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A REGULARIZATION METHOD FOR
BACKWARD PROBLEMS OF SINGULARLY
PERTURBED PARABOLIC AND
FRACTIONAL DIFFUSION EQUATIONS

Jin Wen!', Yun-Long Liu', Xue-Juan Ren? and Donal O’Regan?

Abstract In this paper, backward problems of singularly perturbed parabolic
and fractional diffusion equations are studied from the additional tempera-
ture data at fixed time ¢ = T. We analyze the ill-posedness of these two
inverse problems, and apply the quasi-reversibility regularization method to
solve these problems. Then we obtain the convergence rates of logarithmic
and Holder types for the backward problems. Finally, several one- and two-
dimensional numerical examples are given to verify the effectiveness and fea-
sibility of the proposed method.
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1. Introduction

Singularly perturbed problems play important roles in many application fields,
for example, Navier-Stokes equations with high Reynolds numbers, heat transport
problems with large Peclet numbers, drift-diffusion equations in modeling semi-
conductor devices, and magneto-hydrodynamic pipelines at Hartmann numbers;
for references focusing on the numerical aspects see [2,21,38] and the references
therein.

As early as the 1950s, Haber et al. studied the boundary value problem of
singularly perturbed differential equations [12,13]. In [34], the authors studied the
initial boundary value problem for singularly perturbed Boussinesq-type equations
and in [33], the authors studied a stable standard difference scheme for a singularly
perturbed convection-diffusion equation under computer perturbations. In [27],
Lukyanenko et al. studied the analytic-numerical approach to solving singularly
perturbed parabolic equations with the use of dynamic adapted meshes; for more
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information on singularly perturbed differential equations, see [3,15,17,22, 29,32,
36,37].

In [1], Bomba et al. studied the inverse singular perturbation problem of
convection-diffusion type over a quadrilateral curve field and in [25], Lukyanenko
et al. studied the inverse coefficient solution of nonlinear singularly perturbed
reaction-diffusion-advection equations with final time data. In [24], the authors
studied the coefficient inverse problem for a nonlinear singularly perturbed two-
dimensional reaction-diffusion equation with the location of moving front data and
in [5], Chaikovskii et al. analyzed the convergence of forward and inverse prob-
lems of the singular-perturbed time-varying reaction-advection diffusion equation.
In [4], the authors studied the asymptotic expansion regularization for inverse source
problems in two-dimensional singularly perturbed nonlinear parabolic PDEs; for
more information on inverse problems of singularly perturbed differential equations,
see [7,8,23,26].

To overcome the ill-posedness of the inverse problems, we need to use various
regularization methods. In 1969, Lattés and Lions [18] proposed the method of
quasi-reversibility to stabilize ill-posed problems. The main principle of this method
is to replace the original second-order ill-posed problem by a family of well-posed
fourth-order problems depending on a regularization parameter. Later, Eldén [11]
used this method to consider the inverse heat conduction problem.

This method has been applied to solve various inverse diffusion problems, for ex-
ample, Dorroh and Ru [9] considered the Cauchy problem for the heat equation (also
we can call it sideways heat equation), Duc et al. [10] considered the inverse source
problem of time-space fractional parabolic equations, Wen et al. [42] considered the
backward problem of time-fractional wave equations, and Wang et al. [40] consid-
ered the inverse space-dependent source for the time-fractional diffusion equation.
From the references by Yang et al. [47,48], we can see that the proposed inverse
source problem is mildly ill-posed and the degree of the ill-posedness is equivalent
to the second-order numerical differentiation. In [6], the author studied the iterated
quasi-reversibility method to regularize ill-posed elliptic and parabolic problems.
For more results on numerical methods and regularization methods for diffusion
equations, one can see [19,35,41,43-45].

In this paper, we consider the singularly perturbed time-fractional diffusion
equation with Dirichlet boundary condition as follows

0?u(z,t) o ~ Ou(x,t)
EWthU(I,t)—fww’EEQ, tE(O7T)a
u(z,t) =0, zed, te(0,7), (1.1)
u(z,0) = a(z), z €,

where u is an unknown function, @ C R? (d = 1, 2), 0 < ¢ < 1, and D§u(z,t) is
the Caputo left-sided fractional derivative of order a € (0, 1] defined by

t
Fll / utT(x’Tzdr, 0<a<l,
D, ) = a((_g) o (t=7) (1.2)
u(x,
ot

in which T'(-) denotes the Gamma function. In particular, when o = 1, above
equation is the singularly perturbed parabolic equation.

) a:]"



2214 J. Wen, Y.-L. Liu, X.-J. Ren & D. O’Regan

Denote f(z) = u(z,T) as the final time data. Since the measurement is noise-
contaminated inevitably, we denote the noisy measurement of f as f° which satisfies

fF=rl <o, (1.3)

where || - || is the L?(0, 1) norm throughout this paper.

In this paper, we consider the following two inverse problems:

(IP1): When o = 1, the backward problem for the singularly perturbed
parabolic equation.

(IP2): When « € (0,1), the backward problem for the singularly perturbed
fractional diffusion equation.

This paper is organized as follows. Section 2 presents some preliminary results.
Section 3 discusses the ill-posedness of our proposed two inverse problems. The
quasi-reversibility method is given in Section 4 and error estimates are obtained
by a priori choice principle of the regularization parameters. Several numerical
experiments are presented in Section 5 and Section 6 gives a short conclusion.

2. Preliminaries

In order to facilitate the following proofs on theoretical derivation, we give the
following definition and lemmas.

Definition 2.1. [16,30] The Mittag-Leffer function is defined by

o0 Z's
Ea - 77 C’
1(2) Sz:% [(sa+1) Z€

with an arbitrary constant a > 0.

Lemma 2.1. Forn € Nt and e, > 0, we have

2eun?r? + e+ \/|e2 — p — u2n2n?| - 2 N 1
2u + 2u2n2n? “unop

A=

Proof. (1) Suppose €2 — i — p?n?72 > 0, then we have

2eun?m? + e 2eun?m? RN 3¢
2p + 2u2n2m2 T 2u2n2mw2  2u — op 2 2u’
and
Ve —p—Pntn? Ve e
2u +2u2n?n2 T 2u T 24’

so combining above two inequalities gives

2epun®n? + ¢+ \/|e2 — p — pu2n272] < 3e L 2e
24 + 2u?n2m? “2u 2u
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(2) Suppose €2 — i — p?n?mw? < 0, then we can obtain that

N 2eun?m? + e+ \/]e? — p — p2n2n?|
no 2u + 2p2n2m2
- V(2epn2n? + )2 \/u+ p2n2n2 — 2

2u + 2u2n2m? 24 + 2u2n2m?
2.2

< 2epn“n + ¢ + 1

T 2p 202 2/ + pPn2n?

S

=u o oy

1

T 2n p

Thus
2epun?r? + e+ \/]e2 — p — u2n2n?| 2 N 1
2u + 2u2n2n? T uop

The proof is completed. O

Lemma 2.2. Forn € N, 2 €[0,1], and 0 < ¢ < 1, we have

NA%‘D x
|1 — e2e2—2eppy ‘ S Ol, ‘62572u>\/f,‘ ‘ S 02’
where Cy, Cs are constants.

b z
Proof. First of all, let f(z) =1— 6252‘:25“*5 and g(x) = e2—23 . We know from
Lemma 2.1 that A\ is uniformly convergent, and p, € are constants, so whether
% and 2e — 2u\ are greater than 0 or not, f(z) and g(x) are monotonic
functions of . Therefore, there exist constants C; and Cs such that

N

|1 — 625272Eu>\% | S 017

and
em S CQ.
The proof is completed. O
Lemma 2.3. [31] For Vr >0,
1—e "<

Lemma 2.4. Forn € N and e, > 0, if u < 2¢2, then we have

2 pnirt
Ay — A< 2 BT
" T e 14 un?m?

2,22 2epn?mle+/|e2 —p—p2n2w2
he,r,e)\n:4sn7r+1 M = ‘222 |
4e > 0n 2u2p?n?mT
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Proof. Note
N 4e2n?7? +1  2eun®n? + e+ \/|e2 — p — p2n272|
oo 4e 201 + 2u2n2m2
_ 462120t t 4 4e2un2m® + p + pln2r

dep(1 + pn?m2?)
4e?un?n? 4 22 + 2e/]e2 — p — p2nin2?]

dep(1 + pn?m2?)
46212004+ 12n2n?

nENETE 4 ptncw

dep(1 + pn?m2)

262 +2e/]e? — p — pu2n2n2 — p
a dep(1 + pn?m?) '

Note that if p < 22, then 2e% + 2e/|e2 — pp — pu2n272| — u > 0. Thus

462120t t  2n2n?
dep(l + pn?n?)

4u2n47r4(82+ 1 2)

)\n_/\ﬁg

4n3m
dep(l + pn?n2)
2 pnirt
~ e l+4 un?n?’
The proof is completed. O

Lemma 2.5. [20] For 0 < a <1, n > 0, we have 0 < E, 1(—n) < 1. Moreover,
Eo1(—n) is completely monotonic, that is

d’ﬂ
—1)"——Eo1(-n) >0, n>0.
(1) g Bar (-0 2 0. >0

Lemma 2.6. [46] For any Ay satisfying \i, > A1 > 0, there exist positive constants
C, C > 0 depending on o, T, \1 such that

C B (enT <
k

el

3. Ill-posedness of the inverse problem

In this section, we will analyze the ill-posedness of (IP1) and (IP2).

First of all, we will study (IP1): The backward problem for the singularly
perturbed parabolic equation when a = 1.

If « =1, Equation (1.1) can be changed into the following equation

O*u(x,t)  Ou(x,t)  Ou(z,t)
e Ve , reQ, te(0,7),

u(z,t) =0, xe€ed, te(0,T), (3.1)
u(z,0) = a(x), x €.
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Applying the method of separation of variables, we seek a solution of (3.1) of
the form

u(@,t) =Y pu(t)yn(2)- (3:2)
n=1
Substituting (3.1) into (3.2), we require that y, () satisfies the equation

Y () +yn () = —Ayn(z),2 € (Q) (3.3)

and the boundary conditions

yn(0) = yn(1) =0,
where X is an unknown constant. The eigenvalues and eigenfunctions are

_ 4e2n272 + 1

Ap = " , Yn(x) =sin(nmx), n>1. (3.4)

The solution of the direct problem (3.1) is given by formula
u(z,t) = Z ane” 2 Mlgin(nmr), (3.5)
n=1

here {a,}22, are the Fourier coefficients of the function a(x). Then putting t =T
in (3.5) we obtain that

oo
flz) = Z ane T e 2 sin(nm),
n=1

therefore .
a(x) = Z foe*Tezs sin(nmx), (3.6)
n=1

here {f,}>2, are the Fourier coefficients of the function f(z) as follows

2 1
= — in(nmé)dg.
fu== [ 1@sintome)a

From the right hand side of (3.6), we see that the coefficient function e*»T
approaches infinity when n — oo. Therefore, for (3.6), the exact data function f(x)
must decay rapidly when n — oo, otherwise a small error in the measured data
will explode and completely destroy the solution. In [14], a detailed proof of the
ill-posedness of this inverse problem was given.

(IP2): Let a € (0,1), we study the backward problem for the singularly perturbed
fractional diffusion equation as follows.
Firstly, we give the following singularly perturbed fractional diffusion equation

0%u(x,t) o ou(x,t)
€W—Dtu—— O s er, tE(O,T),
u(z,t) =0, zed, te(0,T), (3.7)

u(z,0) = a(x), x €.
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Similarly by the method of separative of variables, the solution of the direct
problem (3.7) is given by

u(z,t) = Z ane” 2 Bg1(—Apt®) sin(nmz), (3.8)
n=1
where, {a,}52 ; are the Fourier coefficients of the function a(z) and A, = %
Then putting ¢ = T in (3.8), we obtain that
flz) = Z anEo1 (=M T%)e” 2 sin(nrz),
n=1
therefore
a(z) = Z Eal(f;\nme;e sin(nmx). (3.9)

n=1

Because A\, > 0 and ), is monotonically increasing, it follows from Lemma 2.5 that
Eu1(=AT%) — 0 as n — co. Hence, above backward problem is also an ill-posed
problem.

4. Quasi-reversibility regularization method and er-
ror estimate

In this section, we propose the quasi-reversibility method to solve (IP1) and (IP2).

4.1. Quasi-reversibility regularization method and error esti-
mate for (IP1)

Add to the singularly perturbed parabolic equation the proposed quasi-reversibility
regularization item v,.¢:

O*v(x,t)  Ov(x,t)  Ov(x,t)
€ 8%2 - ot - or - ,Ul/g;wt(x,t), T € Q, te (O,T),
v(z,t) =0, redN, te(0,T), 1)
V(Z',O):CL(J?), T €€,
v(z,T) = f(z), x€Q,

where p > 0 is a regularization parameter. Applying the method of separation of
variables, we seek a solution of the form

v(e,t) = 3 pult)ya(a). (4.2)

Substituting (4.1) into (4.2), we require that y, () satisfies the equation

(€ = uA)y, (2) + Y () = =NMyn(x), z€(0,1) (4.3)
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and the boundary conditions

Using the method of solving ordinary differential equation (4.3), we get the
following eigenvalue equation

(e — uNYM2 +m + M\ =0,

consequently,

Tl V1 —4(eA — p(A)?)
N 2(e — pAR)

Then the general solution for y, (z) is

1 V1—4(eAH —p(AH)2) —/1—4(eXH —p(AH)2)
yn(x) = e2(E—urr) (Cle 2(c—pNF) T + 026 PICET O N x))

here C; and Cy are constants.

Case 1. If 1 — 4(eM — p(A4)?) > 0, the boundary conditions y,(0) = 0 and
yn(1) = 0 imply that C; = 0 and C2 = 0. Hence, we can get the solution y, (z) =
This trivial solution is not satisfied.

Case 2. If 1 — 4(eA? — p(A#)?) = 0, the unique solution satisfying the boundary
conditions is y, (z) = 0, which is the same as Case 1.

Case 3. If 1 — 4(eA" — pu(A4)?) < 0, the general solution using Euler’s formula is
VAN — a0 1
2(e — pAH)

VIEV = 0m -1
2(e — pAH) '

Yn () =T (Cy cos(

x)

+ Cg Sin(

For above solution, boundary condition y,(0) = 0 requires that C; = 0, so

VA = ) — 1
2(e — pA®)

yn(z) = 0262(5:‘})‘“) sin(

On the other hand, boundary condition ¥, (1) = 0 requires that

VAN — (W) — 1

-1 o
Cae2GE=i3) gin( 2= ) ) =0,
if Cy = 0 then g, (2) = 0; if C # 0 then sin( V5 HOI=1) — g 5o
VI — a1 _

2(e — pA®)

Therefore, we can obtain the non-trivial solution for (4.3) satisfying the above
boundary conditions (4.4) if and only if

1 —4(eM — p(M)?) <0, (4.5)
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and

VIRV — i)
2(e — pAR)
Solving the equation (4.6) for M, we have

L nm. (4.6)

VAEM — p(A)2) — 1 = 2n7(e — pAH).
By simple calculation, we can get
(4 + 4420212 (A2 — (4e + Suen?7%) A + (1 + 4e*n?7?) = 0. (4.7)

The eigenvalues and eigenfunctions are respectively

N — 2epun®n? + e + /|e2 — p — pu2n372|
no 24+ 2p2n2m?

,  Yn(x) =sin(nmz), n>1. (4.8)
The solution of the direct problem (4.1) is given by the formula:
0 . N
t) = Z ane =2k sin(nra). (4.9)

Then substituting the exact data f(z) and the error data fo(z) at time t = T
respectively into (3.5), we can obtain

Zan AT o o2l sin(nmx),

and
e R A—
fo(x) = Zanef)‘ﬁTe 2e—2u0 gin(nm).
n=1
Therefore
Zf T a2l sin(nmx),
and
o0
a/‘i(x) = Z fleAnTgze- Y sin(nmx), (4.10)
n=1

here {f2}22, are the Fourier coefficients of the function f°(z).
By the same notation as [49], we also use ||-||, to denote the norm of the Sobolev
space HP(Q)) defined by

oo

1FOIE =D (A +n*m®)P 7, (4.11)

n=1

where, p > 0 is a constant and {f,}52; are the Fourier coefficients of the function
f(x). Moreover, we have the followmg a priori bound about u(z,0)

[[u(-, 0)ll, < E. (4.12)

Then, we have the following error estimate between a(z) and ai(m).
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Theorem 4.1. Suppose that the noisy data satisfy the condition (1.3), ¢ is a con-
stant and given by (1.3), p < 22, with the regularization parameter u chosen as

2 nr
_ &7 (4.13)
ln( (ln )—2p)
and the a priori assumption (4.12) holds. Then for p > 0, we have
2e+1)T \' (24 1T
lla(-) — ap(-)]| <C" max ; E
" ln(%(ln %)_217) ln(%(ln %)—%)
)
+Cy———.
*(In B2
Proof. From (3.6) and (4.10), we have
waw%m<mm—%OW+mw%wmm
= Zf e*Teze sin(nmx) ane T a2l sin(nmx)||
n=1
+1 Zf M T3 2inE sin(nmx) — Zf‘se e T sin(nmx)||
n=1 n=1
= || Z(fne;? _ fn6257:’”‘% )(e)mT . eMtT) Sin(mrm)H
n=1
I
+ | Z faeze2E — oozt ) MT sin(nra)]|.
n=1
I

Next, we will estimate I; and I5. Note
L= Z wed — fuemend ) (T — MT) sin(nma))|

=l Z fne? (1 - eT2n, 72%)(@"7“ — M) sin(nwz)||

) N
SIS fue® (1 — Tt 30T ) (T = MT) sin(nma)|

, pAl .
=l Z foe?= (1 — e222emll) (T — 2T sin(nra)||

N
p

—HEZfeke” — 3T )(1 4 2% E (1 4+ nPn?) b
X (1 — *(/\"T*/\"T)) sin(nmz)||

< sup|l — =S o T — e~ P Ty (1 4+ n2a?) "3 |E.
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By calculation, if u < 22, we have
An — AR >0.
According to Lemma 2.3 and Lemma 2.4, we obtain

2T  nirt

1—e Gn= 2Ty < (N, =N < = ——
(I—e )< ( ) = T a2

(4.14)

Let A(nm) = (1 — e~ A= XITY)(1 4 n272)~%. In order to estimate A(nr), we will
consider two cases.

Case 1. When nmw > u_%, we have

]

Alnm) < (1 +n?72)"% < (nm) 7P < pf.

Case 2. When 1 < nm < =7, we estimate A(nm) by (4.14) as

< 2T  un*m?t

Alnm) < e 14 pn2n?

pnirt(14+n2n?)"% <

» 2T
(1+n27r2)_7§? *

If 0 < p < 4, note that nw < /F%, and the above inequality becomes into

2T 2T »
A(nm) < —p(nm)' P < —pt,
€ €
else if p > 4, note that nm > 1, and we get
2T
A(nm) < —p.
€

Now combining the above, we get

2T p 2T
A(nm) < max{?,uz, ?,u}

Therefore, we obtain
2T 2 y »
L < Ci— max{p*, u}E < C'max{p*, pu}E. (4.15)
3

According to Lemma 2.1, Lemma 2.2 and (1.3), we conclude that

e oo
12 = || Z fne/\"Tem sin(nﬂ'x) — Z fﬁe“ﬁé%m Sin(mrx)||
n=1 n=1
> x
=l Z(fn — e e sin(nnz)|
n=1
< sup|em eAZT|5
n
< C2e2a:1T

Thus, we have

2e+1

la() = ap Ol < L+ I < C'max{u¥, u} E + Cae ™5 T6.
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We plug (4.13) into the above equation to get:

26+1)T ' (2+1)T
D) —al ()] <C’' ma ( E
o) = N (W Ewm D) =) ) w(Ews) =)
+Cy—r—.
“(In Z)2r
Now, the proof of the theorem is completed. O

Remark 4.1. Since the regularization parameter g — 0 as the measured error
0 — 0, we find

li y—=a’()|] =0

lim () — a3 ()] =0,

ifp>0, p<2e.

4.2. Quasi-reversibility regularization method and error esti-
mate for (IP2)

The quasi-reversibility regularization term Dg*v,, is added to the singular pertur-
bation fractional diffusion equation:

0%v o ov o
sw—DtV:—%—th%m xeQ, te(0,T),
v(z,t) =0, ze€d, te(0,T), (4.16)
v(z,0) = a(z), x € Q,
V(J,‘,T):f(;(]}), -TEQa

where p > 0 is a regularization parameter.
Similar to Problem (4.1) we can get the same A, so the solution of Problem
(4.16) is given by the following

o
= Z ane 2e-2030 By 1 (=AM sin(nrz). (4.17)

Then substituting the exact data f(x) and the error data fo(z) at time t = T
respectively into (4.17), we can obtain

Zan w1 (AT Y)e  2e-20000 2T sin(nmz),

n=1

and -
Ap Log, 1 e 2e-2mAf 2“% sin(nwx).
Eo1 (=0T

n=1
Therefore -

= Z z /\HTa)em sin(nmz),

n—1 a, 1

and -

= Z Forl /\#Ta)e%—;ﬂ*ﬁ sin(nmz). (4.18)
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Theorem 4.2. Assume that the noisy data satisfy the condition (1.8), 6 is a con-
stant and given by (1.3), p < 22, with the regularization parameter u chosen as

= (%)ﬁ, (4.19)
and the a priori assumption (4.12) holds. Then for p > 0, we have

(25 + 1)02

lo() — ab()l| < Camax{ssiz B, 57t Bt} + 5T

=g o=y
Proof. From (3.9) and (4.18), we have

lla(:) = a. ()|
< la() = au(- )II2 +llau () = an ()]l

= HZ o /\ Ta )eze sin(nmx) — Z e )\MTQ)e% 2n sin(nm)||?

oo
+ Z Eo. )\NTQ)ezf Y sin(nmx) nz::l o )\MTa)e%%M% sin(nmx)||

- z fn 771 T .
HZ L o " By ) sin(nma)|
I3
+I Z AHT&)eZE—gw sin(nrz)||
Iy

Next, we will estimate I3 and Iy:

I; = ||nz1 )\ T‘X) ese — meM)sin(nwx)||
—||nz1 f”efTa)(1—eas2ﬁﬁm)(1+n 72)E (1 4 n?n?) "%
(1= g sinfoma)|
< suplt — T (1 - T ) B,

Given that A, > 0, M > 0, if u < 2¢2, we have A, — A* > 0. We can see from
Lemma 2.5 that the function E, ja(—n) of n is monotonically decreasing, then

Eo1(=AT%) < Eq1(=AET?),

S0,
Eo1(—AT9)
E

— = < 1.
a,l(_/\lrtTa) <
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By Lemmas 2.4, 2.6 and (3.4), we have

c
1_ Ea,l(*)\nTa) < /\7n
Eo1(=ApT*) — /\QM
AP
=1-C-=2
An
- AH
<C(l1--+=2
<C1-{
~ An — A
< C(T)
2 /Ln47r4
< 5 e 1+un2m2
- en?m2 4 ﬁ)
2.2
un“m
< (Cy3——r—os.
= 1+ m2r?

Let B(nm) = (1 — %)(1 + n%72)~%, to estimate B(nn), we will consider
two cases.

Case 1. For nm > ™2, we can easily estimate B(nr) as
p
2

B(nm) < (1+n7%)"% < (nm) 7P < p?.

Case 2. For 1 < nw < =2, we estimate B(nw) by Lemma 2.3 as

pun?m?

1—1—72( +n?r?) 78 < Capn®n?(1 4+ n’x%) "2 < Cyp(nm)> P
pun2m?2

B(nm) < Cs

If 0 < p < 2, note that nw < p %, above inequality becomes into
B(nr) < Cyu(nm)>P < Cap?,
else if p > 2, note that nm > 1, we get
B(nm) < Csp.
Now combining above, we get

B(nm) < Cymax{u®,u}.

Therefore, we can obtain
I3 < Cymax{u?, u}E. (4.20)

According to Lemmas 2.1, 2.2, 2.6 and (1.3), we can get
L= Z o AHTG)W—%% sin(nmz))|

P 1
< Slrllp|e2sf2ukﬁ ||7Ea AT |0

AR
< Czﬁn(s

L (2e+1)0 8
- C
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Thus, we have

P 2¢e +1)Cy 6
la) ~ Ol < o+ o < Camax{f, 5 + EEDE2,

Substituting (4.19) into the above equation to, we can achieve

lla(-) = al,(-)|| <C4 max{§7:2 E737, 72 7o }
(2€+1)Cg
T

p 2
ort2 otz

The proof is completed. O

Remark 4.2. When the measured error § — 0, for p > 0, p < 2¢2. We can obtain

li ) —dal (- )
lmfla() =@ ()Il =0, p>0

5. Numerical experiments

To verify the above theoretical results, we will give some numerical experiments in
this section. The numerical examples are calculated as follows:

First, the accurate data function f(z) is obtained by solving the direct problem
with the exact initial value a(z).

Then, we add a perturbation of the normal distribution to each resulting function
f(z), giving the vector f°(z),

f° = f+68f-randn(size(f)), (5.1)

where “randn(-)” is a normally distributed random variable with zero mean and
unit standard deviation.

Finally, £ is applied to (4.10) and (4.18) to obtain the regularization solution.
In order to illustrate the accuracy of the numerical solution, we compute the relative
error in L?(Q) between the numerical and exact solutions by

_ gk () —a()llzzo,)

H@(')||L2(0,1)
where ai(z) is the regularization solution, and a(z) is the exact solution.
5.1. Numerical experiments for (IP1)
Example 5.1. Consider the continuous initial value
a(x) = sin(3rx)e®, x€[0,1]. (5.3)

In this example, let ¢ = 0.001. Numerical results at different noise levels § =
0.01, 0.05, 0.1 are shown in Figure 1.

It can be seen from the figure that the numerical results are in agreement with
the exact solution to a high noise level § = 0.1, The results show that the accuracy
and stability of the proposed method is satisfactory for inverse initial value problem.
In Table 1, we show the values of E(a) under different € and 4, and it can be observed
that the numerical results are stable with the parameters e.
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2

exact solution
2F  |——s=001
—b—6-0.05
5=0.1

exact solution a(x) and approximate solutions a

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Figure 1. Exact solution and its approximation for Example 5.1 when ¢ = 0.001.

Table 1. The relative errors E(a) with different singular value £ and noise level § for Example 5.1.

€ 0=0.01 0=0.05 0=0.1
0.001 0.0173 0.0403 0.0727
0.005 0.0151 0.0311 0.0581
0.008 0.0106 0.0302 0.0511

Example 5.2. Consider non-smooth initial value

1
—4 <<=
x, _m_4,
1 1
8x — 3, -<z< -,
_ 4 2
a(x) = 1 3
-8 5 = < -
T + 0, 2<x_4,
3
4x — 4, Z<m§l.

(5.4)

In this example, let ¢ = 0.003. The numerical results with various noise levels
6 = 0.01, 0.05, 0.1 are illustrated in Figure 2. As can be seen from the figure, our
numerical method is also very effective for reconstructing the initial values of the

nonsmooth functions with cusps.

Example 5.3. Consider piecewise initial value

1

0 0<e< =

b —x—4,

1 1< <1
lep<z
b 4 —2’

a(z) = 1 3
1. = <2
) 2<x—47
3

In this example, let ¢ = 0.005. Numerical results at different noise levels § =
0.01, 0.05, 0.1 are displayed in Figure 3. It can be seen from the figure that the
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o

*x)

exact solution
—#—4=0.01

J
7

1F 3 —H—§=0.05
6=0.1

exact solution a(x) and approximate solutions a

Figure 2. Exact solution and its approximation for Example 5.2 when ¢ = 0.003.

error between the approximate solution and the exact solution is very small and
show that the approximate solution has good stability.

o

(x)

exact solution
—#—§=0.01
—H—=0.05

9=0.1

J
/"

exact solution a(x) and approximate solutions a

Figure 3. Exact solution and its approximation for Example 5.3 when ¢ = 0.005.

Example 5.4. Consider a two-dimensional example
a(z,y) = sin(37x) sin(27y) + 2(1 — 2) + y*(1 — y)°. (5.6)

In this example, let ¢ = 0.001, u = 6.737 x 1076, 6.74 x 107%, 6.75 x 1076. The
numerical results with various noise levels § = 0.01, 0.05, 0.1 are illustrated in
Figure 4, and the corresponding numerical errors are shown in the Figure 5. From
these figures, we can see that the proposed method is also very effective for two-
dimensional examples.

From the figures above, we can see that the numerical results obtained by our
regularization method are in good agreement with the exact values, even when rela-
tively large errors are added to the measured data. It shows that our regularization
method is very effective for retrieving the initial values of singularly perturbed
parabolic equations.
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(c) numerical solution with § = 0.05 (d) numerical solution with § = 0.1
Figure 4. Numerical results for source term in Example 5.4.
5.2. Numerical experiments for (IP2)
Example 5.5. Consider the continuous initial value
a(z) = sin(5rz)e® + O (1 — 2) ) 2 co,1]. (5.7)

In this example, let ¢ = 0.001, o = 0.8. Numerical results at different noise levels
0 = 0.01, 0.05, 0.1 are shown in Figure 6. As can be seen from the figure, the
error between the regularized and exact solutions is very small, indicating that our

numerical method is very efficient for reconstructing continuous initial values.

Example 5.6. Consider the non-smooth initial value

1

0 0<z <=

) —x—47

1 1
4xr —1, —<z< -,

_ 4 2
o(z) = 1 3
—4 3, = < -
T + 3, 2<x_4,
3

In this example, let € = 0.004, & = 0.8. Numerical results with different noise levels
6 = 0.01, 0.05, 0.1 are shown in Figure 7. For fractional diffusion equations, our
numerical method is also feasible to reconstruct the initial values containing cusps.
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(a) absolute error to the source term (b) absolute error to the source term
with § = 0.01 with § = 0.05

(c) absolute error to the source term

with 6 = 0.1

Figure 5. The comparison of the numerical effects between the exact source term and its computed
approximations for Example 5.4.
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Figure 6. Exact solution and its approximation for Example 5.5 when € = 0.001, « = 0.8.



Backward problems of singularly perturbed equations 2231

Table 2 reports the relative errors of Example 5.6 for different o and . From the
table, we notice that the relative error E(a) is relatively stable.

'(x)

o
4

exact solution
—#—46=0.01
—H—6=0.05

6=0.1

0.8
0.6
0.4 -
02

Y . /
yyyyyyyyy

-0.2

mmmmmmmmm
wwwwwwwww

exact solution a(x) and approximate solutions a

Figure 7. Exact solution and its approximation for Example 5.6 when € = 0.004, « = 0.8.

Table 2. The relative errors E(a) with different fractional order a and noise level € when § = 0.01 for
Example 5.6.

o €=0.001 €=0.005 €=0.008

0.2 0.0072 0.0064 0.0052

0.5 0.0065 0.0056 0.0046

0.8 0.0058 0.0054 0.0043

Example 5.7. Consider piecewise continuous initial value

1
<zr< -
0, 0<z< 1
1 1
a(z) = { sin(0.25m)e? + 0.53+22) 1<7<5 (5.9)
1
sin(5mx)e” 4+ z(1F) (1 — z)3+e), 5 <@ <1

In this example, let € = 0.008, o = 0.8. Numerical results with different noise levels
6 = 0.01, 0.05, 0.1 are displayed in Figure 8.

Example 5.8. Consider a two-dimensional example

2z° 2y, (2% —3y?)
a(x,y) = cos(4rx) cos(2my) + (? —z%)e\ Y TV, (5.10)

In this example, let ¢ = 0.001 and o = 0.8, and we choose that ;. = 6.7 x 1076, 8 x
1076, 9 x 1076 for different noise levels § = 0.01, 0.05, 0.1, respectively. The
numerical results are illustrated in Figure 9, and the corresponding numerical errors
are shown in the Figure 10. From these figures, we can see that the method used
in this paper is also very effective for the two-dimensional fractional examples.
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000
)}

exact solution
—+—4=0.01
—B—6=0.05
&—0=0.1

exact solution a(x) and approximate solutions a'

3 1 1 1 1 1 1 1 I I

0 0.1 02 03 04 05 06 07 08 09 1

(a) exact solution (b) numerical solution with § = 0.01

(¢) numerical solution with § = 0.05 (d) numerical solution with § = 0.1

Figure 9. Numerical results for source term in Example 5.8 when o = 0.8.

Combining Figures 1-10 with Tables 1-2, we can see that the numerical method
presented in this paper is very effective for the inversion of the initial values of
singularly perturbed parabolic and fractional diffusion equations, and has good
convergence for both one- and two-dimensional numerical examples. Moreover, the
numerical solutions are in good agreement with the exact solutions, even for the
noise level up to 6 = 0.1.
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4
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Wil
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(a) absolute error to the source term (b) absolute error to the source term

with 6 = 0.01 with 6 = 0.05

(c) absolute error to the source term

with § = 0.1

Figure 10. The comparison of the numerical effects between the exact source term and its computed
approximations for Example 5.8 when o = 0.8.

6. Conclusion

In this paper, we consider the problem of recovering the initial values of the singu-
larly perturbed parabolic and fractional diffusion equations. Based on the quasi-
reversibility method, we present regularized solutions and error estimates for both
problems, respectively. Numerical examples of one- and two-dimensional show that
the regularization method is effective and accurate under different noise levels.

In the future, we will study the singularly perturbed fractional diffusion wave
equation o € (1,2), and try to analyze its existence, uniqueness and convergence
estimates.
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