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STREAMLINE UPWIND/PETROV GALERKIN SOLUTION OF
OPTIMAL CONTROL PROBLEMS GOVERNED BY TIME
DEPENDENT DIFFUSION-CONVECTION-REACTION EQUATIONS

T. AKMAN!, B. KARASOZEN?, Z. KANAR-SEYMEN?, §

ABSTRACT. The streamline upwind/Petrov Galerkin (SUPQG) finite element method is
studied for distributed optimal control problems governed by unsteady diffusion-convection-
reaction equations with control constraints. We derive stability and convergence esti-
mates for fully-discrete state, adjoint and control and discuss the choice of the stabiliza-
tion parameter by applying backward Euler method in time. We show that by balancing
the error terms in the convection dominated regime, optimal convergence rates can be
obtained. The numerical results confirm the theoretically observed convergence rates.

Keywords: optimal control problems, unsteady diffusion-convection-reaction equations,
finite element elements, a priori error estimates.
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1. INTRODUCTION

Optimal control problems (OCPs) governed by diffusion-convection-reaction equations
arise in environmental control problems, like air and water pollution, optimal control of
fluid flow, steel formation and in many other industrial applications. It is well known
that the standard Galerkin finite element discretization causes nonphysical oscillations in
the solution when convection dominates. Stable and accurate numerical solutions can be
achieved by various effective stabilization techniques such as the streamline upwind /Petrov
Galerkin (SUPG) finite element method [6], the local projection stabilization [3], the edge
stabilization [11] and the symmetric stabilization [4].

In the recent years, most of the research is concentrated on parabolic OCPs. There are
few publications dealing with the OCPs governed by non-stationary diffusion-convection-
reaction equations. For example, the local discontinuous Galerkin (dG) approximation and
the characteristic finite element solution of the control constraint OCP are discussed in [10,
17], respectively. The symmetric interior penalty Galerkin method with backward Euler
time discretization is studied in [1]. SUPG discretization of a time-dependent diffusion-
convection-reaction equation and a priori error analysis are given in [12].
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The choice of the stabilization parameter for time-dependent diffusion-convection-reaction
equation is discussed in [12] for SUPG discretization in space, backward Euler and Crank-
Nicolson method in time. When the stabilization parameter is chosen proportional to the
mesh size h, i.e. 7 = O(h), for all cells, the discrete solution converges for the time-
continuous case. When discretization is performed first in time, then the stabilization
parameter can be chosen proportional to the time step k. However, this leads to large
spurious oscillations. When the time and space grids are comparable, i.e. k ~ h, then
the stabilization parameter can be chosen as for the steady-state case, whereas the spatial
and temporal errors have to be balanced.

Our work is motivated by the study [12] where the SUPG-backward Euler discretization
is studied for a single parabolic partial differential equation (PDE). We have discretized
the OCP using SUPG in space and backward Euler method in time by extending the error
analysis for evolutionary convection-diffusion-reaction equations provided in [12] to OCPs
governed by time-dependent convection-diffusion-reaction equations. According to [9, 10],
the characteristic finite element method combined with backward Euler discretization leads
to the first order of convergence with the choice of h = k. Here, we choose the stabilization
parameter depending on the length of the time step to balance the error terms for the
convection-dominated regime. It turns out that the SUPG improves the convergence rates
up to the order O(h4/ 3) with k = h*/3 and the oscillations in the solutions disappear. The
theoretically observed convergence rates are confirmed by the numerical results.

The rest of the paper is organized as follows. In Section 2, we define the model problem
and derive the optimality system. In Section 3, we present the SUPG finite element method
and state the semi-discrete optimality system. In Section 4, stability and convergence
estimates for the fully discrete optimality system are presented and the choice of the
stabilization parameter is discussed. In Section 5, numerical results are presented for
different choices of stabilization parameters. The paper ends with some conclusions.

2. THE OPTIMAL CONTROL PROBLEM

We adopt the standard notations for Sobolev spaces on computational domains and their
norms. €2 and Q are bounded convex polygonal domains in R? with Lipschitz boundaries
09 and 0f)y, respectively. We consider the following distributed optimal control problem
governed by the unsteady diffusion-convection-reaction equation with control constraints

L I
wiimize, - J.0= 5 [ (= sl +alulian,) & (1)

welU*dCL2(0,T;L2(Qy)) 2
subject to Oy —eAy+ -Vy+oy=f+ Bu, (z,t)€ Qx(0,7T], (1b)
y(z,t) =0, (z,t) € 002 x (0,T], (Lc)
y(IL‘,O) = yO(J:)a x €}, (1d)
Ut = {ue L*(0,T;L*(Qu) : ug <u < upae. in Qu x (0,7}, (2)

For well-posedness of the optimal control problem (1) we refer to [1, 9, 10].
We use the Hilbert space X := {p € L?(0,T;V); ¢ € L*(0,T;V*)}, where V = H}(2)
be Hilbert spaces and V* denotes the dual space of V.
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The variational formulation corresponding to (1) is given by

1 T
minimize J(,0) == 5 [ (ly =l +allula, ) (33)
subject to (Owy,v) + a(y,v) + b(u,v) = (f,v) YoeV, te(0,T], (3b)
y(x,O) =%Yo

a(y,v) = /Q(GVyVU + 3 - Vyv +oyv)dz, blu,v) = — /Q Buvdz, (f,v)= /vadx.

It is well known that the triple (y,u,p) is the unique solution of (3) if and only if there is
an adjoint p(x,t) such that (y,p,u) satisfies the following optimality system [1, 2]:

(Ory,v) + aly,v) + b(u,v) = (f,v), Yo eV, y(,0)=yo, (4a)

_(atp7w) + a’<1/}7p) = _(y - yd7w)7 V¢ € V7 p(.’L’,T) = 07 (4b)

/T(au — B*p,w —u)y dt >0, Yw e U, (4c)
0

where B* denotes the adjoint of B.

3. STREAMLINE UPWIND/PETROV GALERKIN(SUPG) FINITE ELEMENT METHOD FOR
OpTIMAL CONTROL PROBLEM

Let {T5} be a triangulation of Q such that Q = Uges, K, K;NK; =0 for K;, K; € Ty,
i # j. The diameter of an element K and the length of an edge E are denoted by hx
and hp, respectively. In addition, the maximum value of element diameter is denoted by

h = max hxi. We note that the subindex U denotes the associated triangularization for
€%n

the control. In general, the sizes of the elements in {(T3)r}n are smaller than those in
{Zn}n, so we assume that hyy/h < C throughout this paper [9, Sec.3].

We use piecewise continuous linear finite element space to define the discrete spaces of
the state, the adjoint and the control

Vi ={veHjQ) : v|keP(K) VK €T},

Up={ueL*) : u|x,€P(Ky) VKye€ (Tn)u}.
Finite element approximations of the state, the adjoint and the control are given as

m—1

Yni(t ), pa(z,t) = thz @i(z), up(z,t) = Zuhz )oi(z

Yn(t) = (yn, 1( )i Unm—1 ()T, pa(t) = (ph,1(t), . 7Ph,m71(t))T7Uh(t) = (uno(t), -, uhm, ()"

The semi-discrete approximation of the optimal control problem (3) is defined as follows:

T
o 1
winimize [ (5 3 o~ vanlliag + 5 Y JunlBaey) d (52)
un €Uy 0 KET;L KUE‘ZQ
subject to (Jyn,vn) + Y T(Oeyn, B+ Vou)k + @i (Y, vn) + b (un, vn) = (f,vn)}, (5b)
Ke%y,

(312790) = (yh(oax%@) and (yhvuh) S Vh X Uad?
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a;(y,vn) = a(y,vn) + > 7(—€eAy+B-Vy+oy, 8 Vu)k, (6a)
Ke%y,
b7 (u,vp,) = b(u,vp) — Z T7(Bu, B - Vup) K, (6b)
KeTy,
(fyon)i, = (fron)+ > 7(f, 8- Von)k. (6¢)
Keg,

The stabilization parameter 7 is chosen depending on a priori error estimates in Sec-
tion 4. We use discretize-then-optimize approach to solve the OCP. We derive the fully-
discrete optimality system by differentiating the discrete Lagrangian with respect to the
state, adjoint and control variables. The semi-discrete optimality system is discretized in
time with the backward Euler method and resulting fully discrete optimality system is
solved using all all at once approach [15] with the MINRES. The fully discrete optimality
system is given as:

minimize | 5 Z Hyﬁ—yg,hHé(K)-i-Oég Z HUZH%%KU) (7)
up €Uy Kes, Kyezy

(i = yp ' @) + kaj, (yp,0) =k (f" + Bup,0) + k | > 7(f"+ Buj, 8- V)
Ke%y,

— Zr(yﬁ—yz_l,B-V@)K, VoeV,, n=1,...,N+1, (8a)
Ke%y,

(,pp " = pp) + kaj, (v, pp ")

=—k ((yf?il - ygﬁl),@b) —k Z T(Q/),B ' v(pzil _pZ))K aVTP € Vhan =N + ]-a e a2a
Kegy,

(up — B*p’fb_1 —78- VB*pZ_l,wh —uMy >0, Yw, UM n=1,....N+1. (8)

4. A PRIORI ERROR ESTIMATES

In this section, we shall derive the stability and convergence estimates for the fully-
discrete OCP. We start with the stability estimates following the approach in [12] for
time-dependent diffusion-convection-reaction equations. In this section, r denotes the
degree of local polynomials and || - ||, denotes the norm in H"(Q2) with H°(Q) = L?(Q).
To prove the a priori error estimate of the fully-discrete scheme, we need the discrete
time-dependent norm for 1 < ¢ < oo by [9],

N+1 1/q
vl Lago,rsr2(0) = (Z k|v"”qL2(Q)> :
n=1
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4.1. Stability Estimates. We take a fixed time step k, and we denote the fully discrete
state, adjoint and control solution at time ¢, = nk by yy’,p; and uj, respectively. More-
over, the exact solutions of the state, the adjoint and the control at time t,, are defined as
y™, p™ and u", respectively. We give first some useful inequalities which are needed.

The elliptic projection 7, : V' — V}, is defined by (V(y — mpy), Vo) = 0 for all v, € Vj,
and

(mhy)e = T (ye) = Ty (9)
The following inverse inequality holds for each vy € V}, with the assumption of a quasi

uniform mesh (see, e.g., [5]):

l=m—d(5—1)

||vhHWmv‘1(K) < Cim)hK ! ”vhHWl,q’(K)) (10)

where 0 <1 <m <1, 1<q <q < oo, hg is the mesh size diameter of K € T;. We
note that we take the same step size hx = h for all mesh cell K. The interpolation error
estimate for y € V. N H™*! given in [5] is

ly = mnyll L2y + hlly — Thyll ) < CR™ Yl e o) - (11)

We introduce an element integral averaging operator IIj, from U to Up, such that

1

— v, VKye%V,
\Kul Jry g

ﬁhv\ Ky =
where | K| denotes the measure of Ky [10, Sec.3].
There is a positive constant C' independent of iy such that the following estimate holds
[5]: Jv — pvlop ky < Chulvlipr,, for v € WHP(Qy) and 1 < p < oo.
The coercivity condition for the bilinear form aj (-, -) given in [16, Lemma 10.3].

Lemma 4.1. Let g be a positive constant satisfying o — %V - B > po holds. If the SUPG
parameter T is chosen such that

T, (12)
QHUHLoo(K)

then the bilinear form aj(-,-) associated with SUPG method satisfies

1
a3 (Yn> yn) > = lynll?, (13)
1/2
lynll? == el VynlZa) + > 78 VunlZage + it *vnl22 - (14)
KeTy,

Lemma 4.2. Let y;' be a solution of discrete OCP and (12) be fulfilled and T < %,

N 3k o=, 1 4k &~ :
YA 1I72 () + 10 D lwilE < llvpllZe) + 8k <MO + 5) Y (1 22) + 1Bupl2(q)-
j=1 j=1

(15)

Proof. Let us take ¢ = y; in (8a). By the coercivity estimate (13) and using the following
equality

1
2 192 192
(HZ/ZHB(Q) = [lyy ||L2(Q)) + 5”92 ~ Y ||L2(Q)7

DO |

(wr =y o) =



226 TWMS J. APP. ENG. MATH. V.7, N.2, 2017

we obtain

k
n| 2 —12 2
5 (1R By — 1 Bagey) + 5168 — i By + 3 IR

< k(" + Bup,y) [+ [k | > 7"+ Bup, B- Vi || +] D rwh — v 8- VK|
Ke%y, Ke%y

Ay

A2 AS
(16)

We estimate A;, As by using the Cauchy—Schwarz and Young’s inequalities as in [12].
4k 1/2
Av S I+ Bulg + 1 g 81220
k
Ay <4k D |7+ Bup|Fa) + 6 > 7B Vil
KeT, KeT,
The term As can be estimated under the condition 7 < % using the condition (14):
5 n n—12 2k n|(2
Az < % Z Tlyp — Yy, HLQ(K) + 5 Z 7|8 - vthLQ(K)

Ke%y, Ke%y

1 _ 2k
= 5”112 —~Yp 1”%2(9) + 5 Z 7|8 Vyﬁ”%%K)
KeTy,

Ay +Ag+ Az < —||f”+BuhHL2 + 4k Z 7'||fn+BUh||L2

Ke%y,
1/2 k
+ 1l s + 15 3 718 VR la
Ke%y,
<{sllypl2
1 _ 2k
+ 5 llyn — 220y + = > 7B VurlT -
KeTy,
<Zlypll2

and inserting all these estimates into (16) we obtain
3k
7720y + g 1WA IIE < Ny HL2(Q)+ (Hf”Hp @ HIBuR G2 +8k Y Tl +Bui|j2
Kegy,
We sum the resulting inequality over j = 1,2, ...,n with the condition 7 < % to arrive at
(15). O
Lemma 4.3. Let p} be in (8b) and (12) be fulfilled and T < %
n

. 3k . .
thH%Z( 40 Z th H2 < th HL2(Q + 8k ( ) Z ’yh - Z/i,dH%%Q)- (17)

7j=1

Proof. We choose 1 = p;~ 1'in (8b) and follow the proof of Lemma 4.2 to obtain the
desired result (17). O
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4.2. Convergence estimates. We derive convergence estimates for the fully-discrete
scheme. First, we shall use two auxiliary variables y (u), pi(u) € Vi, xVj, , n=1,2,...,N,
associated with the control variable to derive a priori error estimate of the fully discrete
scheme as in [9]:

(i (u) =y~ (), @) + kaj, (g5 (u), )

=k(f"+Bu" @)+ k| Y T +Bu" B Vo) | — | D mwru) —yp (W), 8- Ve)k |
Keg,, Kegy,
(yh(u), ) = (45, @), Vo € Vi, (18a)

(), N+1( ) + kaj, (1/% N+1(u)> - Z (¥, B - vaJrl( Nk k;((yill\fﬂ( ) — yévljl( ))ﬂ/)), Vi ¢

Ke%y,

(W, 05~ (w) = ph(w)) + kaj, (¢, 9" (w))

==k (g @) =y @) 0) =k | Y (.8 VO W) — P )k |, Y € Vi,

KeTy,

(¢, ph(w) = (b, ph(w) =k | D 7, 8- Vo (w)k |, V¢ € Vi (18b)

Ke%y,

The approximation solution (y;',p}) and the auxiliary solution (y;(u),pj(u)) connected
as 0" =y —yp(u), " = py —pp(w).
Lemma 4.4. Let (yn, pn) and (yn(u), pn(u)) be the solutions of (8a)-(8b) and (18a-18b),
respectively. Then, there exists a constant C' independent of h and k such that the following
estimate holds

lyn — yn(w)ll oo (1:02(0)) + lPn — Pr(W) Lo (1;22(0)) < Cllu = unll 21,020 ))- (19)
Proof. As in [9] we subtract (8a) from (18a), and we obtain the following equation
(0" =61, 9) + kaj, (8", )

=k(Buf — Bu", @)+ k | Y 7(Buj — Bu",8-Vo)| — Y 70" — 0" B Vo)k
Ke%y, Ke%y,
(20)

As in the proof of the Lemma 4.2, we choose ¢ = 0" as a test function. By following
the steps in the proof of Lemma 4.2, we get

16" 1720+ ZIIHJH2<CZI€ (16711720 +1167 172 (0) +CZklluj—uhlle Q- (21)
Jj=1 Jj=1

By arranging the inequality (21), we obtain

n—1
(1= CR8"II72(y < CRIE 720y +2Ck Y 167]1 720 +CZ/€|W —ujlZa0y (22)
7j=1 7j=1

For 1 — Ck > 0, we apply the discrete Gronwall’s Lemma to obtain
lyn — yn (Wl oo (r;2200)) < Cllu — unllp2(r;2(00)- (23)
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Similarly, we derive the following inequality subtractin (8b) from (18b)

Il Loo(r:22(02)) < Cllyn — yn(w)ll 21,2 (0))- (24)

Therefore, Lemma 4.4 is proved through (23)-(24). O

In order to find an upper bound to the difference between the optimal v and the fully-
discrete control uj, we divide the domain yy as the active and inactive regions of the
control w:

Qi (t) ={Uk, : Ku C Qu,uq < u(-,t)|x, < up},
QcU(t) = {UKU Ky C QUau('at)|KU = Ugq Or u('at)|KU = Ub},
O (8) = Qu\ (Qf () U Q5 (1))

It is assumed that the intersection of the three sets is empty, i.e., Q’U N QJU =0 fori+#j
and Qu = QO () U Q§(t) U QY (t). QF(t) consists of elements which lie close to the free
boundary between the active and the inactive sets for each time interval. We also assume

meas(Q};()) < Chy ¥ t € [0, 7] (25)

for the regularity of u and ‘Z,l{. This assumption is valid if the boundary of the level set
Qf;(t) consists of a finite number of rectifiable curves [14]. In addition, we set Q*(t) =
{z € Qu :uq < u(z,t) < up}, which includes Qp; () C Q*(t) [10].

Lemma 4.5. Let (y,p,u) and (yn, pn, up) be the solutions of (4) and discrete OCP, respec-
tively. We assume that u € L*(I; WH°(Qu)), ulox € L2(I; H?(Q*)),p € L*(I; W1(Q)),
we have

+C(L+ th™lpr(w) = pll2 20

lu = unllL2(r.2200)) < CF Ht
L2(12(2)

+ Cull 22 + TR 2R D p2 ) (26)

Proof. Following [17] and using the variational inequality (8c), we define
N+1

(Jp(u),v —w)y = Z k(a pr ) =78 - VB (u), 0" —u")y,

where p;~ L(w) is the solution of (18b). With P*~ ' = p?1(v) — p»}(u), we consider
h h

(Jn(v) = Jh(u), v —u)y
N+1
=allv - U”L?(] L2(Q)) — Z k(B*P" '+ 18- VB*P" W™ —u")y. (27)
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We find an upper bound for the last term of (27) with Y"~! A )

) | =y, — vy (u) using
8a-8b
N+1
ST k(P 18- VPV By — Bu™)
n=1
N+1
— Z k (Xn 7anl’anl) + kai(xn’gnfl) + Z T(Xn 7zn71’ﬁ X vgnfl)K
n=1 Ke%y,
N+1
— Z k (Bn—l _ Bn’xn) + kai(xnvgn_l) + Z T(Xn _Xn_laﬁ X VEn_l)K
n=1 Ke%y,
N+1
= > k|-@"Y")—7(P" =P 3. VY + Y r(Y" Y"1 B VP
n=1 Ke%p,
N+1 9
== 2 MY Xy < O (28)

Let ITu™ € Uy, be the standard Lagrange interpolation of u at time ¢,, such that IIpu,(z) =
up,(z) for all vertices z. Then, II,u, belongs to U at time ¢,. Then, by (27-28), we have

allu = unllFa(r 200y < (Jh(w) = Jh(un),u — up)u
N+1
= Z k(au™ — B*pl~Hu) — 78 - VB*pi (), u" — ujl)y
n=1
N+1
— Z k(ouy — B*pzf1 — 703" VB*pzfl,u" —up)y.
n=1

N+1
We add and substract the term ) k(B*p",u" — u})y to the first term. For the second
n=1
term, we rewrite u" — uy as u" — Iu" + Ipu" — up. Then, we obtain
N+1 N+1
allu — uhH%Q(I;LQ(QU)) = Z k(au™ — B*p™,u™ — ul)y + Z k(B*p™ — B*p} (), u" — ul)y
n=1 n=1
N+1
+ Z k(ouy — B*pz_1 - 703" VB*pZ_l,Hhu" —u")y
n=1
N+1
+ Z k(auy — B~ — 78 - VB* p}  up — u™)y
n=1
N+1
= > k(- VB p (), u" — up)u.
n=1

We observe that the first term and the fourth term of above equation < 0 due to (4c) and
(8¢), respectively. Then, we obtain

N+1
oflu— uh”%Q(I;LQ(QU)) = Z k(B*p" — B*Pz_l(u)aun —up)u

n=1
N+1 N+1
+ Z k(aup — B*pp~t — 78 - VB*p} 1 Iu" — u™)y — Z k(T8 - VB*pp~H(u),u™ — uf)y.
n=1 n=1
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N+1
Now, for the first term of the equation, we add and substract the term Y k(B*p"~ ! u"™—
=1
N+1 !
uy)y. Then, we add and substract the term Zl k(TS - VB*pZ_l, u" —up)y and arrange
n—=
the resulting sum to derive the following inequality

N+1 N+1
allu — Uh”%?(I;L?(QU)) < Z k(B* p" ! — B*py (), u" — uf)u + Z k(B*p™ — B*p" ! u" —ul)y
n=1 n=1
N+1 N+1
+ Z k(ouy — B*pzfl, Mpu™ —u™)y — Z k(3 - VB*pZﬁl(u) — 78" VB*pil,u" —up)u
n=1 n=1

N+1
+ Z k(rB- VB pp~tup — Mu™)y
n=1
The following estimates are derived by using Young’s inequality as in [17].
N+1 N+1
Ty <Y kP = (@) e + Co D kllu® = uillia g,
n=1 n=1
< Ci|p - ph(u)H%Q(O,T;LQ(Q)) + Collu — uh”%%o,T;LQ(Qu))’ (29)
N+1 N+1
T, <C1y K" =" iz + C2 ) Kllu" = uflfzgq,)
n=1

n=1
Op 2

< 2
< G5

+ Callu - Uh”%%o,T;L?(QU))v (30)
L2(0,T5L2())

N+1 N1
Ty < 2UBIPC0) S KIV G — g @) oy + C8 3 Kl — w2
n=1 n=1
< TQh_QHﬁHQC((S)HP - ph(“)”%,?(I;L?(Q)) + C6llu — Uh”%?([;LZ(QU))- (31)
In order to bound T3, T5, let us mention the following interpolation error estimate given in
[17, 10]. Assuming IIpu™ is the standard Lagrangian interpolation satisfying II,u"™(z) =
u(z,t™) for any vertex z. With II,u" belonging to U2, we obtain
lu™ = w2, (1)) < Chll" |2z ry)s 10" = U™ oo (b 1) < Chullu s b 6.)):
for u € L*(I; Wh>°(Qy)) and u(t),q- € H*(Q*(t)). Hence,

lu =Tl 227, 20

N+1
= Z k (/ (u™ — Mpu™)? —i—/ (u" — Tpu™)? —i—/ (u" — Hhu”)Q)
— Q3 (tn) Q¢ (tn) QY (tn)
N+1 N+1
< Chi}; Z kHuHJZLIQ(Q’{](tn)) +0+ Ch Z k”“’”%}[/l,oo(gll)](tn)) meas (Qf(¢"))
n=1 n=1
< Chr(lull 2. m2 0 (1)) + 1ullZ2 ey ) < O (32)

The term Ty is bounded as in [10, Lemma 4.5 where an integral average operator IIj

is used. In addition, Young’s inequality and inverse inequality are used to eliminate the
gradient operator.
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N+1
Ts = Z k(T8 - (VB* "t =T, (VB*p" ™)), ull — Mpu™)y
n=1

N+1 N+1
<O EPBIPIVE T = VD" s oy + C Y Ellup — T30 1200
n=1 n=1
< Chiy (T h 2B 1PN 2 1,12y + Il Terine @) (33)
We proceed with T3 by adding and subtracting the appropriate terms
N+1 N+1
T3 = Z kE(au™ — B*p", Ipu"™ —u")y + Z E(a(uy —u™), pu" —u")y
n=1 n=1
N+1 Nv
+ Z k(B*pn—l _ B*pZ_I(U), Hhun o un)U + Z k(B*pZ_l(u) - B*pz—l’l—[hun o un)U
n=1 n=1
N+1 5
+ Z E(B*p" — B*p" ! " —u")y = Z S;. (34)
n=1 i=1

By the inequality in (4c), we have au”™ — B*p" = 0 on §j;(t). In addition, there exists
x9 € Kyy € QbU with u, < u(xg,t) < up satisfying (au™ — B*p™)(xo) = 0. Then, we adapt
the following estimate motivated by [17]

o™ = B*p" lyyo.00qp 1y = law™ = B*p"™ — (au™ — B*p")(20) l[yo. a2, (1))
< Chyllou™ = Bp"[|yy100 (1))

Then, the first term S7 in the sum (34) is rewritten as

N+1
Z kE(au™ — B*p", Ipu"™ — u™)y
n=1
N+1 N+1
= Z k / (au™ — B*p", pu"™ —u") + Z k / (au™ — B*p", Ipu"™ — u'™)
n=1 Q){](t’ﬂ) n=1 ij(tn)
N+1
+ Z k / (™ — B*p", Tpu"™ — u™)
n=1 Q?j(tn)
N+1
< D Kllaw™ = B lyo.se i, (1) ITRU" = 4™ llyro.0 1)y meas(Q (tn))
n=1
< Ch (||ul? + |Ip||3 < Chy,. (35)
= Mo M2t o)) T IPIL2(we (@) ) = Y10

The remaining terms S; are bounded using similarly in [17] to find the estimate (26). O

Lemma 4.6. Let (y,p) and (yn(u),pn(u)) be the solutions of (4a-4b) and (18a-18b), re-

spectively. Assume that y, p € L®(I; HH(Q) N H2(Q)) N HY(I; H2()) N H*(I; L*(%)),

yq € L*(I; L*(Q)) and 7 = O(k). Then,

ly — yn(u)ll Loo(r:02(0)) + 1P — Pr(w) || Lo (1,02(0)) < C (h2 +h+ 7R+ h+e) + hzT_l/z)
(36)
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where C' depends on some spatial and temporal derivatives of y, p, and yq.

Proof. Let us start by subtracting (4a) from (18a) to obtain an error equation

n_ ,n—1 n(y) — n—1 u
C o) g - (yh( ) Ha) a0 ). )

() — n—lu
+ ) (Ut B V)| - ZT(yh(> kyh (),vso> =0. (37)
K

Kegy, Kegy,
As in [12], we decompose the error y" — yi'(u) as
yn(w) —y" = (yp (u) — mhy) + (mhy — y") = e, + 0. (38)

The term 7;' can be estimated with (11) by taking the degree of local polynomials r = 1.
We need then only to derive an estimate for e}l. We rewrite (37) by using (38) as follows

(ef — e}, @) + kaj (e}, ¢)

n n n ﬂ—gy_ﬂ-irzlily n n n n
=k |y — Ty + Tt — = ¢ +k oW —mpy) +8-Vy" —mhy), e
Yo
Yy
+E Y r(i+ Yo+ eA(my —y"), 8- Vo)l — > m(ep —ep B Vo)k. (39)
Ke%y Ys Ke%y,

The error equation (39) is similar to discrete OCP problem . Thus, we can apply the
techniques used in the proof of Lemma 4.2 to (39) by choosing ¢ = e}! with e?l =0 to
arrive at

n

" 3k . . . .
lekll72 0y + 10 ollenllz < Ch [ D (YT 17200 + 13 720 + 1Y5 172(0)) | - (40)
=1 =1

By inserting the bounds for the right-hand side given in [12] to (40) and combining with
the well-known estimate (11), we finish the proof for the state equation. For the adjoint
equation, we subtract (4b) from (18b) and proceed as in the proof of (36) and use the
stability estimate of adjoint equation Lemma 4.3 to obtain

1P — pr(W Loo(r;22(0)) < Clly — yn(W)ll L2(1:02(0))- (41)
By combining the estimates for state and adjoint, we derive (36). O
We present the main result of this study by combining Lemma 4.4, 4.5, 4.6.

Theorem 4.1. Let (y, p, u) and (yn, ph, up) be the solutions of (4) and (8), respectively.
With 7 = O(k), we have

1y — ynllLoo(r;22(0)) + 1P — PrllLoo(r;22(0)) + lv — unll 221,02 (0))
<O+ A2+ k7202 bt ) + W2V ke okl P 4 R (42)

where C' depends on some spatial and temporal derivatives of y, p, yq and u.
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By Theorem 4.1, we derive a priori error estimates for the SUPG method applied to the
distributed OCPs. There are different approaches in the a priori error analysis according
to the stabilization parameter proportional to the length of the time step or mesh size.
We choose the optimal scaling of the mesh size h and time step size k so that the error
bounds of these estimates are balanced to obtain L., error estimates for the state and
adjoint, L? error estimates for the control. Numerical results in the next section confirm
the predicted a priori error estimates.

5. NUMERICAL RESULTS

In this section, we present numerical results for the unsteady control constrained optimal
control problems governed by the convection diffusion equation. We consider two examples
from [9, 10] which are solved by using the characteristic finite element method in space
with backward Euler method in time. The control constraints are given as w > 0.

We have only one asymptotic order of convergence by setting the stabilization param-
eter proportional to time step k, i.e., 7 = O(k) and scaling k = h*/®. Thus, we balance
the terms O(k) and O(h?1~1/2) = O(h?k~'/?) to obtain the optimal L? error due to (42).
Hence, the backward Euler leads the expected order to be O(h*/3).

We use a numerical test problem is taken from [10], of a highly convection dominated
OCP problem
Q=(0,1x9Q, Q=(0,1)?% =107 B=(05057T, 6=0, a=1
We take 0 = Qpy and B = I. The source function f and the initial condition yy are
computed using the following exact solutions of the state, adjoint and control, respectively,

y(z,t) = p(2\1ﬁ sin(t,) — 8en?® — \f + %Sin(tx)2)

— mcos(mt) sin(2mxy ) sin(2mwxg) exp(_l+\Cf(zs(tﬂﬁ))7
p(z,t) = sin(nt)sin(27xy) sin(2rxs) exp(_l—i_\cfzs(tx))y
u(z,t) = max(—p,0)
ya(z,t) = m(1+2\/esin(t,))sin(rt) sin(27(z1 + x2)) eXp(_l_‘_\C/zs(tx))7
ty = t—0.5(x1 —1—332),

We choose the stabilization parameter as 7 = 4k/5. In Table 1, we present the error
and convergence rates. Theoretical convergence rate O(h*/3) is achieved for the numerical
results of the state, adjoint and control. Indeed, the rate of convergence for the state
increases up to 1.5. The Errors are in the same range as in [10].

We observe that the state, adjoint and control variables are are approximated well in
Figure 1 as in [10].
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h/V2 ||y —ynllee order |[|p—ppllee order |ju—upll2 order
272 3.3791e-1 - 3.3772e-2 - 1.8472e-2 -

273 1.2205e-1 1.47 1.5106e-2 1.16 7.0489e-3 1.39
24 6.3586e-2  0.94 7.3456e-3 1.04 3.3531le-3 1.07
275 2.6872e-2 1.24 3.1713e-3 1.21 1.4818e-3 1.18
26 9.2758e-3 1.53 1.4241e-3 1.16 6.8664e-4 1.11

TABLE 1. Error and convergence rates for the stabilization parameter 7 =
4k /5

state error adjoint error control error

AR
\

s
il

i

solution
solution
solution

FIGURE 1. h=275y2, 7 =4k/5, k = h*/3, t = 0.5: Errors for the state,
adjoint and control errors.

6. CONCLUSION

We have shown that by balancing the errors, the convergence rates of the optimal
solutions can be improved under SUPG discretization in space, which is common for
OCPs, when the state, control and adjoint are discretized by linear finite elements. In
case of higher order finite elements, for SUPG discretized diffusion-convection-reaction
equations, the difference between the DO and OD is more significant. But this does not
imply more accurate controls. This will be investigated in a future work for time-dependent
diffusion-convection-reaction equations.
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