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Abstract In this paper, a piecewise constant time-stepping discontinuous Galerkin
method combined with a piecewise linear finite element method is applied to solve
control constrained optimal control problem governed by time fractional diffusion
equation. The control variable is approximated by variational discretization approach.
The discrete first-order optimality condition is derived based on the first discretize
then optimize approach. We demonstrate the commutativity of discretization and opti-
mization for the time-stepping discontinuous Galerkin discretization. Since the state
variable and the adjoint state variable in general have weak singularity near t = 0
and r = T, a time adaptive algorithm is developed based on step doubling technique,
which can be used to guide the time mesh refinement. Numerical examples are given
to illustrate the theoretical findings.
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1 Introduction

In this paper, we mainly focus on developing a time-stepping discontinuous Galerkin
finite element approximation of optimal control problem governed by time fractional
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diffusion equation. Let £ be a bounded domain of R4(1 < d < 3) with sufficiently
smooth boundary 02. Set Q7 = Q2 x (0, T),I'r = 9 x (0, T). We consider the
following optimal control problems governed by time-fractional diffusion equation:

min J(u, q) (1.1)
q€Uqqa
subject to
U pop
E_Oat AM:q(X,t), (X7t) GQT,

u(x, 1) =0, (x.1) € Ty, (1.2)

u(x,0) = up(x), x € Q.

Here, (1)28,’3 u denotes the left Riemann-Liouville fractional derivative of order
B (0 < B < 1) of the state u(x, t). The other details will be specified later.

Time fractional diffusion equation plays an important role in many fields, for
example, the evolution of probability density function for non-Markovian process
can be governed by time fractional diffusion equation. In recent years, lots of lit-
eratures are devoted to develop numerical methods and algorithms for this kinds of
problem. We refer to [1-5] for finite difference methods, [6-9] for Galerkin finite
element methods, [10, 11] for spectral methods, and [12, 13] for fast algorithms.

Compared to the extensive amount of work contributed to developing numeri-
cal methods and algorithms for fractional differential equations and optimal control
problem governed by integer order differential equations [14—16], the research for
optimal control problem governed by fractional differential equation is still immature
not only in theoretical analysis but also in numerical methods and algorithms. In [17],
the existence, uniqueness, and first-order optimality condition for time fractional
optimal control problem with Riemann-Liouville time fractional derivative were
studied. In [18], the authors discussed the time fractional optimal control problem
with pointwise state constraint. In [19], spectral method using Chebyshev polyno-
mials were used to approximate the optimal control problem governed by fractional
ordinary differential equation. An inverse problem of a time fractional diffusion equa-
tion was investigated in [20], where a spectral approximation was developed. In [21],
finite element method combined with L1-scheme was used to approximate the time
fractional optimal control problem with Caputo derivative. In [22], the authors devel-
oped a fast projection gradient algorithm for space fractional optimal control problem
based on finite difference discretization of the state equation.

In the present paper, a piecewise constant time-stepping discontinuous Galerkin
method combined with a piecewise linear finite element method is applied to solve
control constrained optimal control problem governed by time fractional diffusion
equation. The control variable is approximated by variational discretization approach.
The discrete first-order optimality condition is derived based on the first discretize
then optimize approach. We demonstrate the commutativity of discretization and opti-
mization for the time-stepping discontinuous Galerkin discretization scheme. Since
the state variable and the adjoint state variable in general have weak singularity near
t =0and ¢ = T, atime adaptive algorithm is developed, which can be used to guide
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the time mesh refinement. Numerical examples are presented to verify the theoretical
findings.

The paper is organized as follows. In the next section, we recall some preliminary
knowledge to be used in the following sections and derive the first order optimality
condition for optimal control problem. In Section 3, we construct a time-stepping
discontinuous Galerkin scheme and derive the fully discrete first-order optimality
condition based on first discretize then optimize approach. A time adaptive algorithm
based on double step technique is developed in Section 4. In Section 5, we carry out
numerical experiments to confirm our theoretical findings.

2 Optimal control problem

In this section, we briefly recall some knowledge about fractional integrals and frac-
tional derivatives and then derive a continuous first-order optimality condition for the
optimal control problem.

The left Caputo and Riemann-Liouville time fractional derivative of order 8 €
(0, 1) are defined by

caB. 1 T (s)

V=TT p Sy (s
and | 4 e

R ﬁ _ “@ V(s

0% v = F(l—ﬂ)dt/o —sf""

Similarly, the right Caputo and Riemann-Liouville fractional derivative of order 8
are given by
1 T /
faﬁv = — / ve) ds
TA—p8)J (s—1)f

Ryf _ 1 d (T )
[OpV = — — s.
ra-pyde); (s—nk
Following [23] the following relations between Caputo and Riemann-Liouville
fractional derivative hold:

and

-B
Raﬂ _ Ca/g U(O)t
09 v(t) = 90, v+—1"(1—,6)
and
o(T)(T — 1)~ P
tRagv(t) = ,Cagv + F(l——ﬁ)

This implies that the Riemann-Liouville fractional derivative and the Caputo
fractional derivative are equal for the homogenous initial condition or terminal
condition.

Consider the following time-fractional optimal control problem

. _ 1 2 4 2
qrélg]l:d J(uv CI) = EHM(X, t) - l/td(X, t)”LZ(QT) + E”q(xs t)”LZ(QT) (21)
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subject to

aa—’: ~8PAu=f+q x0neQr

u(x, 1) =0, (x.1) € I'r, 2.2)
u(x,0) = up(x), x € Q.

Here, U, is the admissible set defined by

Usa =1{q € L2(QT) ta<gq(xt)<b ae.in Qr with a,b € R and a < b}.

foiug € L®(0, T; L*(2)) and uo(x) are given functions. Since the state equation is
linear and the objective functional is strictly convex, the existence and uniqueness
of the solution of above control problem can be guaranteed by standard theory(see,
[24]).

For above optimal control problem, we can derive the following first order
optimality conditions.

Theorem 2.1 Assume that q € U,y is the solution to optimal control problem (2.1)—
(2.2) and u is the corresponding state variable given by (2.2). Then there exists an
adjoint state 7 such that (u, z, q) satisfies the following optimality conditions:

u
g—gafAMZerq, (x,1) € Qr,
ux, 1) =0, (x,1) €Ty, 2:3)
ux,0) = ugx), x € Q.
8Z CqB
—5—,37AZ=M—W, (x,1) € Qr,
2, 1)=0, (@ ely, 24
z(x, T) =0, x € Q.
and
/ (g +2)(v—q) =20, Vv € Uyq. (2.5)
Qr

Proof Let J (q) := J(u(q), q) be the reduced functional over U,4. Then the optimal
control problem (2.1)—(2.2) can be written as the following optimization problem

min J(q). (2.6)
q€Uuq

For above problem, the first-order optimality condition reads
J(@@—q) 2 0,Yv € Uga. 2.7
By a simple calculation, we have

T(q)w— 61)=/

) yq(v—q)+f W (@) = @)t — ug) =0, Yo € Ung, (2.8)
T

Qr

@ Springer



Numer Algor (2018) 79:437-455 441

where u’'(q)(v — q) denotes the the Frechét derivative in the direction v — g. Let
i = u'(q)(v — q), which satisfies
Uy —(IfafjAft =v—gq, (Xx1)eQr,
u(x, 1) =0, x, 1) eTlr,
u(x,0) =0, x € Q.
Then (2.8) reduces to
/ yq(v—q)—i—/ u(u —ug) > 0,Yv € Uyy. 2.9
Qr Qr
To further simplify above condition, we introduce the following adjoint state
equation

9

—a—j Az =u—ug (x1)€Qr,
2(x,1) =0, (x,t) eI'r,
z(x, T) =0, x € Q.

It is obvious that for the adjoint state z the Riemann-Liouville derivative is equiv-
alent to the Caputo derivative, since z(x,7) = 0. Multiplying the adjoint state
equation by u and integrating over Qr yields

(— Bz fa?m)a:f i — ug).

Qr Qr

By the integration formula by parts, we deduce

/ . 0zZ / -
— u - — = Z - Ug.
Qr Ot Qr

By the Green formula, the definitions of fractional derivative and the integration
formula by parts (see, [23]) we can derive

—f ,CagAz-ﬁ = —/ Ai(x,t) - f?BTZ(X 1)

Qr
T z2(x,5)
s

F(l—ﬂ)/f AU, )dr ( —t)ﬁ
// T ii(x, )/ &, ddt

I‘(l—ﬂ) (s —

1_,(1_’3)// z(x, t)/ —Au(x s) ) dsdt

—f 2(x, 1) - Sof A(x, 1).
Qr

dsdt

Therefore, we have

/ U —ug) = f zZ(v — q). (2.10)
Qr Qr
Combining (2.9) and (2.10) yields (2.5). O
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Let
Py,,(q(x,1)) = max{a, min(g(x, 1), b)}

denote the pointwise projection onto the admissible set U,4. Then (2.5) is equivalent
to

1
q= PUad(__Z)~
14

3 Time-stepping discontinuous Galerkin approximation

In this section, we will investigate the time-stepping discontinuous Galerkin approx-
imation of optimal control problem (2.1)—(2.2). For the spatial discretization, we
employ the continuous and piecewise linear finite element space, while a piecewise
constant, discontinuous Galerkin method is used to approximate the time variable.

3.1 Time-stepping discontinuous Galerkin discrete scheme for the state
equation

Let V), be the finite element space consisting of continuous piecewise linear functions
over the triangulation 7j,:

Vi, ={v, € HOl (2) N C(2); vy is a linear function over K, VK € Ty}.

To define the fully discrete scheme, we introduce a time partition. Let A; : 0 =

to <ty <---<ty—1 <ty =Tbeatime gridwitht, =t,—t,_1,n=1,2,--- N

and T = max t,. Let I, = (#,_1, t,] be a half-open interval. Define the fully discrete
n

finite element space
th={¢:QX[OvT]_)R; ¢(X7)6Vha ¢(’t)|1n ePOan:1327' 7N}

This implies that ¢ is a piecewise constant with respect to time. Thus for ¢ € Vg,
we have

¢, 1) =¢" €Vy, t€ly.
In particular ¢ (1) = ¢". We write ¢'f = o) = lim+ ¢(t),and [¢]" = ¢} —¢".
11—t
Since ¢ is a constant on 1,11, we have [¢p]" = ¢! — ¢".

Then the time stepping discontinuous Galerkin discrete scheme for the state
equation reads:

T N-1 T
/(U’,X)+Z([U”],X1)+f &Pvu, vx) + W9, x9)
0 =1 0

T
= / (f +q.X) + Gio. X). VX € Vi (3.1)
0
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Here, u1g is an approximation of ug(x). Note that U is a piecewise constant in time.

Then we have U' = 0and U(¢r) = U" = U_'ﬁ_l in I,,. Then by choosing X to vanish
outside I, above discrete scheme reduces to

vh)+/ G VU, Vo) = (U"*l,vh)+/ (f+q. o).V € Vion=1,2.- | N. 3.2)
I
By the definition of fractional derivative, we have

s - L [F VO 1
_/;nOSI Udt = Fr1-=8Jo ta—95f TUA=B)Jo (ta1—s)P

= WP Ut — P U ().

Since U is a piecewise constant in time, then we can derive

5 B 1 " /fk Ul(s)
U)(ty) = = —
(ol U)(tn) m_ﬁ); - (tn_s)ﬁ
- F(l—ﬁ) . (tn—s)ﬂ y (tn— )P
+.-+ U /l;—l_(tn_s)ﬁ)
Thus we have
n—1 I 1
WP U t) = IP U (1) = ( —)Uk
o ﬂ) - s)/3 s (tn1 — 5)P
u" meo]

TTA=p P
For simplicity, we define
1 Tk 1 1
Cos = r(l =B Jy_ (G -5 RN

k =n.

k=1,2,---,n—1,

F(l—ﬁ) tay (tn = $)F’

By some simple calculations, we further derive

1
1“(2——/3)((t" — i)' — (= 1) P — (tger — )P

Cok = +(ta—1 — tk)17ﬁ>, k=12 .n—1,
1-p
Tn

re-p’

Then we have

k =n.

O UYn) = @ U tn) =Y Cas U,

k=1
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Using above notations, the time stepping discontinuous discrete scheme for the
state equation can be characterized by

w vh)—l—Zan(VUk Vop)=U""" v,,)+/ (f+q,vn), Yo, € Viy,n=1,2,.--  N.(3.3)
k=1

Further, we can rewrite above discrete scheme as a modified backward Euler
scheme:

U" — Un—l "
<T—, Uh) Zan(VU Vvh)——/(f+61, vh), Yop € V4.(3.4)
n k 1

3.2 Time-stepping discontinuous Galerkin scheme for the control problem

In this section, we will discuss the time-stepping discontinuous Galerkin approxima-
tion of optimal control problem (2.1)—(2.2).
Firstly, we discretize the cost functional by the right rectangular rule:

N
1 -
Ine(U", Q") :=521rn(|| U =y oy +7 110" I ) B:5)
n=
Here, ud = —/ ugdt.

Collecting (3.4) and (3.5) gives the time-stepping discontinuous Galerkin discrete
scheme for the control problem (2.1)—(2.2): finding (U", Q") € V}, x U4 such that

min Jh(U", 0" (3.6)
UneV,,0"elUuq
subject to
U" — yn— 1 _
(—— )+ — Zan(VU Vop) = (f" + 0", v),
Tn " (3.7)
U° = io.

- 1
Here, f" = — f fdt and the control variable was implicitly discretized by
[Il

variational discretization concept. In general Q" is not a finite element function.
To obtain the discrete first-order optimality conditions of optimal control problem
(3.6)—(3.7), we define a Lagrange functional as

N
LU,Z,0) =) ((f”+Q",Z"—‘> chkwuk vz'h

n=1 T2

U" — Unfl
_ <T— z"1)> +U°, 2% + Jp(U", QM.

n

@ Springer



Numer Algor (2018) 79:437-455 445

Here» ﬁ = (UlsUz"" 9UN)T7Z = (Zoszly"' ’ZN_I)T and Q = (Ql’ Qza
-+, OM)T . The discrete first order optimality condition can be deduced by computing
LU, Z, Q) LU, Z, Q) LU, Z, Q)

9zn—1 (vn) =0, T(Wl):o, T(wh)zo, n=12,---,N.

Now, we derive the discrete scheme for the adjoint state equation. Firstly, by
rearranging the terms, we can derive

N

U" — Unfl
D (— Z"‘) + @, 2
n=1 tn

=W’ 2%+ wWw'-v°, 2% +Ww?-v', zZYhY + -+ WV —UNL ZNT
=Z'-z" uh+@Z' =22, UH + -+ 2N = ZVN uMy + WV, zM).

By setting ZV = 0, we have

N N

U" — Un_] Zn—l —Zn
D (— Z"") +W0% 20 =) w (— U") :
Tn Tn

n=1 n=1

Secondly, note that

N
Zzn:c,,,k(vuk, vz

n=1 k=1
= (C1,VU', vZ%
+(C2 VU, VZY) 4 (C2,VU?, VZY)
+(C3. VU, VZ?) + (C3,VU?,VZ?) + (C35VU3, VZ?)

H(CN-1a VU VZV ) + (Cno12VUA VZN ) + o 4 (Cyoy v VUV VZN )
+(Cn VU, VZN Y 4 (Cy VU, VZN Y o 4 (Cy yVUN, vZV

= (C11VZ°, VU + (C21VZ', VU + -+ (Cy—11VZV 2, VU + (v VZV ! VU
+(C22VZ', VU?) 4 (C3,VZ2, VUH + -+ (Cy2VZV T, VU?)

+(Cy yVZVL vUMy.

Then we have

N n N N
Z ZCn,k(ka, VZ}’!—I) — ZZ Ck’n(vzk—l’ VUn)
n=1 k=1 n=1k=n
From
0LWU. Z. Q)
T(Uh) =0,
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we obtain the discrete scheme for the adjoint state:

zn=1 — zn 1 & 1
(—, vh> +— > Cen(VZH Vup) = (U — it vp).
n
k=n

Tn (3.8)
zVN =o.
By
LU, Z, 0
202050
we obtain
Q"+ 2" wy — Q" 0. Yy € Uaq.
Therefore, the discrete optimality conditions are given by:
v —u! 1 ¢ k rn n
———— o )+ = D Gk (VU V) = (f + Q" w), n= 1,2, | N,
r)l Tﬂ k=1
Zn_l -z" 1 a k—1 n -n
)+ = ) Ca(VZE V) =(U" — i), vp), n=N,N —1,--- 1, (3.9)
Tn Tn f—n
Q" +2"wy— Q") =0, VYwy €Upa, n=1,2,---,N,
U =iy, zV =0.

By the projection operator Py,
as follows

1
Qn — PUad (__Zn—1> .
14

Above discrete first-order optimality condition is derived based on the first dis-
cretize then optimize approach. In the following, we shall show that discretization and
optimization are commutative for the time-stepping discontinuous Galerkin method.
This means that the first discretize then optimize approach and first optimize then
discretize approach lead to the same discrete optimality system.

For this purpose, we just need to check the discretization of fractional derivative
term in the adjoint state equation. By the definition of the right fractional integral and
derivative we derive

T T
RoB 7 (vt = —— Z(s) 1 Z(s)
/1,1’ 20t TA-p ). Gomf TA-B )  6—tnn)?
= (A2 2) (1)) — (I Z)(t_1).

the discrete control variable Q" can be expressed
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Similar to the state variable, we deduce

L Z) (1)
Sy [
IO W AT

1 Tn+1 l hy2 l
_ <Zn . / _I_ Zl’l+l . f
ra-p o (s —t)P iy (8 —1)P

+1
+ e ZV! /tN : )
IN—1 (S—ln)ﬂ

Then we have

I} Z)(tn) — (I} Z) (ta—1) = S i (/lk ;_/lk ¥> 2
fp £ 20U = R ) e iy - )P Sy (s — 1)

Zn—l th 1
+ : :
CA=8) Jo, 6 —ta1)f

For simplicity, we set

- R =n n 2,.'. , ,
( ) Th—1 ( n l) ( n)

Cos =
1 tn 1 o5’ k_
TA-pJ, , G-tnf T2-p
Then we obtain
N
FZ)(tn) = (AR Z)(tn-1) =Y Cos 257", (3.10)

k=n

Now it remains to check the relationship of 5,1,;{ and Cy, . Indeed, using integra-
tion by substitution, we can easily prove that C,, y = Cy, fork =n+1,n42,--- , N.
This property guarantees the commutativity of optimization and discretization.

Finally, we shall derive the stability estimate for above discrete scheme.

Lemma 3.1 Let (U, Z"~', Q") be the solution of (3.9). Then the following stability
estimates hold

N
10"l < ol + 3wl 77 + 071
n=1

and

N
—1 -
1Z* < ) U — gl

n=1
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Proof Taking v, = U" in the discrete state equation gives

n
W" = UL UM + Y Cun(VUS VU = 5 (f" + Q" UM,
k=1
It is easy to check that

_ 1 1
" -u" I,U")zEHU"nZ—EnU” 12

Summing from n = 1 to m leads to

L I k n L ;

SN2 = SIUIP + 3 0% Cus(VUE, VU™ < 3wl /" + Q"I WUl
n=1 k=1

According to [8, 12], we have

m n m
>3 G (VUR VU = Z(/ RPN U (t)dt, VU™
1,
n=1

n=1 k=1

tm
= / &Fvua), vuey)de = o.
0
Then we obtain

m _
IU™ 12 < 1U°I% + X wll £ 4 Q™ - U™

n=1

Let |U*|| = max ||U"|. We further derive
0<n<N

N -
112 < AU°1+ Xl 77 + 0" - 1U*. (3.11)
n=1
The stability estimate for the adjoint state can proved in an analogue way. Here,
we just skip it. O

4 Time apaptive algorithm

As is shown in many references(see, for example, [25]), the solution of time fractional
diffusion equation in general has weak singularity near the initial value r = 0, which
reduces the convergence rate of numerical methods on uniform mesh. There are some
references developing numerical methods on graded mesh or nonuniform mesh to
improve the behavior of numerical solutions, for example, [4, 8, 9]. In the optimal
control problem governed by time fractional diffusion equation, the state variable
and adjoint state variable have weak singularity near t = 0 and t = T, respectively,
which make the problem become more complicated and more difficult to construct
graded mesh and carry out corresponding numerical analysis.

In order to improve the quality of numerical solution near t = O and t = T, we
resort to the time adaptive algorithm, where the mesh size of time partition is chosen
according to the behavior of the solution.
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As we know the key problem of adaptive algorithm is the error estimator. Based
on step-doubling technique [13, 26], we define the error indicators for the state and

adjoint state variables:
1
E;l = (f u" — Un)zdx)z
Q

£ = (/Q(z"—l - 2”_1)2dx>%.

Here, U"(Z"~!) and un (/Z\"’l) are the discrete state and adjoint state solved on
(3.9) with a full step t,, and a half step t,, /2, respectively.

We define the error estimator £, = &£/ +E!'. For a given tolerance ;; ., we refine
the time mesh until the estimator £, is smaller than the tolerance ;.. Then we use
the last time step as the appropriate one. In the time adaptive algorithm, we use the
Dorfler’s (see, [27]) strategy as the marking strategy. Our time adaptive algorithm for
the time fractional optimal control problem is given below.

and

Algorithm 1 Time step adaptive algorithm for optimal control problem

1. Choose an initial spatial triangulation .7" and time partition {I,}o, and set m =
0. Given a tolerance 0;;;;. > O.
2. Loop

(a) Solve the discrete optimal system (3.9) on the time mesh {I,},, and {/ 2 bm
to get (U™, Z"~1, ") and (U", Z"~!, Q).

(b) Evaluate the indicator £} and £'.
If 5211 = (Btimea
Mark the time intervals with Dorfler’s strategy and refine them to generate
a new time mesh {1, },+1.
end.

(c) Update m and mesh information.

3. Endloop,if £}, < Bime.

5 Numerical experiments

In this section, numerical experiments will be carried out to illustrate the numerical
scheme and algorithm presented in Sections 3 and 4. In the following example for
smooth function the mean term, f” and ul; are approximated by f(t,) and u4(t,),
respectively. For the function with limited smoothness, we use numerical integral for-
mula to approximate them, for example, Gauss-Legendre formula with three points.
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The discrete norm /2(0; T; L%(S2)) is used to measure the error u — U, z — Z and
q — Q, for example,

N 1
2
e = Ull 2oz 12052y = (Z AR U"||iz(m) :

n=1

Example 5.1 In this example, we consider problem (1.1)—(1.2) with Q = [0, 1],
y = land T = 1.0. The exact solutions are given by

u = t"sinQ2mrx),
z=(1-1"cosmx),
¢ = max ( — 0.5, min(—z, —0.1)).

The right-hand term f and the desired state u, can be calculated by the exact
solutions and governing equations. v > 0 is a parameter. In this example, the state
variable and adjoint state variable admit typical layers at ¢ = 0 and t+ = T for small
v, respectively.

In this example, the state variable and the adjoint state variable are approximated
by a time-stepping discontinuous Galerkin method combined with piecewise linear
polynomial spaces, while the control variable is discretized by a variational dis-
cretization concept. This means the control variable is not explicitly approximated
by finite element function. For more details about variational discretization concept,
one can refer to [28].

Firstly, we consider the case v = 2. It is easy to see that the solution is smooth
with respect to time variable and space variable. The purpose of this case is to show
the accuracy of the time-stepping discontinuous Galerkin scheme. Figures 1 and 2
present the surface and space-time surface of the state variable, adjoint state variable

1.5 T
o "
un
10og <><><><>o<><> o1 287
@ [ @
& & ozt )
0.5 OO DD OQ - Q" DD 1
ol 8 & q" 8
& a & ]
o o & s 4
o & o &
// 5] & o \ &
nel _ s & | Yo o 8
0.5 o o o 5
DD DOO <><>
4l DDDDDDD OOQQQOO ]
15 . . . .
0 0.2 0.4 0.6 0.8 1

Fig. 1 The surfaces of state (at = T'), adjoint state(at = 0) and control (att = T') withv =2
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Fig. 2 The space-time surface of discrete state U and control Q with v =2

and control variable, respectively. In order to investigate the spatial and temporal
convergence rates, we need to couple T and & as T = h? and h = 72, respectively.
The spatial convergence rate of the state variable and the control variable in L? norm
are displayed in Fig. 3 for different 8. We can observe that the spatial convergence
rate is second order, which is optimal for piecewise linear polynomial approximation.
Figure 4 presents the temporal convergence rate for different 8, which implies the
temporal convergence rate for the control variable is first order, while the temporal
convergence rates for the state is a little better than one.

Secondly, we carry out numerical experiments for small v, for example v =
0.2, 0.6. In this case, the state and adjoint state variable only have limited regularity
with respect to time variable and admit typical boundary layer near r = 0andt = T,
respectively, which leads to degenerated time convergence rate in the error of time
stepping discontinuous Galerkin approximation on uniform time grids. This is con-
firmed by the numerical results shown in Fig. 5, where we set & = 2. It is easy to
see that the convergence rate for the state and adjoint state are less than one, while
the convergence rate for the control variable seems to be better than those of state
and adjoint state.
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Fig. 3 The space convergence rate for state and control with v = 2. Left for 8 = 0.4, right for § = 0.8
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Fig.4 The temporal convergence rate for state and control with v = 2. Left for 8§ = 0.4, right for 8 = 0.8
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Fig. 5 The temporal convergence rate for state and control. Left for v = 0.2, 8 = 0.4, right for v =
0.6,8=0.8
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Fig. 6 The adaptive time grids for v = 0.2. Left for N = 42, right for N = 153
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Table 1 The error of state variable, adjoint state variable, and control variable on adaptive time grids and
uniform time grids with space dofs M =100and v = 0.2and 8 = 0.4

Grids lu = Ullzo,7: 122 lz = Zll2o, 1120 lg = Qllzw,7;120)
Uniform grids N =50 0.0332 0.0494 0.0268

N =100 0.0241 0.0350 0.0159

N =300 0.0153 0.0213 0.0069
Adaptive grids N =30 0.0320 0.0526 0.0171

N =56 0.0210 0.0327 0.0102

N =108 0.0137 0.0206 0.0060

Finally, to improve the quality of numerical solution and reduce computational
cost we use the time adaptive algorithm to guide the time mesh refinement. In Fig. 6,
we plot the adaptive time grid for v = 0.2. The adaptive refinement near the time
boundary + = 0 and + = T demonstrates that our indicator can efficiently capture
the singularities well. The errors of state variable, adjoint state variable and control
variable on uniform time grids and adaptive time grids are presented in Table 1.
We can observe that using adaptive time grids can greatly reduce the error and save
computational cost. The convergence rates of state, adjoint state and control variable
on adaptive time grids are presented in Fig. 7.
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Fig. 7 The convergence rate for state, adjoint state and control variable on adaptive time grids with
M=200,v=02and 8 =04
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