Advances in Applied Mathematics and Mechanics DOI: 10.4208 /aamm.OA-2020-0302
Adv. Appl. Math. Mech., Vol. 14, No. 1, pp. 33-55 February 2022

Convergence Analysis and Error Estimate for
Distributed Optimal Control Problems Governed
by Stokes Equations with Velocity-Constraint

Liang Ge!, Haifeng Niu? and Jianwei Zhou?**

1 School of Mathematical Sciences, University of Jinan, J[inan 250022, Shandong, China
2 School of Mathematics and Information Science, Henan Polytechnic University,
Jiaozuo 454000, Henan, China

3 School of Mathematics and Statistics, Linyi University, Linyi 276005, Shandong, China
4 Division of Applied and Computational Mathematics, Beijing Computational Science
Research Center, Beijing 100193, China

Received 25 September 2020; Accepted (in revised version) 15 December 2020

Abstract. In this paper, spectral approximations for distributed optimal control prob-
lems governed by the Stokes equation are considered. And the constraint set on ve-
locity is stated with L2-norm. Optimality conditions of the continuous and discretized
systems are deduced with the Karush-Kuhn-Tucker conditions and a Lagrange multi-
plier depending on the constraint. To solve the equivalent systems with high accuracy,
Galerkin spectral approximations are employed to discretize the constrained optimal
control systems. Meanwhile, we adopt a parameter A in the pressure approximation
space, which also guarantees the inf-sup condition, and study a priori error estimates
for the velocity and pressure. Specially, an efficient algorithm based on the Uzawa
algorithm is proposed and its convergence results are investigated with rigorous anal-
yses. Numerical experiments are performed to confirm the theoretical results.
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1 Introduction

In recent years, there has been extensive research on theoretical and numerical results of
optimal control problems governed by partial differential equations, and most of them
are solved using finite element methods, see [1,8,15,21,23-25] and the references cited
therein. The authors in [20] employed finite element approximations to simulate the so-
lutions of the optimality system, and derived optimal error estimates. In [19], the authors
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designed an efficient alternating direction method of multipliers for solving the optimal
control problem problem by finite element methods. In [35], the authors derived optimal
orders of convergence of state and adjoint state variables with mixed finite element meth-
ods. A penalized Neumann boundary control approach for optimal Dirichlet boundary
control problems associated with steady-state Navier-Stokes equations was illustrated
in [22]. The authors in [16] established the existence and first-order optimality condition
of the optimal control with Navier-Stokes equations, and gave a convergence result on
the augmented Lagrangian method for non-smooth cost functional. The authors in [38]
employed finite element approximations to solve optimal control problems governed by
time fractional diffusion equations. Furthermore, fully discrete schemes for time frac-
tional optimal control problems were stated in [39].

Nowadays, both spectral methods and finite element methods are widely used for
solving these problems. Further more, the literature about this topic is too huge to sum-
marize. It is well-known that the spectral method provides a high accurate simulation
if the solution is smooth enough [6]. Spectral methods for control-constrained optimal
control problems were studied in [10,11]. Mixed spectral methods were proposed to
solve the state-constrained optimal control problems in [36]. In engineering applica-
tions, optimal control systems have been used to describe the hydrodynamic models, and
many research has been devoted to discussing optimal control problems in fluid dynam-
ics. Stokes equations depict the motions of incompressible viscous fluid flow with low
Reynolds numbers [14, 28] and the references cited therein. While the a posteriori error
estimates were studied with the constraint on control [26], the a priori error estimates and
a posteriori error estimates were investigated with the constraint on state [29,30]. Mean-
while, the a priori estimates and a posteriori error estimates of spectral approximations
were stated in [9,37]. For lots of computational fluid dynamics, one often focuses on how
to control the L2-norm of velocity. In this paper, we adopt stationary Stokes equations to
distributed optimal control problems and select the L?-norm constraint on the velocity.
To simplify the analysis and design of the system, we set the L2-norm of velocity is not
more than a given positive constant. Furthermore, we derive the equivalent optimality
conditions and a priori error estimates in details. We also employ the Uzawa algorithm
to design an efficient iterative algorithm. Meanwhile, we investigate the convergence of
the algorithm with rigorous analyses.

The outline of this paper is organized as follows. In Section 2, we introduce the op-
timal control model and employ the Karush-Kuhn-Tucker conditions to investigate the
first-order equivalent optimality conditions for the continuous systems. In Section 3,
we give the Galerkin spectral approximations for the corresponding equivalent weak
systems. In Section 4, we deduce the a priori error estimates for the spectral approxima-
tions with the help of two orthogonal projections and the Ladyzhenskaya-Babuska-Brezzi
(LBB, or the inf-sup)-condition. Section 5 is devoted to designing an efficient algorithm to
solve the coupled system. Meanwhile, the convergence of the given algorithm is proved.
In Section 6, some numerical experiments are listed to validate the theoretical results.
Finally, the conclusions are listed to summarize this paper.
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2 Optimal control problem

Throughout this paper, we adopt the standard notations of Sobolev spaces and the cor-
responding norms, semi-norms [2]. With Q:= (—1,1)2 CIR?, we denote v a vector-valued
function, and set L2(Q) = (L?(Q))? and H"(Q) = (H™(Q))? are vector-valued Sobolev
spaces with norms ||-{[r2(q) = || [loq and || [[gn(q) = || [lm,0, respectively. We use c and C
to denote different constants in different formulas. We use

U=(12(Q))? V=(H}(Q))7? W:{weLz(Q):/Qw:O},

to denote the control (i.e., body force) space, the state (i.e., velocity field) space and the
pressure space, respectively.

21 The model problem

Two-dimensional incompressible Stokes equations read

—vAu+Vp=£f in Q,
V-u=0 in Q, (2.1)
u=0 on 0Q),

where v >0 is the kinematic viscosity, u is velocity, p is pressure, the source term f is also
named as the control variable. For a given u; € L?(Q)), we define an objective functional

() f) =5 [ ja—uaf+5 [ 167 22)

Here, a is a regularization parameter, and for simplicity to describe the following analy-
ses, we set « =1. Note that J (u,f) in (2.3) leads to the built-in coercivity, i.e., there exists
a positive constant © such that

(DJ (u(f),f)-DJ (v(g).8).f~8) > O f-gll5 o, (2.3)

where DJ (u(f),f)-v denotes the Gateaux derivative of 7 (u(f),f) following any direction
v. An interesting optimal control problem and its equivalent optimality conditions were
stated step by step. We are interested in the following state-constrained optimal control
problem

min 7 (u,f) (24)

uek

subjected to (2.1), and the constraint K on the velocity is defined as

K:{veV: Ivlloa <7, 'y>0}. (2.5)
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To deduce a weak formulation of (2.4), we define
(x,v) :/ x-v, a(w,z)=v(Vw,Vz), (2.6a)
o)
b(z,q)=—(V-zq), VxveU, VYz,wcV, VYgcW. (2.6b)

It is clear that the bi-linear form a(-,-) is continuous and elliptic in V. Additionally, it has
been discussed in [14] that, b(-,-) satisfies the LBB-condition: for Vv € V, there exists a
constant Cq >0 such that

b(z,
Callgllo.o <sup ( q), VgeWw. (2.7)
zeV |1,Q

In view of (2.6), the weak formulation of the optimal control problem (2.4) reads:

mei?j(u(f)'f)
{ a(u,w)+b(w,p)=(fw), Vwey,
(2.8)
b(u,q)=0, VgeW.

The existence and uniqueness of the solution for (2.8) can be obtained by using standard
approaches as in [24].

2.2 Optimality condition

We employ the Karush-Kuhn-Tucker conditions [13] to deduce the first-order optimality
conditions of (2.8). If f is the solution of (2.8), there exists a constant ¢, which is named as
Lagrange multiplier, such that

t>0, tF(f)=0, (2.9a)
a‘ga(ff't) v=0, WveU, (2.9b)

where the Lagrange functional .Z(f,t) : U xR~ R is defined as
Z(£1):=J (u(f),f) +tF(f), F(f):=[lu(f)llon—- (2.10)

Here we give the first-order equivalent optimality conditions for the problem (2.8).

Theorem 2.1. The triplet (u,p,f) € VW x U is the solution of (2.8) if and only if there exists
a unique triplet (u*,p*,t) € Vx W xR satisfies

(a) a(u,w)+b(w,p)=(f,w), Ywev,

(0) b(u,q)=0, VgeW,

(c) a(u*,w)+b(w,p*):<(1+;>u—ud,w>, vywevy, 2.11)
(d) b(u*,q)=0, VgeEW,

(e) t(uw—u)<0, vYweKk,

(f) u*+£f=0.
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And the solution is unique. Furthermore,
_Jo if [[ulloa<7, 2.12)
c>0, if [[ufoa="-

Proof. Combining (2.6) with (2.1), we readily deduce that (2.11)-(a) and (2.11)-(b) hold.
Following (2.9a), one obtains that there exists a constant ¢ satisfying

t(|lullo,oa—")=0.

We study the properties of t with two cases. Firstly, if |Jul/o <, there holds t =0, i.e.,
(2.11)-(e) naturally holds. Secondly, if ||u||g,n ="y, for Yw € K, then

Hu,w—u) =t(u,w) — 7> <ty([[wlloo—7) <0.

According to the above two cases, we declare that (2.11)-(e) and (2.12) hold. Furthermore,
we calculate the Gateaux derivative of .Z(£,t) in any direction v as

P v (um s, Dulf) )+ (DEE) )+ L (wDu(t) v)

— ( (u—ud+;u),Du(f) -v) +(£,v),

(2.13)
where Du(f)-v denotes the Gateaux derivative of u(f) in the direction v. Now we are at

the point to investigate the properties of (u—u;+ %u,Du(f) -v). By (2.11)-(a) and (2.11)-
(b), we readily get

a(Du(f)-v,w)+b(w,Dp(f)-v)=(v,w), (2.14a)
b(Du(f)-v,q)=0.

(2.14b)
Taking v=u—u,+;uand w=Du(f) v, there holds

<u—ud+ fyu,Du(f) -v)

t t
=a(Du(f)- <u_ud+;u>,Du(f)'V)-l-b(Du(f)-V,Dp(f)- <u—ud+—u>)
Meanwhile, setting

t
w=Du(f)- (u—ud—k;u),
there holds

(v,Du(f)- (u—ud—f-;/u))

—a(Du(f) v, Du(f). (u—ud-l-;u)) +b(Du(f). (u—ud-l-rtyu),Dp(f) ).
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With (2.13) and (2.6), direct calculations of the Gateaux derivative show that, for any
veU, there holds

0.2 (£1)
of

V= <Du(f)- (u—uﬁ—iu),v) +(f,v)=(u"+£,v),

where ;
u*=Du(f)- (u—uﬁ—;u). (2.15)

By (2.9b), one can also directly check the following identity
u +£=0,
which is consistent with (2.11)-(f). Taking
t
v=u—u;+—uclU
i
in (2.14), we have
* * t
a(u*,w)+b(w,p*)= (u—ud—l—;u,w), (2.16)
where
*_ _utt
p"=Dp(f) (u ud+,yu), (2.17)
ie., (2.11)-(c) holds. Employing (2.11)-(b), and setting
t
v=u—u;+—uel,
i
one readily deduces that
b(u*,q)=0,
where u* is defined as in (2.15), this proves (2.11)-(d).
Finally, we turn to prove the uniqueness of the solution of (2.11). Thereby we assume
that there exist two solutions (uy,p1,f1,uf,pi,t1) and (uy,pa,f2,u},p5,t2). With (2.11)-(a)
and (2.11)-(c), we have

a(uy —uz,w)+b(w,p1—p2) = (f1 —f2,w), (2.18a)

* * * * ]‘
a(u] —u3,w)+b(w,pi —p;)= ; (tru; —taup, W)+ (ug —up,w). (2.18b)
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In the light of setting w=uj —uj and w =u; —u; in (2.18a) and (2.18b), respectively, we
obtain

a(uy —up,uf —uy) +b(uj —u3, p1—p2) = (f—fp,uj —u3) = — |1 £ o,

* * * * 1
a(u] —u3,u; —up)+b(u;—uy, py —p3) = ;(tlul —tuy,u—uwp) + [y —wp|[§ o,

where we used (2.11)-(f). Since p1—p> €W, p] —p; € W, combining (2.11)-(b), (2.11)-(d)
with £ >0, v >0, one directly gets

1
; (t1u1 —thup,uq —UQ> + Hfl —sz%’Q + Hu1 —quaQ =0. (2.19)
With the help of (2.11)-(e), we declare that

1
; (t1u1 —thup,uy —u2) >0 (2.20)

In view of (2.19) and (2.20), it is a direct conclusion that f; =f; and u; =u,. Consequently,
with the help of (2.11)-(b), (2.11)-(f) and (2.18a), we obtain that uj =uj and p; = p,, re-
spectively.

Similarly, combining the above equalities with (2.18b), for any w € V, we get that

i((tl—tz)ul,w):o.

One can readily declare that there holds
t1=t; a.e.in Q.
Hence, we complete the proof. O

Remark 2.1. In the above proof, we used the fact that

t —
NI

Indeed, if ||ulg,n <7, there holds t=0. Otherwise, ||ul|o,q =" is trivial.

YN

Remark 2.2. By the above analyses, regularities of the solutions can be enhanced step by
step.
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3 Spectral-Galerkin approximation

In this section, we investigate the Galerkin spectral approximations for the model prob-
lems. Let Py be the space of polynomials p(x,y) whose degree in each direction is not
more than N. Then we set Py = {v &€ Py : v|yq =0}. We define

UN:(PN,PN), Vy=UnNYV, WN:P[AN]QWI (31)

where A € (0,1) is an artificial parameter. Vy denotes the approximation space for the
velocity u and its adjoint u*, Wy for the pressure p and its adjoint p*, and Uy for the
control f.

We define L(x)— Lisa(x)
() — Di\X) — Lig2 (X
4)Z(x) 4l+6 7

where L;(x) denotes the orthogonal Legendre polynomial on [—1,1]. Then, we have

VN ={(¢i(x)¢;(y), ¢ (x)P1(y)), i,j,k,1=0,1,--- ,N=2}.

Then the Galerkin spectral approximations of the optimal control problem (2.8) is: find
(uN,fN,pN) €Vy x Uy X WN such that

min 7 (un,fyn)

uyeKnNUy
a(un,vN)+b(vn,pn) = (N, VN), VVNEVN, (3.2)
b(llN,qN):O, VE]NEWN. '

The existence and uniqueness of the solution for (3.2) can be obtained similar as that for
the continuous problem (2.8), using standard approaches as in [14,17,24].
We recall the following important result [5, pp. 399, Proposition 3.1]:

Lemma 3.1 ([5]). For any real number A € (0,1) and N >2/(1—A), there exists a positive
constant B independent of N such that

sup (qn,V-vN)

>Bllan i), Van €Wy (3.3)
wevy  IVNIILa

The constant B is the inf-sup constant (for more details of this constant, we refer the
readers to [5]).

Remark 3.1. As that in [5, Section 3], for any given A € (0,1), the state equation in (3.2) is
well-posed with

W ={aePpy: [ adx=0},
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and B in (3.3) is independent of N but dependent on A with f—+0as A —1".
Furthermore, if
WN :P[)\N]fl ﬂW,

inequality (3.3) is still valid and the constraint N >2/(1—A) vanishes. More details,
kindly please refer to [5].

By using the same lines of arguments as in the proof of Theorem 2.1, we have the
following result for the optimality conditions of (3.2).

Theorem 3.1. The triplet (un,pn,fn) € VN X Wy x Uy is the solution of the problem (3.2) if
and only if there exists a unique triplet (uy;, pr,tn) € VN X Wy X R such that

(a) a(un,wn)+b(wn,pn) = (fn,WN), VYwy € Vy,
(b) b(uN/qN):OI vQNGVVN/
(c) a(ui,wn)+b(wn,py)= ( (1 + t—N) uy —ud,wN) , Ywn€EVy,
0 (3.4)
(d) b(uy,qn) =0, Vgn € Wy,
(e) tn(un,wy—un)<0, Vwy €K,
(f) uy, +fy =0.
And the constant ty satisfies
0, ] <7,
ty = Zf lanlfoo <7 (3.5)
c=0, if [lunlloo="-

4 A priori error estimate

In this section, we derive a priori error estimates for the Galerkin spectral approximation.
We recall two projection operators. For v € L%((Q)), we define the L?-projection operator
Py:L*(Q)— Py by

(Pyv—v,wy) =0, Ywy€E€Pn. (4.1)

Similarly, for Vo € H} (Q2), we define IP?/N :H{(Q) — Py by
a(lP(f,Nv—v,wN)zo, Ywy € Py. 4.2)

With the tensor product, these projections can be expanded to vector space Uy and Vy
on each direction, respectively.

Lemma 4.1 ([6]). Forallve H"(Q) (m>1), there holds

lo—Pnoll,0 <cNTD 0] a, 0<I<m, (4.3)
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where
21—— if 1>1,
o(l)=

%1, if 0<I1<1.

Forall ve H{(Q)NH™(Q) (m>1), there holds
lo—TPY NollLa <eN'""|[v[lya, 1=0,1. (4.4)

With a litter abuse of notation, the same symbols are used to denote the corresponding
operators on vector and scalar spaces.
One directly proves that there exists a positive constant C such that [29]

IEnlloo+lunlio+pnlloatluylla+lipiloa+itn <C. (4.5)

We assume the solutions of the optimality conditions satisfy u,u* € H"(Q), and p,p* €
H™"1(Q) (m>1). And in order to investigate a priori error estimates, we introduce an
auxiliary system

a(un(f),vn)+b(vn,pn(f)) = (fvN), Yvy EVy,
b(uy(f),wn) =0, Vwn € Wy,
afuiy () -0k () = (14 Jun(O-ugwy) owevy, 4O
b(uy (f),wn) =0, Vwy € Wy.

Lemma 4.2. Let (un(f),pn(f),uy (f), py(£),4.£) and (un,pn,uy, pr tn fn) be the solutions
of (4.6) and (3.4), respectively. Then there holds

lun (f) —un Lo+ lpn (B —pnlloa < C{(1+ N1 |[f=Pnf|oa+2||Pnf—fnlloa)-

Proof. Subtracting (3.4) from (4.6), we obtain

a(un(f) —un,vn) +b(vn, pn(f) —pn) = (f—fn,VN), VVNEVY,
(u (f) uN,wN) 0, vaGWN/
a(uy (f) —uy,vn) +b(vn, pX(f) —px) 4.8)
= ((l—{—;)uz\](f)— (1+t’?])UNIVN)/ VVNEVN,
L b(u}k\,(f)—u}‘\,,wN)zo, VZUNEWN.

By the projection Py in (4.1), one calculates that

’(f—fN,VN)| :’(f—IPNf,VN)—F(IPNf—fN,VN”
<C{|IPnf—fnlloallvalloa+N"f=Pyfloalvalial-
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On the other hand, in the light of (3.4) and (4.8), we have
luy —un (£) [§ o <C{[IPnf—fnlloallun —un(f) oo
+NH[f=Pnflloalluy—un (B0},

ie.,
luy —un () [0 < C{IPNf—fnlloa+N""|[f-Pyfllon}.
Based on the inf-sup condition (3.3), for gy = pn — pn(f), there holds

(pn—pn(f),V-vn)

Bllpn—pn ()|l 12) < sup

VNEVN [vnllo
f—f — — f
— sup (f—fn,vn) —a(uy —un(f),vn)
YNEVN lvall1,0

Setting viy =uy —un/(f) € Vy, there holds

Cllpn—pnE)lloa < lf—fn[loa+[unv—un(f)[1,a,

where we used that for Vv €V, there holds ||Vv|on =V xv|oa+|V-v|oan. Here the
constant C depends on () and . This completes the proof of (4.7). O

Lemma 4.3. Let (un,pn,uy, P tnEn) and (un(f), pn (£),uy (f), py (f),1,£) be the solutions
of (3.4)) and (4.6)), respectively. Then there holds

[uy —un (B)la+Iph—pa (O oo <C{li—tn[+[lu—unloal, (4.9)
where C depends on () and .

Proof. By setting gy =px —px (f) in (3.3), and subtracting the third equality of (4.6) from
that of (3.4), we have

(Py—Pn(f),V-vn)

Bllpn —prn )l 12) < sup

VNEVN HVNHLQ
(14 Du—(1+2)uy,vn) —a(uy —ug (f),vn)
= sup
VNEVN Ivnllo
- (%(t—tN)u—i—tN(u—uN),vN)—a(uf\,—u}‘\](f),vN)
VNEVN INZSYIEWS '

Similarly, choosing vy =uj, —ujy (f) € Vi, one directly calculates that
Cllpn=prn (O lloa <[t—tn|+[u—unlloa+[uy —uyn ()10
Meanwhile, by (4.8), one readily obtains
lun —un ()10 <c{lt=tn[+lu—unlloa}-

With the above analyses, the desired (4.9) holds. O
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Lemma 4.4. Let (un,pn,uy, pa in.En) and (un(f), pn(f),uy (f), pr (£),t,£) be the solutions
of (3.4) and (4.6), respectively. Then there holds

I~ fxllon < C{llu" —uf (Hlloa+1t—tnl}, (4:100)
] <C{llu* —ui(6) [0+ [a—un (Bloa+ 7~ pk (Hloa). (4:100)

Proof. With the Gateaux derivative of J (un(f),f) following f—fy, we obtain that

Dj(uN(f),f)-(f—fN):(uN( ) ud,DuN(f) (f—fN))+(f,f—fN)
:<(1+};)uN(f)—ud,DuN(f)'(f—fN)> (- fN)—(;uN(f),DuN(f)-(f—fN))

(
= () +££—f) — (un(6)un(6) —uy),
DJ (uy(£x),fx)- (F—fx) = (uly -+, f—fxy) — ( un, uy (£) — uN>.
Then by (2.3) and (4.5), there holds

cllf—fn[50 <IDJ (un(fn) fn) - (f~fn) = DI (un (), £)- (f—fn)|
= af+ )~ (tguN,uN(f) —uy) ~ (uy (F) +£.££y)

+(Cun(uy () -uy )|
= () =" =)+ (- (=) (D))
~(uy—uy (5 uy—ux (6)
g‘(up(f)—u*,f—fNH(}Y(uN(tN—t),uN(f)—uN))(
<C(2 )= nl o+ Clenllu ~ur (8 oo
+0(2)IE-nlfa+ Clealt—tul, @11

where
t
;(uN—uN(f),uN—uN(f)) 2 0

and €1, €2 are some positive constants.
Selecting ¢n € C5°(Q2), such that gyun (f) € Viy and

Ivenun(®loa> 7,
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then with (4.5), we have

2
L=t < [(t—tn) (un (£) g vun (6))]
=la(u” —uy(f) cnun (f)) +b(gnun (), p” — pi (f)) - (fu—tnun(f) cnun(f))|
<C{[lu"—ux (D)l allevun (OLa+lP"=prBlloallevun ()10
+[lu—un(f)[loollsnun(f)[oo}- (4.12)
Combining the above estimates, one readily completes the proof of (4.10). O
Lemma 4.5. Let (un,pn,uy, P inEn) and (un(f), pn(f),uy (f), pr (£),1,£) be the solutions
of (3.4) and (4.6), respectively. Then there holds
PN —fnlo,o <Cl[uy (f) —u*[loa +[[uy () —uilloo+lun (f) —ulloa
+[lu—unlloa+|t—tn|}. (4.13)
Proof. Based on the optimality conditions of (3.2) and the auxiliary system, one directly
gets that
(tu—tyupn,un(f) —u) — (tu—tyuy,un(f) —uy)
=t(u,uy —u)+tn(uy,u—uy) <0,
ie.,
(tu—tyun,un(f) —u) < (tu—ftyuyn,un(f) —uy).
Then we have
(Pnf—fn,Pnf—fN) = (Pnf—fNn,f—£fN)
<(Pnf—fyuy(f) —u’) — (u—uy,un(f) —un) — (Pnf—fuy (f) —uy)
— (tu—tyuy,un(f) —uy).
And hence, there holds
(Pnf—£fN,PNf—£N)
(Pnf—fn, PnEf—fN)+ (un (f) —uy,un(f) —un)
(Pnf—fn,uy(f) —u™) — (un(f) —w,un(f) —un)
— (Pnf—fuy(f) —uy) — (fu—tyun,un(f) —uy)
=(Pnf—fn,uy(f) —u*) — (Pnf—fuy(f) —uy)
+ (un (f) —uy,un(f) —u) — (fu—tyuy,un (f) —u)
+(uny(f) —uw,uy(f) —u)+ (u—uy,uy(f) —u) — (fu—tyupn,uy (f) —u). (4.14)
One readily obtains that

<
<

CHIPNf_fNHO,Q
<[uy(f) —u*[lo o+ [lur (f) —uy

This is desired error estimates listed in (4.13). O

(f) —uljo o+ |lu—un|on+|t—tn].
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Now, we combine the above analyses to list our main result and the sketch of the
proof.

Theorem 4.1. Assume that the solutions of the optimality conditions have the follow-
ing reqularity properties: u,u* € H"(Q) and p,p* € H"1(Q). Let (u,p,u*,p* t,f) and
(un,pn,uy, prstn En) be the solutions of (2.11) and (3.4), respectively. Then there holds the
following a priori error estimate

lf—fnlloo+ [u—un|ia+|lu* —ulllLa+]p—pnlloa+p—pilloa+]t—tn]
<N fllm—20+ [ullma+1plm-10+ 0 ma+1p* lm-1,0} (4.15)

Proof. By standard techniques for the Stokes equations [6], we readily obtain

lu—un(®)la+]u* —ux (Ol <CNT"{ulma+lplu-10}
lp=pn () lloa+lp*—pi(B)loo <CN'"{[[ulna+[p*lm-10}-

Combining these estimates in (4.7), (4.9), (4.10), (4.13) with (4.4) and (4.5), one directly
deduces that (4.15) holds. O

5 Numerical algorithm and convergence analyses

The classical Uzawa iteration scheme is an efficient algorithm for solving saddle-point
problems (see [3,7,31,34]). Also it is well known for solving Stokes equations (see [18,27]).
In this section, the Uzawa algorithm and projection scheme are employed to calculate the
numerical solutions. We list the corresponding numerical algorithm for (3.4) in Algoritm
5.1 and study the convergence in detail.

Algorithm 5.1.

Step 1 Set stop criteria Ep, Eps, E¢ E;, and iteration parameters p1, p2, 03, p4. Select A €
(0,1). Let s:=0 and initialize p%,;, (p%,)°, %, t%- Iterate over Step 2 to Step 6.

Step 2 Set m:=0, n:=0, £}]' =1,.
Step 3 Set pX"" = pY; and calculate

a(u;,]n,mle) = _b(WN;P;']n'm) + (f;']n,WN), Ywy € Vy,

sn,m—+1 s,1,m

PN =Pn

s,n,m

—p1V-uy

If error of py satisfies E, stop. Else p}, =p¥"""", m:=m+1, and return to Step 3.
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Step 4 With u}"" from Step 3 and (py,)>"" = (px)". Employ £, to calculate

ts
al(uf) " w) = b (wy, (PR ) )+ (142w —ug wc ), Wwe Vi,

(PR = () =2 V- (w3

If error of p} satisfies Ejs, stop. Else (p3)" = (px)*"" 1, m:=m+1, return to Step
4.

Step 5 Set
£ =1 —pa ()" ).
If error of fy satisfies Eg, stop. Else n:=n+1, and return to Step 3.
Step 6 Calculate
B =max{0, ty +pa(l|uy" loa—7)}-

If the error of ty satisfies E;, stop. Else fﬁ' 1= st’\’,”H. Then set s:=s+1 and return
to Step 2.

Hereafter, we give rigorous convergence analyses of the algorithm presented in Algo-
rithm 5.1. For all v € H}(Q)), we recall the Poincaré inequality (see [2,36])

2
HUHO,QSFMLQ- (5.1)

As we known that one of the key points for solving the Stokes equations (2.1) is to decou-
ple pressure p from velocity u. To investigate the convergence, we introduce the inverse
elliptic operator L (more properties please refer to [28,32]) satisfies
N =Y < Y=LU.
Theorem 5.1. Setting
p1=v, p2=v, 0<p3<l, 0<ps<20, 0<AKL],

in the above algorithm, we deduce that if the iterations m — oo, there holds

[ulf —unllLa+[PN—Pnlloa+IEN —fnlloa+[(uy)" —uy 10
+ 1 (pa)" —pulloa+ |t —tn| —0. (5.2)
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Proof. For the sake of convenience, we simplify the indexes within the above algorithm.
In view of (2.1), there hold

utl yy = LN —fN—V (PR —pn)) , (5.3a)
. —p1V-LVY —p1V-L .,
PN - pN:(I_plT>(pN_pN)+p+(fN_fN)/ (5.3b)

where I denotes the identical operator. A particularly effective choice is p; =v (see [32]).
Since L is self-adjoint and I—(—V-LV) is a strict contraction in W (for more details,
please refer to [28]), it is a direct conclusion from the LBB-condition that there holds

1= (=V-LV) | 2w) <1-p7 (5.4)

where B is defined in (3.3).
In the light of (5.1), (5.3) and (5.4), we have

PR —pnlloa<(1—B2)|ph —lelooJrfllf”‘ '—fnlloo- (5.5)

Meanwhile

vluf—un|ig=a(ul—un,ufi—uy)

Z(UTI—“N/—V(PTJA—PN)JFfm*l—fN)

<(llph —pNHoanfml fullon) [ —unlia,
ie.,

447
[uf —unll1,0< — luN—unfio

1 j4+m 1
<o/ == (IIp —pNnmfnf —~fullon)- 5.6)

Similarly, with the co-state equations and p, =v, there hold

ot LS en— 1+ ) ay— V()" —pR))
(uy) —un= y

4

m

()" =pi = (1= (= VL9 (i) = i) =L (142 = (142 ).

One readily knows that
2 £ t
K\ % <(1—¢2 x \m—1_ _x 7H 1+ NYum— (1 ‘N H
)" =pidloa < (=GN picloat = | (142 )uki— (142 Jun |
2 2C
<(1— 2 * \m—1__ _ I | P I (1t m__
<)l Pl + o —uxloo - ﬁ<||N wlloa+luti—anlon)

=)™ = pilon+—= (145 I —unloo+ =K ~tuloo. 6)



L. Ge, H. F. Niu and J. W. Zhou / Adv. Appl. Math. Mech., 14 (2022), pp. 33-55 49

It is clear that
v](uy)" —uy i g =a((uy)" —uy, (uy )m—uiz)

— ()"~ = ()" =pi)+ (12 )= (142 )
= (V- ()" —ui), (pr)" " —pio) + (i —uN,(1+7) - (12 uy)

g(ﬂ(pw1—pwo,n+ﬁu(1+f;"3) = (1 2 Jun ) ()" —wiao
ie.,

vl[(ur)™ —unllLa

<007 pidont ] (5t (5], )

< (130" = pilont = (1+5) st —uvloa+ = = [ —tloa). 68)

We are at the point to investigate the convergence of fy;.
1R —fnlloo =l N —fn —ps((ux)" " —ui +£3 "~ £y oa
<(1—p3) [l ~Enllo,a+es] (ul)" ' —uilloo. (5.9)

Next, we turn to analyze the convergence of #J;. The function F(-) in (2.10) is Lipschitz,
i.e., for Vv,w €V, there exists a constant Cy, such that

IF(v) = F(W)llo0 < Collv—wllo,q- (5.10)
And the Lipschitz constant of F(u) is Co=+/|Q}|, since

IE(v) = F(W) 5.0

=([Ivllo.0—[lwllo,0)*
O]

<(Ivl3a+Iwlia—2 [ v-w)=[v-wi3o.

Note that the pair (u,f) is the optimal solution of the continuous systems, then as in [33],
for Vv eV, there holds

1 1
T (wf)+ 157 (LF(w) < T (v.6) + 757 (LE(V)). (5.11)
Iel 1]
By the constraint |[u||on <7, we declare that (5.11) is equivalent to

(T (wf),v—u)+ ‘é’(tF() F(u))>0.
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Similarly, for the pairs (un,ty) and (u}),t%}), there hold

<J’<uN,fN>,v—uN>+fmaNﬂv)—F(uN» >0, (5.12)
<J’<u%,f%),v—u%>+,1m< nE(v)— F(ull)) >0. (5.12b)

Taking v=uf; (resp. v=uy) in (5.12a) (resp. (5.12b)), we have

1
(J'(u}) =T (un),uff —un) +@(t%—fN,F(u%) —F(uy)) <0. (5.13)
With the iterative scheme, we obtain
|1 — ] <6 — N+ pa (F(uly) — F(un))], (5.14a)

1R = NI 0 < 1ER =t +pa (F(uly) — F(un)) [§

= [[£% — tn 115 0+ 31 F (uy) — F(un) 1§ o +204 (£ — t, F(uy) — F(un))

<R =t l§ o+ 1Q1pZ Uk —un§ o —21QPes (T (uly) = T (un), uf —un)

<[t —tnl§ 0+ 1Q1pE Uk —un[§ o — 21 QP Op4luly —un|l o

= [N —tnll5.0+1Qes(ps—2|Q|O) ufy —un|i§ o- (5.14b)

Hence, if p4 satisfies
0<ps<20, (5.15)

then we readily get that {||t'™" —ty|loq} is strictly monotonically decreasing with a
lower bound (i.e., zero). And there holds

15 = tnlloa— 1t —tnllon—0, m— oo,
Since {7t} is bounded, there exists a subsequence {7} such that
t% — fN.

The corresponding pair (uf, %), which lies within the subsequence, satisfies (3.4). In
view of ufl — uy, the uniqueness and the above analyses could be repeated for any sub-
sequence of {1}, then there holds #{; — ¢y [12]. Then

|luff—unlloo—0, m—+oo.
Following (5.5)-(5.9), we deduce that if m — 4-co, there hold
[(pn)" —pPNlloa—0, [[(ux)” —uyllia—0, [[fi—fnlloa—0, [[pPN—pnlloa—0.

Combining with the above results, we complete the proof of (5.2). O
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6 Numerical experiments

In this section, for simplicity, we set A =0.5. Let Q= (—1,1)2 and y =1 within K. And we
focus on the model problem as follows

_ Ly 2 1 2
J(u,f)_mln{2/0|u uy| dx+2/Q]f] dx} (6.1)
subjected to
—vAu+Vp=s+f in Q,
V-u=0 in Q,
(6.2)
u|aQ:0,
[ullon<1,
where

t
v=01, s=-01Au+Vp—f, ud:O.lAu*—Vp*+(1+§)u.

Example 6.1. In this example, we choose exact solutions of (6.1)-(6.2) as

125 125 )

ulzﬁ(x%—l)sz(xﬁ—l), uzz—@xl(x%—l)(xz—l)z, p=sin(7x;)sin(7xz),
4CY 4C0 4CY
f1=—%ull f2=—%u2, UT:%L‘L
el 4 o
*:7 *:—7 — —1
Uy =gz, p L t=C"-1,
where
CY'~7.77615,

such that ||ullo, =" (y=1). The numerical results are listed in the following table.

Table 1: Numerical results with p;=0.1 (i=1,2,3,4).

N 6 8 12 16 24
[f—fnlloq | 298715e-2 | 5.74329e-5 | 1.42235e-06 | 1.41023e-09 | 1.40593e-11
lu—uy|l1a | 8.56804e-3 | 1.16318e-4 | 1.11867e-06 | 1.08505e-09 | 1.07804e-11
[u*—uj[l1,0 | 299237e-2 | 5.71137e-5 | 1.28763e-06 | 1.27432e-09 | 1.26963e-11
lp—pnlloq | 3.05019e-1 | 7.33715e-4 | 2.65861e-07 | 1.63371e-10 | 1.20453e-12
[p* —pilloq | 2.7595%-1 | 5.74238e-4 | 2.32673e-07 | 5.98925e-10 | 2.93066e-12
t—tn] 9.97109e-3 | 9.97505e-5 | 9.97362e-07 | 9.96703e-09 | 9.95959%-11
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Example 6.2. In this example, we choose trigonometric functions to design the exact so-
lutions of the optimal control system (6.1)-(6.2). The exact solutions read
2 (TT . . 2 (T . .
11 =Cos <§x1> sin(7txy),  up=—sin(7tx1)cos <§x2), p=sin(7txy)sin(7xz),

uy=u,
t=0.22474,

fo=—uo,
pr=-p,

fi=—u,
*
Uy =1up,

where [|u|o,q =1.22474. And numerical results are listed in the following table.

Table 2: Numerical results with p; =0, =0.1 and p3=p4=0.2.

N 8 10 12 16 24 32
[f—fnloq | 3.07453e-2 | 2.92233e-3 | 3.02496e-6 | 5.84244e-9 | 5.84663e-11 | 5.99651e-14
[u—uyl[io | 2.62449¢2 | 2.46419e-3 | 2.54729e-6 | 4.68015e-9 | 4.68304e-11 | 4.88767e-14
[u"—uilliq | 1.66547e-2 | 1.71949%-3 | 1.79395e-6 | 3.30015e-9 | 3.29811e-11 | 3.35228¢-14
[r—pnlloq | 258952e-3 | 2.30353e-4 | 2.35886e-7 | 4.32163e-10 | 4.19505e-12 | 4.82955e-15
[p*—pxlloqn | 351652e-3 | 2.32745e-4 | 2.15382e-7 | 3.50804e-10 | 2.93379%-12 | 3.21185e-15
[t—ty 4.69989e-2 | 4.75637e-3 | 4.95443e-6 | 9.58506e-9 | 9.58975e-11 | 9.97813e-14
[uloo—7 | 2.61056e-2 | 2.45895e-3 | 2.54333e-6 | 4.67534e-9 | 4.67977e-11 | 4.90719¢-14

Here we set an additional s in the right hand side term to simplify the true solution.
Above two tables show the error results of spectral approximations for state, adjoint-
state, control and Lagrangian multiplier variables. We can see that the numerical approx-
imations approach the true solutions as the approximation degrees grow, and the errors
decrease rapidly with the given smooth right hand side terms, which are composed of
either polynomials or trigonometric functions. Also, the numerical tests show that the
high accuracy of spectral methods for this constrained optimal control problem. And
during the ongoing work, we are focusing on how to accelerate the iterations and reduce
the computational costs.

7 Conclusions

In this paper, we study the convergence analyses and a priori error estimates of Legendre-
Galerkin spectral method for the constrained optimal control problems governed by
Stokes equations. The key difference between our work and the topic in [9] is the con-
straint set, which includes the constraint type and the constrained variables. And with
several real parameters A, we choose appropriate pairs of discretization spaces for the
velocity and pressure to satisfy the LBB-condition. With the help of the first-order equiv-
alent optimal conditions, we depict that the numerical approximations arrive at optimal
order in H!- and L2- norms in the a priori error estimates. Specially, B in (3.3) is inde-
pendent of N for N=AN and N >2/(1—A). Another highlight is that our proposed
algorithm, which combining with the Uzawa algorithm and a projection scheme, gives
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an effective numerical formula for the saddle-point system of convex programming prob-
lems. With rigourous analyses, we give the convergence of our proposed algorithm. The
same techniques can be used to study error estimates and convergence analyses for other
constraint optimal control cases.
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