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Abstract: In this article, the problem of identifying the source term in transport processes given by a complete
parabolic equation is studied mathematically from noisy measurements taken at an arbitrary fixed time. The prob-
lem is solved analytically with Fourier techniques and it is shown that this solution is not stable. Three single
parameter families of regularization operators are proposed to dealt with the instability of the solution. Each of
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1 Introduction

Complete parabolic equations are used to model transport phenomena. These are highly studied due to the number
of direct applications they are related to in different fields of physics, as they are used to analyze the transfer
of mass, energy, and information in different processes [1, 2. Among the most important applications, we can
mention the heat transfer of a body immersed in a moving fluid [3]], heat transfer in biological tissue [4]], and the
concentration of a certain compound in a flow of water [3].

On the other hand, the problem of source determination has been analyzed in recent years in various areas of
applied physics and has garnered considerable attention in current research. It finds applications in fields such as
heat conduction [6, 7,8 9]], crack identification [[10], electromagnetic theory [11, (12, [13]], geophysical prospecting
[14], contaminant detection [15], and detection of tumor cells [16], among others.

Several methods are available in the literature for determining a source, and among the most important tools
are the potential logarithmic method [[17]], the projective method [18], Green functions [19], limit element methods
of dual reciprocity [20], the method of dual reciprocity [21], and the method of fundamental solution [22]].

In the context of various transport processes or complete parabolic differential equations, there is a limited
number of articles published for the general case [23} [24} 25]], with the majority of available literature focusing on
the one-dimensional heat equation. Different methods, techniques, and strategies have been employed to retrieve
sources in this equation, as seen in [26, 27, 28]]. Many articles analyze specific cases with simplifications or
restrictions in mathematical models, source types, boundary conditions, or selected domains, such as [26} 27, 28]
29, 130, 31, 132]. The most commonly used methods in these cases include the limit element method [26, 28],



the fundamental solution method [27, [32]], the Ritz-Galerkin method [33]], the finite difference method [34], the
meshless method [35], the conditional stability method [36]], and the shooting method [29].

The problem of source determination is considered ill-posed in the sense of Hadamard [37], as the solution
does not depend continuously on the data. Regularization methods [38l [39] play a crucial role in estimating
unstable solutions. Among the most commonly used are the iterative regularization method [40, 41]], the simplified
Tikhonov regularization method [42 43| 144, 45, 46[], the modified regularization method [8 25| 146} 47, 48l |49],
Fourier truncation [48]], and the mollification method [50].

When it comes to source determination in parabolic equations, [51]] focuses on a convection-diffusion equation,
while [[7, 134} 147,149, 1521 1531 154, 1550 156/ exclusively consider diffusion. More recently, the problem of finding the
source term in a complete parabolic equation has been addressed using the quasi-reversibility method, as seen in
[57]. Notably, this method extends its applicability to solving the inverse source problem in nonlinear parabolic
equations [58].

The issue addressed in this article stems from modeling various transportation problems and involves identi-
fying the source term, which is independent of time, in a complete parabolic evolutionary equation using measure-
ments or noisy data taken at an arbitrary fixed time. This problem is ill-posed, as high-frequency components of
arbitrarily small data errors can result in disproportionately large errors in the solution. To tackle this challenge,
three uniparametric families of regularization operators are devised to counteract the instability of the inverse
operator. These regularization operators create families of well-posed problems that approximate the originally ill-
posed problem. Additionally, a guideline is provided for selecting the regularization parameter. The stability and
convergence of each method are analyzed, and an optimal H”older bound is derived for the error of each estimate.

The three strategies presented here generalize the ideas used by other authors for the case of the one-dimensional
heat equation. Here, they are applied to a complete parabolic equation where temperature measurements can be
taken at any instant. On the other hand, the proposal is framed within the theory of operators, giving rise to ap-
plications in more general contexts and problems. Any important application is the detection of contaminants
in groundwater layers, this is a problem that concerns all urbanized cities. Being able to determine the focus of
contamination from measurements in a particular place, minimizes the costs used for the search [[15} 159} 60]. An-
other application is the estimation of the metabolic heat in a biological tissue [24] using the Pennes model [4].
Any existing abnormality within the body can lead to variations in temperature and heat flux at the surface. The
presence of a tumor produces local inflammation, increased metabolic activity, among other symptoms. Due to
this, the diseased cells act as a source of temperature that produces abnormal thermal profiles in the skin and its
measurements can be used to identify, locate and characterize the sick cells. The two problems mentioned above
can be addressed with the tools that are explained in this paper. There are many other applications in different
disciplines, these two are mentioned as an example to highlight the importance of the problem and the proposed
methods.

To illustrate the performance of the proposed regularizations and in order to compare the different regulariza-
tion operators introduced in this article; numerical examples of different characteristics are included.

2 Source identification

In this section, the inverse problem to be studied is formally presented, an analytical expression is given for the
solution of the problem of interest, and it is shown that the problem is ill-posed.

2.1 Presentation of the problem

Given u : R” x R™ — R, we seek to determine the source term in the following complete parabolic equation in
an unbounded domain

Tt et) = a?Bulx,t) — B V(ulx 1) —valx,t) + f0),  xER', 150, 1)



where A,V denote the Laplacian and Nabla operators, respectively, and “ - ” represents the usual inner product in
R™. Without loss of generality, the null initial condition is considered, i.e.,

u(x,t) =0, xeR" t=0. 2)

The determination of the source term in Equation (1) with the condition (2)), is carried out using experimental
or simulated noisy data, at an instant of time .

u(x,t) = ys(x),  xeR", t=to>0, 3)

where ys represents the noisy data or measurements and 4 is the noise in the data. It is also assumed that said noise
is bounded, that is,

[y(x) — ys(x)[|L2@n) <6, 0<6<dm, 4)

where d3; € R is the maximum noise level tolerated. In practice d;; is obtained from measurement, instrumen-
tation and calibration errors.

2.2 Problem solution

The source estimation problem will be solved using the n-dimensional Fourier transform. It is included here for
completeness reasons.

Definition 1. Let g € L?(R"), the n-dimensional Fourier transform [61] is defined by

9(8) == (\/%YR/ e ®*g(x)dx, &eR™

Let § € L?(R™), the Fourier antitransform is defined by

o= (=) R/ GEXGe) e, xC R

Proposition 1. The n-dimensional Fourier transform is a linear integral operator that satisfies the following
property. Let g € L?>(R") hence:

Vg(&) =i&g(€),  Ag(€) =—|lEl* (&), EeR™

From the use of the definition[I|and the proposition it is possible to find the analytical solution of the problem
of interest given by the equations (I))-(4). This is given in the following result.

Theorem 1 (Solving the source identification problem). For 3 € R™ and o?,v,tg, 0,6y € RY such that § < 6y,
are the functions u(-,t), f(-),y(-),ys(-) € L*>(R™) with ||y — ys|| p2(rny < 0 satisfying the parabolic problem

gltf(}cat) = CYQAU(X,t) - IB ' V(U(X,t)) - V’U,(X,t) + f(X), X e Rnu t> 07
u(x,t) =0, x €R™ t=0, o)
u(x,t) = ys(x), x €R", t =ty > 0.

Then, the expression for the source is given by

f5(x) = (jz?) R/ FEXA(E) <¢127r) [ e e usxax| de.

R



where

¢
NO =S

with
2(€) =’ |€|*+iB-E+v eC.

Proof. For the proof of theorem [l]it is used the n-dimensional Fourier transform given in[I]on the space variables
of the system (). Then the proposition|[I]is used to obtain,

o I
&0 =—(@2El’ +ip- e+ )A€ +TE),  EeR >0,

u(€, 1) =0, EER", =0, (©)
u(§,t) = ys(§), EERY, t=ty>0,

where £ is the n-dimensional Fourier variable. Equivalently, the identification problem (3]) can be rewritten fron
(6) in frequency space as follows

—

0 . ~

e =—2(QaE )+ ).  €eRr, t>0,

a(gut):(L Eean t=0, @)
u(€,t) = ys(8), §ER™, t=1y>0,

where z(&) is given by the expression,

(&) =’ |€|*+iB €+ (8)

The system is represented by a first order non-homogeneous differential equation with initial condition.
The analytical solution to this equation is,

1 — e 28t
z(§)

Because u(&,tp) = ys(&€), evaluating Equation (9) at t = ¢y produces a linear expression for the source in
frequency space,

(e, t) = (). )

f5(&) = A€)35(€), (10)
where
_ (&)
MO = T —ow an
Equivalently, using the definition [I] (of the Fourier antitransform) results from the Equation(10)
f5(x) < . >n/ EXAE) ( - )n/ Ty (x)dx | d€ (12)
x)=|—=— e — e x)dx ,

’ V2T i V2T g v

which ends the proof. O



2.3 Ill-posed problem

The problem of identifying the source in a complete parabolic equation from noisy measurements turns out to be a
ill-posed problem in the sense of Hadamard [37]] since the solution does not depend continuously on the data. This
fact can be seen in the following result.

Theorem 2 (The problem is ill-posed). Under the assumptions used so far, the identification problem () given in
Theorem|l| It is an ill-posed problem in Hadamard’s sense, since the solutions do not vary continuously with the
data.

Proof. We denote ]/”:;(5) = A(&)ys(&). It’s easy to see that

1 = Fsll 2y = [A€) @(&) — 55(8)) | L2qny = IME)FE) — G5l 2 n) (13)
on the other hand, using the Equations (8) and it is found that,

(&)

O EI°+iB-E+v | |’ EI° +iB- €+
1 — ezt

1 — e (@EIP+iB&+v)to | = 1 4 e—(@[él*+v)to

A= |

) (14)

from (14)) it is evident that A(&) is not bounded, since it tends to infinity as ||£|| — oo. As can be seen in
(T3) this fact amplifies the error of the measurements at high frequencies and this can lead to a large estimation

error Hf— j/”:;H 2(rn) even for very small observation or measurement errors. In other words, the solution to the
identification problem () does not vary continuously with the data (see [38]]).
O

3 Regularization operators

When an inverse problem is ill-posed, a regularization method is usually applied to stabilize the solution. In this
section, three regularization operators are proposed for comparative purposes. The existence of the regularization
parameter leading to three convergent methods is proved, and basic theoretical issues related to regularization
operators are included. Readers unfamiliar with this topic may find more information at[38}39].

3.1 Regularization solutions
To stabilize the ill-posed problem, regularization operators will be used.

Definition 2. Let X and Y be Hilbert spaces andT’' : Y — X a linear bounded operator. A regularization strategy
for T is a family of linear bounded operators satisfying

R,:Y —X, p>0, /lim Ry=Ty, VYyecV.
u—0+t

For our particular case, the parametric families of linear operators are defined by R/, : L*(R") — L%*(R")
with © € R™ and i = 1,2, 3; such that
po MO o MO o AE)

Yy =—7"""3Y Y= —"7 1Y% Ry :=——5—V, (15)
S Pl 3l T 2 )t wY = e

where A(€) is defined in (T1), RL with ¢ = 1,2, 3, are regularization strategies for A(&) and y is the regularization
parameter.

Note 1. Note that the denominators of the expressions (15)) that define the linear operators RL withi = 1,23,
were introduced in the solution only for stabilization purposes.



Theorem 3 (Convergent regularization operators). Consider the source identification problem (3). Let u(-,t), f(-) €
L?(R™) that satisfy the following differential equation with initial condition

% x,1) = a?Bu(x 1) — 8- V(ulx,1) —vulx,0) + f(x), xR 130, o
u(x,t) =0, xeR" t=0

and let {R},} with i = 1,2, 3 be the families of operators defined in (I3). Then, for all y(x) = u(x, t) there exists
an a priori parameter choice rule for ;. > 0 such that the pairs (RL, w) fori = 1,2, 3 are convergent regularization
methods for the identification problem (16)).

Proof. The operators {RL} with ¢ = 1,2, 3 defined in (I3]) are continuous for all £ € R™ and are bounded, since
it is evident that,

0< lim Rl < oo, i=1,2,3.
llgll—o0

Therefore, for each parameter y1 > 0, the operators RL with 7 = 1, 2, 3 are linear, continuous and it has to be

Jim R,§=AF,  i=123

where i € L?(R"), then RZ with ¢ = 1, 2, 3 are regularization strategies for A. Therefore, according to [38]], there
exist a priori parameter choice rules p such that (RZ, w) with i = 1,2, 3 are convergent regularization methods to

solve (10). O

The regularized solution of the inverse source identification problem, in frequency space, is given by

Fin€) =R, 7s(€),  i=1,2.3. amn
Therefore, from the equation an approximate expression for the function f is obtained, solution of the problem
given in (I6). This is,
1

R = (o) [emaean -1
R

equivalently

) 1 n ) . 1 n )
f3u(x) = (Vﬂ) /els'xRiL (m) /elg'xy(;(x)dx dg, i=1,2,3. (18)
R R

Using in the equation (I8), the definitions of the regularization operators (RIZ, w) with ¢ = 1,23 given by the
equations (I3), three analytic expressions for the source estimate are obtained (one for each regularization strategy).

These are,
= () oo MO (LY [ e
= () R[ Creeer |\Ver R/ R
2 _ L " i€-x A(E) ( 1 >n —i€-x
fsu(x) = <\/§> R[e T2 HEH4 T RZG ys(x)dx | d€
and

_ L " 1€x A(g) 1 " —i€-x %) dx
f‘?’”(x)_<\/ﬂ> R/e o2 €%/ (\/ﬂ) Rle ys(x)dx | de.



3.2 Error Analysis

In this section, a bound will be obtained for the error committed by each estimation.

3.2.1 Auxiliary results

In order to analyze the behavior of the proposed regularizations, some results are first introduced that will be used
later to obtain an error bound between the source f(x) and its estimates f , ,(x).

Note 2. Some of the auxiliary results may seem trivial to the reader. However, and in order to carry out a complete
and self-contained work, a brief demonstration is presented for each one of them.

< 1
— 1 — e Re(w)’

Lemma 1. Let w € C with Re(w) > 0 then

1—ew

Proof. Euler’s formula is used for complex numbers and it is found that,

11— e“‘"Q = (1 - e_Re(w)>2 + 2e7 1@ (1 — cos (Im(w))) > (1 - e_Re(w))Q,

therefore,
1 1
o —w _ _—Re(w)
}1 e |Zl e :>‘1—ew | o—Re(@)
O
1 z —, O<z<l,
Lemma 2. The function f : Rt — R defined by f(z) := - satisfies f(z) < 2.
o 1<z,
Proof. First, consider f at (0, 1). Differentiating, in this case, we have
/ —_
, T 14+e*(-1+x)
= = O
fz) <1—ex> (1—e7)2 >0
the function f is i ing in (0,1). Th L
nction increasing in . Then .
e function f is increasing in (0, en o ST
On the other hand, for z > 1, we have
1 ! —e 7
/!
= = 0
(@) <1—e—f”) (1—e7)2 <5
1
the function f is decreasing Vax > 1. Then < .
. l—e ™ 1—el
So, < <2, =
Y f(x) — 1 _ 6_1
x? 4
Lemma 3. Lerx € R — {0}. If0 < pu < 1 we have < —.

(1-— (3_902)@(/12352)/4 2
Proof. Using the lemma [2]the proof is immediate since,

a2 2 2 4

< 2 =< =

V=< I= I oaawan < e <2< g < e
2>1— - < 20 <2 2
v (1= e 2)el@/1 = (/1 = g2/t = 2



g2

1—
Lemma 4. Let x € R — {0}. So 762 <1
x
1—e
Proof. Let g : RT — R be defined by g(z) := 5— Differentiating we get,
x

—2x [1 — (2% + e

"(z) = <0, Vz>D0.
g () . , Yz

Then, the function g is strictly decreasing and also,

lim g(z)=1, lim g¢(z)=0.

x—0t r—r—+00
Then g(x) < lim,_,o+ g(z) =1, Va >0. O
T < 1 .
ar?+b = 2vab

Proof. Leth : R™ — R be defined by h(z) :=

Lemma 5. Leta,b,z € R*. So

5 . Differentiating we get,
ar® +
b— ax?

DAYy s
ar?+b v

B (x) =
Then the function h has its only critical point at xp = {/—. Noting that f(0) = 0 and lim,_,~ h(z) = 0, it
a

follows that x( is the absolute maximum of A. So,

T

1
h(z) = ——— < h(zg) = —=, Vz >0,
(z) ar?+b ~ (z0) 2vab
O
1
Lemma 6. Let p € R. If0 < p < 1 we have 1+|2‘2M? < ek Furthermore, for o, v > 0 the following
2 2
. o oatpt4v 1 9
inequality is valid ——— < — (v + a”) .
1 +;02,U«2 /1’2 ( )

Proof. For all p € R holds

0< (1= lplp)* =1=2lplu+|plr* = 1+ |p[’1® > 2p|p.

o . o . | 1 1
In addition, 0 the first lit btained, ——— < — < —.
n addition, since 41 > 0 the first inequality is obtained, § T S o
a?p? +v 2p(a? — vp?) . . .
On the other hand, let k(p) := ——5— then k'(p) = —————=—5" and k has a single critical point p = 0.
1+ p*p (1+p2u?)

Three cases are considered:

» o = vp?: we have k(p) = v, constant Vp € R.

+ a? < vp?: then the function k reaches its global maximum value v at p = 0.

2

« o > vp?: kis an even and increasing function for p >0 with lim k(p) = o% we have k(p) <
p—rEoo ol

t[\?‘ 8,



Therefore,

[\

2 2 2
1
1+ p2p2 112 12 2 112
O
1
Lemma 7. Let p € RT. If0 < pu < 1 we have _ < —. Also, for o,v > 0 the following inequality is
T+ pip2 2
2 2
1
valid ng < — (1/ + a2) .
L+pips

Proof. For all p > 1 the lemma[6]is used and the proof is immediate, since

2 2 2 2
p < p < 1 <i’ a“p —I—u<ap +v
1_‘_,04“2 - 1—|—,02,u2 2#2 MZ 1+p4ﬂ2 - 1‘|‘P2M2

1
<?(u+a2).

On the other hand, for the case 0 < p < 1, we have,

p < 1 <1<1 a2p2+y<a2+l/<2+ <1<2+)
R a 1% —F V).
1+ p%u2 = 1+ pip2 12’ T+ o2 = 1+ p*2 112
O
Lemma$8. Let B € R o?,v,tg > 0; 0 < pu < 1 and RZ with i = 1,2, 3 given by (I3). So
|R,(&)| < —, i=1,2,3
7
where
2
Mlzmax{2l/+2a2+\/ﬁ||ﬁHoo,+\/ﬁHIBHOO}, (19)
to vig
2 2
M2:max{21/+2042+2\/ﬁ||,3‘|00;—i-\/ﬁHﬁHoo}, 20)
to vig
4/m 8| 8  4vn|B
M; = max cﬂ+u[8+<”;+-w . (1)
3 {( ) oy to tovalv

Proof. Since the three regularization operators given in (13]) contain the expression A(£) defined in (T1)), we begin
by bounding this operator. The lemma I] applied to the absolute value of (IT)) is used and we immediately obtain,

z(§)
1 —e2(&to

€ +iB-E+v
1 — e— (@217 +v) to

o€ +iB-E+v
1 — e—(@2[€P+iB-E+v) to

A1 - | - )

If (02 ||€]|*+v) to > 1 : From the inequality (22), using the triangular inequality, the lemmaand the lemma
[6l we have,

AT e 2 | = (= el )1+ e u2)

2
2<az||s\ +v Bl ><2(1 (V+a2)+ﬁ2ugnoo> 23)

<

L+ (€7 p2 1+ [1€]° 2 W p

1
= (2v+20% + VBl -



Similarly, from the inequality (22), using the triangular inequality, the lemma [2]and the lemma(7, we obtain,

{ }_‘ ALE) < |? ”£||2+V+ﬁ.£i‘
1+ H£H w2l (1- e*(OéQH€||2+u)tO)(1 I ||€||4/$2)
o?|€]° +v IBIIEN (1 ) \/’ﬁHﬂHoo) s
2<L+Mwn2+1+rmﬁﬂ><2 7 rrad)

2
= 5 v+ +VnllBll.) -
Finally, from the inequality (22)), using the triangular inequality, the lemmas and [5 hold that,

Ag) jo® |I€]* + v+ B- €l
CUEPRD/L| = (1 e~ @2lElP+0) to) (c(IEIPh) /1)

a?||g)”* + v+ 1181 1] lel?> 1 el
ell€lu?)/4 PP

8 5 ( 18I 1]l > 1 lel” (25)
= + -
< I Gep ) e

8 [a2lg]? (1 — e lEl”) 1—em2>< 181l l€) )
=— + 1+ —
u2< Tk STIE o2 €2 +v

Gl S|

If (a2 ||€]|* + v) to € (0,1) : From the inequality (22), using the triangular inequality, the lemmaand the
lemmal6] we have,

[R(€)] =

VAN
Do

Ve | A o €] + v+ 8- &l
)] = ‘ 1+ €))7 2 = (1 — e~ @IEP 4 to) (1 + ||€]1% p2)
_ WQMW+vﬂo< ! N ER3 ) (26)
L= ele e (1t leZ a2t (14 €17 12) (02 €17+ v) to

Vi l|Blls VBl
<2(t0+2uljt0><u<t0 2viy >

Similarly, from the inequality (22), using the triangular inequality, the lemma [2]and the lemma |7, we obtain,
2| MO | [’ ElP v +B-£dl
{Rﬂ(g)} - 4 ol — —_(a2ll&11? 4 9
1+ &]° p (1 — e~ @lEI7+) o) (1 + || €||* p2)

_ (a2 ”E||2+V) to ( 1 4 1B - &1l > (27)
- —(a2ll€NP 2y 4 9 4 9 2 2
L= e (elEP 4t \(T+ [ i) t0 | (L~ €1 p2)(a €7+ 1) to

< Sm) e (6 )




Finally, from the inequality (22)), using the triangular inequality, the lemmas 2] [3 @ and [5]hold that,
A(g) o [I€]1* + v+ 8- &i] (o |I€]I° + ) to

GREE
<2< o® (1€ + v+ 8- &l ) I1€]2 1 — e el

R =

(eUEPi)/4 (a2 €)X+ v)to ) 1 —elEP €]

— e lel?
<82<1+ 181 lI]l )1 . 8 [ +\fHBH ]
H 1€ K Lo

to (a2 [|€]* +v)to
To finish the proof of the lemmal(§] all that remains is to combine the expressions (23))-(28).

Lemma9. Let £ € R" and 0 < p < 1 then the following inequality holds

sup

I€lleR

(1+JI€I1) p/2< —Im>‘§max{up,u2}, i=1,2,3,

where A(€) and R, (&) are given by (TT) and (T3)) respectively.
Proof. Let

. — 2\—p/2 _Rzi@ i =
0u(€) = (1 + ¢]°) (1 R

Three cases are considered for the proof.
Case 1 (|¢]| > [|€o| = ;,)- So

(&) < (L+ €1 2 < eI < llgoll ™ = wP, i=1,2,3.
Case 2 (]|&]| < 1). So

2 2
(€)= S 14 1P /% < BT s+ DeIP) 7 <
et e 2\ —p/2 42 2 p/2 2
(€)= TSl (L %) < el 201+ Py <
€)= (15 ) 1 gty 7 <1 ot < I
Case3 (1 < €] < [ := £). So
HéHQMZ 2\—p/2 < H5H2 " 2— 2
M) = LA gy piz < IS B e2p 2,
0 = gty < L < g
% S AT
QO = 1+ P/e < < 5 <€ ;
0= g I < e < e <

1&l%p2

Qs(€) = (1—e 4 ><1+||£|| )72 < g p”s” B < el

= (1 = e~ @IElP) ) (UEP/A) (a2 €] + )t

2tovalv]

(28)

(29)

(30)

D

(32)

(33)

(34)

(35)

(36)



If 0 < p <2, you have

Qu(€) < JIEI*" 1 < J&ol* " 1P = pP, i=1,2.3. (37)
If p > 2, follow that
Qu(€) < I p* <P, i=1,2,3. (38)
The expressions given by (30)-(38)) are combined to obtain (29). This concludes the proof. O
Remark 1. Notice that )
R;,(§)

=1, i =1,2,3.
pmo+ A(E) '

3.2.2 Analytical bound of error
Now it is possible to obtain a bound for the error estimate.
Definition 3. The norm in Sobolev space HP (R™) for p > 0 is defined as
1/2

ey = | [ 172 (1+1612)" ag | (39)

By means of the definition (39), a parameter choice rule is given for the proposed regularizations and an
analytical expression is found for the error bound of each estimation. This can be seen in the following result.

Theorem 4 (Analytical bound for the estimation error). Consider the inverse problem of determining the source
f(x)in . Let f§ u(x) with i = 1,2, 3 be the regularization solutions given in (18)). It is assumed that there exists

C € R bounding the norm of f in HP(R") for some 0 < p < oo (B9). if chosen

S 2/p+2
p? = (m) <1, (40)

then there exist constants K; (i = 1,2, 3) independent of § such that
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We use the definition of the norm in the Sobolev space (HP(R™)) given by the expression (39),

Ri
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< sup




By the triangle inequality we have,

RL(€)7(E) — fi,

L2(R") + H #

=

<||7-Ri(&) 5 ‘ . i)
P R AGE o “2)
From the inequalities (#I))-(42) together with the definition of the regularized source in frequency space,

we obtain,

< sup
LAR™)  igller

|7- 7,

A(€) lEller

Parseval’s identity [61] is used in (43), the fact that C bounds f in norm H?(R™) and the assumption that the error
in the data is bounded (||y — ys|| L2rn) = 1Y = Usll 2(gny < ), then
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By virtue of the lemmas|8] [9] the expression can be rewritten as,
i )
17 = Fosall oy < © max {1}y + 25 My, (45)

where M; with i = 1,2,3 is given by the equations (T9), (20) and ZI)). It is used in the equation {@3) u? =

5\ 2/pt2
<> and it is obtained,

o
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1= Fiallpoey = Cmaxd () () prann (5)

1 = Foull 2y < K ARANEAL (46)
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where K; = C + dp M; with i = 1,2, 3. This concludes the proof. O

equivalently

Remark 2. Note that the bound satisfies
If = £l p2@ny — 0 if 6 — 0,

which means that the estimate ( fg u ) converges to the source function ( f) when the noise in the data (6) tends to 0.

Remark 3. Note that the case p = oo is not included in the hypotheses of thed|theorem, the reason is that in this
case,

<K;<C-»0.

17 = Sullaey = |7 = il gy

Remark 4. Note that the bound obtained for the regularization error ({0)) is of Holder type and only depends on
the smoothness of the source and the parameters of the mathematical model.

Note 3. A case of special interest in the bibliography is for p = 2. In this the expression {46) is reduced to:

J

Hf - fgvMHLQ(Rn) S Kz E



3.3 Numerical examples

We consider concrete examples of the estimation of the source f in R™ for n = 1,2,3. For each of the exam-
ples discussed in this section, different values are chosen for the parameters of the source identification problem
(a2, B, v, to). In addition, to simulate the noise in the data, a set of values of standard deviation €. The space is
discretized into a uniform n-dimensional mesh and a data set {ys, , ..., ys, } is obtained from the evaluation of the
solution u(x, t) at a fixed time instant given ¢, and adding noise, that is,

yéi :y(xl)+772a izla"'aNa Xi Eg,

where G is a uniform discretization on R™ chosen and 7;,¢ = 1, ..., N are realizations of the normally distributed
random variable 7 with mean 0 and deviation e. By denoting y; = y(x;),? = 1,.., N and taking into account the
noise level § satisfying (@), the error

Yy—Ys = (yl — Y515 YN — y5N) — (nla 777N)

It is numerically calculated using the Simpson integration method. This calculation allows obtaining an approxi-
mate value of the error y — y; that directly depends of the noise. It can be seen that the noise level J is a function
of the standard deviation e, that is, § = J(e).

In practice, the maximum tolerance value for the error in the data d,; given in (4) is obtained from the calibra-
tion, instrumentation and measurement errors of the instruments used to perform the measurements. Here, to make
sure that the regularization parameter is less than 1, it is chosen as the maximum value of ¢ plus one unit. That is
to say,

6M =1+ max{él, ceey 5N}

Then {ys,, ..., §5N} is calculated using the FFT transform (Fast Fourier Transform) [62] and get the regu-
larization solutions f u with i« = 1,2,3 given in (I8)) using the anti-fast Fourier transform [7, [62], where the
regularization parameter £ is chosen according to (40), that is to say,

M2 _ i 2/p+2
oM '

For each of the examples considered, the results of the estimated sources without regularization and those obtained
after using the regularization methods presented in this article are graphed. An error table is also included for
each example. These tables consider the relative errors made, in the estimation, by each one of the regularization
operators used to address the ill-posed problem. The disturbances used for the construction of the tables are
{e1;..;65} = {1071,1072,1073;107%; 10>}, these were chosen based on the values of the solution.

Note 4. The reader may notice that in some examples the p considered for the recovery does not correspond to the
space HP(R™) to which the source belongs, since f is not in that Hilbert space. These examples were included to
show that recovery is reasonable even in those cases.

3.3.1 Examples 1D

In this subsection, three examples of estimation of one-dimensional sources with different characteristics are dis-
cussed.

Example 1. For this example, the following parameters are considered o> = 2 x 107°; 3 =1 x 1075, v =I;
N = 1001 and ty = 5. Also, the perturbation values used are € € {0.2;0.15;0.1;0.05}. Finally, the source to
estimate in this case is:



-1, -10 <z < =5,
1, -5 <z <0,
flz) =< -1, 0<z<5, 47)
1, 5 <z <10,
0, in another case.

The source (@7) retrieved in example [T]is of interest in signal theory. This type of function turns out to be a
common example in [48, 50] source retrieval problems. This is mainly due to the fact that as it is a discontinuous
function, the Gibbs [7,162]] phenomenon can appear. This phenomenon indicates that when a Fourier series function
is developed and it is not continuous in the considered region, it is possible that there is not a good precision in the
neighborhoods of the discontinuities.

As can be seen in the graphs of figure[I} the regularization operators used smooth the inverse operator making
the recovery stable. As expected, the estimation improves for smaller values of perturbation €. In addition, no
significant differences between the different operators are noticeable at first glance, although the operator Ri
seems to have a better performance in the neighborhoods of discontinuity points.
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Figure 1: Example [T} Non-regularized font with ¢, = 5 (top-left); Regularized sources with ¢ty = 5 and p = 1,
using R}L (top-right), Ri (bottom-left), RZ (bottom-right) for different noise levels.

The table[T)includes the relative estimation errors that also show the goodness of the methods used. As noted,
for this example, the operator Ri performs better. For example, for the case ¢ = 1073, the relative error of the



estimate of the regularized source with R}, is 2.74%, with R?. is 8.08% and with R}, it is 1.15%.

Relative errors

e W= Lo NP0 W= L3000 = A2/ 1

107! 0.1310 0.1472 0.1137
1072 0.0888 0.1217 0.0706
1073 0.0549 0.0996 0.0365
1074 0.0274 0.0808 0.0115
1075 0.0090 0.0635 0.0026

Table 1: Example [T} Relative estimation errors for to = 1 and p = 1.

Example 2. For this example, the following parameters are considered o? = 1; 3 = 0; v =0; N = 1001 and
to = 0.1. Furthermore, the perturbation values used are ¢ € {0.01;0.007;0.003;0.001}. Finally, the source to
estimate in this case is:

2

—x

23 3z —
- {(F5)F nsacn

0, in another case.

(48)

The source (@8) recovered in example[2]is of interest in heat transfer problems. See for example, [53]]. This type
of function turns out to be a common example in source recovery problems in heat transfer processes [48,50]. The
example [2]is interesting, since this type of sources have already been recovered by means of different approaches
in simpler problems where it is used, instead of the full parabolic equation, the heat equation where only diffusion
is taken into account [32, 34} [35]].

Table [2| includes the relative estimation errors that also show the goodness of the methods used. As noted,
for this example, the operator Ri performs better. For example, for the case ¢ = 1073, the relative error of the

estimate of the regularized source with R}L is 5.89%, with Ri is 4.82% and with Rz it is 6.48%.

As it can be seen in the graphs of figure[2] the regularization operators used, again, smooth the inverse operator
making the recovery stable. In this case, the stabilization effect is much more noticeable to the naked eye (because
smaller values of disturbances were considered); due to this and for comparative purposes, a smaller scale was
taken for the sources retrieved with the regularization operators. Once again it can be seen that the estimation
improves for smaller values of disturbance €. Also, no significant differences between the different operators are
noticeable to the naked eye, although the operator R,% seems to have, in this example, a better overall performance.

Relative errors

e o (v (P o A 0 W VR

1071 0.8387 0.6170 0.9686
1072 0.1746 0.1074 0.1822
1073 0.0589 0.0482 0.0648
1074 0.0474 0.0471 0.0489
1075 0.0365 0.0321 0.0389

Table 2: Example 2} Relative estimation errors for tg = 1 and p = 1.
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Figure 2: Ejemplo[2} Non-regularized font with tq = 0.1 (top-left); Regularized sources with typ = 0.1 and p = 2,
using R}L (top-right), Ri (bottom-left), RZ (bottom-right) for different noise levels.

Example 3. For this example, the following parameters are considered o® = 2; 3 = 0; v = 1; N = 1001 and

to = 0.2. Furthermore, the perturbation values used are € € {0.004;0.003;0.002;0.0001}. Finally, the source to
estimate in this case is:

T+ 1, 1<z <0,
flx)=¢—x+1, 0<z<1, (49)
0, in another case.

The source (@9) that is recovered in the example 3]is of interest in various problems with different characteris-
tics due to the particularities that this function presents. Although it is a continuous function, it has a point where it
is not differentiable. Recovery is often difficult at these points. Because of this, this type of function also turns out
to be a common example in source recovery problems, both in signal theory and in heat transfer problems [48],[50].

Table [3]includes the relative estimation errors that again show the benefits of using the methods presented in
this article. As noted, for this example, the Ri operator performs better. For example, for the case ¢ = 1073,
the relative error of the estimate of the regularized source with RL is 5.35%, with Ri is 2.28% and with Rz it is
3.73%.



Relative errors

e NF=L0A WF = 5700 = £3,07 1
1071 0.9157 0.3027 0.6716
102 0.1607 0.0353 0.1772
1073 0.0535 0.0228 0.0373
10~ 0.0478 0.0221 0.0309
105 0.0239 0.0187 0.0277

Table 3: Example [3} Relative estimation errors for ¢y = 1 and p = 1.

As can be seen in the graphs of figurd3] the regularization operators used, again, smooth the inverse operator
making the recovery stable. In this case the stabilization effect, too, is more noticeable to the naked eye than in
the example |1} This is because small values of perturbations were considered in order to be able to compare the
regularization solutions with the non-regularized ones (which, again, presented many fluctuations). Due to this
reason and for comparative purposes, a smaller scale was taken for the sources retrieved with the regularization
operators. Once again it can be seen that the estimation improves for smaller values of disturbance €. Furthermore,
no significant differences between the different operators are noticeable to the naked eye, although the operator Ri
clearly provides a better estimate.
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Figure 3: Ejemplo[3} Non-regularized font with tq = 0.2 (top-left); Regularized sources with to = 0.2 and p = 4,
using R}L (top-right), Ri (bottom-left), Rz (bottom-right) for different noise levels.



3.3.2 Examples 2D

Here are two examples of two-dimensional estimation with different characteristics. In order to visualize more
clearly the improvements obtained with the regularization operators, not only the recovered sources will be graphed,
but also contour lines will be made. These schemes will allow direct comparisons to be made on the sources ob-
tained with the different regularization strategies.

Example 4. For this example, the following parameters are considered o> = 0.2; 3 = (0,0); v = 0.99; N =
1001 x 1001; tg = 1 and € = 0.025. Finally, the source to estimate in this case is:

Ccos (i) CcoS <£) , —40 < x,y < 40,
flz,y) = 20 20 50)
0, in another case.

The source (50) that is recovered in the example [ is of interest in various problems with different char-
acteristics due to the particularities that this function presents. Its graph is a surface, smooth, continuous and
differentiable.

As can be seen in the graphs of figure 4] the regularization operators used, again, smooth the inverse operator
making the recovery stable. No significant differences between the different operators are noticeable with the
naked eye, although if the level curves are visualized and compared, the operator RZ provides a better estimate.

Table 4] includes the relative estimation errors that once again show the good performance obtained with the
methods introduced in this article. As noted, for this example, the operator Ri performs better overall. For
example, for the case ¢ = 1072, the relative error of the estimate of the source regularized with R}L is 1.18%, with

R? is 0.67% and with R it is 1.41%.

Relative errors

e NF= LA W = SEN N = 2071

1071 0.0846 0.0583 0.0989
1072 0.0118 0.0067 0.0141
1073 0.0029 0.0011 0.0045
1074 0.0008 0.0004 0.0013
1075 0.0004 0.0003 0.0004

Table 4: Example [d} Relative estimation errors for to = 1 and p = 1.

Example 5. For this example, the following parameters are considered o> = 1; 3 = (0,0); v = 1; N
1001 x 1001, tg = 0.4 and € = 0.05. Finally, the source to estimate in this case is:

(10+2 — v, ~-10<z <0, 0<y<10+z,
10+ 2+, -10<z2 <0, —10—x <y <0,
flz,y) =< 10—z —y, 0 <z <10, 0<y<10—x, (&))
10 —x 4y, 0<z <10, -10+2<y <0,
0, in another case.
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Figure 5: Exampleﬂ Fonts and contoﬁr lines. Not regularized with £ =04 (First row); regularized with tg = 0.4

and p = 0.6, using Rlll (second row), RZ (third row), RZ (fourth row) for € = 0.05.

The source (51)) retrieved in example [3 is of interest because it is a non-differentiable surface. This type of
surfaces can be approximated badly in environments close to the points of non-differentiability.

As can be seen in the graphs of figure [5] once again, the regularization operators used, smooth the inverse
operator making the recovery stable. No significant differences between the different operators are noticeable at



first glance, although if the level curves are visualized and compared, once again, the operator RZ provides a better
estimate, more effectively stabilizing the solution of the ill-posed problem.

Table [3] includes the relative estimation errors that once again show the good performance obtained with
the methods introduced in this paper. As observed, for this example, the operator Ri presents a better general
performance, since it achieves a better stabilization of the solution. For example, for the case e = 1072, the

relative error of the estimate of the regularized source with RL is 1.21%, with Ri is 0.38% and with Ri it is
1.65%.

Relative errors

e W= Lo NP0 W= SN0 = 20 1

107! 0.0442 0.0193 0.0491
1072 0.0121 0.0038 0.0165
1073 0.0056 0.0025 0.0096
1074 0.0043 0.0013 0.0079
1075 0.0027 0.0009 0.0054

Table 5: Example [5} Relative estimation errors for to = 1 and p = 1.

3.3.3 Examples 3D

An example of three-dimensional estimation is now addressed. Since in this case the source is a scalar function
with domain in R3, 4 dimensions are required to be able to plot it, because of this, only the cuts with the coordinate
axes will be plotted. That is, the graphs of the retrieved sources will be analyzed when one of the variables is
null. In addition, to visualize more clearly the improvements obtained with the different regularization operators
introduced and studied in this article, contour diagrams will be made for each of the cuts considered and for each
regularization.

Example 6. For this example, the following parameters are considered o® = 0.4; 3 = (1,—0.5,—0.5); v =
0.997; N =129 x 129 x 129; tg = 3 and € = 0.035. Finally, the source to estimate in this case is:

“y“) —21 < ,y,z < 2m,

Fy,2) = Si“( 20

0, in another case.

(52)

The source (52)) that is recovered in the example [6]is of interest in various problems with different character-
istics due to the particularities that this function presents. It is a function, smooth, continuous and differentiable;
moreover, it is symmetric with respect to the three coordinates.

Relative errors

N V7 e VA Ve v (VA (W O Ve e VAP

1071 0.0740 0.0365 0.0904
102 0.0115 0.0037 0.0127
1073 0.0089 0.0007 0.0093
10~ 0.0017 0.0006 0.0089
1075 0.0014 0.0005 0.0053

Table 6: Example[6} Relative estimation errors for to = 1 and p = 1.
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Table [6] includes the relative estimation errors that once again show the good performance obtained with the
methods introduced in this article. As noted, in this example, the RZ operator performs better overall. For example,
for the case € = 1072, the relative error of the estimate of the regularized source with R}L is 1.15%, with Ri is
0.37% and with R} it is 9.04%.

As can be seen in the graphs of the figures [6] [7] [€] the regularization operators used, again, smooth the inverse
operator making the recovery in each cut with the coordinate axes stable. In principle, notable differences between
the recovery of each cut are not appreciated; since they are all estimated with the same order of fluctuation. On the
other hand, no significant differences between the approximations with the different regularization operators are
noticeable at first glance. If the level curves are carefully observed, for each cut with the coordinate axes, it is seen
that, once again, the operator Ri yields better results.

3.4 Discussion of results

The numerical examples carried out show that the three regularization operators, introduced in this article, are
useful to solve the problem of lack of stability in the source estimation solution. Any of the three operators studied
smooth out the inverse operator making the recovery stable. This fact is independent of the general characteristics
of the function to be determined, since the results are good, even for discontinuous and non-differentiable sources.

However, in general terms the operator Ri yielded better results and allowed estimating the source with the
lowest relative error, for the different disturbances considered. Particularly the operator Rz offered a better perfor-
mance when the source to be estimated is a discontinuous function.

4 Conclusions

This paper deals with the inverse problem of identifying the source in a complete parabolic equation from noisy
measurements. An analytical solution to the estimation problem is given and shown that the problem is ill-posed
since said solution is not stable. In order to address this drawback, three families of regularization operators
specifically designed to compensate for the instability factor in the inverse operator are defined. Besides, a choice
rule is included for the regularization parameters that is based on the level of data noise and the smoothness of the
source to be identified. It is shown that for the proposed parameter choice rule the methods are stable. A bound is
obtained for the estimation errors that turn out to be optimal since they are of Holder type.

Several numerical examples of recovering sources that belong to different spaces of Hilbert are included. It
is observed that in all of them a good performance of the adopted regularization approaches is obtained. On the
other hand, the sources recovered by means of the inverse operator are compared with those obtained using the
regularization operators and it is concluded that the proposed regularization methods offer greater precision in the
estimation of the sources considered.
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