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Abstract

An adaptive discretization scheme of ill-posed problems is used for nonstation-
ary iterated Tikhonov regularization. It is shown that for some classes of operator
equations of the first kind the proposed algorithm is more efficient compared with
standard methods.

1 Introduction

Let X be a real Hilbert space with scalar product (-,-) and norm || - ||
generated by it. Consider the equation

Az =f, [ € Range(4), (1)

with a compact linear operator A : X — X, [|A|| < 1. Suppose that
only an approximation f; € X to f is available such that ||f — fs5]| <
d, where 6 > 0 is a known error bound. We shall study the problem
of efficient finite-dimensional approximation to the minimal norm least-

squares solution ! of (1) under the assumption that 27 lies in the range
of (A*A)/2, v >0, ie.

o€ Myy(A) = {u: u=|APv, o] <p}, |4l = (442 p=1,

where A* is the adjoint of A. It is well known (see, for example, [9], [11])

that in this case for any approximate method the best possible accuracy
is pl/(v—kl)dz//(u—&—l).



Our aim is to construct an algorithm that realizes optimal order of
accuracy O(6”/+Y) and requires substantially less discrete information
compared with standard methods. Note that the problem of econom-
ical use of discrete information within the framework of the Galerkin
method was considered in the paper by R.Plato and G.Vainikko [8]. The
subsequent investigations (see, for example, [3]) show that the standard
Galerkin method is not the best in the sense of information expences.
It was found that the problem of constructing efficient finite-dimensional
algorithms for solving some classes of equations (1) is connected with
the adaptive approach to discretization. In this connection it should be
pointed out that the idea of adaptive discretization of ill-posed problems
was expressed for the first time by E.Schock in [10]. The first adaptive
discretization scheme was constructed [3] for ordinary Tikhonov method,
which guarantees the best order of accuracy only for 0 < v < 1. It
is known that for v > 1 the so-called saturation comes for the ordinary
Tikhonov method, i.e. the level of accuracy remains constant in increasing
v. To remove this deficiency it is necessary to employ an iteration reg-
ularization method. The main difficulty in constructing such algorithms
consists in the following. Up till now in discretizing the method of gener-
ating functions is used. But for analysis of adaptivly discretized iterative
methods such approach is completely useless, because each iteration step
is connected with own generating function. So, there is no one generat-
ing function for such methods. Therefore, to take our investigations it is
necessary to find a radically new scheme for corresponding analysis. The
mentioned above problem has been remedied by means of Lemma 2.

An approach to adaptive discretization of iterated Tikhonov method
was proposed in [3]. But the advantages of such algorithm were demon-
strated in the indicated paper only by means of one interesting (but par-
tial) test example. At the same time the strick teoretical background of
such advantages would allow to develop the theory of optimal discretiza-



tion for ill-posed problems. To this end, following the recommendation of
3], as a regularizator let us make use the nonstationary iterated Tikhonov
method
zg =0,
(2)
T, = Oél(A*A + agI)_la:g_l + (A*A + Oél[)_lA*f, [=1,2,...,
where o = qy is a positiv regularization parameter and [ is the identity

operator. The first variant of (2) for o; # const has been investigated in
[1], [10]. A special case of (2), where

o A = PP

[Azy = £
has been analyzed by H.Brakhage (see, for example, [7]). Finally, M.Hanke
and C.W.Groetsch [2] have established the convergence rate O(5*/(“+1)
for (2) under general conditions on the parameter o = ;. In the present

paper, we shall employ a geometric choice of a;, i.e.

l
) = Qnq

with fixed oy > 0 and 0 < ¢ < 1. The regularization method (2) is
generated by the function

a0 = (1= n/A m(N) = TL g/l + ).

j=1
for which the following estimates [2]
= <
Jmax gi(A) =on, - max Agi(A) <1,

max A (1 — Ag(N)) < xvo07 7, 0<v <,

0<A<o0
are true, where

o), 0<v<l, L
XI/_{ O(CUU), v>1 ) 01 -_Jal/a]'



2 Several auxiliary assertions

Denote by {pg, ¥, Ax} the singular value decomposition for A, where
v, U, € X are the singular vectors and A\; > 0 are the singular values,
le.

A= Zk:)\ksﬁk('awk)-

Then l
Ay — f = %Aklkk\”@k( Uk) l;[ a;/(a; + A7), (4)
ot —a = (I — gi(A"A)A* A)a! Zlkk\ (v, W)ﬁ i/ (e + AP, (5)

From (4) we obtain

l . 2
Iz = P = SN 1T ()

J=1
Present the last equality as
| Az = fI* = 0" Vi (), (6)
where
2 v+1)
i (0)] = o] “zxk W, ) rf (0]). (7)

Next, by means of (5) we find

l , 2
P12 = S\ 2 Qj ) ‘
ot —l? = S 1 (5

J=1

This equation may be written in the equivalent form
|2t — 2® = 07" |ewa(v)], (8)

where

lea(v)|* = o7 SN (v, ) *rE (AD). 9)

k



Lemma 1. For any l =1,2,... it happens
lCua (V)] < [dyy () [/ o]/ ¢,

|dva(0)] < VXosalloll, v <IT-1.

Proof. To estimate the value |¢,;(v)| we shall use Holder’s inequality.
Taking (7) and (9) into account, we have

v 1
v+1

) = 3 (A O 6 ?) T (OB ) <

k

1
v+1

< |dy,z<v>|f—+”1(;@(A@(uw) < Jdya(0)] 747 [[0]| 7.
Using (3) and (7), we find

|dyi(0)° < o Tl sup 1(A*) sup (A1) T(N) <yl
AE[0,00) A€E[0,00)

Thus the lemma 1 is proved.
Now write a discretized variant of regularization method (2):

QAZO - 07
ij‘l = Odl(AZkAl + Oq[)_lfl_l + (A?Al + Ozg[)_lAZkf(g, [ > 1,

where A; is a finite-dimensional approximation to A that is constructed
for the [-th iteration step. Then the approximate solution z; becomes

-1 1
Z:()m( IT cu—j (A yAl —j T Q—j )_1>A7—kf5-

Here, as usual, the operator multiplication is written as

M
H Aj = ANAN+1 ce AM

j=N



In case where M < N by H A; we mean the identity operator I.
=N
Introduce an auxiliary element

-1

o = gATA) A" = z(ﬁ S A+ a1 A

k=0 Xk

Write down the error presentation
QJ? — :AEl = Blf§, (10)

where

-1 q k
=> — ( [T cuj(A"A+ @l_j[)—1>A* — GLrAly )
k=0 Q—k \\ j=0 ’

k
Gre =TT cu—j (A7 ;A 4+ i)~ (11)
j=0

Lemma 2. For anyl = 2,3, ... it holds

-1 1 [k l
By L (H o (AA + cw_ml) (A=A~ Y B
k=1

k=0 ®l—k \j=0
where
-k (3—
= Z (H Ckl_i(A*A + Ckl_i[)l) Tjj,k; k = ]_, l,

j=0 \i=

* * =1 i A?—k

Ty = (A7 A + aijil)” HATA = AL jAi-;) 11 R ;

k=j \s=j Ak

I—k+1 [i-1
F= (A7 A+ D) (AYA=-A] AL Y (H Rs) Tig—1, k=2,

1=j+1

Rj = Oq_j(A*A + Oél_j[) !

6



Proof. It is not difficult to make sure that for any j =1,2,...
(AfAj+al) " = (A" Atal) (A5 Aj+a, D) T (ATA—ASA)) (A" A+aj D)

To reduce the subsequent computations we introduce the following nota-
tion
H; = (A?LjAg_j + ozl_jl)_l(A*A — A?‘ijAl_j)Rj.
Then
o (Al jAj+aijI)" = H; + R;. (12)

Now introduce into consideration a special operation for operator sum-
mation. So, let there be given two operator sequences {D;} and {C;},
1 =1,2,.... Denote the mentioned operation by

M
DPHCW,
N

where M > N > 1, p < M — N + 1. This operation is performed on
the multiplication of M — N + 1 operators DyDy .1 ... Dy and its main
point consists in the following. We replace all combinations of arbitrary p
operators D, ..., D; , i, # 4, k # [, by operators C; , . .., C; respectively
such that the order of another multiplicators is preserved. As the result
of this operation we finnaly obtain a sum of all replaced in such manner
operators. The indicated operation possesses some properties that will be
used repeatedly in the further reasoning. Namely,

M M
D@C(M_N+1) — H C],
N j=N

M M—N M-N [q-1 M
Yo (H cm) DN+q( 1 csw),
N

g=0 \i=0 s=q+1

M q—1 M
DRHCY =Y ( CHN> D4 (D ) C@q)) ., p<M—N.

N q=0 \i=0 N+g+1

7



Next, using (12) let us transform (11)

k k
th = H Ozl_j(AZk_jAl_j + Ozl_j[)_l = H (H + R; )
=0

J 7=0
k+1 _ k k+1
S <H@R“H“)> MR+ S
=0 0 = =
where .
S, . = H@ R k—i+1)
0
Then
-1 1 k . -1 k+1 A*
B, = —(HRJ) (A" — Al) ZZSm =
k=0 ¥l—k \j=0 k=0 i= I—k
-1 1 k . . .
- —(HRJ> (A - l—k)_z Jo
k=0 Ql—k \j=0 j=1
where - "
Fi= % Sp—*

We must prove that Fj = Fj, j = 1,1. Consider first the case j = 1. Thus,

N A A
o S z(y@}z ) E

k=0 Ak k=0 0 ok

= Z_Zl (i (ER)H;( ﬁ Rs>) Ak _

k=0 \¢=0 s=q+1 -k

= {the interchange of the order of summation: k = ¢} =



where

-1 k *
Tja = (Al A+ e ) (AA = AL ALy X ( 11 Rs) _—
k=j \s=j

Furthermore, for j > 2 we have

R -1 Azk .
Fy:= > Skj
k=j—1 Al

= {the change of variables: p=k —j+ 1} =

— Z_ZJ Spﬂ,_lj@ — li (Hﬁé_l[{(pv Al _

p=0 A —p—j+1 p=0 0 Al —p—j+1
I=5 (p /a1 ptj-1 Ar
— (Z ( I1 RZ’>Hq<H ® R ‘”)) P — (pq) =
p=0 \¢=0 \ i=0 q+1 Al —p—j+1

l=j rq-1 l—j p+j-1 A l—j k=1 .
_ ( Ri>Hq ) (H fan R(p—Q))w =2 < I1 Ri>Tk’j’
' =0

q=0 \ i=0 p=q g+1 Al —p—j+1 k i=0
where l )
—J ptj— A
R —k l—p—j+1
Thj = H, Y (H @ RV >>—.
p=Fk k+1 Ql—p—j+1

It remains to prove that Tku’ =T for g > 2. Let j =2, k=0,1-2.
Then,

R -2/  pl A
Tho:=Hp Y, (H S, R(p_k)>7l_p_1 =

p=k k+1 Al—p-1

-2 p—k k+q p+1 A?— .
=szz( I Rj)Hk+q+1( 0 Rs) Ly g) =

p=k q=0 \ j=k+1 s=k+q+2 Ql—p—1
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I—k-2 ( k+q

= Hy ). 11 Rj>Hk+q+1 122 ( pﬁl RS>?_’H:{(]:7L—/€—1}:

q=0 \j=k+1 p=k+q \ s=k-+q+2 Q—p—1

—H S ( i R)H > (pﬁl R>A7p1:{m:p+1}:

i=k+1 \ j=k+1 p=i—1 \ s=i+1 A—p—1

= S (T )y ()T -

-1 i—1
= (A A+ o) (AT = AL AL S ( 11 Rj>TZ-,1.

Finally, for 7 > 3, k = 0,1 — 7, it holds

Tyj = Hy ZZJ (Hwélm k) )7147‘1"?“

p=k k+1 Ql—p—j+1

=i p=k / htq ptj—1 A
:szz< 11 R>Hk+q+1<H @ RPHF- q>>p—t7+:{p4q}

p=k q¢=0 \ s=k+1 k+q+2

I-k—j ; k+q l—j ptj—1 . Az 1
=Hp > ( 11 R8>Hk+q+1 > <H @ RV q)> — = {g=i—k-1}
=0\ s—k+1 p=gtk \ kg2 Ql—p—j+1

I—j+1 /i1 pHji—1 S\ A
—H Y (HR)H Z(HEBRP >7={m=p—l—1}
1

i=k+1 \s=k+1 p=t i+1 Al _p—j+1

l—j+1 i—1 l—j+1 m+j—2 A* )
—H Y ( I R)H > (H @ R”H)w

i=k+1 \ s=k+1 i+1 Al —m—j+2

l—j5+1
= (A Ak + o D) HATA = AL AR Y ( IR > ij—1-

i=k+1

10



This completes the proof of lemma.

We assume that a sequence of discretized operators A; is constructed
such that for any [ = 1,2,..., L it happens

JA*A — AT A < 6/(4pya),  |A— A < (5/(ay/ar)"?,
(13)
(A= A)A*[| < 6/(4pva), (A" — A A| < §/(dpy/an).

In addition, suppose that the general number L of iteration steps is limited
by condition

5\/0[, S 1. (14)
Relation (14) does not restrict of generality, because a convergence to the

desired solution is possible only at §,/o;, — 0, 6 — 0.

Lemma 3. For anyl=2,3,...,L it holds

z
Y Fifs|| < 26 /y/ay,
=1

where
_1+yg p+ 1430+ /q)/4

11—/ 4p — \/q

Proof. Taking (13) and (14) into account, we get

C2

(A" = AL fsll < (A" = A ) Al + A = Al Lf = f5]) <

) §3/2 30
< + L < .
4ok 20, T A0k

11



Write down two auxiliary relations

L vl=g
\Ol—j+/Cl—j \/1—7ql_j7
(15)
0 < qj/27”1_q.
Vai-j o y1-¢
Then,
(A = Ai )l 36 (16)
ok 4\/04#]@
s A = ALl 30 1=va g1
k=j o)k N 4\/ Q—k 1 - \/a 7 ’
Since 11
Z — H R; = gl—j(A*A)v
k=j Ql—k i=j
we have

Tjafs = (A ;A1 + g 1) 7 (ATA = A?—jAl—J)<gl—j(A*A)A*A$T—

A g S (; Rg) (A — Azﬂ_k)f(s)'

k=j Q-
Hence, by using (15), (17) and the following estimates
lgi—j (A" A)A"A| <1, gy (A" A) A < oy, [[Bsll < 1,

we obtain

[A*A — A7 A

I—j

T35l < (Pllgi—5(A" A" Al + bl g5 (4" A) 4" [+

12



— A 36 1— /gl
e R (o775t i
o 4p\/oi—jou; 1/ 1— g
016
< : ¢ =1/4+(1+3(1+ 4) /(4p).
N 1= 1/4+ (1+3(1+/q)/4) /(4p)
Furthermore,
5 -1
T2 5] < s Y o<

T ApJo—ja— i N
_ _ Jg—i—1

S e Bl | Y T

dpya; 1—=q J1—qJ1—¢

Scléy/qﬂ*l_ 1—|—\/§"

dpyJaa—j 14 /g7

J ad(l+./q) 1_22 g+l
VOl-jQ—j 4P 1"‘\/ l=j= 1 i=j+1 v/ Xi—i

c16(1+.,/q) L—\q 71 e adgt? 144
< 53 : : q < :

L2p /= 1 —q¢-i/1—¢ 4p,/0qj 1+ /g7

A similar argument yields

T; <
ITafill < ¢

1+\/§
J+1 4 k 1
\/q /(4p)) T+ a7

T f5]] <

for any k = 1,2,.... Therefore,

I -k

S Y Tl < iimmm
k=13=0 7=0k=1

I
> Fifs| =
=1

‘= 1 + \/_ = j+1 k—1
<3, L S W)

13



<015.1+\/§. 1 .
Vi 1=ya 1= i/(4p)

The lemma is proved.

Lemma 4. For anyl=2,3,...,L the following estimate

|z — &1l < Jewa(v)loy ™ + 8y/a1 + e/ /e (18)
18 true, where
oo — 0y 4 SV
41— /q)

Proof. It is easy to see that
ol — & = (2" — @) + (A A)A(f = f5) + (2] — &), (19)
Let us estimate separately all terms on the right-hand side of (19).
1. From (8) it follows

|2t = @il < leva(w)]o; .

2. Taking (3) into account, we get
lg(A"A)AX(F = F)ll < 0 sup VAg(A) < 0y/ar.

To estimate the last term (19), it is necessary, as appears from (10), to
calculate the quantity || B;fs||. By using lemmas 2,3 and relation (17), we
find

H%—MH—H&BW<ZH( : Ll
= (CQ i M) 5/v/a, (20)

which implies the required estimate.

14



Lemma 5. For any [ =2,3,...,L it holds
[ Az — fII < Az — fIl + o,

where
1

1—ﬂ+@—ﬂ

C4:2—|—1/,0—|—CQ—|—3(
Proof. It is easy to see that
5
Ary— = Ag(AA)Af — f = > Z;,
i=1

where

Zy = Agi(A"A)A*(f — [s),
Zy = (A= A)A g (AA") fs,
Zy = —(A = A)(a] — @),
Zy= Ax) — 1),

Zs = Mgy — f.

It is required to estimate the norm of elements Z1—Z2,.
By using (3), we find

LA[Zil < \1f = Joll sup Agi(A) <6,
0<A<o0
2. |1 Za]) < (A= A) A" (lgi(AA") Az |+ gl AAY L~ fs]) <
< (1+1/p)s.

15

1+V@fm>m.

(21)

(22)

(23)



3. By virtue of (15) and (20) we get

63(53/2 < 635 \/1 —q

4. To estimate ||Zy4|| let us, once again, make use of (10) and Lemma 2

1Z3]] < ||A = Al — | <

(24)

Zy = ABf; = lzlA(H o j(A"A+ap ;1) 1) A _al 5 i) fs ZAkaa-

k=0 \j=0
Since, by (16), the following relations
-1

>

k=0

<

A< ﬁ a—j(ATA + oq_j])_1> (A" = AL )]s

§=0 Q—k

A 3 1—4/¢
< ala@ra+an ) 3 IEZAR0A] 3. 1_@5,

Z AFyfs|| < Z Z 1Ty nfoll < c20/2
k=1 j=0 k=1
are true, we have
3 1-vd
Zy||l < 24— —F—10. 2
2] (cz/ +o ﬁ) (25)

Substituting the estimates (22)—(25) into (21), we obtain the assertion of
the lemma.

Consider the class H", r = 1,2,..., of compact linear operators
A, ||A]| £ 1, that satisfy for any m = 1,2, ... the condition

I(I = Po)All <m™,  JA(I = Pyl <m™, (26)

16



where P, is the orthoprojector onto the linear span of the first m elements
of a basis £ = {e;}2, of X. To illustrate the condition (26), we take the
integral operator

Ax(t) = [ Bt 7)a(r) dr

in the space X = L9(0,1). In order to satisfy (26), it suffices in this
case that ||[0"h(t,7)/0t"||r, < 1, |[0"h(t,7)/07"||r, < 1. As the basis
E one can take the Haar orthonormal system (at r = 1), the Fourier
orthonormal system of trigonometric polynomials (in the periodic case)
and the basis of Legendre’s polynomials. Some other examples of classes
‘H" and corresponding basises F see [6].

Introduce into consideration a discretization scheme that will be used
for solving equations (1) with operators A € H". Let n = n(l). By I, we
denote the following figure

Loi= U (25027 < [1, 207 {1} < 1,220

in the coordinate plane corresponding to the basis E that appears in the
definition of ‘H". And now we construct some discretized operators Aj,
[=1,2,..., by means of ',
2n(l)
An(l) - Al = Z (P2k - P2k—1)AP22n(l)7k + PlAPQQn(l). (27)
k=1
The following lemma characterizes some approximation properties of
the operator A, .

Lemma 6. If the parameter n = n(l) is chosen by relation

(142592757 = §/(4p/G7),
then for A,y = Ay (27) and for any A € H" it holds the estimates (13).

17



This lemma can be proved in the same way as Lemma 1 [3].

Give now the detailed description of proposed algorithm that con-
sists in the combination of iterated Tikhonov regularization and adaptive
approach to discretization. As a stopping rule we employ the discrepancy
principle [5]. Namely,

1. given date: A € H", f5,9, p;
2. initialization: ap >0, 0 <g<1, d>cs+V2, &g=0;
3. iteration by [ =1,2,..., L
a) choosing of regularization parameter
Qp = Oéoql; (28)
b) choosing of discretization level n = n(()
(1+2")n27" = 6/ (4py/o1); (29)
¢) computation of functionals

(f(S; ei); i€ (2271(1—1)’ 22n(l)]’
(30)
(Aejei), (i,7) € Ty \ Tng—1);
d) computation of the [-th approximation according to iterated Tikhonov

method
aZ + Ay An @ = @i + Ay fo (31)

and by means of discrepancy principle

| Ay — Porniwy f5|| < do,
(32)
HAn(l)JA}l — P22n(l)f5H > d(S, Vi < L;

18



4. approximate solution: L.

Lemma 7. Let the discrepancy principle (32) be satisfied for some L > 2,
d>cy++/2, A€ H". Let the discretization parameter n = n(l) be chosen
according to (29). Then there ezist dy,ds > 0 such that

[Azp—1 — [l = did,
Az — fI| < dad.

Proof. In accordance with the condition (29) we have for any [ =
1,2,...,Land f = Az', Ae H", 2" € M, ,(A)

[(L = Py || < 0.
Since
| Pozor (f = f5) 4+ (I = Pazocws) fI1? = | P2y (f = F5)I* + | (I = Pozoca)) f11?,
according to discrepancy principle it holds
[Arzr — Il < [ Arzr — Poeaw fs| + | Pozncer (f = f5) + (I = Poznir)) f| <
< (d+V2)d.

Moreover, by virtue of Lemma 5 we obtain

Az — f|| < (d+ es+ V2)0,
On the other hand, for the (L — 1)-th iteration it is fulfilled

|AL—12Z1-1 — Pz f5]| > do.

From relation (21) for [ = L — 1 by inverse triangle inequality we find
4
1Az = fl = 1Zs) = X 125l = (d = s = V2)0.
j=1

Thus, we obtain the assertion of the lemma for

dlzd—&l—\/i d2:d+C4+\/§.
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3 The main result

Theorem 1. The algorithm (28)-(32) realizes the optimal order of ac-
curacy O(8Y/"F)Y on the class of equations (1) with A € H" and ! €
M, ,(A), 0 <v < L—1.

Proof. Since for each [ > 2 it holds
o< (141/q)o;_1,

keeping in mind lemmas 1, 7 and relation (6) we have

sy < T aea (L) < g (V) e
Tr—-1 — 1

—v A.CUL - f VLH 1 v
lcvn(v)|og 2 ey (V)] (W) < pv (dad) v,

Substituting these estimations into (18), we find
|l — @] < g8/t

(33)
52 pl/(u—i-l)((dg/(u—i—l) + (03 + 1) /1 + 1/Q( /—Xu—kl/dl)l/(w_l)),

which is what had to be proved.

Remark 1. As is seen from (33), in case where v has a sufficiently
large value the proposed algorithm realizes the optimal order of accuracy
only for such parameter ¢ that { = O(,/x,+1). Thus, we obtain an ana-
logue of so-called ”principle of indetermination”. This principle consists
in the impossibillity to strive simultaneausly for improvement of accuracy
(by decreasing of &) and for expansion of the values v, for which this
accuracy is attained.

20



Corollary 1. To guarantee the optimal order of accuracy on the consid-
ered class of equations (1) it is required within the algorithm (28)—(32)

0 (5—ﬁ 1og1+1/r(5—1)> (34)
information functionals (30).

Remark 2. As has been shown in [3], the amount of information ex-
pences (34) is considerably less in comparison with many known methods
(see, for example, [8], [4]). Moreover, we obtain that the general amount
of discrete information for all 0 < v < oo does not increase compared with
the work [3]. In other words, we have verifed the following hypothesis: the
interval (0, 1] requires the maximal amount of discrete information among
all v > 0.

Acknowledgement. This work was written during the visit of the
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