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Abstract

In this paper, we investigate an ill-posed Cauchy problem involving a stochastic parabolic
equation. We first establish a Carleman estimate for this equation. Leveraging this estimate,
we are able to derive the conditional stability and convergence rate of the Tikhonov regu-
larization method for the aforementioned ill-posed Cauchy problem. We also retain archived
deterministic-kernel boundary-fitting experiments. These experiments do not discretize the
stochastic Tikhonov functional proved here and do not validate its convergence theorem.
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1 Introduction

To beginning with, we introduce some notations concerning stochastic analysis. More details for
these can be found in [24].

Let (Q,F,F,P) with F = {F;}+>0 be a complete filtered probability space on which a one-
dimensional standard Brownian motion {W(t)};>0 is defined. Let H be a Fréchet space. We
denote by L2(0,T; H) the Fréchet space consisting of all H-valued F-adapted processes X (-) such
that E(] X (+) %2(0,T;H)) < o0; by Lg°(0,T; H) the Fréchet space consisting of all H-valued F-adapted
bounded processes; and by L2(€;C([0,T]; H)) the Fréchet space consisting of all H-valued F-
adapted continuous processes X such that E(|X %([O,T]; H)> < oo. All of the above spaces are
equipped with the canonical quasi-norms. Furthermore, all of the above spaces are Banach spaces
equipped with the canonical norms, if H is a Banach space.

For simplicity, we use the notation y; = y;(z) = dgg(cf), where z; is the i-th coordinate of a
generic point x = (x1,- -+ ,Z,) in R™. In a similar manner, we use the notation z;, v;, etc. for the
partial derivatives of z and v with respect to x;. Also, we denote the scalar product in R™ by <‘, ‘>,
and use C' to denote a generic positive constant independent of the solution y, which may change
from line to line.

*Corrsponding author. Email: fangfdou@uestc.edu.cn.



Let T > 0, G C R" (n € N) be a given bounded domain with the C* boundary G, and I" be
a given nonempty open subset of 9G. We denote v(x) = (v!(x),---,v"(x)) as the unit outward
normal vector (of G) at z € 0G.

Let a; € Lg°(0,T; L>®(G;R™)), az € L¥(0,T; L°°(G)) and a3 € L (0, T; WH2(G)). We assume
f e LE(0,T; L*(G)), g1 € Lg(H(0,T;L*(T))) N Lg(0,T; HY(T)), g2 € L(0,T;L*(T)), and
av: Qx[0,T] x G—R™™ (i,5=1,2,---,n) satisfies

(H1) a¥ € L (Q; CH[0,T); W2*(R))) and a¥ = a’%; in particular, the coefficients and their

indicated derivatives have a common deterministic bound. All constants below may depend on this
bound.

(H2) Y a¥(w,t,2)% > so|éf?, (w,t,z,€) = (w,t, 2, &L ") € Qx (0,T) x G x R for
ij=1
some sg > 0.
Now, the Cauchy problem of the forward stochastic parabolic differential equation can be de-
scribed as follows.

dy — Z (a“y;)dt = [{a1, Vy) + agy + fldt + asydW (t) in (0,T) x G,

ij=1
v =g on (0,7)x1, (Y
gi =g on (0,7) x I

Let Gr £ {G' € G]dG' NG € T} and
HE(G)2{n € HE(G) : e € HA(G'), ¥G'€Gr, nlr = g1, duilr = ga}.

The aim of this paper is to study the Cauchy Problem with the Lateral Data for the stochastic
parabolic differential equation:

Problem (CP) Find a function y € LA($;C([0,T]; L2 (G))) N LA(0, T; HA(G)) that satisfies
system (1.1).

Remark 1.1. We assume that g; € L(Q; H'(0,7; L?(T))) N L2(0, T; H'(T')). This is because to
handle the term EfOT Jr > aYvipddedD in (2.28), we need y belongs to L& (Q; HY(0,T; L*(T))).

Z?]:
This difficulty also arises even in the one-dimensional case. It would be quite interesting to study

the general case where gy € L4(0,T; HY(T)).

In certain applications involving diffusive, thermal, and heat transfer problems, measuring some
boundary data can be challenging. For instance, in nuclear reactors and steel furnaces in the steel
industry, the interior boundary can be difficult to measure. Similarly, the use of liquid crystal
thermography in visualization can pose the same problem. To address this issue, engineers at-
tempt to reconstruct the status of the boundary using measurements from the accessible boundary.
This, in turn, creates the Cauchy problem for parabolic equations. Due to the requirements in
real applications, numerous researchers have focused on solving the Cauchy problem of parabolic
differential equations, particularly on the inverse problems for deterministic parabolic equations, as
seen in [14-17,19,22,31,33], and their respective references. Among these works, some have studied
the identification of coefficients in parabolic equations through lateral Cauchy observations, such as
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uniqueness and stability [14,19,31,33], and numerical reconstruction [15], assuming that the initial
value is known. Meanwhile, the determination of the initial value has been considered in [16,17,22]
under the assumption that all coefficients in the governing equation are known.

Stochastic parabolic equations have a wide range of applications for simulating various behaviors
of stochastic models which are utilized in numerous fields such as random growth of bacteria
populations, propagation of electric potential in neuron models, and physical systems that are
subject to thermal fluctuations (e.g., [18,24]). In addition, they can be considered as simplified
models for complex phenomena such as turbulence, intermittence, and large-scale structure (e.g.,
[8]). Given the significant applications of these models, stochastic parabolic equations have been
extensively studied in both physics and mathematics. Therefore, it is natural to study the Cauchy
problem of stochastic parabolic equations in such situations. However, due to the complexity of
stochastic parabolic equations, some tools become ineffective for solving these problems. Thus, the
research on inverse problems for stochastic parabolic differential equations is relatively scarce. In [1],
the author proved backward uniqueness of solutions to stochastic semilinear parabolic equations and
tamed Navier-Stokes equations driven by linearly multiplicative Gaussian noises, via the logarithmic
convexity property known to hold for solutions to linear evolution equations in Hilbert spaces with
self-adjoint principal parts. In [11,27], authors studied inverse random source problems for the
stochastic time fractional diffusion equation driven by a spatial Gaussian random field, proving the
uniqueness and representation for the inverse problems, as well as proposing a numerical method
using Fourier methods and Tikhonov regularization. Carleman estimates play an important role in
the study of inverse problems for stochastic parabolic differential equations, such as inverse source
problems [23,35], determination of the history for stochastic diffusion processes [4,23,30,34], and
unique continuation properties [6,32]. We refer the reader to [25] for a survey on some recent
advances in Carleman estimates and their applications to inverse problems for stochastic partial
differential equations.

In this paper, our objective is to solve Problem (CP), i.e., we aim to retrieve the solution
of equation (1.1) with observed data from the lateral boundary. To this end, we first prove the
conditional stability based on a new Carleman estimate for the stochastic parabolic equation (1.1).
Then we construct a Tikhonov functional for the Cauchy problem based on the Tikhonov regular-
ization strategy and prove the uniqueness of the minimizer of the Tikhonov functional, as well as
the convergence rate for the optimization problem using variational principles, Riesz theorems, and
Carleman estimates established previously.

The numerical section records a deterministic-kernel boundary-fitting scheme and archived
plots. For multiplicative Brownian noise, a finite sum of deterministic heat kernels with time-
independent coeflicients does not in general satisfy the stochastic equation. Consequently, this
scheme must be distinguished from the stochastic Tikhonov functional analyzed in Section 3; no
discrete convergence statement for the archived scheme is asserted here.

The strong solution of equation (1.1) is useful in the proof of convergence rate of regularization
method. Thus, we recall it here.
Definition 1.1. We cally € L2(;C([0,T); L2 .(G))) N LA(0, T; HA(G)) a solution to the equation
(1.1) if for any t € [0,T] and a.e. x € G' € Gr, it holds

y(t, .CU) - y(07 x)

n

= /0 { Z (aij(s,x)yi(s,x))j + [<a1(s,:n),Vy(s,x)> + as(s, z)y(s,x) + f(s,m)]}ds

ot (1.2)

+/O as(s,z)y(s,z)dW (s), P-a.s.



It should be noted that the assumption regarding the solution, namely that y € L2(€; C([0,T7;
L7 (G)))NLE(0,T; HA(G)), implies a higher degree of smoothness than is strictly necessary for es-
tablishing Holder stability of the Cauchy problem. However, this additional smoothness is required
in order to facilitate the regularization process.

The remainder of this paper is organized as follows. Section 2 presents a proof of a Holder-type
conditional stability result, along with the establishment of the Carleman estimate as a particularly
useful tool in this proof. The regularization method, using the Tikhonov regularization strategy, is
introduced in Section 3 and we showcase both the uniqueness and convergence rate of the regular-
ization solution. Section 4 records archived kernel-based boundary-fitting illustrations and states
their limitations relative to the stochastic theory.

2 Conditional Stability

In this section, we prove a stability estimate for the Cauchy problem.

Theorem 2.1. (Holder stability estimate). For any given G' CC G and € € ( , 2) there exists
dp € (0,1), B € (0,1) and a constant C > 0 such that if for 6 € (0,dp),

max{|f|r2(0.r.2(G)): 191208100 191 L2007:02(0))> 92| L20,7322(0)) F <65 (2.1)
then
e 2 2 2 28
E/e / (v° + |Vy|[*)dadt < C(1+ Y122 0,031 ()0 V8 € (0,00). (2.2)

We first recall the following exponentially weighted energy identity, which will play a key role
in the sequel.

Lemma 2.1. [29, Theorem 3.1] Let n be a positive integer,
= b e LE(Q; C([0, T); W3 (R™))), i,j=1,2,---,n, (2.3)

and ¢ € CY((0,T) x R?), ¥ € CY2((0,T) x R"). Assume u is an H*(R™)-valued continuous
semi-martingale. Set 6 = e’ and v = Ou. Then for a.e. € R" and P-a.s. w € Q,

n

z/Te[— 3 (60, +AU} du S (), dt| +2/ 3 (i),

t,5=1 ij=1 )
= 2/0 ';l{lgl { opid’ (bi/j&/>j/ _ (bijbi’j/gi/)j/} b;J —l—\Ifb”}vﬂ)jdt
+/T8v2dt+2/T[— Zn:(bijvi)-+AUH_ z":(bw 0+ (A — ) }
0 0 5 / =

LR T r oI T
+ ( Z b vv; + Av2) ‘0 —/ 62 Z b [(du; + lidu)(duj + £idu)] — / 02 A(du)?,  (2.4)
0

i,j=1 0 t,j=1



where
n

A iq iJ 77
.A = — Z (b %-Ej - bjjfi —b ]gij) - \I/,
=1 § . (2.5)
B2 2fAw — > (Avie);| - A - S (1),
i,j=1 tj=1

In the sequel, for a positive integer p, denote by O(uP) a function of order u? for large p (which
is independent of A); by O, (A\P) a function of order AP for fixed p and for large A.

Proof of Theorem 2.1. We borrow some idea from [21].
Choose a nonempty smooth boundary patch I'g with Iy C I'. By a smooth outward deformation
supported in I'y, choose a bounded C* domain G containing G, with a nonempty exterior open

part, such that 0G N G C T. Then we have

Gc @, 0GNGCT, OG\T COG and G\ G contains some nonempty open subset.  (2.6)

Let Go C G\ G be an open subdomain. We know that there is a ¢ € C*(G) satisfying
(see [29, Lemma 5.1] for example)

P >0 in é,
Y =0 on G, (2.7)
V| >0 inGcG)\Go.

Since G’ CC G, we can choose a sufficiently large N > 0 such that
~ 4
G c {x Lz e, b)) > Nywym@} nG. (2.8)
Further, letting p = ¢/ V/2 > 0, there exists a positive number ¢ such that

cp? < llb\Lm(é) < 2cp”. (2.9)

Then, define
ot,) = (@) — clt — )2, alt,x) = #Ht) (2.10)
cp2

for a fixed tg € [v2p, T — v/2p], and denote By = By () = e“[%W'L“’(ﬁ)*T] ,k=1,2,3,4. Set

Qr=1{t,z): 2€q, a(z,t)> B}, k=1,2734. (2.11)

Clearly, Qy, is independent of y. Moreover, ¥ (z) > %WJ’Lw(é) for any (t,z) € (to — TPN’ to+ T%) X
G’, and thus
4 cp?
p— J— 2 — ~ _——
b(@) —clt —t0)” > Gl e@ —
Hence, we see a(t,z) > B4 in (t,x) € (to—ﬁato-i-ﬁ) xG', and thus Q4 D (to—ﬁ,to-i-ﬁ) x G
On the other hand, for any (¢,z) € @1,

1 cp?
() = e(t = tg)* > NW}'L‘”(@) N
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This yields
1 cp?
W\Loo(@) - NW\LW@ + W > C(t - tO)Q-

Together with (2.9) we have
1 2
2(1 — N)cp2 + % > c(t —t)*

Therefore, we conclude

P P ' =
th— ——,to+ ——) x G' C Q1 C (to — V2p,to + V2p) x G. 2.12
( 0= 5o \/N) Q1 C (to P, to p) (2.12)
Next, for any (t,z) € 0Q1, we know x € G and «a(t,z) > B1. In above set, if v € G, a(t,r) = 1,
and if z € 0G, it must hold = € I'. Indeed, if x € G \ T, from 0G \ I' C 0G we get () = 0. On
the other hand, since a(t,z) > B, we know

tto)? = —clt — to)? > — s
?/)(90)*0( - 0) - 76( - U) - Nhﬁ’[po(g) *W'
And thus 1
2 2
which contradicts (2.9). Therefore, we have
0Q1 =31 U Xy, (2.13)

where

¥, C0,T)xT, Yo=A{(t,x) €[0,T]| xG: z € G, a(t,z) = (1} (2.14)

Let 7 be a smooth cutoff on [0,T] x G, supported in Qs relative to this cylinder, such that
0<n<1landn=1in Q3. For any y solving (1.1), let z = ny, then z solves

dz— Y (az)dt = ((a1,Vz) + agz + f + nf)dt + azzdW(t) in Qy,
i,j=1 (2.15)

0
— aTi =0 on Xo.
Here f = — > (a7 miy +a'nizy +2a"nsy;) — (a1, Viyy +my € LE(0,T; L*(G)) and [ is supported

ij=1
in Q2 \ Qs.
n

Applying Lemma 2.1 to (2.15) with v = 0z, b = a¥, f = Ao and ¥ = 2 Z aijﬁij, integrating

ij=1

z



it in G and taking mean value, noting that z is supported in ()1, we see

2E/10[ zn:(aijvi)j +Av} [dzf zn:(a I2i) dt}dzﬂrﬂ@ Z (aYv;dv),

ij=1 ij=1 Q1 j=1

+2E/ Z Z <2a”a 7’ Livjvjr — a7y V1 ) + Uavw — a (.AE + \I; ) 2Ld.rdt

Lij=1 d'j'=
> 2 Z / cvvjdedt + E Bv?dzdt + E/ — Z (a“v;); + .Av‘ dxdt
7] 1 Ql 1 i,j—l
—E/ 02 Idzi + 4dz)(dz; + €jdz)dx — 02 A(dz)?dz,
1 i,j= 1 Ql
(2.16)
where "
.A = — Z (aij&ﬁj - aéj& - aij&j) — \If,
ij=1
B=2[AW — 3 (Ad6) | - A= Y (V) - &, (2.17)
i,j=1 tj=1
. n ) i i/jg ij ilj/ﬁ aij o ij
c _i,;l[ a (a i/)j, - (a a i/)j,} — 7—1— a”.

Now, we estimate A, B and ¢¥.

.A = — Z (aij&-ﬁj - aéj& — aij&j) —
3,j=1

= —\pa? Z apip; + Mo Z a?%’ e Z a“pp; — Ao Z a'p;; (2.18)

i,j=1 ,j=1 t,j=1 t,j=1
n ..
% Z aipinh; + AaO(u?).
i,j=1
In order to estimate B, we first do some computations. For ¥, we have
-9 Z (AP arbiy + Mpashy;) = 2\’ Z apiap; + AaO(p). (2.19)
,j=1 ,j=1

Next, we have

Cirrj = MNP obppjds + AaO(1?),  Lijrig = Mt onyripdinh; + AaO(i?).

Therefore, we get

n n
V=2 (aly), Z g+ a T lyg) =20 Y a T ey + Aa0(?),
’i/,j/Zl : 7, j/—l



and
) ) n
Wij =2 Z 0 by @ g+ 0 gy ) = 20ta Y af T g + AaO(?).
i’ ,j'=1 i,5'=1

Hence, we find

— Z (aij\I/j)i =— Z (az:j\I/j +a70y;) = —2)\,u4oz< Z aij¢i¢j)2 + AaO(p?). (2.20)
ij=1 ij=1 ij=1

Further, from (2.18) and (2.19), we have

n

. 2
AU = 72)\3u4a3< Z a”@bg@) +A3030(1®) + N2a20(uh). (2.21)
ij=1
From the definition of A, we find
Aj = Z (a;/j’&,,ﬁj/ + 2a ﬁz,gj j aj/] E a;’/j’&,j + a;,/jlgi’j/ + ai/jl&"j,j)
i,j'=1

_ Z j’gi,gj,j + ai'jlgi,j,j) + (ha + )\2042)0(,&2)

7.] -
o Z " by + Ou(N) + N0 ().
=1
Hence, we see
" . L 2

Z Ajal; = —2)\3u4oz3( Z alj¢i¢j) + 0, (M%) + X3P0(p?),

i,j=1 4,j=1
which leads to

Zn: Aa”ﬁ ZACL]E —i—AZ ”E +ay; )

5,j=1 5,j=1 4,j=1

. (2.22)
g 2
= =33t (0 ality) + 0u03) + XaPO(u?).
ij=1
Further, we have
Ay = — 'Zl (aijgigj — a;]& + aij&j>t
1,j=
=— Z {a (4ilj)e — aj i +a Z‘j{;:| + A°a”O(u”) + AaO(u?) + XaTO(p”)
ij=1
= A202TO(13) + X220 (%) + A\aO (%) + AaTO(1?).
Finally, it holds
2 = N pPa?e? = 0,(\%). (2.24)

8



From the definition of B (see (2.17)), and combining (2.20)—(2.24), we have

B = —4>\3u4a3( z”: aij?ﬁﬂ/)j)Q + 6>\3,u40z3< z": aij?/)i@bj)z - 2)\N4a( zn: aij¢i¢j)2

4,j=1 1,j=1 3,j=1
+A3?0(1) + 0, (N\?)
LI 2
= 2)\3,u4043< Z a”zbl-d}j) +X320(1?) + 0, (M),
ij=1

Hence, we know

B > 25323t V|t + X330 (1) + 0,(0?). (2.25)
Now we estimate ¢/. By direct computation, we have
Z vy = Z { Z [2aij/ai,j€i/j/ + aijai,jlfi/j/ + 2aijla;/,j€i/ - (aijai/jl)jffi/} - a—t}vivj

£ < A 2
i,j=1 tj=1 ',5/=1

= { 3 [2Au2aaz‘j'ai/wi/¢j/ + N2aalal Ty + )\aO(,u)} n 0(1)}%

ig=1 i j'=1

ij=1 ij=1 ij=1
+Aa|Vo2O(i) + O(1)|Vol?
> [3M20] VU P + Aa0(u) + O]Vl

(2.26)
Owing to that z is a solution to equation (2.15), we find
_ i, _ i,
2]E1/1 9[ Z-g::l (a vz)j +Av} [dz Z;::l (a zz)jdt} dz
n - 2 - 2
< E/ [— Z (a“vi)j + Av] dxdt + IE/ 92<<a1,Vz> +asz+ f+ 77f> dxdt
bl ' (2.27)
n . 2
< E/ [— Z (a”vi)j —i—Av] dxdt+3’a1‘%°°(0,T;L°°(G;R"))E/Q 0%V 2| dzdt
1 i,j=1 1

+3as| o (0 1.0 () E /Q 0%z dzdt + 6E / 0%(f? + n?f?)dxdt.
1

1

It is clear that Q2 N Xy = (). Hence, n = 0 on Xs. Recall that v = Ony, y = g1, O,y = g2 on ¥ and
g1 € LE(Q; HY(0,T; L3(T))) N L2(0,T; HY(T')). Then it holds that

n

E/QZ

Lig=1

n
(aijvidv)jdx = E/acg Z av;? dvdl
lig=1

n
= Z a¥ v’ dvdl
X1 j=1



= E/ Z a“vvd (Onyy + (0n)¢y)dTdt
)

Lig=1

T
<OniE [ [ ab(gal +Tran] + Malgn) lonel + Mnalgnards
0 T

T
<OME [ [ a¥(lgo + IVear + lonsf? + Nl s )Tt (2.28)
0 I

where Vr denotes the tangential gradient on T'.
By means of z = % =0 on Yo, we find

n n
o o L g g
’E/ Z [ Z <2a’]a” Lypvivy — aa’? Kivi/vj/> + WaYv;v —a¥ (A&- + J)UQ} dmdt‘
il 2 j
ij=1 ¥,j'=1

T
< CAMIE/ /a92(|92|2 + |Vragi |2 4+ M p2a?|g1|*)dTdt.

0 r

(2.29)
From (2.25) and (2.26), we know that there is a p9 > 0 such that for every u > 0, one can find a
Ao(p) > 0 so that for all A > A\g(u), it holds that

E Z / cvvjddt > CAMQE/ a| Vo|Adzdt, (2.30)
ij=1"@1 1
and
IE/ Bv*dzdt > C)\3M4E/ a3vidadt. (2.31)
Q1 Q1

Utilizing the fact that z solves (2.15) again, we get

E/ 6> Z aij(dzi + lidz)(dzj + Cjdz)dx
1 =1

= IE/ 62 Z a'l {(agz)i(agz)j + 2 \parpi(asz)jasz + )\zuzazwiwja%zz} dxdt (2.32)
L gj=1

< C’a3|%§O(O7T;W1,m(G)) (E/ 0%(2% + |Vz|?)dwdt + /\Z,MZE/ 92a2|z]2dxdt).

1 1

By z; = 07 (v; — liv) = 07 (v; — Aparp;v) and v; = 0(2; + £;2) = 0(2; + Auar);z), we get

1
592(|Vz|2 + )\2u2a2z2) < Vo2 + M p2a®e? < 6’92(|VZ|2 + )\2u2a2z2). (2.33)

Combining (2.16), (2.27)-(2.33), we know that there is a p11 > po such that for all © > pq, we
can find a A1(p1) > Ao(po) so that for every A > Aq(p1), it holds that

MR / 0% dxdt + MR / af?|Vz|2dadt
1

1

5 T
< CE / 02(f% + fH)dxdt + CAUE / / af?|go|2dTdt (2.34)
1 0 r

T
+CAME/ /a92(|Vpgl|2+ lg1.4|* + N pPa?|g1|?)dTdt.
0 T
10



n
Recalling that f = — Z (a;-jmy + aijmjy + 2aij77iyj) — <a1, Vn>y + iy, from (2.34), we find that
ij=1

N uiE / 30?22 dxdt + M\*E / ab?|V 2|2 dzdt
1

1

T
< C’IE/ 0% (Jy|* + \Vy|2)dxdt+CAuE/ /a02|g2|2dfdt (2.35)
@2\Q3 o Jr

T
+C’)\ME/ /a92(yvpg112+ ]g1,t\2+)\2u2a2\gl\2)dfdt+CE/ 62 f2dadt,
o Jr Q
which, together with z = y in @3, implies that

)\3M4E/ a392y2dxdt+)\,u,2E/ af?|Vy|2dxdt
3

3

T
< C’E/ 0*(ly|* + \VyP)ddeCAME/ /a92]92]2dI‘dt (2.36)
@2\Q3 o Jr
T
+C)\MIE/ /a92(yvpg112+ ]g1,t|2+>\2u2a2\gl\2)dfdt+CE/ 02 F2dxdt.
o Jr Q
From the choice of Q3 and (2.8), we know that

)\3,u4E/ a302y2dxdt+)\u2]E/ ab?|Vy|2dadt
Qs Q

3

to+ 2 (2.37)
> ?MIE / / (A3y? + A Vy|?) dzdt.
tof\/fpﬁ !
From the definition of ()9 and @3, we find
E/ 0 (lyl* + |Vy|*)dadt < eWBE/ (ly1* + |Vy|?) dadt. (2.38)
Q2\Qs3 Q1

Now, we fix 4t = p1 in B3, B4 and 0. Let v = max
that

t,x

)eG % (0,T) a(t,z). From (2.36)—(2.38), we obtain

2\f4 tO+VpN 3.2 2
e UK (Ny” + A|Vy|*) dadt
to— 2= G’
VN

2
< N (| 202y + 19112202 my) + 1916022021020y + 1921220, 730200 )

+062’\ﬁ3E/ (Iy\2 + \Vy!Q)dxdt,

Q1

which implies that for all A > Ay, it holds that

to+—2
E/ m/ (v* + |Vy[*)dwdt
to—\/% G’

Q1

2\ 2 2 2 2
O (1120010200 + 191 L2 o oy T 191 220,70 22my) 1921207220 )-
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Put h = p/v/N and L = T — 2¢ > 0. Take the centers t; = ¢ +2ih for i = 0,...,|L/(2h)], and also
take the center T' — ¢ if it is not already in this list. Their intervals (t; — h,t; + h) cover [e,T — €]
up to endpoints. All centers lie in the permitted range, and their number is fixed independently
of A and the data. Summing (2.39) and bounding every cutoff-domain integral by the full-domain
norm gives

T—e
E/ /l(yQ + |Vy|2) dxdt S 06_2/\(64_63)|y‘%§(07T;H1(G))
€

2\ 2 2
+ O ('f‘LE(O»T;LQ(G)) + |gl‘L§(O,T;H1(I‘))

2 2
+‘gl’t|L%(07T;L2(F)) t ‘92‘L§(O,T;L2(F))> : (2.40)

We now balance the terms on the right hand side of (2.40) via choosing A\ = A(J) such that
eM§ = e *B4=B3)  This implies that

_ —Ind
v+ Bs— B3
Hence, for § € (0,0p), where the number §y is so small that ygﬁlfjﬁg > A1, we have (2.2) with
B = Ba—Ps 0
Y+Ba—PB3"

Remark 2.1. The inequality (2.34) is called the Carleman estimate for (1.1).

3 Regularization Method

For u € LA(%;C(

0,7]; L*(G))) N LIQF(O, T; H*(@)), set

1>

(Pu)(t,z) = u(t,z) — u(0,x)

n

_/0 { Z (aij(&ﬂ?)uz‘(&ﬂ?))j + [<a1(8,x),Vu(s,a;)> + ag(s,x)u(s,x)]}ds

i,j=1
—/0 as (s, x)u(s,x)dW(s), P-a.s.
Let
HE2{u € LA(Q; C([0,T); LX(G))) N LE(0,T; HX(G)) : Pu € L3(Q; H(0,T; L3(G))),

u|(0,T)><F = 91, 8VU’(0,T)X1“ = g2}

For this section we additionally assume that the global admissible set H is nonempty and that a
lift F' € H is given. This is an additional feasibility assumption: the local H? solution space in
Definition 1.1 alone does not imply global H?(G) regularity. A solution with global L2(0,T; H*(G))
regularity and the stated continuous trajectories belongs to H.

Denote f(t) = fot f(s)ds. Clearly, we have

|f’L[2F(Q;H1(O,T;L2(G))) < C|f’L§(0,T;L2(G))- (3.1)
Given a function F' € H, the Tikhonov functional is now constructed as
712 2
Jy (u) = |Pu— f‘L%(Q;Hl(O,T;LQ(G))) +lu - F’L%(O,T;HQ(G))? (3.2)

where u € H and v € (0,1).
We have the following result.
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Theorem 3.1. For every v € (0,1), there exists a unique minimizer u, € H of the functional
Jy (u) in (3.2).

Proof. Let
Ho £ {u € LE(Q;C([0,T]; L*(G))) N LE(0, T; H*(G)) : Pu € Le(Q; H'(0,T; L*(G))),
ulo,ryxr = 0, dyulryxr = 0}

Fix v € (0,1). We define the inner products as follows:

(0sV)no = (Pe, PY) 12011 0.1522(6))) + 70 V) 120,002 (3-3)

where @, 1) € Hg. This graph space is complete. Indeed, let u,, be Cauchy in this norm, with u,, —
win Lg(0,T; H*(G)) and Puy, — hin Lg(Q; H'(0, T; L*(G))). Write Lu = 37, i(a¥u;)j+(a1, Vu)+
asu and Bu(t) = fg Luds + fot azudW. The deterministic coefficient bounds, Cauchy—Schwarz
inequality and the martingale maximal inequality imply Bu,, — Bu in L?(Q;C([0,T]; L*(G))).
Also Pu,, — h in that space by the time Sobolev embedding. Since

T
U, (0) = T /o (U, — By, — Puy,) dt,

the initial values converge in L?(Q; L?(G)) to an Fo-measurable limit ug. Thus u = ug+ Bu+h has
an adapted continuous representative. As h(0) = 0, its initial value is ug and Pu = h. Continuity
of the spatial trace maps from H?(G) preserves both zero boundary traces. Hence u € Hg and Ho
is a Hilbert space.

For u € H,let v =u — F. Then v € Hy. By (3.2), we should minimize the following functional

jv (U) = ’PU + PF — f|%%(Q;H1(O’T;L2(G))) + ’7|U‘%J§(O,T;H2(G’))’ v E Ho. (3.4)

If v, € Hp is a minimizer of the functional (3.4), then u, = vy + F is a minimizer of the functional
(3.2). On the other hand, if u, is a minimizer of the functional (3.2), then vy = u, — F € Hy is a
minimizer of the functional (3.4).

By the variational principle, any minimizer v, of the functional (3.4) should satisfy the following
condition

<PU7’ Ph>L]§(Q;H1(O,T;L2(G))) + 7<”w h>L]§(O,T;H2(G))

(3.5)
Yh € Hy.

= <Ph7 f - PF>LE2-(Q;H1(0,T§L2(G)))’

From (3.3), it can be rewritten as
(vy, h>HO = (Ph, f — PF>L§(Q;H1(O7T;L2(G))), V h € Hy. (3.6)
From (3.1), it holds that
[(Ph.f = PF) s o102y < CUPFlizum oy + 1flizomizep) bl (37

Hence, the right hand side of (3.6) is a bounded linear functional on Hy. By Riesz representation
theorem, there exists an element w, € Hg such that

<Ph7 f - PF>L%(Q;H1(O,T;L2(G))) = <w’y’h>’H0’ Vh S HO.

This and (3.6) imply that
<v7, h>Ho = <w7, h>7—to’ VheHp.
Hence, the minimizer v, = w,. O

13



Remark 3.1. In the proof of Theorem 3.1, we utilized solely the variational principle and Riesz’s
theorem, without invoking the Carleman estimate. However, we make use of this estimate in
Theorem 3.2, where we establish the rate of convergence of minimizers u. to the precise solution,
provided that certain conditions are met.

Assume additionally that (1.1) has an exact solution
y* € LE(Q; C([0,T); LX(@))) N LE(0, T; H*(G))
with the exact data
f* € L(0,T; L*(G)),
y'le = g7 € LE(Q; H'(0,T: L*(I))) N L§(0, T3 H'(T)),
Ovy’Ir = g5 € Lg(0,T; L*(D)).

By Theorem 2.1, the exact solution y* is unique. Because of the existence of y*, there also exists
an exact function F* with the same global regularity, PF* € L4(Q; H'(0,T; L*(G))), and exact
traces g7, g5, such that

’F*’Lg(o,T;m(G)) < C|y*‘L]§(O,T;H2(G))' (3-8)

Here is an example of such a function F*. Let the function p € C? (@) be such that p(z) =1in a
small neighborhood

t.2) = 1, (t,z) € N, ((0,T)xT)={(t,x) € Q : dist ((¢t,2),(0,T) xT') < o},
P 0) se 0\ Moy ((0,7) x T,

where o > 0 is a sufficiently small number. Then F** can be constructed as F* (t,z) = p (t,x) y* (¢, z).
Let 0 > 0 be a sufficiently small number characterizing the error in the data. We assume that

1" = flzoree) <0 191 — gl ey <6 191 — grelrzoree ) <9

* 3.9
95 — g2l 2001522 (r)) < 6 (3.9)

and
|PF" = PF|r2qm 0,020y + " = Flrzomm2@) < 6 (3.10)

Theorem 3.2. (Convergence rate). Assume (3.9) and (3.10), and let the regularization parameter
v = 6%*, where a € (0,1] is a constant. Let G',e,00, and (3 be the same as in Theorem 2.1. Then

there exists a sufficiently small number 61 € (0,1) and a constant C > 0 such that if §; € (0,6(1)/01),
then

lyy — y*’L]%(e,T—e;Hl(G’)) < C(l + ’Z/*|L12F(0,T;H2(G)))5a’37 V4 € (0,01), (3.11)
where y.(s) is the minimizer of the functional (3.2).

Proof. Let v* = y* — F*. Then v* € Hy and Pv* = f* — PF*. Hence,

(PU"s Ph) g 0.y T 70 M) 20 (3.12)

= (Ph, f* - PF*>LI2F(Q;H1(0,T;L2(G))) +(v, h>LI2F(o,T;H2(G))7 Vh € Ho.
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Subtract identity (3.5) from identity (3.12) and denote v, = v* — v, f = f*— f and F=F*—F.
Then _ _
(P, Ph>L%(Q;H1(o,T;L2(G))) + (T, h>L§(0,T;H2(G>)

= (Ph,f - Pﬁm( v*, h) Y h € Ho.

QGH (0.TiL2(G)) T g LE(0,T:H(G))

. JAND .
Setting here h = v,,, we obtain

~ 12 ~ 12
1P 2o 0,72y T Y0 200,702

= - (3.13)
= (P, f - PF>LI2F(Q;H1(0,T;L2(G))) +(v ’UV>L]§(O,T;H2(G))‘
Applying the Cauchy-Schwarz inequality to (3.13), we obtain
~ |2 ~ 2
POy 20,0 0.102(6)) + V0120002 ()
< Lo L. ppp? Thp* 2
< PO [z 012y + g‘f - |L§(Q;H1(O,T;L2(G))) + 510 L2 0 a2 (3.14)
Vi~ 2
5020 m2(0))-
Hence, by (3.9) and (3.10)
~ 12 ~ 2 2 * (2
POy |20 0,102 (@) + V0200 @) < €0+ 10 L2001 (0 (3.15)
Since v = §2%, where o € (0, 1], then 6% < ~. Hence, (3.15) implies that
~ |12 * |2
‘U’Y‘L%(O,T;H%G)) <C(1+ ’LH%(O,T;HZ(G)))’ (3.16)
~ |12 *|2 2a
1P 2 o, z2iay) < C1+ v |L§(0,T;H2(G)))5 : (3.17)
~ . -1 .
Let wy = 0y(1 + |v ‘LR%(O,T;HQ(G))) . Then (3.16), (3.17) and Theorem 2.1 imply that
w5 L2 r—eiiaryy < C6°F, V€ (0,61).
Therefore,
[y p2er—esmiry < C (1 n yv*,Lg(OyT;HQ(G))) 5B W8 e (0,6). (3.18)
Next, since vy = (y* — yy) + (F — F*), by (3.9) and (3.10),
|F‘>’< - F|LD2T(5,T—6;H1(G’)) <9,
then _ . .
[0l iz r—emiey 2 Wy =V 2 r—em@ey) = F = Flozer—emey (319)

> |y'y - y*|LH%(s,T75;H1(G’)) — 0.

Since numbers 3,6 € (0,1) and since a € (0,1], then 6*? > §. Thus, using (3.8), (3.18) and (3.19),
we obtain (3.11). O
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4 Numerical Approximations

In this section, we aim to numerically solve the ill-posed Cauchy problem of the stochastic parabolic
differential equation given by (1.1). For the sake of simplicity, we set a1 =0, a2 =0, a3 =1, f =0
and T' =1 in the system for all numerical tests to follow. Since an explicit expression for the exact
solution is unavailable, we resort to numerically solving the initial-boundary value problem:

dy — Z (a“y;)jdt = [{a1, Vy) + agy]dt + azydW (t) in (0,1) x G,
ij=1

y(0,) =yo(x) in G,

y(t,z) = q1(t,z) on (0,1) x 9G,

(4.1)

by employing the finite difference method with time discretized via the Euler-Maruyama method [10]
to obtain the Cauchy data on (0,1) x I'. The archived boundary-fitting reconstructions below use
deterministic kernels. They are not a discretization of (3.2), and the convergence rate in Section
3 does not apply to these plots. The plots are retained as historical numerical illustrations; they
have not been recomputed here.

The following three examples describe the archived illustrations, subject to the limitation stated
above.

Ezample 4.1. Let G = (0,1) and I" = 1. Suppose that
(a‘) yo(l') = .’L’(l - :1:)7 gl(t7x) =0.

4z, z € [0,0.25)

, t,r) = 0.
—dr 4+t 2 e[0.25,1] 91(t2)

(b) wo(z) = {
The simplest time-discrete approximation is the stochastic version of the Euler approximation,
also known as the Euler-Maruyama method [10]. We simply describe the process of solving the
initial-boundary value problem (4.1) in Example 4.1 by the Euler-Maruyama method in the follow-
ing. Use the consistent convention y;, = y(x;,t;) withz; = (j=1)h, t,, = (k=1)7, 5 =1,...,m+1,
k=1,...,n+1, h=1/m, and 7 = 1/n. It was shown that not all heuristic time-discrete approxi-
mations of stochastic differential equations converge to the solution process in a useful sense as the
time step size 7 tends to zero [10]. The explicit Euler-Maruyama update used in the description is
Yiktl = Yik _ Yi—1k = 2Yik + Yirrk | W(thsr) — W(ts)

- 2 + - y],k72§]§m71§k§n

where the initial and boundary value are given by

yi1=yo(z;), 1<ji<m+1, yir=010,%), Ym1k =911, 1), 2<k<n+ 1.

The archived resolution is reported as m = 15 and n = 450. Under the consistent grid convention
above, r = 7/h? = 1/2. For the homogeneous Dirichlet grid, a Laplacian eigenmode has one-step
mean-square factor (1 — 47 sin?(kn/(2m)))? + 7; for these parameters its maximum is cos?(7/15) +
1/450 < 1. This checks the stated update at the stated resolution, not the provenance or accuracy
of the archived plots. By solving above algebraic system, we obtain distribution of y at meshed
grids of the initial-boundary value problem (4.1). In the process of solving Cauchy problem (1.1)
numerically, we using ¥, » and y,,41  instead of the Cauchy data at x = 1.

In the following, we describe the archived kernel-based boundary-fitting problem. Its residual
and penalty differ from those in (3.2).
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For the following mild representation, assume that the parabolic coefficients are deterministic
and admit a deterministic evolution kernel ¢(z,t, &, s). Its homogeneous equation is

n

Y — Z (a“y;); — (a1, Vy) —agy =0 in (0,T) x R%,
ij—=1

then the mild solution y(z,t) of

dy — Z (ay;);dt = [(a1, Vy) + agy]dt + azydW (t) in (0,T) x R", 2
— 4.2
7,7=1

y(z,0) = yo(x), =x€R",

can be written as

n

vat) = [ [ platsanls. s, OV (s)+ [ plat &0l (43

The stochastic convolution in (4.3) contains the unknown solution. This representation is not
asserted for a general random principal coefficient satisfying (H1). In the numerical setting a3 = 1
and deterministic heat operator, Itd’s formula instead gives the useful transformation y(t,z) =
eWO=t/2y(t, ), where v, = Av with the correspondingly transformed boundary data.

Assume that

N
gla,t) =Y N®(z,t), 1=1,---,N. (4.4)
=1

Here ®; are the basis functions, IV is the number of source points, and \; are unknown coefficients
to be determined.

The archived deterministic-kernel ansatz takes ®;(z,t) = p(z —&,t—m7),l =1,--- , N, where ¢
is the fundamental solution of the deterministic parabolic equation, (£, 7;) are source points. The
suitable choice of the source points can ensure that ¢ is analytic in the domain (0,7) x G and make
the algorithm effective and accurate. However, the optimal rule for the location of source points
is still open. In recent work, we occupy uniformly distributed points on DT x [—R, R + 1] below
t =0, where DT and R are post-prior determined, as the source points. This choice is given in [5]
and related works, and performs better in comparison with other schemes.

The ansatz (4.4) satisfies the deterministic heat equation, but generally not (4.1): its paths
have zero quadratic variation, whereas a nonzero solution of dy = Aydt + ydW has a nonzero
martingale part. The coefficients below are fitted to the recorded boundary data only. No adapted
stochastic-solution property is claimed for this fit. From the process of solving the initial boundary

value problem we know that, (zpy+1,tx) and (T, tx),k = 1,--- ,n can be set as the collocation
points, and the problem converts to solving unknowns A = [A1,---, Ay]" from the linear system

AN =0, (4.5)
where

A= @(wm-i-l —51,15—7'1)
o(Tm —&,t—1) JonxN’

and
b= [y(l'm+1, tk)> y(l’m, tk)]-an7
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Here AA—b is a boundary-data residual. It is not the interior stochastic residual Pu— f in (3.2);
likewise the coefficient penalty ||A||? is not the L? H2 penalty of that functional. Thus the following
finite-dimensional regularization has no convergence guarantee from Theorem 3.2. Choosing the
regularization parameter v by using the L-curve method, that is, a regularized solution near the
“corner” of the L-curve [12]

L = {(log ([Ay]1%), log (Il AXy = b][*)),7 > 0},

and denoting the regularized solution of linear system (4.5) by A}, leads to the approximated
solution

(1) Z)\ 1@i(z,1) (4.6)

of the archived boundary-fitting problem.

To illustrate the comparison of the exact solution and its approximation g3 and in order to
avoid “inverse crime”, we choose M = m +n and compute y(z,t) by finite difference method again
such that y(z,t) and g be defined on the same grid.

Figure 4.1 shows the numerical solution of the initial-boundary problem and the approximation
solutions of the Cauchy problem of Example 4.1(a) with different noisy levels. Since the data is
given at x = 1, the numerical solution seems worse as x tends to 0, this is a descriptive feature of
the archived fit and is not a verification of the convergence estimate in Section 3. Furthermore, the
convergence rate always holds in the temporal interval [¢,T — €], € > 0 in section 3. However, from
this figure, we find that the proposed method also works well at ¢ = 0.

For nonzero denominators, the relative spatial error at a fixed time is

Hg:;(a t) - y(7 t)HLQ(G)
ly(, Ol L2 )
The labels E(z) and E(t) in the archived figures are retained as historical labels. The available

archive does not specify their actual summation and normalization, so they cannot be identified
with (4.7) or used to reproduce the reported error curves.

Ey(t) = (4.7)

(a) 6 = 1% (b) § = 5% (¢) & = 10%

Figure 4.1: Approximated solution with different noisy levels of Example 4.1(a).

As in the study of stochastic equations, large numbers of sample paths should be checked in the
numerical experiments for simulating the expectation of the solution. Thus, we do the tests with
different sample paths. It is interesting from Figure 4.2 that when the number of sample paths
is great than 10, the results seems no better off. Thus in the following, we only consider do the
experiments with number of sample paths # = 10.
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Figure 4.2: Numerical results by expectation of solutions of different numbers of sample paths.

Now we consider the problem in Example 4.1(b). In this case, yp is a piecewise smooth function.
Figure 4.3 shows the approximations of boundary value y(¢,0) in (a) and the approximations of
initial value y(0, z) with different noise levels in (b). Moreover, to illustrate the effectiveness of the
proposed method, the change of relative error along lines x and ¢ are also given in Figure 4.3(c)
and (d), respectively.

of 02 03 04 05 06 07 08 09 o1 02 03 04 05 06 07 08 09
t x

(a) Approximations of y(t,0) (b) Approximations of y(0, z)

oo

oo g AR —
o1 02 03 04 05 06 07 08 09
x

(c) Relative errors F(z)

D et

o1 02 03 04 05 06 07 08 09
t

(d) Relative errors E(t)

Figure 4.3: Numerical results of Example 4.1(b) with different noisy level data 0.

We mention that the Cauchy problem of the deterministic parabolic equation has been consid-
ered in [20], that the numerical algorithm based on Carleman weight function proposed can stably
invert the solution near the known boundary conditions, more precisely, solutions for ¢ € [0.5, 1] for
1-D example. With comparison of the results of Example 4.1, our method works well for recovering
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the solution for ¢ € [0.1, 1] for the stochastic parabolic equation. We believe this algorithm also
works well for deterministic parabolic equation, and can be an improvement of previous works.
Furthermore, the proposed method also works well for 2-D examples in both rectangular and discal
domains.

We explore the effectiveness of the proposed numerical methods in following two examples in
bounded domains in R?, as well as the influence of parameter in the kernel-based learning method.
We always let 6 = 3% unless particularly stated.

Ezample 4.2. Suppose that G = [—1,1] x [-1,1], and T'; = {z1 = 1,29 € [-1,1]}, T3 = 0G\{x1 =
—1,z9 € [-1,1]}. The symbol I'y below is retained only as a historical experiment label: its
boundary subset was not completely recorded in the archive. Accordingly, the panels and parameter
comparisons bearing this label are not reproducible boundary-observation tests. Let

(a) yo(x1,22) = sin (7x1) sin (722) +2,  g1(t, 21, 22) = 2.

(3, (21 —0.5)2 + (z2 — 0.5)% < 0.152
3, (z1—0.5)% 4+ (22 +0.5)% < 0.152
(b) yo(z1,22) =<3, (21 +0.5)2+ (22 —0.5)2 <0152 ., gi(t,z1,22) = 1.
3, (z1+0.5)%+ (22 +0.5)? < 0.152
|1, otherwise.

We first consider the optimal choices of parameters R and DT in case that the Cauchy data are
given on ' in the kernel-based approximation processes. We set DT" = —0.1 and observe relative
errors F with the change of R. It can be seen from figure 4.4 that R € [2.5,3.5], the methods
performs well. Numerical results in Figure 4.5 illustrate that any DT € [—0.2, —0.1] is a reasonable
choice. Thus we fix R = 3.5, DT = —0.1 in the following computing.

0.05
0.04
0.03
0.02

0.01

0.05
0.04
0.03
0.02

0.01

Figure 4.4: The relative error E(x1,x2) for different R.
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Figure 4.5: The relative error E(z1,x2) for different DT
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Now we show the numerical approximations and relative errors for different noise level in Figure
4.6.

Figure 4.7 records archived fits using data on the indicated boundary subsets I';,j = 1,2, 3.
These empirical comparisons do not verify the stochastic conditional stability or regularization
theorem.

In Example 4.2, G is a rectangular domain that the initial-boundary problem could be computed
well by the finite difference method. However, in case that G is a general bounded domain, we should
improve the finite difference method by heterogeneous grids. To avoid the complicated analysis for
the numerical solution of initial-boundary problem, we solve the problem by kernel-based learning
theory, by treating the fundamental solution as kernels.

Ezample 4.3. Suppose that G = {r? < 1}, where r £ (/27 + 22, tan = x5/, and T'e = {0 €

3, 02<2,<06,02<,<06
[079]7T:1}. Let yo(x17x2): { ? _‘T]_ = ) _.'E2_

1 t Xr1,T2) = 1.
1, otherwise, o itz @)

We show the numerical results when © = % with varies § and results with different partial of
boundary for © = &, 7, § for § = 3% in Figure 4.8 and 4.9, respectively.

The figures above are retained as archived boundary-fitting illustrations. The deterministic-
kernel trial space, boundary residual and coefficient penalty differ from the stochastic equation and
functional analyzed in this paper. A stochastic-consistent adapted discretization, a precise specifi-
cation of the reconstructed random object, and a separate convergence analysis remain necessary
before these experiments can serve as a numerical validation of the theory. No new experiment or
error rate is claimed here.
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Figure 4.6: The approximations for y(0, z1, 2) and relative errors E(x1, z2) for different noise levels
for Example 4.2(a).
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Figure 4.7: Approximations and relative errors for Example 4.2(b) with Cauchy data be given on
different partial of boundary.
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Figure 4.8: Numerical results with different noisy level for Example 4.3.
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Figure 4.9: Numerical results with Cauchy data on different partial boundary for Example 4.3.
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