knowing that

fVuVV dx + f((u.V)u) vdx = f(f +gvdxVv €V. 2.2)
Q Q Q
Before we study the problem of optimal control we start with the following proposition.

Proposition 2. [13] Let Q be a bounded domain of R* of class C*> and f and g € L*(Q)>. Then
every solution of (2.2) satisfies u € H*(Q)*> and p € L%(Q) N H'Y(Q) for the corresponding pressure.
Moreover, there exists a constant c(v, Q) > 0 such that

lu llar + 1 VP @< e (14 1 Ragp + 1 € 10p) - (2.3)

Theorem 3. If T, is non-empty, then there exists a global optimal solution for the optimal control
problem (S).

Proof. Since the problem has at least one feasible pair, and J is bounded by zero, we can take the
minimization sequence (uy, g;) in T,,. We obtain

%Hgkllz < J(ug, gr) < oo,

which implies that {g;} is uniformly bounded in L?>(Q2)*>. Then we may extract a weakly convergent
sub-sequence, also denoted by {g;}, such that

g — g € LA(Q). (2.4)

Using 2.3, it follows that the sequence {u;} is also uniformly bounded in ‘W and, consequently, we
may extract a weakly convergent sub-sequence, also denoted by {u;} such that

uy —uew. (2.5)

In order to proof that (u*, g*) is a solution of the Navier-Stokes equations, the only problem is to pass
to the limit in the nonlinear form fQ(uk.Vuk) v dx. Due to the compact embedding ‘W < V and the
continuity of fg(uk.Vuk) v dx, it follows that

f(uk.Vuk) vdx — f(u*.Vu*) v dx. (2.6)
Q Q
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Consequently, taking into account the linearity and continuity of all terms involved, the limit (u*, g*)
satisfies the state equations.

Since C is convex and closed, it is weakly closed, so u; — u* in ‘W and the embedding H*(Q) N
(Hé(Q)) — Co(Q) implies that u* € C. Taking into consideration that J(g) is weakly lower semi-
continuous, the result follows via [13]. O

3. The linearized problems

3.1. Linearization

To solve (P,), we construct a sequence of linear problems. Starting from an arbitrary u’ € X, we
consider the iterative scheme

—vAu" + (0" Vut +Vp' = f+g" inQ,
diva®” = 0 in Q,
u = 0 onT, (Pn)
u e C.
3.2. The convergence
The variational formulation of (P,) is
Find (u*,p") €Y such that
ao(u",v) + a,(u*,v) + b(p",v) = (f+g'v) VYveV, (PV.)
b(g,u") = 0 Vg € M. "
The bilinear forms ay, a, and b are given by Vp € M and v € X
ap(a,v) = vf VuVvdx,
Q
a,(u,v) = f(u”‘1 -Vu)vdx, (3.1
Q

b(p,v):prvdx:—fpdivvdx,
Q Q

with f € H'(Q).
Using Green’s Theorem and div v = 0, we have b(p,v) = 0. Then, we associate with the problem
(PV,), the following problem

Find w" € V such that,

ap(a",v) + a,(u",v) = f+g",v)V¥veV V)

For each n and for f, g" € L,(Q)?, the problem (PV,) has a unique solution u” € V [13].
The sequence (u"),y satisfies the following inequality:

%IIU"IIi <a(u’,u") = L(u") = f(f +g") u" dx.
Q
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Using the continuity of the linear form L(.) and Schwarz’s inequality, we obtain the following
inequality

2
||y < ;llf +8'll2@e Ynz1, (3.2)

which implies that the sequence (u,,),cn 1S bounded in X = (Hé (Q))%. Hence, there is a subsequence
that converges weakly to ¢ in X on the one hand. However, on the other hand, it converges strongly in
L*(Q)%

Lemma 4. Ifu’ € H*(Q)* N Hy(Q)?, f € L,(Q)*, and g" € L,(Q)*, then

lim ||Vu" - Vu||L2(9)2 =0.
n—00

Proof. If u® € H*(Q)* N H)(Q)?, f € L,(Q)* and g" € L,(Q)?, then a regularity theorem gives: u” and
¢ are in H*(Q)* N Hj(Q)*. Furthermore,

SIVU" = Vil < an(u’ = gu" = 9), (3.3)
with
ap(n” — ¢,u" — @) = ap(u”" — ¢, u") — ap(u" - ¢, ¢), (3.4)
and
ao(u’ — ¢, u") — ap(u” — B, B) = v f Vu'V(u" — ¢)dx — v f Vov(u' — ¢)dx, (3.5)
Q Q
and
lap(a" — ¢, u") —ap(0" — @, )| < v fAu"(u" —¢)dx|+v ngb(u” — @) dx
Q Q
< VAW, @el" = @l @p
+ VIAGlL,ellu” = @l
< " = @l (AW ,@p + 1AGlL,@)p2)-

Using (3.3) we obtain

4 2
§||Vun - V¢||L2(Q)z < viu" = @l e (1A, + 1AGlL,©)p-

Then we increase the regularity of u using the method of singular perturbation, we conclude via [11]
that u” is bounded in HS(Q), then we extract a sequence still denoted by u”, which converges weakly
touin Hg(Q) since the injection of HS(Q) into Hé (Q) is compact, there is a subsequence still denoted
by u” which converges strongly to u in Hy(Q), we prove via [11]

’}1_)11010 IVu" = V|, p = 0. (3.6)

O
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We need this result.

Lemmas. /) lim,_ . ay(u”,v) = ay(o,v).
2) limyeo @, (U", V) = aw(, V) = [(¢- V)¢ - vdx.

Proof. On the one hand, we have,

D) lag(”,v) — ao(¢, V)| < f [Vu" — V|- Vvdx < [[Vu" = V|l @pllVVilL,qp- (3.7
Q

Using Lemma 4, we obtain the result.
2) On the other hand, we have

la,(0", V) — aw(p, V)| = L{(u”_l.V)u” — (¢.V)p}vdx. (3.8)
Setting
W"Vu" — (3.V)¢ = (W' = ¢).V)u" + (8.V)(u" - ¢). (3.9)
By using the continuity of the bi-linear form a,(u”, v), it gives the following
lan(u", V) = aw(@, V)| < C(I0""" = Blixla"llx + liglixlu” = gllolvilx. (3.10)
]

Theorem 6. The sequence (0"), of solutions of problem (P,) converges to the solution ® of problem
(Py).

Proof. 1t follows from Lemma 5 that
lim ap(u”, v) + a,(0", v) = ap(@, V) + a.(¢, V).
The problem (PV,,) gives
ap(",v) +a,(a",v) ={f+g",v)yVvely, (3.11)

and we have %IIg"H2 < J(v",g") < oo, which implies that g" is uniformly bounded in (L*(€2))>. Hence,
we can extract a weakly convergent sub-sequence, denoted by g”, such that g" — g € (L*(Q))>.
Then, using Lemma 5, we obtain

ag(¢, V) + ac(h, v) = (£ + 8, v) Yv eV

Here we used Rham’s Theorem. Let Q be a bounded regular domain of R? and .£ be a continuous
linear form on H,, (Q)?2, then the linear form £ vanishes on V if and only if there exists a unique function
¢ € L*(Q)/R such that

Vv e Hy(Q)?, — L(v)= f ¢ div v dx.
Q

Now let L(v) = ag(¢, V) + a(¢p,v) — (f + g, v), therefore the form L(v) = O for all v € V, then
Rham’ theorem implies the existence of a unique function p € L2(Q)/R such that

ag(¢, V) + an(p,v) —f+ g, v) = fpdivvdx Y vex, (3.12)

Q
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which gives

va¢Vvdx+f(¢~V)</)de—fpdivvdx:f(f+g)vdx V veXx, (3.13)

Q Q Q Q
f(—vA¢+(¢-V)¢+vp—(f+g))vdx:o V vex, (3.14)
Q

then in 9 (Q):
—vAp + (¢.V)p+Vp —(f+8) =0. (3.15)

Since ¢ € V and (¢, g) satisfies Eqs (1) and (2) of (P,), we conclude that ¢ is a solution of (P,) and the
result follows.

O
3.3. Coupled problem and variational formulation
Consider the problem (S,), defined as follows
minJ(g"), (u",g")e U, where (u",g") solves (P,), S,
where we define the functional
n 1 Nl 2 n2
J(g") = 2 lu’(g") —uyl”" dx+c | Ig"" dx.
Q Q
The set of admissible solutions is defined as follows:
Uy = (", g") € W x L*(Q)* u" satisfies the state equation in (P,) and u € C}.
The method to calculate the gradient is defined by
J(g" + - J(g"
lim (& +eW) = J@&) _ fgm).w) = f J(@"wdkx. (3.16)
€ &
By linearity, u"(g" + ew) = u"(g")+eu"(w) with
—v A" (W) + (W LV)u" + V§'(w) = w in Q,
dive® = 0 in Q, (3.17)
vt = 0 onT.

Otherwise, @"(w) = ((u” (g")), w).
As J(g") is quadratic, we obtain

fJ’(g”)wdx = f((u"(g“)—ud).lf"(w) + cg".w)dx.

To simplify the expression of the gradient, we use the following system where p is defined as the
unique solution in H,(Q)

AIMS Mathematics Volume 8, Issue 9, 21484-21500.
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—v Ap" — (u™1L.V)p" + Vi u" —u; inQ,
Vp o= 0 inQ, (3.18)

n

pt =0 onT.

Multiplying the first equation of (3.17) by p”" and the first equation of (3.18) by @"(w) and integrate
by parts, we obtain

v f Vp" . Vit'dx + f (" L. Vya")pdx + f q'Vp = f wp'dx.
Q Q Q Q
v f Vur.Vp'dx — f (" 1. V)p"i"dx + f 7' Vi = f (u" — uy).i"dx
Q Q Q Q

As
f (" L.V p'dx = - f (" '.V)p"ii"dx.
Q Q
Indeed
f (@ .9y )p"dx—ZZ f u axl Pldx
a(un 1 )
- _ZZ f Yo
— _ /) n— J n 1
_Z;Luja deZf] dx
- f @ p"Hviuldx - f (" L. V)pMii"dx
Q Q
= - f (0" L.V)p"i"dx
Q
Hence,
pr”dx: f(u”—ud).ﬁ”dx
Q Q
Consequently

fJ’(g")de = f(p” + cg").wdx.
Q

So J'(g) = p" + cg" = 0, implies p" = —cg" and Ap" = —cAg", we then obtain the two systems
defined as follows

—vAu" + (W LV + divg” = f+g" inQ
divm" = 0 in Q (3.19)
u =0 onl,

AIMS Mathematics Volume 8, Issue 9, 21484-21500.
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cv Ag" + c(u' . V)g" + Vi u' —u,; inQ,
div g" 0 in Q, (3.20)
g =0 onl.
We now consider the variational formulation related to both problems (3.19) and (3.20).
Find (0", ¢",g",n") in V. X M X V X M such as:

Vvevy, vau”Vvdx+f((u”_l-V)u")vdx—fq”divvdx (3.21)
Q Q Q
—fv-g”dx:<f,v)g,
Q
YopeM, —fqﬁdivu”dx:O,
Q
VSeV, cvag"Vde—cf((u"‘l-V)g”)de+f77"diVSdX
Q Q Q
+fS-u”dx:(ud,S)Q,
Q

YoeM, ftpdivg”dx:o.
Q

where ( )q represents the duality product between H~!(Q) and Hé(Q). The following result is a
consequence of the density of D(Q) in L>(Q) and H(l) Q).

Proposition 7. The problem S is equivalent to the problem (3.21) in the sense that for all triples (u, p, g)
in Hé (Q)% x Lé(Q) x L*(Q)? is a solution of the system (S) in the distribution sense if and only if it is a
solution of the problem (3.21).

3.4. Spectral discretization of the problem

We are now interested in the discretization of problem (PV,) in the case where Q =] — 1, 1[%.

In dimension d = 2, for any integers n, m > 0, we define P;,,,(€2) as the the space of polynomials on
R.

We denote by P;,,(Q2) the space of the restrictions of functions on Q of the set P;,, of degree < /
respectively x and < m y respectively.

In dimension d = 2, denoting by Py(Q) the space of restrictions to | — 1 1[?> of polynomials
with degree < N. The space P9 (Q) which approximates Hy(Q) is the space of polynomials of Py(€)
vanishing at ¥1.

Setting & = —1 and &y = 1, we introduce the N — 1 nodes &;, 1 < j < N — 1, and the N + 1 weights
pj,0 < j< N, of the Gauss-Lobatto quadrature formula. We recall that the following equality holds

1 N
f HOAL = ) (Ep;. (3.22)
-1 =0
We also recall ( [24], form. (13.20)) the following property, which is useful in what follows.
N
\ ¢n € PN(_l » l) ”QDNH%AZ(]_] 1D < ZQDJZ\/(()PJ < 3”¢N”i2(]_1 D" (323)
=0
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21494

Relying on this formula, we introduce the discrete product, defined for continuous functions u and
v by

)y ={ 2o Xo (& EvE Epipj, sid=2. (3.24)

It follows from (3.23) that this is a scalar product on Py(€).

Finally, let 7y denote the Lagrange interpolation operator at the nodes &;,0 < i < N, with values in
Pyn(Q).

3.4.1. Discrete spaces

To approximate L3(Q), we consider the space
My = L3(Q) N Py (). (3.25)
The space that approximates H, () is
Xy = (PR(Q). (3.26)

We now assume that the functions f and g, are continuous on Q. Thus, the discrete problem is
constructed from (PV,) by using the Galerkin method combined with numerical integration and is
defined as follows

Find (u}, p}) € Xy X My such that

Yvy € Xy, (VVuy, Vvy)y + ((UX]_I-V)U}@, Vv — (Vv PN
= (fv + gy, Vnn ((PVn)
0

Ygn € My, —(Vu}, gn)

where fy = Iy f.
The existence and uniqueness of the solution (uy, pj) is proved in [25], see also Brezzi approach
and Rappaz Raviart for more details [26]. Thus, the discrete problem deduced from (3.21) is

Find (u}, gy, gy, my) € Xy X My X Xy X My such as

Yvy € Xy, (vVu”N, VVN)N + ((u”N‘l.V) ul, VN)N — (V¥ qn)y

- (g7v, VN)N = (fv, vy

Vg € My, —(Vuy, dy) =0

VSy € Xy, cv(Vey, V8y) —c((uy'.V) gk, Sx)  + (divSy, qn)y
+(uy, Sv), = (Way, Sy

Yon € My, — (VgN, SDN)

(3.27)

where 7 yuy; = ugy.

Proposition 8. The problem (3.27) has a unique solution (0}, ¢y, gy, 1) in Xy X My X Xy X My.

AIMS Mathematics Volume 8, Issue 9, 21484-21500.
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4. Numerical results

In this part, we will implement some tests illustrating the effectiveness of the proposed algorithm.
We choose MATLAB as the programming tool for the numerical simulations.
The matrix system deduced from (3.21) and (3.27) has the following form

(vA + C)u”* + Bg — 1,g"

BTun
c(vA -CO)g" + Bn" + [,u"
BTgn
Which can be represented as follows
vA+C) B -1 0
BT 0 0 0
1; 0 cvA-C) -B
0 0 BT 0

= f

0
= uy
= 0,
u” f
 |_| 0
g | ug
' 0

Therefore we obtain a linear system with the form EX = F, where E is a non-symmetric invertible
matrix. This linear system is solved by a preconditioned GMRES method. To simplify we assume
that c = v = 1. In the first and second tests the pair (uy, p) is a solution of problem P, with g = 0.
Theoretically, the solution u must be equal to u,; and g must be zero in this case . Moreover, this case
is among the rare cases where the pair (u, g) can be provided and J(g) must be zero.

The Velocity u

0.5 0.5

o

AN
':““““!\!\%(:{/’ 4
XX 7\/

;;;;;;;;

SRS

- B
ISR esess:
R LSS

1 9

&5
W

il
)

{7\
I'"“(';/I/In\\““\\)\ /II' 0“\\
DN

o
VW74

axis x

axis x

Figure 1. Solution (u, g) of the first test.
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0.5 sin(mrx)? sin(2mry)
—0.5 sin(27rx) sin(my)?
and p = x +y. In Figure 1, we present the graphs of the solutions u and g for N = 32. Note that J(g)
reaches 10712 when N = 15 (N is the a number of nodes in the spectral discretization of the problem).

Y1 = x)3i(1 —y?)3
—x(1 = X)3(1 - y»)?
the edge 0Q and p = y.cos(mx). In Figure 2, we present the graphs of solutions u and g (for N=32). In
Table 1, we illustrate the variation of J(g) with respect to the value of N.

First test: Letu; = ( ), an analytic function which vanishes on the edge 9Q2

Second test: We now choose u; = ( ), a singular function that vanishes on

The Velocity u

X\ X N\ =
XKLL 170
LXK\ RRSSSS NS
x 0 2 S TN ’ O IR
= <SR TRSS SRS IS5
TS N

N <

Vi J\‘\\\
SO LRBRANY
S

4,0“0“““‘““ JOSRURRISNNES
NI
=] RO RESRT LA LLES
RSN S
}}‘&‘\\‘ y

Figure 2. Solution (u, g) of second test.

Table 1. Variation of J(g) as a function of N.

N 10 14 18 24 32 36 40
J(g 1.107° 4,107 310" 2.107 9.107 3.107% 107!°

In both validation tests, u converges to u,; and g converges to 0.

The convergence of J(g) is perfectly shown in the first case because of the choice of the function u,
which is an analytic function. However in the second case u, is a singular function. In this case, J(g)
reached a good convergence for N = 40.

In the third test, the solution (u,g) is unknown. We solve the problem (3.27) with u;, =

AIMS Mathematics Volume 8, Issue 9, 21484-21500.
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o1 (1)

2

(1= 2)(1-)
Figure 3 presents the solutions u and g. In Table 2, we give the approximate values of J(g) as a
function of the parameter N. This case shows that the algorithm converges. Without knowing the real

solution, we note that J(g) converges to a particular number every time N increases.

and f = (f,. ,) where f, = f, = 10°xy”.

0.5F

0.5

axis y
o

-0.5F

axis x axis x

Figure 3. Solution (u, g) of the third test.

Table 2. The value of J(g) concerning the value of N.

J(g) N
27.305410002457329 10
27.312223356317649 14
27.312231333141991 18
27.312231829834353 24
27.312231825367355 32
27.312231824107311 36
27.312231823788572 40

To better estimate this convergence, Figure 4 presents the difference between two successive values
of J(g) in the function of the average of two associated values of N.

AIMS Mathematics Volume 8, Issue 9, 21484-21500.
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Figure 4. Error between two successive values of J(g) as a function of the average N.

5. Conclusions

The aim of this paper is to develop a numerical method that solves an optimal control problem
by transforming it into a coupled problem. We have tried to simplify the theoretical part as much as
possible, and we have even preferred not to add the part related to the discretization of the method
since it risks becoming too long. We have considered two examples to illustrate the efficiency of the
proposed algorithm. The results given show a good convergence of the algorithm, in particular, a
high degree of convergence of J(g) (thanks to the spectral method, which is known for its precision)
as a function of the variation of N. We can also use this method for other types of similar nonlinear
problems. However, it should be noted that one must always be careful when linearizing the nonlinear
term, for example, in our case, if we take the term (u"*'.Vu") un instead of (u".V)u" or (u".V)u"*!, the
algorithm does not converge.
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