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Abstract: In this article, we consider fully discrete characteristic mixed finite elements for convection-
diffusion optimal control problems. We use the characteristic line method to treat the hyperbolic part of
the state equation as a directional derivative. The state and the co-state are discretized by the lowest order
Raviart-Thomas mixed finite element spaces and the control is approximated by piecewise constant func-
tions. Using some proper duality problems, we derive a posteriori error estimates for the scalar functions.
Such estimates are not available in the literature. A numerical example is presented to validate the theore-
tical results.
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1 Introduction

In the recent 30 years, optimal control problems (OCPs) have been extensively utilized in many aspects of
modern life such as social, economic, scientific, and engineering numerical simulation [1]. Thus, they must
be solved successfully with efficient numerical methods. Among these numerical methods, the finite ele-
ment method (FEM) is a good choice for solving OCPs governed by partial differential equations (PDEs).
There have been extensive studies on convergence or superconvergence of FEMs for OCPs, see [2-9].
A systematic introduction of FEM for PDE OCPs can be found in [10-13].

Adaptive FEM has been investigated extensively. It has become one of the most popular methods in
cientific computation and numerical modeling. It ensures a higher density of nodes in a certain area of the
given domain, where the solution is more difficult to approximate, indicated by a posteriori error estimators.
Hence, it is an important approach to boost the accuracy and efficiency of finite element discretization.
There is a lot of work concentrating on the adaptivity of various OCPs. For example, [14-20].

In flow control problem or temperature control problem, their objective functional contains not only the
state variable but also its gradient. At this moment, the accuracy of the gradient is important in the
numerical discretization of the coupled state equations. The mixed finite element method (MFEM) is
appropriate for the state equations in such cases since both the scalar variable and its flux variable can
be approximated to the same accuracy, for example, [21-25].
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Recently, more and more attention has been paid to elliptic convection-diffusion OCPs [26-28]. Fu and
Rui have studied a priori and a posteriori error estimates of characteristic finite element methods (CFEMs)
for time-dependent convection-diffusion OCPs in [29] and [30], respectively. They also considered a priori
error estimates of characteristic mixed finite element method (CMFEM) for time-dependent convection-
diffusion OCPs in [31]. In [32], Sun and Ma investigated a nonoverlapping domain decomposition method
combined with the characteristic method for OCPs governed by parabolic convection-diffusion equations.

In this work, we consider a posteriori error estimates of fully discrete CMFEM for OCPs governed by
convection-diffusion equations. The characteristic approximation is applied to handle the convection term,
and the lowest order RT mixed finite element spatial approximation is adopted to deal with the diffusion
term. The OCPs that we are interested in are as follows:

T
. 1

min —'[(Ilp = pal? + lly = yl? + lul®)dt ¢, 4y
uek | 2

0

,+b-Vy+divp+cy=f+u, xeQ, te], 2

p=-AVy, x€Q, te], 3)

y=0, xe€dQ, te], (4)

y(x,0) = y(x), x€Q, (5)

where Q ¢ R? is a bounded convex polygon with Lipschitz continuous boundary 3Q, J = [0, T]. Let py €
(I2J5 HY(Q)))%, y; € I2J5 HY(Q)), f € L2 (J; L(Q)), yp(X) € Hy(Q), ¢ € Wh(Q), A = (a(X))2.2 € C°(Q; R>?)
such that XTAX > alX[2,, VX € R?, where ¢ > 0. Usually, b = (by(x, t), by(x, t))T denotes a velocity field in
the flow control, we assume that b € (C(J; C3(Q)))? and the flow is incompressible, i.e.,

V-b=0, VxeQ, te].
Moreover, we assume that the constraint on the control is an obstacle such that
K ={ue*(J; [(Q)) : u(x,t) =0, a.e.in Q xJ}.

In this article, we adopt the standard notation W™?(Q) for Sobolev spaces on Q with a norm |||y, p
given by V|5, = ZlalSmHD“lef,,(Q), a semi-norm ||, , given by |v|}, , = Zml:mllD“vap(Q). We set WIPP(Q) =
{v.e WmP(Q) : v[yq = 0}. For p = 2, we denote H™(Q) = W™2(Q), HJ'(Q) = Wi*(Q), and ||lln = lIlm,2»
1= 1lllo,2.

We denote by L5(0, T; W™?(Q)) the Banach space of all L integrable functions from J into W™P(Q) with

1
T S
norm [[Vllzsg; wmey = (_[0 ||v||a,m,p(g)dt) for s € [1, co0), and the standard modification for s = co. Similarly,

one can define the spaces H' (J; W™P(Q)) and C* (J; W™P(Q)). In addition, C denotes a general positive
constant independent of h and k, where h is the spatial mesh size for the control and state discretization and
k is the time increment.

The plan of this article is as follows. In Section 2, we shall construct a CMFEM approximation for the
OCPs (1)-(5). In Section 3, we derive a posteriori L*(0, T; L?(Q)) error estimates by using two duality
problems. A numerical example is provided in Section 4.

2 CMFEM approximation of convection-diffusion OCPs

In this section, we shall construct a CMFEM and backward Euler discretization approximation of convec-
tion-diffusion OCPs (1)—(5). To fix the idea, we shall take the state spaces L = > (J; V) and Q = H' (J; W),
where V and W are defined as follows:

V = H(div; Q) = {v € (I2(Q))2, divv € [2(Q)}, W = [(Q).
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The Hilbert space V is equipped with the following norm:
IVliacaiv; @) = (V5.0 + 1 divvig o)'/2.

Now, we take account of the hyperbolic part of (2), namely y, + b -Vy, as a directional derivative.
Let s denote the unit vector in the direction of (b, by, 1) in Q x J, and set

A= (bR + DV2 = (b + b + 1)V2,
Then equation (2) is equivalent to the following form:
Ay, +divp + cy =f+u.

We recast (1)—(5) as the following weak form: find (p, y, u) € L x Q x K such that

T
|1
min 3 > {[(lp - palP + ly -y + IulP)de ®)
uek |2
0
Ay, w) + (divp, w) + (cy, w) = (f+u,w), VYweW, te], 7
A'p,v) - (y,divv) =0, WeV, te], (8)
y(x, 0) = yy(x), Vx e Q. 9)

It follows from [1] that the OCPs (6)—(9) have a unique solution (p, y, u) € L x Q x K and that a triplet
(p, y, w) is the solution of (6)-(9) if and only if there is a co-state (q, z) € L x Q such that (p,y, q, z, uw)
satisfies the following optimality conditions:

Wy, w) + (divp, w) + (cy,w) = (f+u,w), YweW, te], (10)
A'p,v) - (y,divv) =0, WeV, te], (11)

y(x, 0) = y,(x), VxeQ, (12)

-(Azg, w) + (divg, w) + (cz,w) =(y -y W), YwelW, te], 13)
(A'q,v) - (z, divv) = =(p - pa, V), VeV, te], (14)

z(x, T) =0, VxeQ, (15)

(u+z,ii-u)=>0, Viek, (16)

where (-,-) is the inner product of L*(Q).
We now consider the time discretization. Let N e Z*, k=T /N, and t; = ik,i = 0, 1,..., N. Approxima-
tion ysi(x) =).(x, t;) by a backward-Euler difference quotient in the s-direction, that is,

Y00 - y"x - bx, k)

ki1 + |b(x, t;)?

Let G(x*, t*; t) be the approximate characteristic curve passing through point x* at time ¢*, which is defined
by

yix) =

G(x*, t* t) == x* — b(x*, t")(t* - t).

We denote by x = G(x, t;; t;_;) the foot at time t;_; of the characteristic curve with head x at time ¢,

and f(x) = f(%), then
o yi _ )71'—1
Ay, = —

Next, we use the MFEM for spatial discretization. Let 73 be regular triangulations of Q. h; is the diameter
of element 7 and h = max;c7,{h;}. Let V; x Wy, ¢ V x W denote the lowest order Raviart-Thomas space [33]
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associated with the triangulations 77, of Q. Py denotes the space of polynomials of total degree at most k
(k > 0). Let V(1) = {v € P3(1) + x - Py(T)}, W(T) = Po(1). We define

Vh = {Vh eV: Vi |T € V(T), VT € Th},
Wy, = {Wh eW:wy| e W(T),VT € Th},
Ky = {wy € Wy, : wy |, = max{0, wp}, VT € T3}.

Then a fully discrete CMFEM approximation of (6)—(9) is to find (p}, y;, u}) € Vi x Wy x Ky, i =1,2,..., N,
such that

N
1 ) ) . ) .

min 3 =Y k(Ipj — piIP + lly; - VA2 + luil?) (17)

u},eKh 2 i1

yi -yt , _ _
(% Wh) + (divph, w) + (cyf w) = (f + ub, wy),  Ywy € W, (18)
K

(A'pi,vi) - (3, divvy) =0, Vv, €V, (19)

W) =yio, vxeq, (20)

where ygl(x) = Rpy,(x) and Ry is the L*(Q)-projection operator, which will be specific later.

It follows from [31] that the control problem (17)-(20) has a unique solution (py, y;, up), i =1, 2,..., N,
and that a triplet (pj, yi, uj) € Vi x Wy, x Kj, is the solution of (17)—(20) if and only if there is a co-state
(@27 € Vyx Wy, i=N,N-1,...,1such that (p}, ¥}, @i %, z,", uf) € (Vy x Wy)? x Ky satisfies the fol-
lowing optimality conditions:

i gi-1 ) ) ) )
(%, Wh] + (divpp, wp) + (Y wi) = (f + up, W),  Ywy € Wi, (21)
k

Apf, vi) - (%, divvy) =0, Vv e W, (22)
Y0 = ygx),  Vx e Q, 23)

z ' -5 ‘il i1 N
o We|* (divay ", wn) + (czy ', wh) = (W, = Vg Wn),  YWh € W, (24)
(A'g, vi) - (&7, divwy) = =(Ph - Pi, Vi), WVh € Vi (25)
Z§x) =0, VxeQ, (26)
Wi+ 2z iy - ul) =0, Vi € Ky, (27)

where Z} = z}(x), and X represents the head of the characteristic curve with foot x at time ¢;_;, namely,
x = G(X, t;; ti_1).

We denote by Ji := |det DG(x, t;; t;_1)"!| the determinant of the Jacobian transformation from G to x.
Similar to the discussion in [29], we know that

det DG, &; ti_1) =1 — (V- bHk + 0(k?),

since the flow is incompressible, i.e., V- b =0, Vx € Q, t € (0, T). Thus, Ji = 1 for sufficiently small k.
Fori=0andi= N, we let

(ApR,vi) - (2, divvy) =0, Vv eV, (28)

A'gy, vp) - (z, divvy) = —(pY - pY,vi), YVvi € W (29)
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Fori=1,2,...,N, let
Yilo g = (G = Oy "+ (E =ty [k,
Zlt ey = (& — D27 + (- tiDz) [k,
Pyl ey = (& — OPF" + (¢ - ti_)PR) /K,
Quli1 = (6 = O+ (= g [k,
Uhl(lm,fi] = uli'
For any function w € C(J; L*(Q)) andi =1, 2,..., N, let
W, Olteq e = WOG G), WX, Dlee ) = WX, tio1).
Moreover, we let
Palir = (6 = OPy + (t = )Py [k, i=1,2, .., N = 1, Paliyvt = P4 »
phl(ti,l,ti] = ((tl - t)p;l + (t - tifl)p}i:—l)/k’ i= 1’ 2’ ceey N - 1’ Phl(tN,l,tN] = p}IlV'
Then the optimality conditions (21)-(27) satisfying
Y - %(x)

(Yt Wh) + (divPp, wy) + (cYh, wi) = (f +Up - =

’ Wh); VWh € Wh’

(APy, vi) — (T, divvy) = 0, Vv € Vi,
H(x, 0) = yl(x), VxeQ,

N Zy(x) J - Zh,

P Wh), Vwp € W,

~(Znes wi) + (divQp, wi) + (cZy, wp) = (1711 - Vi

(A1Qp, Vi) — (T, divwy) = —(B — Pa, Vi), Vv € Vi,
Z06T) =0, VxeQ,

Uy + Zh, i, — Uy =0, Vi, € K,

— 633

(30)

(€3]

(32

33)

34)
35
(36)

In the rest of the article, we shall use some intermediate variables. For any control function Uy € Kj,

we first define the state solution (p(Uy), y(Un), q(Uy), z(Uy)) satisfies
(Y(Up) + b -Vy(Up), w) + (divp(Up), w) + (cy(Up), w) = (f + Up, W), VYw e W,
(Ap(Up), v) - (y(Up), divv) =0, WveV,
y(Un)(x, 0) = yp(x), Vx €Q,
~(z(Un) + b -Vz(Up), w) + (divq(Un), w) + (cz(Up), W) = (y(Un) - yp W), VYW e W,
(Aq(Un), v) - (z(Up), divw) = ~(p(Up) - Pa, V), WV eV,
z(Up)(x, T) =0, VxeQ.
Let R, : W — W, be the L?(Q)-projection into W}, [34], which satisfies for any w € W
Ryw —w,x) =0, VYweW, VyeW,
IReW — Wlo,q < Chlwly,q, VYW e Wn W9(Q).
Let IT, : V — V, be the Raviart-Thomas projection operator [35], which satisfies: for any v € V

JWh(V - HhV)- veds = 0, Ywp € Wy, E € &Ep,

E

@37
38)
39)
(40)
(41)
(42)

(43)
(44)

(45)
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j(v —Ipv)-vydxdy =0, Vv,e W, T € Ty, (46)

T

where &, denotes the set of element sides in 77,.
We have the commuting diagram property

div o IT;, = Ry o div:V —» W, and le(I - Hh)V 1 W, (47)

where and after, I denotes the identity operator.
Furthermore, the interpolation operator II; satisfies a local error estimate:

lv - Mpvllo,q < ChVIL7,, YV e VN HYTy). (48)

3 A posteriori error estimates
In this section, we derive a posteriori error estimates of fully discrete CMFEM for parabolic convection-
diffusion OCPs. In order to the following analysis, we divide the domain Q into three parts:

Q ={xeQ:Zx) <0},
Qo={x € Q:Zyx) > 0, Uy(x) = 0},
Q,={xeQ:Zx) >0, Ufx) > O}

It is easy to see that the partition of the above three subsets is dependent on t. For all ¢, the three subsets are
not intersected each other, and

Q=0_uUQyuQ,.
First, let us derive the a posteriori error estimates for the control u.

Theorem 3.1. Let (y, p, z, q, w) and (Yy, Py, Z, Qy, Up) be the solutions of (10)—(16) and (30)—(36), respec-
tively. Then we have

I = Uil . 2y < 7+ 120 = 2O ), 2 “
where
2 7 112
= M0+ ZhltEa 0 o sa,yt

Proof. It follows from (19) that

T
I = V. o,y = | = Uhow = Uit
0

T T T
- j(u ¥ zu - Updt + _[(U,, t 2 U — wdt + f(Zh _ 2(Uy), u - Updt
0 0 0
T (50)
N j(z(Uh) oz u - Updt
0
T T T
< j Uy + 2y, Uy — w)dt + I(z‘h _ 2(Uy), u — Updt + j U - 2, u - Updt
0 0 0

= Il + Iz + 13.



DE GRUYTER Mixed methods for convection-diffusion OCPs

We first estimate I;. Note that

T T

T
h:ﬁ%+3ﬂfﬂﬂhj.J(%+ZM%—WM&+IJM&ZM%—WMM
(0]

0 QUQ, 0 Q,

It follows from Holder’s inequality and Young’s inequality that

T
f I (Un + Zn)(Un — wydxdt < CONU + Z0ls 120 a0y * 014 = Unll2 . 2 )

0 QuQ,
= COME + 8l = Uhll: 20
Furthermore, we have that
Ui+ Z,>2,>0, Uy—-u=0-u<0 onQ,.

It yields that

Uy + Z)(Uy, — wdxdt < 0.

O C—

Q0
Then (51)-(53) imply that

2
b < COME + 81U~ Ul . 12 -

Moreover, it is clear that

T
b= [[@ - 2, u - Ut < COW - 2WE: 4, gy + O = T -
0

Now we turn to L. Note that
y(x, 0) = y(Up)(x, 0) = ypo(x) and z(x, T) = z(Up)(x, T) = 0.

Then from (10)—(15) and (37)—(42), we have

T T
k=I@Q@—ZJL—MMI=I«ﬂ%)—%y—ﬂwm+(mwo—nP—P@MDMS0-
0] 0

It follows from (50) and (54)—(56), we obtain (49).

— 635

(51)

(52)

(53)

(54)

(55)

(56)

O

In order to estimate the error |7, — Z(Uh)lli2 s 2@y Ve need the following well-known stability results

(see [36] for the details) for the following dual equations:

@ +b-Vo - div(AVp) + co =F, xeQ, te],
‘P|aQ :0a tE],
¢(x,0) =0, x € Q,

and

-, -b -V - divAVY) + cp =F, xe€Q, te],

Ylaa = 0, te],
Y, T) =0, x e Q.

(57)

(58)



636 —— Yuelong Tang and Yuchun Hua DE GRUYTER

Lemma 3.1. [36] Let ¢ and ) be the solutions of (57) and (58), respectively. Let Q be a convex domain.
Then, forgp =pordp =y

lp(x, OFdx < CIIF|2

L(J; L(Q)’

O —

2
[VpPAxde < CIFRy, 20

0 C—

2412
ID2pPAxdt < CIFIZ,, g »

0O C—

2
I Paxdt < CIFIZ, 1)

O e, ] O ey O C—m) O e,

O —

where |D’¢p| = max{|0°p /dx;0x|, 1<i,j < 2.

Lemma 3.2. [37] Let f and g be piecewise continuous nonnegative functions defined on 0 <t < T, g being
nondecreasing. If for eacht € J,

t
Ft) <g(t) + f f(s)ds, (59)

then f(t) < elg(t).
In the following two theorems, we shall estimate the error [|Z, — z(Up)| 120:12(Q)-

Theorem 3.2. Let (Y4, Py, Zy, Qn, Uy) and (y(Uy), p(Uy), z(Uy), q(Uy), Uy) be the solutions of (30)—(36)
and (37)—-(42), respectively. Then we have

1% = YUDIR: ), 20 < CZn, , (60)

where

T L. N2
:J.th J.(Yh,t + divPy, + c¥, —f - U, + Yh_TYh(X)) dxdt;

II(YM — b AP, - ]Y”(X)) dxdt;

- I Y h? I(A’lPh)dedf: n = 1Pn = Pils )
T

T

ng=1f ~fI2 . pays = 1= Vil agys Mg = V00 = YoQOIRs g -

Proof. From (31), we can obtain the following equality:
(AP, vp) — (Y, divvy) =0, Vv € W (61)

Let Y be the solution of (58) with F = Y, — y(Up), using (30)-(32), (37)-(39), and (45)-(48), we infer that
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T
I¥h = YUy, 11y = | (= y(U, P
.
~ [ -y, v - diveavy) - b7y + cpyac
,
= [t =y ) - o div AT + (PCU, VY
0

T

+ I((b(y(Uh) = Yo, V) + (c(Yn — y(Un), ¥))dt
0

+ (Y - y(Un)(x, 0), P(x, 0))

T
= j(((ﬁz = YU ) = (APy, I(AVY)) — (b -Vy(Un), ¥) — (divp(Up), ¥))dt
0

T
+ J-(_(Yh; V(b)) + (c(Yn — y(Up)), YAt + (Y00 — yo(x), Y(x, 0))
0 (62)

T
= J.((Yh,t’ ) + (A Py, AVY — TIH(AVY)) = (By — Py, Vi) — (div Py, ))dt
0

T
+ J(—(ﬁl, V-(Tp(b)) + (Y = f = Up, h))At + (300 = %), P(x, 0))
0

T
=J(H1,t+ divﬁh+cﬁ1—f - Uy +
0

b, —k?h(z) ’ ¢)dt

T
+ j((f £ ) + (€ — B, ) + (By - Py, Vi)t
0

T
+ I(A’lPh, AVY — T(AVP))AL + (yy(x) = Yo 00, P(x, 0))
0

T T

- f(Yh, V-(I(by)))dt - j(
0 0
=Ly + Ly +-+ Lg.

% - Yh(®)

5 ¢)dt

Using (30), (43), Cauchy inequality, and Lemma 3.1, we have

T

L1:J‘(Yh’t + divPy + c¥, —f - U, + Y;,—TY;I()?)’ Y - Rhl,b)dt

0
< C@M; + BIYI e

(63)
<Cn2 + ~1% - YU
=k T gl W, ra)

Similarly, using Cauchy inequality, and Lemma 3.1, we derive

1
Ly < COp; + 1 + 1) + <Y = y(UWIE, (64)

U;L(Q)°
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1

Ly < € + =¥ = Y(Unlizg, (65)
1

Ly < Cig + =¥ = YUz, 120 (66)

Finally, for Ls and L¢, using (61), Cauchy inequality, and Lemma 3.1, we find that

T T o N
Lo+ L= I(A‘lPh, M(b))dt — J (Yh‘—m") ¢)dt
0

k
0
T Lo T 67)
=j(n¢—§£5ﬁ91—b-Aﬂme}ﬂ+-juﬂpmbw—rmw¢»m
k
0 0
1
2 2
= C)’l3 + Crl4 + g”Yh - )/(Uh)"%z(]; Q)"
Hence, using (61)—(67), we obtain (60). O

Theorem 3.3. Let (y, p, z, q, u) and (Y, Py, Zy, Qn, Uy) be the solutions of (10)-(16) and (30)—(36), respec-
tively. Let (y(Uy), p(Up), z(Uy), q(Uy), Up) be defined as in (37)-(42). Then we have the following error
estimate:

16
1Zh = 2O 4, 2y < C(nj 7+ Znﬁ] + ClY = YUDIZ . 2 (68)
i=9

where
T A 2
ng = Jth I(_Zh’t + divQy - w +cZp- Y+ yd) dxdt;
k
o’ T

_ H&)-] - 2,

2
) dxdt;
k

T
nlz():'[_[(zh,t—b'Aloh—b'Ph+b‘l_’d

0 Q
T

’71%1 = Ith J‘(Aleh + Py — pg)?dxdt;
0 T T

15 = 11Qn — Quli2, s 2y s = 1P = PulZa 2o s

M =120 = Zul22 . 20y s = 1P = Palls ), 1203
’7126 =15 = yall72 J; 12Q)’

n, and n, are defined in Theorem 3.2.

Proof. Similar to (61), using (34) and the definitions of Z,, Qy, Py, and py, we obtain
(A'Qn, Vi) — (Z, divvy) = (P — Pa, Vi), YVy € V. (69)
Let ¢ be the solution of (57) with F = Z, — z(Uy). It follows from (33)-(35), (40)—(42), and (45)—(48) that

T
12~ 2UDsy, 2 = | B = 20, Pde
, (70)

T
- j(zh ~ 2(Uy), @, — div(AVe) + b Vo + co)dt
0



DE GRUYTER Mixed methods for convection-diffusion OCPs == 639

T T
- j((—(zh 20 9) — (Zn, div(Ty(AVg — b))t - j(z(U;o, b Vo)dt
0 . ; 0
+ j(A-lq(Uh) + p(Uy) - par AV)At + j (€(Zn - 2(Uy)), )t
. 0 0
- j((—(zh — Z(U))e @) — (A7Qy + By — Pg, TT(AVg — bp)))dt
0

T
+ I((P(Uh) = Pa, AVY) - (divq(Up), @) + (b -Vz(Up), @) + (c(Zn — 2(Un)), @))dt
0

T P T
- I(-Zh,t + divOy + Ty — T+ G - W (p)dt + j ((Zn - Z), @)dt
0 0

T T
+ j(A*lQh + Py~ Pa, AV - bp - I(AVg — bp))dt + j(éh ~ Q. Vo)dt
0 0

T T
v j(yd G+ T y(U, )t + j(p(Uh) Py + Pa - Pa, AV)dt
0 0

T

_ I(Zh,t_,,.A_loh_,,.pﬁ,,.pd_W,q,)dt
0
=h+h+-+].
First, using the same estimates as (63)—(66), we have
1
2
Ji<Cng + g"Zh - Z(Uh)”iz(]; @)’ (71)
1
2
Ja < Cnyy + 22 - 2(UnI2, 120y (72)
1
2
B <Cni+ glth - Z(Uh)"iz(]; 12Q))’ (73)
1
Ji < Cy + 120 = 2z, 12 (74)
1
2
]7 < Crllo + g”Zh - Z(Uh)niz(]; LZ(Q))' (75)
For J;, using Cauchy inequality, and Lemma 3.1, we have
T
B= [ (= it =y + 33 - 5 e
0 (76)
1
2 2
<C(n, + ) + CliYy - )’(Uh)"iz(]; 2ay * glth - Z(Uh)"iz(]; @)
Finally, for Js, using (31), (38), Cauchy inequality, and Lemma 3.1, we derive
T T
Jo= [ oW - P, #Vp)t + [Py~ Py + pa - pa AVp)e 77)
0 0
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T

T
- j((y(Uh) ~ Y div(A2Vg)) + (AP, L(A2V) — A2Vg))dt + j Py~ Py + Pa - pa, AVp)dt
0

(0]

1
2 2 2
< C(’L, + ’113 + ’715) + C”Yh - y(Uh)"iz(]; 1XQ) + g”Zh - Z(Uh)"%z(]; Q)"

Therefore, the above estimates and the triangle inequality yield (68).

DE GRUYTER
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Let (p,y, q,z,u) and (Pp, Y, Qn, Zy, Uy) be the solutions of (10)-(16) and (30)—(36), respectively.

We decompose the errors as follows:

p-Py=p-pU) +pUp) - Ph=&+&,
y-Y=y-yU) +y(Up) - Yn=n+e,
q-Q=q9-qU) +qUp) - Qn =& + &,
z—-Zn=z-2z(Uy) +z(Up) - Z =1 + e,.

From (10)—(16) and (37)—(42), we derive the following error equations:

(Alg,v) - (n, divy) =0, WVveV,

(nesw) + (b - Alg, w) + (dive, w) + (cn, w) = (u - Up, w), VYwe W,

Alg,v) - (n, divy) = —(&,v), WeV,

~(e, W) + (b (& + A'&), w) + (dive, w) + (cr, w) = (1, w), Yw e W.

Theorem 3.4. There is a constant C > 0, independent of h, such that
&g, 2y + 11l g; 2y < Cllu = Unllizg; 12ys

&2y, 2y + Inle g, i) < Clu = Unllzg, ray-

(78)
(79)
(80)
(81)

(82)
(83)

Proof. Choosing v = & and w = n; as the test functions and adding the two relations of (78)—(79), we have

A'e, &)+ (n,pn) = —-U,n) +(b-A'g,n) - (cn, n).

Then, using e-Cauchy inequality, we can find an estimate as follows:

1
A'e, &) + (1, 1) < CUNIR,,, + lu - Uil?,,,) + E(A_l-‘—'b &).

L}(Q) LX(Q)

Note that
10
- 2
(rl,t’ n) = 2ot ||7’1||Lz(0),
then, using the assumption on A, we can obtain that

1 1
- 2 Bl 2 2 _ 2
Saleil gy + 5l g < Clnk g + I = Unl ).

Integrating (86) in time and since r;(0) = 0, using Lemma 3.2 to obtain

< Cllu - Uyl

2 2
T L Lo Eiy?

this implies (82).
Similarly, we can obtain

2 2 2 2
L N o (A

Using (88) and (82), we complete the proof of Theorem 3.4.

12 (J; LZ(Q)))'

(84)

(85)

(86)

(87)

(88)
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Collecting Theorems 3.1-3.4, we can derive the following results:

Theorem 3.5. Let (p, y, q, z, u) and (Py, Y, Qn, Z, Uy) be the solutions of (10)-(16) and (30)—(36), respec-
tively. Then we have

16
— 2 — 2 _ 2 2
It = Unlagy oy + 1 = Vs oy, + 12 = 20 o) < X7 (89)
i=1

where n, is defined in Theorem 3.1, 17,, ..., 1g are defined in Theorem 3.2, andn,, ..., 1, are defined in Theorem 3.3,
respectively.

4 Numerical experiments

In this section, we illustrate our theoretical results by a numerical example.
For a constrained optimization problem:
minJ(u),
uek
where J(u) is a convex functional on U and K is a close convex subset of U, the iterative scheme reads
n=0,1,2,...):

b(uns1, V) = b(un, v) = p,(J'(Un), v), WV €U,

(90)
Upi1 = PI?(urH%)s

where p, is a step size of iteration, b(:,-) = IT(-,~) is a symmetric positive definite bilinear form, and the
projection operator P2 can be obtained like in [38].

By applying (90) to the fully discretized problem (21)—(27), for an acceptable error Tol, we present the
following algorithm in which we have omitted the subscript h just for ease of exposition.
Algorithm 4.1. Projection gradient algorithm

Step 1. Initialize uo.

Step 2. Solve the following equations:

T
b(um;, V) = b(up, v) - p, j(un +2zp, V), WveW,
0

k
1A&pi,v) - O, divv) =0, Wve W, o1

i_ gi-1 . . . .
[7’/" Y ,w) + (divpy, w) + (e, W) = (f' + up, W), YW € W,

i-1 _ zi . ' o
(%, w) + (divg, , w) + (czp L w) = () - v W), Yw € W,
(A71q£_1’ V) - (Zril_l’ diVV) = _(p;l - pcll’ V)’ Vv € ‘/ha

b
Upy1 = PK(un+;)-

Step 3. Calculate the iterative error:
Eni1 = lluns1 - un"LZ(]; LXQ))-

Step 4. If E,.1 < Tol, stop; else go to Step 2.
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Algorithm 4.2. Adaptive projection gradient algorithm
Step 1. Solve the discretized optimization problem (21)—(27) with Algorithm 4.1 on the current mesh (the
same mesh is used for the control, state, and co-state variables), obtain numerical solution u,,, and calculate

the error estimator n = ./Zlflr[iz;

Step 2. Adjust the mesh by 1, then update the numerical solution u,, and obtain u,,; on new mesh;
Step 3. Calculate the iterative error:

! ! !
Epir = lupar — Unllizg; 223

Step 4. If E,,, > Tol', go to Step 1; else stop.
The following numerical example was solved with the C++ software package: AFEPack which is freely
available. Let Q =[0,1] x [0,1], T=1, b = (1, 1)T, ¢(x) =1, and A(x) be the 2 x 2 identity matrix. The
discretization is described in Section 2. We use the Algorithms 4.1 and 4.2 to solve the following OCPs.
The same mesh is used for the control, state, and dual state variables in Algorithm 4.2.

xeQ, t

xeoQ, te],
x e Q.

Example 1. The data are as follows:

y(x, t) = tq(q - Do - 1),

p(x, t) = —(t2xa - Dxle - 1), bala - D2 - D),

z(x, t) = (1 - Hx0q - Dole - 1),
qix, t) = (1 - )24 - Dxlx - 1), (1 - Oxa0a - D2 - D),

ug(x, t) =

1-t)]-sin— - sin—=
- o -sin’S 4

mXq V19:6)

u(x, t) = max{0, ug(x, t) — z(x, t)},
fO,t) =y, t) + b -Vyx, t) + divp(x, t) + cy(x, t) — ulx, t),
pa(x, t) = p(x, t) + q(x, t) + Vz(x, t),
00 =y, t) + zi(x, t) + b -Vz(x, t) — divg(x, t) - cz(x, t).

It is clear that the optimal control has a strong discontinuity along the diagonal x + %, =1 of Q.

€],

1- t)(Z.O - sin% - sin%), x+x>1,

), x+x<1,

DE GRUYTER

¥,(x, £) + b(x, t)-Vy(x, t) + divp(x, t) + c(X)y(x, £) = f(x, t) + u(x, t),
P(Xs t) = —A(X)VY(X, t),
)/(X’ t) = O,
y(x, 0) = yp(x),

T
|1
min > '[(Ilp(x, t) = pa(x, O + llyx, t) = y06 OIF + llulx, t) — uqlx, O|*)dt ¢,
0

xeQ, te],

We select k = 1072 and use n = ./Z}flnf as the indicator to construct adaptive meshes.

Table 1: Numerical results based on uniform and adaptive meshes

Mesh info Uniform mesh Adaptive mesh
up Y Zp up Y Zp
Nodes 7,617 7,617 7,617 1,737 1,737 1,737
Sides 22,528 22,528 22,528 4,597 4,597 4,597
Elements 14,912 14,912 14,912 2,861 2,861 2,861
Dofs 14,912 14,912 14,912 2,861 2,861 2,861
L2(J; L2(Q)) error 2.8635 x 1073 2.2684 x 107* 2.2035 x 1074 2.7856 x 1073 2.4875 x 1074 2.3816 x 1074
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Some numerical results are shown in Table 1, where the numerical results based on uniform refined
mesh and adaptively refined mesh are obtained by Algorithms 4.1 and 4.2, respectively. The errors
lu — unllzg; 12y = 2.8635 x 1073 and |lu - unllzg; ) = 2.7856 x 103 are based on uniformly refined mesh
with 7,617 nodes and adaptively refined mesh with 1,737 nodes, respectively. It obviously indicates that
Algorithm 4.2 can save substantial computing work and a posteriori error estimates in Theorem 3.5 are
efficient.

We plot the profile of the exact solution u att = 0.5 and the profile of the numerical solution uy att = 0.5
on adaptive mesh with nodes = 1,737 in Figures 1and 2, respectively. The adaptive mesh with nodes = 1,737
is shown in Figure 3. It can be found that a higher density of node points is indeed distributed along the
neighborhood of the diagonal x; + x; = 1, where the control u has a strong jump. Therefore, the numerical
results are consistent with our theoretical results.

)

AW

W :\‘

R

N W

AN WSt

ATHTRHHHhiie
R

Figure 1: The exact solution v at ¢t = 0.5.

0.45

0.4

0.1

0.05

Figure 2: The numerical solution u, att = 0.5.
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Figure 3: The adaptive mesh for uy, y;,, z, with nodes = 1,737.

5 Conclusion

In this article, we consider a fully discrete CMFEM for parabolic convection-diffusion OCPs. We derive a
posteriori LX(J; L%(Q)) error estimates for the scalar functions. A numerical example demonstrates its relia-
bility. Our results seem to be new. Furthermore, we shall investigate a posteriori error estimates for the
vector-valued functions.
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